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Preamble
The genetic paradigm that now forms the foundation of our view of cance r

pathogenesis has its deepest roots in the early cytogenetic analyses of cancer cells (reviewe d

in (Knudson, 2001)) . Aberrant mitoses were first noted by von Hansemann in 189 0

(Hansemann, 1890) and have inspired Boveri's concept of cancer as a genetic disease o f

somatic cells driven by chromosomal imbalances (Boveri, 1914) . Not long before, in 1895 ,

Roentgen discovered X-ray and the hazards of exposure to ionizing radiation have bee n

recognized shortly after . Acute skin reactions were observed in many individuals workin g

with early X-ray generators, and by 1902 the first radiation-induced cancer was reported

arising in an ulcerated area of the skin . Within a few years, a large number of such ski n

cancers had been observed, and the first report of leukemia in five radiation workers appeare d

in 1911 (Upton, 1986) . Indeed, Marie Curie and her daughter Irene are both thought to hav e

died of radiation-induced leukemia . For many years, the central dogma in radiobiology ha s

been that the nucleus, specifically the DNA, is the principal target for the biological effects o f

radiation. Indeed, Muller discovered that ionizing radiation was not only a potent carcinogen ,

but also had mutagenic activity, providing experimental support to Boveri's geneti c

hypothesis of cancer (Muller, 1927) . Subsequently, Muller and McClintock began to explor e

the special role of chromosomal termini in the maintenance of chromosome structur e

(McClintock, 1941 ; Muller, 1938), efforts that many years later led to an integrated view o f

telomere dynamics in chromosomal instability and cancer (reviewed in (DePinho, 2000)) .

The loss of stability of the genome is now widely accepted as one of the most importan t

aspects of cancer (Coleman & Tsongalis, 1999 ; Lengauer et al., 1998). Nowell an d

collaborators (Nowell, 1976) suggested that genomic instability within the original clon e

provides the requisite genomic plasticity to select more aggressive subclones and drive th e

stepwise tumor progression. The alterations found in tumors apparently occur throughout th e

genome and include subtle changes in DNA sequences as well as cytogenetically visibl e

changes such as chromosome losses or gains, translocations and deletions . It is well known

that specific translocations in leukemias and solid tumors may lead to the activation of proto -

oncogene or, more commonly, creation of tumor-specific fusion proteins (e .g. the t(9 ;22)

generating the Philadelphia chromosome of Chronic Myelogeneous Leukaemias) . Multipl e

chromosomal abnormalities have been described in a variety of human cancers (Mitelman ,

2000; Mitelman et al., 1997) . The pattern of abnormalities varies greatly between

malignancies, ranging from simple balanced rearrangements to complex abnormalitie s
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affecting both chromosome structure and number. Cells with such alterations may display

deregulation of the cell cycle and a high mutation rate, which account for the mutato r

phenotype observed in many cancers and can provide selective growth advantages to some

tumor cells (Cahill et al ., 1999) . Mounting experimental evidences show that telomer e

dysfunction figures prominently in the evolution of cancer, providing a potential mechanis m

that enables cells to reach a critical threshold of cancer-promoting genetic changes during the

formative stages of neoplastic transformation .



1 . Biological effect of ionizing radiatio n

The biological effects of ionizing radiation in mammalian cells include gene mutation ,

chromosomal rearrangement, cellular transformation, cell death and carcinogenesis . Cellular

exposure to ionizing radiation results in a variety of directly and indirectly induced DN A

lesions, including base damage, DNA single- and double-strand breaks and DNA protei n

crosslinks (Ward, 1988). The DNA double-strand break (DSB) is the principal cytotoxic

lesion induced by ionizing radiation and the primary lesion leading to chromosomal

rearrangements (Morgan et al., 1988) . The faithful repair of DNA double-strand breaks i s

probably one of the most critical tasks for a cell in order to maintain its genomic integrit y

since these lesions may lead to chromosome breaks or rearrangements, mutations, cell death

or cancer . Following irradiation, the initial radiation-induced DNA damage may be converte d

into a mutation or chromosomal aberration during subsequent DNA repair and is expressed b y

the irradiated cell and its progeny .

1 .1 Ionizing radiation

Ionizing radiation is a ubiquitous environmental agent occurring naturally in terrestria l

rocks and atmosphere . In addition, as society has evolved the use of radiation, it has becom e

an essential component of modem life, particularly in energy production, and it ha s

widespread applications for industry, military and medical use .

Ionizing radiation is of two major types, electromagnetic waves (X and 'y rays) o r

ionizing particles . In either case, interaction with orbital electrons results in ionizations and

excitations. The initial deposition of energy in irradiated cells thus occurs in the form o f

ionized and excited atoms or molecules distributed at random throughout the cell . Ionization

causes most of the chemical changes in the vicinity of the event ; this energy may be

subsequently transferred through a chain of chemical reactions, finally producing irreversibl e

damage to critical molecules of biologic importance to the cell (Figure 1 .1). The ionizing

event involves the ejection of an orbital electron from a molecule, producing a positiv e

charged, or ionized, molecule . These molecules are highly unstable and rapidly undergo

chemical changes, resulting in the production of free radicals, atoms or molecules containin g

impaired electrons . These free radicals are extremely reactive and may lead to permanen t

damage of the affected molecules . When ionizing radiation passes through biological tissue, it

forms highly structured tracks as a consequence of the deposition of energy .
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Figure 1 .1 : Chronology of irradiation consequences . Modified from (Tubiana et al., 1986 )

Generally, a distinction can be made between sparsely and densely ionizing radiatio n

on the basis of the average energy transferred per unit length of track (linear energy transfer ,

LET), a measure of the density of the ionizations produced along the radiation track. As the

initial ionizing events are similar for all type of radiation, their biologic effects are als o

qualitatively similar . However, densely ionizing radiation such as a-particles produces more

biologic damage per unit of energy absorbed . A particular feature of tissue irradiation by lo w

energy, high LET radiation, such as a-particles, is that the entire insult is concentrated into a

relatively small number of separate densely ionizing tracks of very limited range . At low

doses, any individual cell in a tissue is likely to receive no dose, or if it happens to be in th e

path of a track, to receive a substantial dose (Lorimore et al., 1993). Alternatively, for lo w

LET ionizing radiation, such as y-rays or X-rays, the energy deposited is sparse and uniform,



with every cell receiving a similar dose . Therefore, very low doses of low LET radiation stil l

result in every cell receiving some irradiation, albeit of a reduced dose (Figure 1 .2) .

Low-LET tracks
in cell nucleu s

e.g. from E'-ray s

A dose of 1 Gy
corresponds to
-1000 tracks

High-LET track s
in cell nucleus

e.g. alpha-particles

A dose of 1 G y
corresponds t o
-4 tracks

Figure 1 .2 : Schematic representation of a cell nucleus irradiated with two electron tracks from 'y-ray (low LET)
or two a-particle tracks (high LET) . From (Goodhead, 1988) .

1.2 Chromosome aberration s

Chromosome aberrations have long been recognized to be an important biomarker o f

human exposure to ionizing radiation and genotoxic chemicals . The chromosome aberrations

induced by ionizing radiation are believed to be the result of illegitimate rejoining o f

chromosome breaks . Most of them derived from the interaction between the "free" ends o f

two or more breaks (Boei et al., 2002) .

Aberrations in chromosome structure can be distinguished by microscope analysi s

among radiation-induced damages . For many decades, studies of chromosome aberration s

have been based primarily upon solid stained (Giemsa) microscopical preparations . This

chromosome coloration allows classifying chromosome exclusively in function of their siz e

and the position of centromere, moreover with this method, only asymmetrical forms o f

chromosome aberrations like dicentrics and rings, which gave rise to acentric fragments, ar e

readily visible. Chromosome banding techniques have improved the resolution of solid stai n
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and allowed to distinguish each chromosome and part of chromosome (Caspersson et al. ,

1970) . In situ hybridization of specific chromosome probes (FISH painting) on irradiated cell s

allow to better characterize radiation-induced chromosomal aberration and get new insights i n

the comprehension of mechanisms that drive to the formation of these aberrations (Natarajan,

2002; Natarajan & Obe, 1996). By now, new techniques, like COBRA, SKY and M-FISH ,

allow to hybridize all human chromosomes at same time. Moreover, molecular banding o f

chromosomes is now available .

1 .2 .1 Mechanisms of DNA repair in human cells

Mammalians have evolved a number of repair system to deal with various type o f

DNA damage and to maintain genome integrity (for a review see Christmann et al., 2003) .

The importance of DNA repair is illustrated by DNA repair deficiency and genomi c

instability syndromes, which are characterized by increase of cancer incidence and variou s

disorders as well as increased radiation sensitivity . According to the type of DNA damage ,

distinct repair mechanisms such as mismatch repair (MMR), base excision repair (BER) ,

nucleotide excision repair (NER), direct damage reversal and DNA double-strand break repair

are called to remove it. There are two main pathways for DSBs repair : homologou s

recombination (HR) and non-homologous end-joining (NHEJ). A third type, single stran d

annealing (SSA) shares components with both NHEJ and HR. The fundamental difference

between HR and NHEJ is the dependence on DNA homology in the former . The relative

contribution of each of these mechanisms in mammalian DSBs repair is controversial, but it i s

generally believed that NHEJ plays a more important role than HR in mitotically replicatin g

cells (Jeggo et al ., 1995) . The usage of NHEJ and HR also depends on the phase of the cell

cycle (see below) . NHEJ occurs mainly in GO/Gl, whereas HR occurs during the late S an d

G2 phases (Johnson & Jasin, 2000 ; Takata et al., 1998). The NHEJ system ligates the two

ends of a DSB without the requirement of sequence homology between DNA ends . The first

step in NHEJ is the binding of a heterodimeric complex consisting of proteins Ku70 and

Ku86 to the DNA extremities at break, protecting DNA from exonuclease digestion . Ku

heterodimer bound to DNA associates with the catalytic subunit of DNA-PK thereby forming

an active DNA-PK holoenzyme. One of the targets of activated DNA-PKcs is XRCC4, whic h

forms a stable complex with DNA ligase IV . This complex links together duplex DNA afte r

the processing operated by MRE11-RAD50-NBS1 complex . Another protein involved in

processing overhangs during NHEJ is Artemis, a protein acting in complex with DNA-PKc s

(Moshous et al ., 2001) .
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During HR, the damaged chromosome enters into physical contact with an undamage d

DNA molecule with which it shares sequence homology and which is used as template fo r

repair (reviewed in Sonoda et al., 2001) . Homologous recombination starts with nucleolyti c

resection of the DSB by the MRE11-RAD50-NBSlcomplex, forming a single stranded DN A

fragment to which Rad52 binds . Rad52 interacts with Rad51, provoking a DNA stranded

exchange with the undamaged, homologous DNA molecule . After DNA synthesis, ligation

and branch migration, the resulting structure (Holliday structure) is resolved. HR is critical fo r

maintaining genomic integrity . While the majority of DSBs are rejoined by NHEJ, the role o f

HR is enhanced in embryonic cells and late S/G2-phases cells .

1 .2 .2 Cell cycl e

Conventionally, the period between successive mitoses ("interphase") is sub-divided

into three phases G1, S and G2 (Figure 1 .3). Gl is the pre-duplication period, when the cell

begins to prepare for DNA synthesis and the next mitosis . Not dividing cells pass out of cycl e

into a phase termed GO ; certain types of cells, as for instance lymphocytes, can be stimulate d

to leave GO and re-enter a cell cycle . S-phase is a discrete period of interphase of a few hour s

duration during which the chromosomal DNA and protein are duplicated, and the ne w

chromatin forms the sister-chromatids .

M
(mitosis)

G2

	

G

Figure 1 .3 : Schematic representation of the cell cycle .

Checkpoints act directly on the factors, which control progression through the cel l

cycle. Each checkpoint represents a control loop that makes the initiation of one event in th e

cell cycle dependent on the successful completion of an earlier event . There are two

Cells that
s phase

	

cease
synthesis)

	

division
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restriction points that regulate the cell cycle. The first occurs in G1-phase and commits th e

chromosome replication (S phase), the second one occurs in G2 phase and commits th e

mitotic division.

Each chromosome has a precise program of replication, closely associated with its R -

band pattern. This corresponds to the time at which R-band synthesis has been complete d

while G-band synthesis has yet to begin, indeed R-bands are characterized by earl y

replication, while G-bands replicate later, and constitutive heterochromatin tends to be amon g

the very last regions to replicate (Aghamohammadi & Savage, 1990; Dutrillaux et al., 1976 ;

Savage et al., 1984). During the beginning of mitosis, the newly replicated chromosome s

undergo a rapid program of condensation, packing and coiling to produce the familiar

metaphase chromosomes where we normally identify and score aberrations .

In function of cell cycle stage at irradiation time, chromosome structural aberration s

can be divided in two principal categories : chromosomal, where the breaks and re-join s

always affect both sister-chromatids at any one locus, and chromatid aberrations, where the

breaks and re-joins affect only one of the sister-chromatids at any one locus .

Most aberration-inducing agents can introduce lesions into the chromatin at all stage s

of the cell cycle, but relatively few of them can produce actual structural changes in Gi (an d

therefore give rise to primary chromosome-type changes) or in S and G2 (producing primar y

chromatid-types) . Ionizing radiation, restriction endonucleases, and a few chemical agent s

like bleomycin and some antibiotics are amongst those that can do that . Almost all remaining

aberration producing agents are "S-dependent" ; surviving unrepaired lesions from G1 or G2

have to pass through a scheduled S-phase to convert them into exclusively chromatid-typ e

aberrations .

1 .2 .3 Formation of chromosome aberration s

The mechanisms that drive to the formation of these aberrations are different and

depend on the chromosome sites of breakage and on the repair of these breaks . There are

mainly two theories on the mechanics of chromosome aberration formation, namely th e

"breakage-and reunion" theory by Sax (Sax, 1940) and the "exchange" theory by Revel l

(Revell, 1959) . According to the breakage and reunion theory, the primary event caused b y

radiation is a chromatid or a chromosome break and the types of aberrations observed i n

mitosis depend on the fate of these breaks . They can restitute or rejoin (illegitimate fusion)

with another breaks if two breaks are close enough in space and in time . According to the

exchange theory, the primary lesion is not a chromatid or a chromosome break, but a les s

-16-



drastic lesion, which is modified by time . If two lesions are close together in space and tim e

they may enter a more stable stage called "exchange initiation" stage (Revell, 1959) .

Single site of DNA damage may also lead to exchanges by a molecular proces s

involving interaction of undamaged DNA (reviewed in Goodhead, 1995). This hypothesi s

derived from the high efficiency of ultrasoft X-ray in inducing chromosome aberration s

despite their very short track lengths . By now, these different hypotesis have not bee n

demonstrated yet .

Chromosomal aberrations can be divided in terminal deletions, intra-chromosoma l

(interstitial deletions, centric and acentric rings, para- and peri-centric inversions) and inter -

chromosomal (reciprocal translocation, dicentric) exchanges . The exchange aberrations can

be classified into unstable (dicentrics and centric rings) and stable (translocations an d

inversions) ones (Figure 1 .4) .

Formation of a reciprocal trar atocation (t }
and a dicentric (2) by ecotopic HR

=It	

-7-''"".-

reciprocalrociprocal crossover

I
g

t cl wcal traralocal►oh

Q
ward.

reciprocal

.:..~.~....„~.

	

and acentric tfa tant

Formation of a dkontric and a break by NHEJ (3)
and an intrachrornosomal deletion by SSA (4)

	 eh,	NNE.' 78	

4111PP4.11111rallIP0 0

AM.
â'reintric and break

zoos* ai r

SSA -----

intractwomosomal deletion

Figure 1 .4 : Formation of chromosome aberrations. From (Obe et al ., 2002) .
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Nearly all the aberrations we see with solid staining appear to result from th e

interaction ("re-joining") of two breaks, so they can further be classified on the basis of wher e

these breaks are situated in relation to the chromosome arms (Savage, 1976) . If the breaks are

situated in the arms of different chromosomes we have the category of interchanges, wherea s

if the breaks are in the same chromosome, we have the category of intrachanges . Finally ,

some aberrations appear to arise from a single, open break in just one arm . This category we

term "breaks" or "discontinuities" .

Interaction between the four ends of two breaks can obviously take place in differen t

ways: join back to re-form the original chromosomes ("restitution") so that no aberration i s

produced, or re-join in such a way that one or two acentric fragments are always forme d

(asymmetrical re-joining: dicentric and rings) . These forms are visible with solid staining .

Asymmetrical aberrations are therefore almost always not transmissible, and so rapidl y

disappear from a population of continuously dividing cells (Lea, 1946 ; Savage, 1989) . Thus,

they are visible in the first metaphase after damage, but rarely encountered in situations where

there is not an ongoing induction of aberrations .

Another possibility is the re-joining in a way that never leads to an acentric fragmen t

(symmetrical re-joining) . Many such symmetrical chromosome-type exchanges are not visibl e

with solid-staining, and their accurate detection requires special techniques like banding o r

FISH-painting (Lucas et al., 1992) . In contrast, most symmetrical chromatid-type exchange s

are visible with solid staining because of the retention of sister-chromatid adherence unti l

metaphase . Because there is no loss of genetic material, and no mechanical problems a t

mitosis, most symmetrical forms are transmissible to future cell generations (Savage, 1976 ;

Savage, 1995), hence they constitute the bulk of the recovered "derived" aberrations

encountered in cytogenetics . Because sister-chromatids tend to adhere, strongly, along thei r

lengths, many chromatid-type symmetrical forms remain visible without recourse to specia l

staining methods .

Transmission of aberrations : Although there is an enormous range of primar y

aberration forms, very few of them are transmissible to future cell generations long term, s o

only a handful of secondary (or "derived") forms are recovered (Savage, 1 976 ; Savage, 1995) .

Occasionally, a surviving dicentric may be found, usually without the related acentri c

fragment. Very often, the two centromeres lie very close together, because, under these

circumstances, only one of the centromeres is active, so anaphase bridges do not form .

Likewise, an occasional centric-ring may survive, again usually very small so that "fall-free"



separation always happens. Larger rings are very unstable with respect to size, and th e

positive selection pressure towards very small rings soon eliminates the big ones . The results

are that, a few generations after irradiation, the surviving cells have either normal karyotype s

or only viable structural rearrangements . This is particularly the case for irradiation with high

LET particles, which induce multiple and complex chromosome alterations, hardl y

compatible with cell survival, above all when several rearrangements are present in the same

cell (Al-Achkar et al., 1988, Sabatier et al., 1987) .

1 .3 Dose/effect relation

Accidental irradiation causes different damages to exposed individuals : acute somati c

effects of radiation include skin bums, vomiting, hair loss, temporary sterility or subfertility i n

men, and blood changes . The blood change, which is visible at lowest radiation level is a

depression of white cell count . In irradiated human lymphocytes, the frequency of

chromosome aberrations varies predictably with the dose of radiation that it is used as a

biologic dosimeter of exposure in radiation workers and other exposed persons . The

quantitative relationship between a dose of irradiation and the yield of aberrations depends o n

the type of radiation . With X and y rays, breaks are linked to the dose . To estimate the

received dose from the frequencies of observed chromosome aberration is necessary to

provide of a calibration curve . Dicentric yield varies in function of dose according to a linear -

squared function: E=aD+f3D 2 . Exchanges increase with some power of the dose (D), greate r

than one, indicating that two separate breaks are involved in the formation of chromosom e

aberrations . If an acute dose of radiation is delivered, all the initial breaks are presen t

simultaneously, reunion is favored and exchange yield is proportional to the square of th e

dose. If the dose is given chronically restitution is favored over reunion and the exchange

yield is reduced . For years, retrospective dose estimations were performed by quantifying

dicentric and ring chromosomes (Bauchinger, 1995) . It is noteworthy that chromosome

aberrations resulting from abnormal repair of DSBs do not reflect the total number of breaks

caused by ionizing radiation, since chromosomal aberration are observed in mitosis whil e

DSBs have been processed during cell cycle (Bender, 1980 ; Natarajan et al., 1986). Most of

DSBs are accurately repaired leading to cytogenetically normal chromosomes . The radiation -

induced aberrations are usually classified and quantified in conventional Giemsa staine d

preparations, but with this solid staining, symmetrical exchanges such as translocation s

cannot be detected. The technique of fluorescence in situ hybridization (FISH) in term o f

whole-chromosome painting has been used in radiation cytogenetics to measure so-calle d
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stable symmetrical translocation . These translocations, as well as dicentric and ring

chromosomes, have the potential to be used for retrospective biodosimetry of past exposure .

For routine application of FISH painting in biological dosimetry, a cocktail of thre e

chromosomes covering about 20% of the total genomic DNA content is usually hybridize d

and detected in one or three colors . Thus, FISH-based chromosomes analyses are restricted t o

a part of the genome . For this reason, translocation measurement must be converted int o

whole genome equivalents if exposure data obtained with different chromosome paintin g

cocktails are compared or for an intercomparison of FISH data or for a comparison wit h

conventional scoring data (Lucas et al., 1992). This method gives rise to the problem o f

random distribution of radiation-induced breaks .

1 .3 .1 Distribution of radiation-induced DNA lesion s

Radiation-induced DNA lesions were assumed to be distributed randomly along th e

whole genome, and that the probability of a chromosome to be involved in a particular simpl e

interchomosome exchange aberration is proportional to its DNA content . To date this

assumption is not generally supported by experimental findings . While some studies o f

human cells have shown distributions of radiation-induced chromosome breakpoints that wer e

not proportional to chromosome size (Fernandez et al., 1995 ; Holmquist, 1990; Knehr et al. ,

1996), other works have suggested that DNA content was an important factor (Boei et al. ,

1997; Lucas et al ., 1992 ; Nataraj an et al., 1992). In a study compiling data from literature ,

Johnson and colleagues (Johnson et al., 1999) observed an approximately linear

proportionality between autosomal DNA content and break points frequency in 14 autosome s

and statistically significant deviations in other 8 autosomes and sex chromosomes. They

concluded that there is not a statistically significant relationship between breakpoint s

frequencies and autosome size . Barquinero et al . (Barquinero et al., 1998) using FISH

painting on all chromosomes showed that the distribution of radiation-induced chromosome

aberrations is not proportional to its DNA content . In the same aim, Braselmann and co-

workers (Braselmann et al., 2003) investigated the DNA-proportional distribution o f

radiation-induced translocation and dicentrics of all human chromosomes in peripheral

lymphocytes . The results obtained with FISH painting for single chromosomes confirme d

earlier observations demonstrating that a DNA-proportional distribution of radiation-induce d

chromosome aberrations cannot be assumed for each chromosome. For instance, les s

dicentrics than expected became apparent for chromosomes 2, 3 and 18, while more dicentrics



were seen for chromosomes 15, 16 and 17 . Chromosome 1 and 3 exhibited less an d

chromosome 4 more symmetrical translocations than expected .

An increased radio-sensitivity of chromosome 4, which may be related to the lo w

concentration of transcribing genes on this chromosome, was already found after th e

comparison between chromosomes 1 and 4 for the formation of chromosomal aberration s

after irradiation (Boei et al., 1997) . Controversially, Radha and collegues (Radha &

Marimuthu, 2003) showed, in normal individuals, a random distribution of break point s

proportional to their DNA content in all the chromosomes except the chromosome 1 .

However, when studying chromosomes from donors with various inherited metaboli c

disorders, a mixture of hypersensitive chromosomes with a non-random distribution pattern o f

chromosomal breaks points and chromosomes with random distribution of break point s

proportional to their length were observed . These results suggest an interaction between th e

pre-existing genomic instability (as a result of inherited mutation) and that introduced b y

radiation exposure may play a role in the production of hot spots .

Kiuru et al (Kiuru et al., 2000) found that radiation-induced breakpoints were distribute d

randomly with respect to the p or q arm of chromosome 1, but more breakpoints were mappe d

to G-light than to G-dark bands . These results suggest that active chromatin loops relate d

mostly to the G-light housekeeping subgenome may be the preferential targets for inductio n

of breakpoints by ionizing radiation along human chromosome 1 . Therefore, chromatin

organization as well as particular chromatin structures could influence the frequency o f

chromosome breakpoints (Slijepcevic & Natarajan,1994 ; Vyas et al., 1991) .



2 . Genomic instability

Genomic instability results in the accumulation of multiple changes that are require d

to convert a stable genome of a normal cell to an unstable genome with characteristics of a

malignant cell . Genomic instability is characterized by a large collection of diverse endpoints

that include large scale chromosomal rearrangements and aberrations, amplification of genetic

material, aneuploidy, microsatellite instability and genome mutation .

2.1 Chromosomal instability

Each modification in chromosome number or structure (translocation, for instance) i s

termed chromosomal instability. Chromosomal instability confers to one cell an improve d

likelihood of inactivating tumor-suppressor genes and/or activating oncogenes .

The most frequently observed chromosomal instability in cancer cell is aneuploidy, a

change from the normal number of chromosomes, which usually involves severa l

chromosomes. Abnormal chromosome number can initially occur by a variety of mechanism s

that prevent chromosomes from correct segregation during mitosis . Disruption of mitotic

checkpoint assembly genes can lead to chromosomal instability because checkpoint defective

cells can complete mitosis with inappropriately aligned chromosomes (Paulovich et al. ,

1997). Indeed, genes involved in maintenance of chromatin architecture, DNA-damage

checkpoints and cell cycle regulation have been found upregulated in tumor showin g

chromosomal instability (Dunican et al., 2002) .

Inactivation of the second allele of a tumor suppressor gene via mitotic recombination ,

chromosome loss or other structural change has historically been defined "loss o f

heterozygosity" (LOH) . Mutational inactivation of both alleles of a tumor suppressor gen e

must occur in a cell to acquire a growth advantage . Chromosomal instability can thus provid e

growth advantage to cancer cell by causing extensive changes in gene expression . Also

amplification or non-random partial chromosomal copy number increases have frequently

been observed in cancer . Amplification could by chance confer selective advantage against a

stressful environment and/or increase the capacity for cell proliferation or evade immune

response. Gene amplification is thought to be a key event in cellular resistance to drugs lik e

methotrexate (Biedler & Spengler, 1976) and in tumor progression (Brison, 1993) . Gene

amplification can occur by non equal crossing over during recombinational events resulting i n

accumulation of copies of the same gene, detected on chromosomes as homogeneousl y

stained regions (HSR) . Extra copies of a selected gene can also be acquired through unequa l
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segregation at mitosis of acentromeric extrachromosomal elements named double minute s

(DM) bearing one or more copies of the selected gene (Windle et al., 1991). Moreover, an

initiating chromosome breakage event can lead to amplification via breakage-fusion-bridg e

(BFB) cycles . According to the BFB model proposed by McClintock (McClintock, 1942) ,

sister chromatids that have both undergone double strand breakage, fuse at a distal position

forming a dicentric chromosome with two copies of homologous genes positioned betwee n

the two centromeres . During anaphase, these dicentric chromosomes are drawn towards bot h

poles and form bridges . During cytokinesis, these bridges, which span both daughter nuclei ,

are thought to be broken unevenly and might form a chromosome with two copies of one o r

more genes and a fragment with no copies of these genes . The chromatids can fuse agai n

during interphase forming a new dicentric chromosome (doubling again the gene copy

number within the chromosome) which is then replicated during the next nuclear divisio n

leading to a new BFB cycle and further gene amplification (Figure2 .1) .

Figure 2 .1 Breakage-Fusion-Bridge Cycles . This model depicts the fate of a cell in which two siste r
chromatids bearing the selected gene have fused after replication of a broken chromatid . At anaphase, the

dicentric chromatid appears as a bridge between centromeres moving to opposite poles of the mitotic spindle .
Breakage of this giant inverted repeat leaves each daughter cell with a chromatid lacking one telomere, whic h
again fuses after replication, perpetuating the BFB cycles . Amplification occurs in one daughter cell when th e

breakage is asymmetric, leading to unequal distribution of the selected gene in the daughter cells . Fro m
(Coquelle et al ., 1997)

The high level of amplification indicates the repetitive occurrence of BFB cycles i n

the same location, predicting that these regions may be hot spots for chromosome breakag e

(Lo, 2002) . Anaphase bridges can also cause whole chromosome losses or the collapse of th e

cytokinetic process leading to numerical chromosome aberrations . Many of the characteristic

genetic abnormalities in tumor cells, including gene amplification, aneuploidy and loss o f
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heterozygosity can be explained by the chromatid BFB cycle model (Thiagalingam et al. ,

2001). As mentioned above, the BFB cycle could generate gene amplification which is a

common consequence of genome instability in tumor cells and can be the basis of oncogen e

activation and drug resistance (Bertoni et al., 1994; Ma et al., 1993 ; Smith et al., 1992 ;

Toledo et al., 1992) .

2 .2 Microsatellite instability

Genomic instability, seen in nearly all solid tumors, can also be at nucleotide level ,

involving subtle sequences changes that alter one or few base pairs and it is the result o f

faulty DNA repair. One of the best studied mechanisms of genomic instability in cancer i s

that caused by mutation in DNA mismatch repair genes (MMR) . Loss of MMR function s

renders tumor cells susceptible to the acquisition of somatic mutation throughout the genome .

This repair defect leads to the accumulation of point mutation in the DNA sequences .

Microsatellites are a class of repetitive elements randomly distributed in the genome, wher e

motifs of one to six nucleotides are tandemly repeated (weber, 1990) . As this instability was

first found in these stretches of repetitive DNA, it was named "microsatellite instability "

(MIN) (Thibodeau et al., 1993) . MIN is characterized by the size variation at microsatellit e

loci in tumor DNA as compared to matching normal DNA (Boland et al., 1998) . Although

only approximately 15% of sporadic colorectal cancer show this form of genomic instability

(Naidoo et al., 2000), MIN occurs in most cancer patients with hereditary non-polyposi s

colorectal cancer (HNPCC) (Aaltonen et al., 1993). Cancer cells that possess MIN have a

dipoid or near diploid chromosomal content and have a mutation rate at the nucleotide leve l

that is two to three orders of magnitude greater than that observed in normal cells .

2.3 Radiation-induced genomic instability

Radiation is capable of inducing genomic instability in mammalian cells and

instability is thought to be the driving force responsible for radiation-induced carcinogenesis .

The biological consequences of exposure to ionizing radiation include gene mutation ,

chromosome aberration, cellular transformation and cell death . Following the early studie s

that showed reproductive death up to six generation after exposure to ionizing radiation (Puc k

& Marcus, 1956), several studies have reported the induction of delayed reproductive death or

delayed lethal mutations in many mammalian cell systems (Fitzek & Trott, 1993 ; Gorgojo &

Little, 1989; Roy et al., 1999 ; Seymour et al., 1986 ; Sinclair, 1964; Suzuki et al., 1998) .

Other reports have also shown the increased frequency of giant cells, apoptosis an d
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micronuclei in the progeny of surviving cells (Trott et al., 1998), indicating that one of the

causes of radiation-induced genome instability is delayed cell death .This phenomenon o f

delayed reproductive death has been attributed to the induction of "lethal mutations" arisin g

in the descendents of cells surviving to irradiation . Thus, ionizing radiation may induce a

transmissible genomic instability producing a variety of cellular effects detected after many

cell cycles in the progeny of irradiated cells . Over the last 10 years, evidences hav e

accumulated demonstrating that radiation-induced chromosomal aberrations can occur in th e

progeny of irradiated cells at delayed times after radiation exposure (Grosovsky et al., 1996 ;

Holmberg et al., 1993; Kadhim et al., 1992; Marder & Morgan, 1993 ; Pampfer & Streffer ,

1989; Ponnaiya et al., 1997; Roy et al ., 1999; Sabatier et al., 1992). During clonal expansion

of that single irradiated cell, the chromosomes recombine to generate multiple subpopulation s

of cells showing unique cytogenetic rearrangements within the expanded population (Figur e

2.2) .

Figure 2 .2: Schematic representation of radiation-induced genome instability . Among the progeny of survivin g
cells, various types of delayed phenotypes are expressed,as shown by different colors, but not uniformly, ove r

several generations after irradiation. Delayed manifestations of induced genome instability are delayed cel l
death, cell transformation, chromosomal instability and mutagenesis .

Radiation-induced chromosome instability occurs at a high frequency (Kadhim et al. ,

1992 ; Limoli et al., 1999) . This instability could arise in vitro (Kadhim et al., 1992 ; Sabatier

et al., 1992) as well as in vivo in irradiated mammary tissue (Ullrich & Davis, 1999) .
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Moreover this instability correlates with the radiation sensitivity of donor cells . Works with

human bone marrow samples from haematologically normal individuals demonstrate d

interindividual variation in the expression of a radiation-induced instability phenotype ,

suggesting that genetic predisposition may play a role in differential susceptibily within th e

human population (Kadhim et al., 1994; Kadhim et al., 1995). Differences in genetic

susceptibily to radiation-induced instability have also been observed in primary human

fibroblasts (Kadhim et al., 1998) . The interindividual variation that has been observed i n

radiation response in human population supports a genetic predisposition to radiation-induce d

instability, hypothesis also supported by the studies in mouse models . Actually, individual s

highly susceptible to induction of tumors by irradiation exhibit enhanced radiation-induce d

instability, as demonstrated by the comparison of BALB/c white mice, which are mor e

sensitive to radiation-induced mammary cancer, and C57BL/6 black mice . These results

allowed also to demonstrated a correlation between the latent expression of chromosoma l

damage in vitro and susceptibility for radiation-induced mammary tumors in vivo (Ponnaiya

et al., 1997) . This high frequency of induction indicates that the targets for induced instabilit y

are large. The persistence of unstable phenotypes over many generations of cell division

suggests that there is a mechanism by which exposed cells transmit the "memory" of DN A

damage through their progeny. To date, radiation-induced genomic instability has bee n

observed commonly in vanous types of mammalian cells . However, it is a complex process ,

and the mechanisms underlying its initiation, perpetuation, and manifestation are not yet full y

understood, but probably involves a critical pathway involved in cellular responses to DNA

damage .

2 .3 .1 Mechanisms leading to radiation-induced genomic instabilit y

Incorrectly repaired DSBs can lead to cell transformation through directly induced o r

delayed mutations. However, the DNA double-strand break per se does not appear to be

involved in initiating genomic instability (Morgan et al., 1998) . Restriction endonucleases ,

which exclusively make double-strand breaks in the absence of any other types of DN A

damage, do not induce genomic instability in either short-term (Wojcik et al., 1996) or long-

term assays (Limoli et al., 1997b) . Likewise, incorporation and decay of radioactive iodin e
(1251odine) that results in a double-strand break in the area of a radioactive decay, causes littl e

(Kaplan & Morgan, 1998) or no induced instability (Griffin et al., 2000). Instead, the high

frequency of radiation-induced instability reported by different investigators more likely



reflects defective cellular responses to induced damage and/or alterations in gene expressio n

that disrupt cellular homeostasis (Barcellos-Hoff & Brooks, 2001 ; Baverstock, 2000) .

Delayed mutagenesis has been examined in the HPRT locus in Hamster cells and

increased mutation frequency was detected in the progeny of surviving cells (Chang & Little,

1992; Grosovsky et al., 1996 ; Harper et al., 1997; Limoli et al., 1997b) . Molecular analysis o f

the mutants revealed that the mutation spectrum was significantly different from that observe d

in direct mutants : actually radiation-induced mutations included a high frequency of deletions ,

whereas most of delayed mutations, similar to spontaneously arising mutations, were point

mutations (Limoli et al., 1997a; Little, 1998). Delayed mutagenesis was also found in the

reporter plasmid stably introduced into cells, and the mutants showed deletions involving th e

transfected gene (Li et al., 2001) .

Suzuki and colleagues (Suzuki, 1997) have hypothesized that radiation exposure

causes nonlethal, potentially unstable chromosome regions (PUCR). DNA double-strand

breaks, which are converted into a gross genome rearrangement, might induce PUCRs and

radiation-induced gross genome rearrangement could cause the generation of PUCRs . PUCRs

are transmitted through the progeny of surviving cells for many generations, they could b e

reactivated by chance, and they could cause delayed DNA breakage . Their casual reactivation

in the progeny of surviving cells could create unscheduled DNA strand breaks that woul d

cause delayed manifestation of genomic instability. Interstitial PUCRs could result in

chromosome fragments, and PUCRs near the centromere give rise to micronuclei (Smith et

al., 1998a) . Although PUCRs are potentially unstable, they are capable of persisting for

prolonged periods .

There is accumulating evidence that each chromosome has its own chromosom e

territories (Cremer et al ., 2001 ; Cremer & Cremer, 2001 ; Parada & Misteli, 2002 ; Tanabe et

al ., 2002). Ionizing radiation causes large deletions, which are supposed to alter the chromatin

architecture within the nucleus, giving rise to PUCRs . Furthermore, recent studies identify

nuclear matrix-attachment regions (MARs) along the entire length of chromosomes (Creme r

& Cremer, 2001 ; Marshall, 2002 ; Parada & Misteli, 2002) . Since MARs might act as

anchoring sites and thereby chromosomes are restrained from movement, loss of these site s

untethers chromosomes from their confined domains . For example, at least one MAR i s

located in intron 3 of the HPRT gene (Boulikas, 1992; Chong et al., 1995b) and deletion o f

the HPRT gene involving this region may alter the position of the domain of chromosome X .

The frequency of delayed aberrations of X chromosomes with or without large deletions at th e

HPRT locus was compared . The results indicated that X chromosomes with large deletions
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showed higher probability to induce delayed chromosomal instability (Suzuki, 1997). As

described recently, radiation-induced translocations also have a significant influence on th e

chromatin organization in the nucleus (Figgitt & Savage, 1999) . Thus, distorted nucleosome

architecture could be a possible mechanism to reactivate PUCRs . It also seems reasonable to

suppose that chromosomes harboring PUCRs are more susceptible to the action of nucleases ,

which could cause increased breakage and subsequent rearrangement . Another possibility is

that interstitial PUCRs are likely to affect the telomere/nuclear matrix association .

Furthermore, altered nuclear architecture may also change gene expression profiles by both

upregulating or silencing gene transcription (Cremer & Cremer, 2001) .

2 .3 .2 Epigenetic contributions to radiation-induced genomic instabilit y

Recent evidence suggests that chromosomal instability can also occur in cells tha t

were not irradiated but were in the radiation environment . Lorimore et al . (Lorimore et al. ,

1998) exposed cells to a-particles, but interposed a grid between some of the cells and the a -

particle source so that the surviving population consisted predominantly of cells that have no t

been traversed by radiation. Their data clearly demonstrated that chromosomal instabilit y

could be induced in the non-irradiated cells indicating unexpected interactions betwee n

irradiated and non-irradiated cells. Subsequent studies have demonstrated that nontargeted o r

bystander-like effects may play a significant role in induced genomic instability (Lorimore et

al., 2001 ; Seymour & Mothersill, 1997 ; Watson et al., 2000). Another current hypothesis t o

explain radiation-induced genomic instability is that radiation can initiate a process in a cell .

This process can be communicated to other cells and cause a cascade of cellular events tha t

results in the genome destabilization (Lorimore et al., 2001 ; Lorimore et al., 1998 ; Morgan et

al., 2002 ; Watson et al., 1997; Watson et al., 2000) . The perpetuation can be achived ove r

time by a number of processes, involving reactive oxygen species (Bravard et al., 2002;

Clutton et al., 1996; Karanjawala et al., 2002 ; Limoli et al., 1999; Limoli et al., 2001), cell-

to-cell gap junction communication (Azzam et al., 1998 ; Azzam et al., 2001), dead and dying

cells in the unstable population (Limoli et al ., 1998) and/or secreted factors from unstabl e

cells (Nagar et al ., 2003). Particularly important among these genetic factors is the target cell s

ability to respond to the initial radiation insult .

2 .3.3 Radiation-induced chromosome instability and chromosome terminal regions

The induction and the transmission of chromosome alterations induced by th e

exposure to heavy ions irradiation was followed in human fibroblasts . Radiation-induced
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chromosome instability affected non random chromosomes (Sabatier et al ., 1992). Among

few imbalances detected in clonal cells, monosomy of the chromosomes over-involved in th e

chromosomal instability was repeatedly observed, along with their involvement i n

rearrangements. In particular, instability affects terminal regions of these chromosome s

(Martins et al., 1993). The specific involvement of terminal chromosome regions ma y

correspond to lesions of telomeres, the specialized DNA-protein structures at the end of linear

chromosomes (Sabatier et al., 1994) .



3 . Telomeres

The name "telomere", that derives from Greek : Ts oç (end) µEpos (part), was coined

in 1938 by Muller (Muller, 1938), who observed that Drosophila melanogaster chromosome s

showed interstitial deletion or inversions after X ray irradiation, but terminal inversions o r

deletions were never found . These results suggested that a specialized structure, necessary t o

chromosome stability, should exist at chromosome extremities : the telomere, exactly. Some

years later, McClintock (McClintock, 1941) found that broken maize chromosomes tend t o

fuse, forming dicentric chromosomes, which can become fragmented when the tw o

centromeres are pulled to opposite poles upon cell division . This leads to unequal distribution

of genetic information to daughter cells as well as to the formation of new unprotected end s

(the so-called breakage-fusion-bridge cycle) . As normal chromosomes do not form dicentrics ,

she concluded that telomeres are essential to protect chromosomes from fusion an d

recombination .

3.1 Telomere structure

Telomere structure was defined many years after Muller and McClintock pioneer

studies . First investigations were done in ciliates (Blackburn & Gall, 1978) taking advantage

of the macronucleus, a peculiar characteristic of this specie that contains many linear

chromosomes . DNA purified from macronuclei is very rich in telomeric sequences an d

allowed to determine the telomere base composition by direct sequencing . In Tetrahymena ,

telomeric sequences are made by the repetition of hexamer TTGGGG, 5'-f3' oriented.

Telomere cloning and base composition analyses, that were more difficult in other organism s

as telomeres do not contain enzymatic restriction sites, permitted to define telomeric sequenc e

as a succession of G-rich tandemly repeated sequences : in Saccharomyces cerevisiae this

sequence is (TG 1 ..3 ), in human and in other vertebrates, it is (TTAGGG)n. Surprisingly, the

sole eukaryotic organism whose telomeres are not made of tandemly repeated sequences i s

Drosophila, the organism where telomere were discovered. In Drosophila, telomeres are

constituted by retrotransposable elements (Levis et al., 1993) .

Telomere G-rich strand is 5'–*3' oriented and is longer than complementary strand .

This telomeric overhang might be involved in different DNA conformations such as T_loops

(Griffith et al., 1999) or G-quadruplexes (Parkinson et al., 2002) . The presence of telomeric
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quadruplexes has been demonstrated in the macronucleus of a ciliate, Stylonychia lemnane

(Schaffitzel et al ., 2001) . The G-quadruplex, which is very different from classical double -

stranded B DNA, provides a good structural basis for selective recognition . Therefore ,

stabilization of the telomeric overhang into a G-quadruplex structure by specific ligands can

then be an original strategy to telomere protection . Proteins can specifically bind telomere s

and play a role in telomere protection and regulation ; they will be presented below .

Recently, telomeres were shown to end in a large tailed loop resembling a lasso ,

termed the t-loop . Telomeric t-loops have been observed in mice, humans and protozoa, and i t

might be an evolutionarily conserved structure (Griffith et al., 1999; Munoz-Jordan et al. ,

2001). In mice and humans, the size of the t-loop circles correlates with telomere length,

ranging from N3 kb in normal human lymphocytes to 18 kb in mouse liver . Protozoa, by

contrast, have smaller t-loops (—1 kb), despite telomere lengths of 10—20 kb . These finding s

suggest that the size of the t-loop can be regulated . Moreover, t-loops should be able to form

on relatively short (—1 kb) telomeres, but presumably there is a minimum size below which

they cannot form .

The t-loop model provides the sequestration of the G strand overhang, which coul d

otherwise activate DNA damage checkpoints and DNA repair enzymes . Indeed, indirect

evidence suggests the 3' overhang is buried in the telomeric duplex DNA at the junctio n

between the t-loop circle and tail (Griffith et al., 1999). Thus, the t-loop may provide a

structure that is devoid of recognizable DNA 'ends' and hence does not resemble a DSB . It

also can protect the 3' overhang from degradation, and limit the ability of telomerase, th e

enzyme that replenishes telomeric sequences, to access its substrate . Both double and single -

stranded telomeric region must be maintained . Disruption of the t-loop is thought to signal a

cellular response that, in at least some regards, resembles the cellular response to a DSB in th e

genome. Formation and stabilization as well as the protection and maintenance of huma n

chromosome ends require the function of specific functional proteins . Many telomere-binding

proteins have been characterized so far and these proteins seem to have the same property o f

chromatin structure organizers and telomere length regulators. Interestingly, the proteins that

are unique to telomeres recruit and activate nucleases and other "repair" factors, whos e

activities are necessary for a number of telomere functions, such as 3' overhang formation and

telomerase recruitment . The role of telomerase will be discussed in the next chapter .



3.2 Telomeric protein s

Two TTAGGG repeat binding factors, TRF1 and TRF2, have been discovered at

mammalian telomeres (Bilaud et al., 1997; Chong et al., 1995a). In vitro, both TRF protein s

bind the double-strand telomeric DNA through a conserved myb domain located in their

carboxy terminal domains, but they differ in their N-termini rich in either acidic (TRF 1) o r

basic residues (TRF2) . TRF1 and TRF2 negatively regulate telomere length. Over-expression

of TRF1 or TRF2 in vivo induces a gradual decline in telomere length (Smogorzewska et al . ,

2000; van Steensel & de Lange, 1997) .

TRF1 promotes parallel pairing of (TTAGGG)n repeats in vitro (Griffith et al ., 1998)

and it has been implicated in telomerase regulation . Expression of a dominant negative allele

of TRF 1 leads to telomere elongation without affecting telomerase activity (van Steensel & d e

Lange, 1997) . TRF1 is a cis inhibitor of telomerase activity as showed by Ancelin (Ancelin et

al., 2002) and it interacts with different proteins such as POT 1(Protection Of Telomeres 1), a

single strand telomeric DNA binding protein, that was supposed to interact with the base o f

the t-loop and stabilize telomeres in a closed conformation (Loayza & De Lange, 2003) .

Others propose that POT 1 could displace the t-loop and might allow telomerase access to th e

3' ends of human telomeres (Colgin et al., 2003) . Another TRF1 interacting factor is PinXl ,

which has been showed to interact with telomerase and modulate directly its activity (Zhou &

Lu, 2001) . TRF1 function, and consequentially telomere length, is regulated by TIN2, a

negative regulator of telomere length (Kim et al., 1999) . Two homologous proteins, TANK 1

and TANK2, inhibit TRF1 from binding to telomeric sequences (Smith et al., 1998b), thu s

allowing telomere elongation . Recently, the construction of a mouse TRF1 knockout reveale d

that murine TRF1 has an essential, still unknown, function that is independent of telomeras e

regulation (Kariseder et al., 2003) .

The major known function of TRF2 at telomeres is to stabilize G-strand overhang and

therefore to protect chromosomes from end-to-end fusions (van Steensel et al ., 1998) .

Although TRF2 protein is able to induce by itself the formation of the t-loop in vitro (Stansel

et al., 2001), it is likely that its role at telomeres in vivo requires other factors. TRF2 telomere

protection function was shown (van Steensel et al., 1998), demonstrating that TTAGG G

repeats alone are not sufficient for telomere integrity. Ancelin and collaborators (Ancelin et

al., 2002), generating an inducible model, showed that TRF1 and TRF2 appear to regulat e

telomeric length by different mechanisms and that TRF2 is an activator of telomer e

degradation even in telomerase negative cells . Recent experiments reported that TRF2



protects critically short telomeres from end-to-end fusion and delays senescence entr y

(Karlseder et al., 2002) . One molecular basis for a direct interaction between telomer e

integrity and the DNA damage repair pathway was provided by the observation that th e

complex MRE11-Rad50-NBS1 is a binding partner of TRF2 (Zhu et al., 2000) . The presence

of this complex with a nuclease activity at telomeres is particularly interesting with regard t o

the formation of the 3' overhang (Diede & Gottschling, 2001) .

The localization of DNA repair proteins implicated in the non-homologous end -

joining (NHEJ) or in the homologous recombination (HR) at telomeres would suggest a n

involvement of these proteins in telomere structure and length maintenance . A large body o f

evidence suggests that DNA-PKcs interacts with telomerase to maintain telomere length, a s

well as to signal short telomeres as DNA damage, triggering apoptosis and facilitating end-to -

end fusions of short telomeres (d'Adda di Fagagna et al., 2001 ; Espejel et al ., 2002b; Gilley et

al., 2001 ; Goytisolo et al., 2001)

Figure 3 .1 . Telomere Components in Humans . A t-loop model is shown, in which the double-strand telomere
tract curves around, allowing the 3' overhang to invade internal telomeric repeats, displacing a D loop an d

effectively "hiding" the 3' end . If, under normal or abnormal circumstances, a different structure is adopted b y
human telomeres, the Potl protein would be expected to bind the 3' overhang itself, rather than the displace d

single stranded D loop as shown . Ku refers to the complex of Ku70 and Ku86 . MRN refers to the complex
between Mre 11, Rad50, and Nbs l . TERT is the catalytic protein subunits of telomerase, while TR is the RN A

subunit. Modified from (Ferreira et al., 2004) .

In yeast, Ku deficiency leads to telomere shortening, loss of telomere clustering, los s

of telomere silencing and deregulation of telomeric G overhang (Boulton & Jackson, 1996 ;

Nugent et al., 1998). Furthermore, yeast Ku moves from the telomere to the DSB upo n

induction of damage, suggesting a link between DNA repair and the telomeres (Martin et al. ,

1999; Mills et al ., 1999) . In addition yeast Ku has a role in modulating telomerase activity ,
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and it is a good candidate for recruiting telomerase to broken DNA ends (Stellwagen et al. ,

2003) .

In mammals, Ku associates with telomeric repeats (d'Adda di Fagagna et al., 2001 )

and can interact with TRF1 and TRF2 (Hsu et al., 2000; Song et al., 2000). Recent studies ,

carried out on late-generation telomerase-deficient and Ku86-deficient mice, point a role o f

Ku86 in mediating chromosomal fusions and apoptosis induction in cells with critically shor t

telomeres, although it does not induce telomere shortening or deregulation of G-overhang as

shown by the analysis of Ku86-deficient mice (Espejel et al., 2002a; Samper et al., 2000) . Al l

these results suggest that Ku86 could contribute to render telomeres less accessible t o

telomerase or DNA repair activities .

HR has also been shown to regulate telomere length as well as to mediate telomerase -

independent telomere elongation in yeast (Biessmann & Mason, 2003) . However the role of

HR in telomere length maintenance in mammals remains uncertain . Recently, by using Rad54

defective mice it was provided evidence for the role of this gene in telomere lengt h

maintenance and telomere capping (Jaco et al., 2003). Rad54 deficiencies results in

chromosome fusions involving random pair of chromosomes and containing telomere signal s

at the fusion point, suggesting a role for Rad54 in telomere protection . In contrast to NHEJ

activities, Rad54 do not resemble to play a role in the generation of fusions due to unprotecte d

chromosome ends because the absence of Rad54 does not prevent the chromosome type end -

to-end fusions due to the DNA-PKcs deficiency.

3.3 Telomeres and senescence

The replication of linear chromosomes presents a special challenge that stems from the

inability of conventional DNA polymerases to complete synthesis of chromosome end s

(Olovnikov, 1973 ; Watson, 1972), driving to the loss of 50-200bp of terminal DNA durin g

each S phase (Figure 3 .2) . Thus, as cells divide, this "end replication problem" results in th e

eventual reduction of telomeres to a short critical length that elicits the activation of cellular

checkpoints, not unlike those provoked by DNA damage [reviewed in (Harley, 1997)] .

Telomere length has been found to be a good indicator of the potential replicativ e

capacity of cultured human fibroblasts (Allsopp et al., 1992) and a correlation between the

frequency of dicentric chromosomes and short telomere length in senescent human cells ha s

been demonstrated (Benn, 1976; Counter et al., 1992; Ducray et al., 1999 ; Thompson &

Holliday, 1975) . Both events appear to be triggered when telomere length reaches a thresold
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size. Thus, it might be suggested that dicentric formation occurs through a direct end-to-en d

fusion when telomeres erode sufficiently. Both the frequency of mitosis carrying telomeric

associations and the number of telomeric associations per mitosis have been shown t o

increase with culture passages (Mondello et al., 1997) . Moreover, cytogenetic analysis o f

cultured fibroblasts obtained from centenarians (that is from individuals very close to the

maximum expected life span) does not reveal any peculiar structural chromosome anomaly,

but some telomeric associations arose in cells approaching senescence (Mondello et al. ,

1999). In some studied cell lines, particular chromosomes seem to be preferentially involved ,

indicating that dicentric formation is a result of changes specific to those chromosomes, rathe r

than involving general factors in the cell (Berm, 1976) .

A
aa a

aa,

a Nab SID

a a s

NM a aa a aaSOO►

+

4*aaaDorrmnertr40aa IMECCC=!XTAt* a a

1

B

a .IVD DID t

+

	

C

a a a

primer
RNA Okazaki

fragment

Figure 3 .2 : Schematic representation of linear DNA extremities replication . A: double strand DNA . B: on the
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In human cell cultures, short telomeres result in activation of the Hayflick limi t

(Mortality Stage 1 or senescence), and the cells stop dividing (reviewed in Wright & Shay,

1992). The Hayflick limit presents a block to normal cell growth in culture, cells already

harboring checkpoint deficiencies (e .g., mutations in p53 and Rb) are less susceptible to the

telomere-based senescence checkpoint and may continue proliferation beyond this initia l

block. Moreover, the Hayflick limit can be readily breached by inactivation of the p53 and Rb

growth inhibitory pathways . Continued proliferation of cells beyond the Hayflick limit an d

further telomere erosion exacerbate telomere dysfunction and associated genomic instability ,

culminating in a period of massive cell death aptly termed "cellular crisis" (or Mortality Stag e

2) (Wright & Shay, 1992) .

It has been difficult to document a direct role for shortened telomere-induce d

senescence in tumor suppression in vivo (reviewed in Stewart & Weinberg, 2002) . The

hypothesis that crisis plays a more prominent role than senescence in tumorigenesis is favore d

by different authors . Although crisis is a potent barrier to immortal growth in culture, th e

massive genetic instability associated with this state may well be the mechanism by which th e

rare cells surviving crisis acquire the constellation of genetic alterations needed for malignant

transformation (Counter et al., 1992; Harley, 1991 ; Hastie et al., 1990) . Indeed, the

preponderance of chromosomal rearrangements and other structural anomalies wer e

encountered in cells that have experienced crisis (Ducray et al., 1999, Romanov et al ., 2001 ;

Stewart et al., 2002) suggesting that DNA repair activities have been at work. Inappropriat e

repair between broken telomeres, or a broken telomere and a DNA breaks at an internal site ,

from two different chromosomes can result in the formation of dicentric chromosomes and th e

creation of breakage-fusion-bridge (BFB) cycles (Artandi & DePinho, 2000; Lo, 2002 ; Lo et

al., 2002; McClintock, 1941 ; van Steensel et al., 1998). In addition to a predisposition fo r

chromosome nondisjunction, dicentric chromosomes are extremely unstable and can be pulled

apart during cell division, causing a new random break between the two centromeres . Thus ,

chromosome breaks form anew, and a continuous BFB cycle can be perpetuated . Broken

ends, corresponding to chromosomes lacking one telomere, remain unstable until they ar e

capped (Fouladi et al., 2000). Capping can be achieved either by fusion resulting in a nove l

chromosomal rearrangement or by capture of a telomere associated with a non-reciproca l

translocation of another chromosome fragment, as described in tumor epithelial cells and

mouse fibroblasts (Fouladi et al ., 2000; Gisselsson et al., 2000; Lo, 2002). These new fusions

could generate new unstable chromosome structures, perpetuating the BFB cycle and

chromosomal instability . This BFB cycle triggered by telomere dysfunction has been show n
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to play an important role in epithelial carcinogenesis in mice (Artandi et al ., 2000; O'Hagan et

al., 2002) and in human tumors (Gisselsson et al., 2001 ; Hackett et al., 2001)(Gisselsson,

2001 ; Hackett, 2001) where a negative correlation has been established between the length o f

telomeres and their involvement in chromosome aberrations . This is the recipe for a

premalignant cell to acquire the molecular changes needed to evolve into a malignant cell .

3 .3 .1 Telomeres and oxidative stress

Free radicals and oxidative stress have been suggested for a long time to be involve d

in or even to be causal for the aging process . The rate of telomere shortening in vitro i s

modulated by oxidative stress as well as by differences in antioxidative defence capacit y

between cell strains (Saretzki & Von Zglinicki, 2002) . There is evidence that oxidative stres s

plays a major role in determining the rate of telomere loss and single strand breaks contribute

to telomere shortening, actually telomeres in human cells under mild oxidative stres s

accumulate single strand breaks faster than interstitial repeated DNA (Honda et al., 2001 ;

Petersen et al., 1998 ; Saretzki et al., 1999) . Moreover, about 50% of oxidative stress induced

single stranded regions remain unrepaired for long time in telomeres of human fibroblasts ,

leading to a significant increase of telomere steady-state level of these lesions . Probably th e

presence of unrepaired nucleotide or base damage interferes with the replication fork at

telomeres in a way that enlarges the proportion of unreplicate ends, leading to telomere

shortening .

The telomere sensitivity to oxidative stress could account also of the radiatio n

sensitivity of telomeric repeats : actually irradiation provokes the generation of reactive

oxygen species . Moreover, a body of evidence suggest that telomere maintenance ma y

constitute a unique cellular marker of radiation sensitivity (reviewed in (Slijepcevic, 2004)) .

3.4 Telomere functio n

Multiple lines of evidence from a variety of eukariotes and cell types suggest that

telomere function critically depends on structural aspects (capped status) of the telomer e

rather than the length alone (Blackburn, 2001) . Uncapping of telomeres causes a set o f

molecular and cellular consequences (Figure 3 .3) .
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Figure 33: Outcomes of telomere dysfunction. From (Ferreira et al., 2004)

While uncapping of a telomere can be affected by telomere length, it is also affected

by other factors . At least four distinct structural components contribute to telomere capping :

(i) the higher order telomeric DNA-protein complex, whose overall length dictates whethe r

telomerase or nucleases can access telomeric DNA ; (ii) the protein complex found on the

terminal few repeats ; (iii) the protein complex on the single strand G-rich overhang, which i s

most likely important for preventing DNA damage response and regulating the cell cycle

dependent structure of the telomere and, (iv) telomerase (Blackburn, 2000 ; Blackburn, 2001) .

A key feature of capping is that often, compromising or abrogating one component of th e

capping system can be harmless ; loss or compromise of more than one component can caus e

failure of one or more capping functions . Loss of telomere function can induce cell cycl e

arrest, senescence, apoptosis and chromosome end fusions, outcomes that are consistent wit h

the activation of DNA damage response. Experimentally uncapped telomeres invoke the

earliest known cellular response to DNA damage, the formation of foci containing DNA

damage response factors as 53BP1, the Mrel 1 complex, ATM, y-H2AX and Rad17 (Takai et

al., 2003), indicating that cells perceive unprotected chromosomes ends as a site of DN A

damage .



4. The telomerase

4.1 The enzyme

Telomerase consists of a catalytic telomerase reverse transcriptase (TERT) subunit tha t

synthesizes telomeric sequence at the ends of chromosomes using an RNA template encode d

by the telomerase RNA component (TERC) gene . The catalytic subunit of telomerase was

initially purified biochemically from Euplotes aediculatus as p123 (Lingner & Cech, 1996) .

Based on the conserved sequence information within the reverse transcriptase motifs fro m

p123, the cDNA encoding the human homologue of the catalytic subunit of telomeras e

(hTERT) was identified nearly simultaneously by four groups (Harrington et al., 1997, Kilian

et al., 1997; Meyerson et al., 1997; Nakamura et al., 1997). Telomerase has been also

identified in mice, yeasts, ciliated protozoa, worms, and plants (Bryan et al., 1998; Collins &

Gandhi, 1998; Counter et al., 1997; Fitzgerald et al., 1999; Greenberg et al., 1999; Guo et al. ,

2001 ; Malik et al., 2000; Metz et al., 2001 ; Oguchi et al., 1999) .

Experiments in both humans and S. cerevisiae indicate that telomerase might functio n

in a complex containing more than one catalytic and one RNA subunit (Beattie et al., 1998 ;

Mitchell & Collins, 2000; Moriarty et al ., 2002; Wenz et al., 2001) . Although coexpression o f

hTERT and hTERC in rabbit reticulocyte lysates suffices to reconstitute basic telomeras e

enzymatic activity (Beattie et al., 1998 ; Tesmer et al., 1999; Weinrich et al., 1997), both

biochemical and genetic studies suggest the existence of additional protein subunits o f

telomerase, that may be involved in the biogenesis or assembly of active telomerase and ma y

mediate or regulate the access of telomerase to its known substrate, the telomeres . Some data

suggest that the catalytic core of human telomerase may exist as a functionally cooperativ e

dimer in vivo . Indeed, two separate, catalytically inactive TERT proteins can complemen t

each other in trans to reconstitute catalytic activity (Kanaya et al., 2000). Moreover the

telomerase RNA templates in the active enzyme are interdependent and functio n

cooperatively each other (Wenz et al ., 2001) .

Telomerase regulation could be achieved at different levels . Beyond the role of

telomeric proteins in recruiting or inhibiting telomerase activity at telomeres (see §3 .2) ,

telomerase could be regulated by splice variants of hTERT, as at least six splice variants o f

hTERT mRNA have been identified (Colgin et al ., 2000 ; Yi et al ., 2000) . Most telomerase-

positive cell lines contain only a few molecules of potentially functional hTERT mRNA ,
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whereas various tumor cell lines and tissues show considerable differences in their splicin g

patterns (Kilian et al ., 1997 ; Villa et al ., 2001 ; Yi et al., 2001). Moreover, DNA methylatio n

can contribute to hTERT transcription repression at least in some cells (Horikawa et al. ,

1999) .

4 .1 .1 Telomerase reaction cycles

In vitro telomerase activity assays have been instrumental in analyzing the telomerase

reaction cycle. As shown in figure 4 .1, telomerase binds telomere by base-pairing with th e

RNA template. During processive telomere extension, telomerase repeatedly uses the sam e

small region within its RNA moiety as a template for DNA synthesis . In every reverse

transcription cycle, one telomeric repeat is added ; then the enzyme translocates and starts a

new cycle of elongation . In vitro studies suggest that de novo telomere synthesis b y

telomerase requires an accessible 3' overhang (Lingner & Cech, 1996 ; Wang & Blackburn,

1997). Formation of the t-loop would provide an architectural solution to protect telomeres

and, at the same time, prevent telomerase from gaining access . The regulation of telomeras e

access to telomeres in human cells is not yet fully understood. Recent studies indicate that

telomere-associated proteins can regulate telomerase accessibility in either positive or

negative ways (Evans & Lundblad, 1999) .

In human cells and tissues, the presence of telomerase activity well correlates with the

level of TERT gene transcription . In humans, TERT gene expression is limited mostly to

embryonic tissues and activated lymphocytes . It is also detectable in a subset of adul t

hematopoietic and epithelial stem cell compartments, but at modest levels that are insufficien t

for telomere maintenance. Recent experiments, using a new telomerase antibody, report fo r

the first time low level of hTERT activity in normal human fibroblasts during their transi t

through S phase (Masutomi et al., 2003) . In contrast, expression of the telomerase RN A

component is more ubiquitous [reviewed in (Collins & Mitchell, 2002)] .
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Figure 4 .1 . Telomerase Reaction Cycle in Tetrahymena . The RNA subunit is held into the complex b y
interactions with the N-terminal domain of TERT . This leaves the template (CA-containing sequence) free t o
move through the RT domain so that a single active site (triangle) can catalyze nucleotide addition at multiple

positions . From (Cech, 2004)

4.2 Ectopic expression of hTERT in human cel l

The restoration of telomerase activity by introducing the human gene encoding for the

enzyme catalytic subunit allows human fibroblasts to proliferate beyond the senescence limit ,

despite a lack of telomere elongation (reviewed in (Harley, 2002)) . In hTERT-immortalize d

cells, telomeres are usually shorter than those in the normal cells from which they wer e

derived (Bodnar et al., 1998; Broccoli et al ., 1995, Pathak et al ., 1994) and in some cases the y

continue to shorten further than the telomeres of transformed but non-immortal cells tha t

entered crisis .

Activated telomerase produces a dynamic balance between telomere elongation and

shortening and tends to result in homogeneous telomere length . The resultant stabilization of

telomere length promotes chromosome stability. It has been shown that, despit e

immortalization, telomerase expressing fibroblasts do not display cancer-associated change s
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(Jiang et al., 1999; Morales et al., 1999; Vaziri et al., 1999) : they have functional p53 an d

pRb checkpoints, maintain the requirement of a solid support and of growth factors t o

proliferate, and are contact-inhibited . Nevertheless, ectopic hTERT expression in huma n

fibroblasts derived from centenarian individuals contribute to the developement o f

chromosomal anomalies (Mondello et al., 2003) . Moreover, one of these cell strains acquire d

the ability to grow in the absence of solid support, a typical feature of transformed cells .

However, these transformed cells did not form tumors in nude mice . Therefore, the outcome

of cellular immortalization driven by telomerase reactivation might depend on the rate of

genomic alterations already present in the cell . Actually, continued proliferation of hTERT

immortalized cells may select for alterations that confer to them additional growth

advantages . Milyaysky and colleagues (Milyaysky et al., 2003) showed that long term culture

of hTERT immortalized cells may favor the apparence of clones carrying potentiall y

malignant alterations, such as stable changes in the expression of cell cycle checkpint gene s

p16INK4A and p14A . Since these cells maintain stable karyotype for an extended time period,

stable changes in these genes could be attributed to epigenetic events . These defects provided

a suitable background for rapid accumulation of additional genetic aberrations as th e

overexpression of oncogenes. Moreover, INK4A deficient hTERT immortalized cells becam e

transformed after H -Ras overexpression, as judged by their ability to grow in an anchorage -

independent manner .

4.3 Telomerase capping function

It was suggested that telomerase may protect chromosomes from end-to-end fusion s

not only by lengthening the telomere but also by a capping function (Blackburn, 2001 ; Melek

& Shippen, 1996; Stewart & Weinberg, 2002 ; Zhu et al., 1999). Human fibroblasts that

express ectopic telomerase can proliferate indefinitely with decidedly subsenescent telomere

length (Ducray et al., 1999; Ouellette et al., 2000) . Short telomere may be more prone to

structural dysfunction than long telomere, and telomere function, rather than length, ma y

control cellular senescence . Telomerase can prevent cellular senescence by preferentiall y

capping and acting on the shortest telomeres .

Moreover, the presence of hTERT activity in normal human fibroblasts during their transi t

through S phase (Masutomi et al ., 2003), suggests that telomerase and telomere structure ar e

dynamically regulated. Therefore, telomerase might have a role in chromosome en d

protection that is independent of its ability to elongate telomeres . In addition, telomerase



expression is associated with a reduction of spontaneous chromosome damages in Gl cell s

(Sharma et al., 2003), which could be important in the cascade of events leading t o

chromosome stabilisation . Investigation of the long-term effects of forced telomeras e

expression in normal human fibroblasts highlighted that it does not result in changes typicall y

associated with malignant transformation in these cells that show low frequencies o f

chromosomal aberrations (Morales et al., 1999) . In sheep fibroblasts, telomerase expressio n

levels correlate with shorter telomere lengths and the extent of karyotypic abnormality .

Indeed, cell lines highly expressing telomerase showed virtually normal karyotypes, eve n

after extended culture when lower expressing lines exhibited chromosomal abnormalities (Cui

et al., 2002) .

In addition to preventing shortening of telomeres, telomerase has been shown to protect th e

single-stranded ends of chromosomes and may have a role in maintaining telomeres in a

structure that is not recognized as DNA damage, thereby preventing activation of the cellula r

senescence program (Stewart et al., 2003). Indeed, expression of telomerase prevent s

telomere from 3' overhang loss, suggesting that this enzyme prevents senescence, not onl y

acting on telomere length, but also maintaining proper telomere structure .

4.4 Telomere-independent telomerase functio n

Recently, it has been demonstrated that the contribution of telomerase t o

immortalization of human fibroblasts can be genetically separated from its ability to maintai n

telomere length (Lindvall et al., 2003 ; Smith et al., 2003) . These results imply a role for

telomerase in tumorigenesis that is independent of telomere length . Consistent with this idea

is the evidence that telomerase expression can affect cellular proliferation, even in cells wit h

functional telomeres. Ectopic expression of telomerase in human mammary epithelial cell s

results in a diminished requirement for exogenous mitogens and this correlates with

telomerase-dependent induction of gene that promotes cell growth . Thus, telomerase seems to

regulate the transcription of a variety of genes implicated in cell growth, chromatin

modification, and in DNA repair, without influencing telomere length, as it has been reporte d

by a microarray approach (Smith et al., 2003). The mechanism that links telomerase t o

mitogenic gene expression apparently requires telomerase catalytic activity . It remains to b e

determined whether the ability of telomerase to regulate cellular gene expression is mediate d

through its interaction with telomeres or whether it represents a telomere independen t

function. The observation that the proliferative advantage derives from the differential patter n
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of hTERT induced gene expression and therefore, could not be attributed to telomere statu s

alone drove the authors to propose that telomerase can stimulate epithelial cell proliferation

by regulating growth-promoting genes .

Moreover, the transcription profile is considerably different in hTERT immortalized human

fibroblasts comparing with normal primary fibroblasts (Lindvall et al ., 2003); in particular

epiregulin, a member of the EGF family, is highly up-regulated in immortalized fibroblast s

and plays a critical role in the maintenance of sustained proliferation of these cells .

Considerable alterations in the expression of other positive and negative growth factors wer e

found as well as the down regulation of several genes involved in DNA repair and epiderma l

differentiation .

Induction of positive growth factor and/or repression of negative growth signals may confe r

to hTERT-expressing cells growth advantages that prevent premature senescence induced b y

non telomere mechanisms .
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Figure 4.2 Model for the roles of telomere dysfunction and telomerase activation in terms of the stage of tumo r
progression. A schematic depicting stages of tumor progression are shown along the bottom . The initial growth

of a clone of cells is shown by the small cluster of orange balls . Early stage tumors with ongoing geneti c
instability are represented by the cluster of multicolored balls . Late stage tumors in which certain cells have bee n

selected from early stages in tumor progression are represented by the large cluster of blue and purple balls .
Apoptosis is represented by the yellow star in the center of the diagram . (a) Telomere shortening is depicted by

the loss of the red telomere signal from the ends of the blue chromosomes . Short telomeres can either induce
genetic instability or inhibit tumor growth through apoptosis . It is unclear how frequently or in what order thes e

two pathways operate . Short telomeres may trigger apoptosis through the induction of a DNA damag e
checkpoint . (b) Telomerase activation is depicted by the restoration of red telomere signal to the ends of the blu e

chromosomes . Telomerase activation can both limit genetic instability and facilitate tumor growth . From
(Hackett & Greider, 2002 )

Furthermore, ectopic expression of telomerase in primary cells may enhance cell survival i n

the face of proapoptotic cellular stress, although hTERT expression does not protect cell s

from stress-induced premature senescence (Gorbunova et al., 2002). The mechanism of the



protective effect of hTERT in the case of stress-induced apoptosis is not clear . hTERT may

suppress DNA damage and/or apoptotic signals activated by damaged DNA. It has also been

suggested that telomerase may inhibit an early event in the apoptotic cascade . In tumor cell s

telomerase activity is associated with resistance to apoptosis. Moreover, hTERT promote s

survival of developing brain neurons . During the process of neuronal differentiation

telomerase activity level remains at relatively high and then decreases sharply during th e

period when synapses form and programmed cell death occurs . Suppression of telomerase

activity and hTERT expression promotes apoptosis of neurons, whereas overexpression o f

TERT prevents apoptosis by suppressing cell death at a premitochondrial step in the deat h

cascade (Mattson & Klapper, 2001) . To determine the role of telomerase in regulating

apoptosis, telomerase negative human embryo lung fibroblasts were transfected with th e

hTERT gene . Unlike the control fibroblasts, the telomerase-expressing cells had elongate d

telomeres and were resistant to apoptosis induced by hydroxyl radicals . The results indicate

that expression of telomerase and, thus, the maintenance of telomere length in normal huma n

somatic cells caused resistance to both cellular senescence and apoptosis (Ren et al., 2001) .

4.5 Telomere maintenance mechanisms in cancer cell s

4.5 .1 Telomerase

The observation that 90% of tumors exhibit telomerase activity (Kim et al., 1994)

emphasizes that the lengthening of telomeres by telomerase is the process preferentially use d

to maintain the telomere length in cancer cells and underscores the essential role for th e

telomere maintenance in the long-term survival of cancer cells . Expression of the TERT

subunit in human fibroblasts results in stabilized telomere length and immortalization ; hence,

these primary cells bypass telomere-based senescence and crisis (Bodnar et al., 1998 ; Vaziri

et al ., 1999). More directly, enforced expression of TERT, together with RAS and viral

oncoproteins that neutralize the p53 and Rb pathways has been shown to generate full y

transformed human tumor cells in vitro, demonstrating that human cells require telomer e

maintenance to acquire an advanced malignant phenotype (Hahn, 2002 ; Hahn et al ., 1999) .

Conversely, inhibition of telomerase in established human cancer cells can halt their growt h

and induce apoptosis as a result of telomere-induced crisis, thus disrupting their ability to for m

tumors in vivo (Hahn et al., 1999) .



4.5 .2 ALT

Telomerase is not the only mechanism for telomere length maintenance ; a second

mechanism defined as ALT, for Alternative Lengthening of Telomeres, (Bryan et al., 1997 )

was described and seems to involve homologous recombination and copy switching (Bryan et

al., 1995 ; Dunham et al., 2000; Murnane et al., 1994) . ALT cells present an increased number

of complex non-reciprocal chromosomal rearrangements compared to telomerase-positive cel l

lines, suggesting that in ALT cells the occurrence of elongated and shortened telomeres and

signal-free chromosome ends could give rise to chromosomal end-to-end associations and

breakage-fusion-bridge cycles (Murnane et al., 1994; Scheel et al., 2001). The ALT pathway

in human cells is associated with marked variability in telomere length, rapid telomer e

lengthening or deletion of several kilobases and the presence of specific nucleoprotei n

structures called ALT-associated PML bodies or APBs (Bryan et al., 1995) . In all human

ALT cell lines examined to date, APBs are distinguished from other PMLs by the presence o f

telomeric DNA, telomeric binding proteins as TRF1 and TRF2 (Yeager et al., 1999) and a

wide range of proteins involved in DNA recombination and replication (reviewed in (Henso n

et al., 2002)) . All human ALT+ cancers and cell lines analyzed to date have a very wid e

telomere length distribution . Some chromosome ends have telomeres that are undetectable b y

fluorescence in situ hybridization (FISH), while others within the same cell have very lon g

telomeric sequences (Henson et al., 2002 ; Murnane et al., 1994; Perrem et al ., 2001 ; Stewart

et al ., 2002) .

Some functional differences exist between telomerase activation and ALT system i n

tumor progression . Indeed, different studies showed that, although telomere dysfunctio n

promotes chromosomal aberration that initiate carcinogenesis, telomerase-mediated telomer e

maintenance enables such initiated cells to efficiently achieve a fully malignant endpoint,

including metastasis (Chang et al., 2003) . Moreover, it was shown that the maintenance o f

telomere length should be sufficient to allow cell transformation by certain oncogenes, bu t

ALT could not substitute for telomerase expression to impart a tumorigenic phenotyp e

(Stewart et al., 2002) . Studying whether ALT could substitute for telomerase in the process of

transformation in vitro and tumorigenesis in vitro, Stewart et al, (Stewart et al., 2002) showed

that telomerase may confer an additional function that is required for tumorigenesi s

independently of its ability to maintain telomeres . All these observations additionally sugges t

that telomerase activation may have broad biological consequences in addition to its essential

function in telomere elongation and thereby play a more important role in immortalization an d

tumorigenesis than previously thought .
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It is perhaps not surprising that early neoplastic lesions typically possess undetectabl e

or low telomerase activity, whereas the progression to advanced malignant lesions i s

associated with more robust levels of telomerase (Chadeneau et al., 1995 ; Engelhardt et al . ,

1997 ; Soria et al., 2001 ; Tang et al., 1998; Yan et al., 1999). This rather late onset o f

telomerase activation in advanced human tumors provide an opportunity for telomere erosion

and some degree of cellular crisis during the early stages of tumor development . Several lines

of evidences suggest that : first, human cancer cells often have shorter telomeres than do cells

in surrounding normal tissue, an observation consistent with an extended phase o f

proliferation in the context of insufficient telomerase activity during early-stage neoplasia (d e

Lange et al., 1990; Hastie et al., 1990 ; Miura et al., 1997) . Second, and consistent with tumor-

associated telomere attrition, human tumors often harbor telomeric associations and anaphas e

bridges, which can result from terminal fusions of chromosomes that lack functional

telomeres (de Lange, 1992 ; Gisselsson et al., 2001 ; Rudolph et al., 2001). Indeed, studies o f

mTerc mutant mice have shown that the number of intratumor anaphase bridges correlate s

well with the level of telomere dysfunction (Rudolph et al., 2001). Although chromosomal

defects other than telomere dysfunction can lead to dicentric formation and anaphase bridges ,

it is intriguing that human colorectal cancers show a peak in the anaphase bridge index ( a

numerical measure of the metaphases that contain anaphase bridges) in early high-grad e

dysplastic lesions and a decline in more advanced carcinoma stages (Rudolph et al., 2001) .

This pattern is consistent with the prolonged proliferative activity of benign adenomatou s

lesions and the subsequent onset of robust telomerase activity that may attenuate the cycles o f

breakage-fusion-bridge in cancerous genomes (Chadeneau et al., 1995 ; Engelhardt et al. ,

1997; Tang et al., 1998). This BFB cycle triggered by telomere dysfunction has been show n

to play an important role in epithelial carcinogenesis in mice (Artandi et al., 2000; O'Hagan et

al., 2002) and in human tumors (Gisselsson et al., 2001 ; Hackett et al., 2001) where a

negative correlation has been established between the length of telomeres and thei r

involvement in chromosome aberrations. Cytogenetic and array-comparative genomi c

hybridization analyses of epithelial tumors arising in mice with telomere dysfunction hav e

revealed highly aberrant genomes particularly nonreciprocal translocations and regiona l

amplifications and deletions that are common in primary human cancers and less frequent i n

primary mouse cancers with intact telomere function (Artandi et al ., 2000; O'Hagan et al. ,

2002) . These observations indicate that telomere dysfunction and crisis represent a

mechanism driving accumulation of cancer-associated chromosomal structural aberrations an d

strengthen the connections between cellular crisis, chromosomal instability, and cancer .
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Strong evidences that telomere-associated events are indeed relevant to carcinogenesi s

derive from the analysis of mice compound deficient for TERC and p53 (Artandi & DePinho ,

2000; Chin et al., 1999) . Strikingly different outcome were achieved in function of the settin g

of p53 deficiencies . In late generation of mTERC-/- mice, loss of p53 rescued many cellula r

defects despite the presence of critically short telomeres . The improved survival and enhanced

proliferative activity of p53-deficent cells in presence of telomere dysfunction correlate with

higher levels of genomic instability. The inactivation of p53-dependent checkpoints function

and concomitant genome destabilization appears to convert telomere-based crisis from a

barrier to tumor development into one that enhances cancer initiation (Chin et al., 1999) .

While most cancers of adult humans are epithelial in origin, spontaneous carcinomas are

unusual in mouse tumor models, thus the observation that carcinomas constituted a small bu t

significant proportion of the observed tumors was intriguing and prompted the investigatio n

of mTERC-/- p53 heterozygous mice . A marked shift in the tumor spectrum towards

epithelial cancers was found. Additionally, these cancers exhibit the complex cytogeneti c

profiles found in human epithelial cancers as opposed to the more bland cytogenetic profile s

of spontaneous mouse cancers (Artandi et al., 2000; O'Hagan et al., 2002) . Therefore, these

data suggest that telomere dysfunction is an important event in carcinoma formation, an d

telomere dynamics play a major role in the differences in carcinoma frequency betwee n

humans and mice . This model of telomere dysfunction driven carcinogenesis matches wit h

the timing of telomerase activation and appearance of genomic changes during various stage s

of epithelial tumorigenesis .

Emerging studies emphasize that activation of telomere maintenance strategies is no t

an obligatory step for tumorigenesis in human cells . Rudolph et al. (Rudolph et al., 2001 )

reported that acquisition of a telomere maintenance mechanism is not strictly required for an

early stage of carcinogenesis in human fibroblasts but may occur as a later event, restoring

genomic stability to a permissive level for tumor progression . This hypothesis may b e

supported by the observation that one patient with osteosarcoma showed metastasi s

telomerase-/ALT+ when primary tumor was telomerase-/ALT- (Ulaner et al., 2003) .

Unexpectedly, the absence of detectable telomere maintenance mechanisms was observed

both in a subset of osteosarcoma (Ulaner et al., 2003) and in a clone derived from ALT cell s

that express a mutant form of hTERT incapable of elongating telomeres in vivo (Cerone MA

et al., personal communication) . This clone shows suppression of the ALT pathway, absenc e

of telomere shortening and no amplification of the subtelomeric regions . This could suggest



that telomere maintenance mechanisms in human cells could be more diverse than previously

thought .



5. Interstitial Telomeric Sequences (ITS )

Telomeric repeat sequences, located at the end of eukaryotic chromosomes, have bee n

detected at intrachromosomal locations in many species (Meyne et al., 1990). These

sequences are named Interstitial Telomeric Sequences (ITS) .

The first evidence of the presence of ITS in the human genome came from th e

observation of discrete bands positive for hybridization with telomeric probes in Southern blot

experiments (Allshire et al., 1988). These bands did not show any sensitivity to Ba13 1

exonucleolitic digestion, suggesting that they derived from internal chromosomal region. The

same probe was used in hybridization experiments on human cells' metaphases : most of

signals were located at chromosome termini, but also an internal site, localized in 2q 11-13 ,

was positive to hybridization . Later, 4x10 5 clones from a cosmids human library, that

expressly does not contain terminal telomeric repeats, were screened with a telomeric prob e

(wells et al., 1990) ; more than 100 clones showed positive hybridization. This high frequency

of positive clones suggests that, in the haploid human genome, there are at least 20 ITS . Few

of them have been cloned, whereas numerous of them have been identified by in situ

hybridization experiments .

5.1 Characterization of ITS

It has been proposed that ITS derived from telomeric fusion of ancestral chromosome s

during karyotype evolution (Hastie & Allshire, 1989) . In many species, ranging from fish

(Rocco et al., 2002) to Marsupialia (Metcalfe et al., 2002), going to equids (Santani et al. ,

2002) and Primates (Ruiz-Herrera et al., 2002), some ITS locations coincide with fusion

events between ancestral chromosomes . In human genome, the only documented example

consistent with this model is the ITS located at 2q13, where about 1 kb of head-to-hea d

oriented telomeric repeats are present . At this locus there is a fusion point between tw o

ancestral chromosomes that leaded to the formation of human chromosome 2 . Two arrays of

about 1kb of telomeric repeats are arranged in a head-to-head fashion and are surrounded by

low copy repeats derived from subtelomeric domains (Ij do et al., 1991). Given the large

number of internal telomere in human genome, it seems unlikely that all ITS derive from thi s

mechanism.

Azzalin et al . (Azzalin et al., 2001) cloned some human ITS by screening huma n

plasmid and cosmid libraries with a synthetic telomeric probe . Analyzing these ITS and

searching on databases, they identified three classes of ITS : (i) short ITS composed of few
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essentially exact TTAGGG units ; (ii) subtelomeric ITS, composed of larger arrays (several

hundred base pairs) including many degenerated units within subtelomeric domains and (iii )

fusion ITS, in which two extended stretches of telomeric repeats are oriented head-to-head .

Surprisingly, the telomeric sequence in 2q13 remains the only fusion ITS so far characterized ,

but there are some evidences that another member of this class might be the ITS located i n

1g41 (Azzalin et al., 1997; Azzalin et al., 2001) . The hypothesis that human chromosome 1

might be derived from the fusion of two ancestral chromosomes has already been proposed on

the basis of ZOO-FISH experiments using human probes to paint monkey Cebus cappuccinus

and Cebus apella chromosomes (Garcia et al., 2000; Richard et al., 1996) .

The sequence analysis of these ITS permitted to hypothesize different mechanism s

that leaded to their formation in human genome . For the short ITS, Azzalin et al . (Azzalin et

al., 2001) suggested that telomerase may add telomeric repeats in a healing event . This

hypothesis has been already formulated to explain the origin of ITS on mouse chromosome 8

(Yen et al., 1996), and some evidences suggest that also some short ITS in hamster could b e

derived from healing events (Faravelli et al., 2002). An alternative model involves th e

insertion of a double strand telomeric repeats fragment in a way resembling the insertion of

transposable element . A model for the subtelomeric ITS origin is that the degenerat e

telomeric array was originally a true telomere and that translocation of a terminal fragment

(telomere capture) generated the current telomere . This hypothesis was previously proposed

to explain the origin of the ITS from the subtelomere of mouse chromosome 13 (Yen et al. ,

1997) .

In Chinese hamster cells, ITS are formed by extended blocks of hundreds kilobases of

telomeric DNA in the pericentromeric region of most chromosomes (Faravelli et al ., 1998)

and constitute the major component of the satellite DNA so far identified in this specie . FISH

experiments on DNA fibers and on elongated chromosomes showed that the pericentromeri c

ITS are composed of extensive and essentially continuous arrays of telomeric-like sequence s

(Faravelli et al., 2002) . These authors reported also the organization of three short IT S

composed of 29-126 bp of (TTAGGG)n repeats . A peculiar feature of these three ITS is the

AT richness of the flanking sequences . Since it is known AT-rich DNA possess low duplex

stability and seems to be associated with several mammalian fragile sites (Mishmar et al. ,

1999 ; Palin et al., 1998; Yu et al., 1997), they suggest that these ITS could be inserted at

these sites during the repair of double strand breaks .



5.2 Telomere binding proteins and IT S

Telomeric DNA repeats have been shown to be associated with the specific TTAGGG

repeat factors TRF1 and TRF2 . Both factors bind in vitro the duplex DNA repeats with high

affinity and binding do not require a DNA end. TRF1 and TRF2 have been found to co -

localize, in vivo, with telomere of human metaphase chromosomes .

Krutilina et al . (Krutilina et al., 2001) have described that transfected CHO cells

expressing GFP-TRF1 show large GFP-containing nuclear bodies that co-localize with FIS H

signals from (TTAGGG)n probe . Since Hamster telomeres are too short to be detected b y

FISH, this result indicates that TRF1 may associated with ITS on Hamster interphase

chromosomes . This association is dynamic and seems to be functionally significant, since th e

inhibition of TRF1 binding to ITS leads to an increase of spontaneous chromosoma l

breakages (Krutilina et al., 2003). The dynamic sequence-specific interaction of TRF1 with

ITS could protects hamster chromosomes from rearrangements at internal bands enriched i n

(TTAGGG)n sequences, but the mechanisms have not been elucidated yet . Future studies of

chromatin structure at ITS may help to clarify the mechanisms of their protection by TRF1 .

Also TRF2 was shown to be associated with interstitial bands of metaphas e

chromosomes in hamster cells, probably representing ITS (Smogorzewska et al ., 2000) .

In human cells, the sole example of telomere-binding proteins detected at interstitia l

telomeric sites came from the study of a patient with a rearranged chromosome . This

chromosome resulted from the translocation of acentric chromosome 13 onto the short arm o f

an apparently normal chromosome X, creating a non-functional interstitial telomere (Mignon -

Ravix et al., 2002). Performing immuno-FISH with specific antibodies on unfixed metaphas e

chromosomes, it was demonstrated that the telomere-associated proteins TRF2 and TIN 2

associate with these interstitial telomeric repeats . Strikingly, this ITS shows great stability,

that might be linked to the late replication of the translocated (X ;13) chromosome that could

be isolated in an heterocromatic structure that allows it to escape from recombination.

Otherwise unequal homologous recombination between telomeric repeats could be prevent b y

the presence of specific telomere proteins that could promote a compact stable structure .

5.3 ITS and instability

5 .3 .1 Spontaneous instability

A large body of evidences suggests that (TTAGGG)n arrays, when present at interna l

location, could be hot spots of breakage and recombination leading to chromosom e

aberrations, and that breaks insides ITS could lead to the formation of structures similar t o
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telomeres that could stabilize rearranged chromosomes (Bouffler, 1998 ; Hastie & Allshire ,

1989 ; Ijdo et al., 1991 ; Meyne et al., 1990) . As mentioned above, in some organisms, there i s

evidence that ITS can be the result of chromosome end fusions that occurred during evolutio n

(Ijdo et al., 1991 ; Lee et al., 1993; Vermeesch et al., 1996) . It has been proposed that these

neo-ITS underwent rearrangements like amplification, deletion or transposition, that leaded t o

the large ITS observed in pericentromeric region of some species (Meyne et al ., 1990), as

well as the absence of ITS in one of several branches derived from the same ancestor (Wile y

et al., 1992), or transposition to euchromatic locations (Metcalfe et al., 1997 ; Metcalfe et al. ,

1998) . This high degree of rearrangement of ITS during evolution suggests that they could b e

unstable .

This hypothesis is principally supported by cytogenetic evidences that highlighted a

correlation between the localization of ITS with breakage sites in hamster cells . In Chines e

hamster, extended blocks of centromeric (TTAGGG)n sequences appear to be frequentl y

involved in spontaneous chromosomal breaks and 10 out of 11 fragile sites mapped up toda y

in Hamster, co-localize with ITS (Bertoni et al., 1996). It was also observed that these ITS

are preferentially involved in the recombination events that occur during CAD gen e

amplification in hamster cells (Bertoni et al., 1994); interestingly, new stable ends were

generated at the termini of the chromosomal arm carrying amplified genes by successiv e

breakages within centromeric TTAGGG repeats . Similarly, in the V79 hamster cell line, th e

termini of truncated chromosomes seem to be stabilized by telomeric repeats deriving fro m

intrachromosomal sites (Simi et al., 1998) . A marker chromosome characterized by th e

amplification of internal telomeric sequences has been identified in a clone derived from th e

CHO-Klcell line ; during cellular propagation, this chromosome showed breaks in th e

amplified region and a new functional telomere was often reconstituted at the sites of break

(Slijepcevic et al., 1997) .

Since a rare fragile site is located in human 2q13 chromosome, it has been propose d

that ITS were involved in chromosomal fragility, but the comparison between the cloned IT S

and the fragile site sequences showed that they did not co-localize (IJdo et al., 1992). In a

successive study, Musio and colleagues (Musio & Mariani, 1999), using a computer search i n

the mapped human genome, showed that interstitial telomere-related sequences are clustere d

in R-bands, and in some cases, coexist with mapped fragile sites . Likewise to 2q13 band, the

associations reported in this work do not exclude that fragile sites could be distinct fro m

telomeric sequences . In this view, telomeric sequences are not expected to be fragile sites, but



proneness to breakage could be, under particular conditions, the consequence of the functional

role of interspersed telomeric sequences .

The length variability of four human interstitial telomeric sequences has bee n

described (Mondello et al., 2000). Short ITS, as those described in this study, resembl e

microsatellites, a class of repetitive elements randomly distributed in the genome, where

motifs of one to six nucleotides are tandemly repeated (Weber, 1990) . As microsatellites ,

these ITS show a high degree of polymorphism due to the variable number of motifs present

at each locus in the population . At all loci, multiple PCR products, corresponding to differen t

alleles (given their mendelian segregation in families) were identified . These alleles differ

from one another for the number of exact telomeric repeats. It has been proposed that the

molecular mechanism underlying the instability of these ITS is a DNA replication error ,

probably due to DNA polymerase slippage . Moreover, it was shown that these ITS were

unstable in gastric tumor cells characterized by microsatellite instability .

In Hamster cells, ITS are preferentially located in heterochromatic regions . To

investigate the spontaneous instability of ITS located in euchromatic regions, Kilburn and co -

workers constructed a model of hamster cells containing telomeric repeat sequence s

integrated into the APRT gene that has an euchromatic localization . Molecular analysi s

revealed an increased level of small deletions and insertions involving the telomeric repeat

sequences, demonstrating genomic instability of ITS located in euchromatin (Kilburn et al. ,

2001) .

In a study describing an extensive cytogenetic analysis of three different human cell line s

where plasmid containing telomeric repeats had integrated at interstitial sites, Desmaze an d

collegues (Desmaze et al., 1999) suggest that the observed instability of the artificial IT S

follows the general instability of these cell lines whatever the presence of telomeric repeats .

Thus, the correlation between ITS and instability in human cells is still elusive .

5 .3 .2 Radiation-induced instability

Beyond their natural happening, telomeric repeat sequences have also been described

at junctions from radiation-induced chromosome aberrations in hamster cell lines (Slijepcevi c

& Bryant, 1998) . This observation could either be explained by breakage in pre-existing IT S

or by the addition of telomeric repeat sequences at the site of the break .

An indirect evidence that strengthens the hypothesis that ITS could be prone to break derive s

from the observation, in the CBA/H mouse strain, of a non-random distribution o f

chromosome breaks associated to radiation-induced Acute Myeloid Leukemia (AML) o n
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chromosome 2 . Statistical studies that evaluate break sites in radiation-induced AML to ITS ,

suggested that inverted telomeric interstitial sequences could play a crucial role in the

induction of site-specific deletions and rearrangements that seem to be involved in radiation -

induced AML in mouse (Bouffler et al., 1993 ; Bouffler et al., 1996; Finnon et al., 2002 ;

Silver & Cox, 1993) .

Numerous studies have described the higher incidence of chromosome rearrangemen t

at locations containing ITS (Balajee et al., 1996; Bertoni et al., 1994; Day et al., 1998 ; Peitl et

al., 2002 ; Slijepcevic et al., 1996). Most of these studies focused on ITS have been performed

in Chinese hamster ovary (CHO) cells and described an increase in the rate of damag e

occurring at ITS as compared to expected rates (Alvarez et al., 1993 ; Bertoni et al ., 1994; Day

et al., 1998; Fernandez et al., 1995, Slijepcevic et al ., 1996) . After irradiation, these ITS seem

to be hot spots of breakage and they are involved in the chromosome aberrations observed i n

the first mitosis after exposure to X-ray (Day et al., 1998); ITS instability could contribute to

the chromosomal instability observed in the progeny of irradiated cells . These data strongl y

support the hypothesis that the presence of ITS can influence the radio-sensitivity o f

chromosomes. However, in hamster cells, ITS are often located near centromeres, in a

heterochromatic region . In a study compiling the data from the literature, Johnson and

colleagues (Johnson et al., 1999) have confirmed the radiation sensitivity of heterochromati n

in human cells . Thus, whether the ITS or the heterochromatin is responsible for the radiatio n

sensitivity at this location is not clear .





6. AIMS

Telomeres, specialized nucleoprotein structures at the end of chromosomes, ar e

fundamental in protecting chromosome termini from nuclease degradation and in preventing

end-to-end chromosome fusions . In many species telomeric repeats have been also found a t

internal chromosome sites, these sequences are named Interstitial Telomeric Sequences (ITS) .

A large body of evidence shows that functional telomeric repeats are crucial in the

maintenance of chromosome integrity and that, at least in Hamster cells, interstitial telomeri c

repeats could be involved in spontaneous and radiation-induced chromosome instability .

In this work, the aim was to investigate the role played by telomeric repeats in th e

formation and in the transmission of chromosome rearrangements, with particular regard t o

radiation-induced chromosome aberrations .

Firstly, we addressed the question of the preferential involvement of human ITS i n

chromosome rearrangements . We investigated both their contribution to the chromosoma l

instability and their sensitivity to irradiation .

We then assess the possibility to tag radiation sensitive regions in order to underscor e

a putative involvement of ITS or of other particular human genome regions in the formatio n

of radiation-induced chromosomal aberrations . To do this, we set up a model using a human

cell line immortalized by telomerase . This model allowed us to question the role o f

telomerase in the stabilization of breaks by the formation of new telomeres and to assess th e

role of telomerase in genome maintenance .

Finally, we questioned the role played in the repair of radiation-induced breaks by th e

interaction among breaks present at the same moment in a cell .



RESULTS



7. RESULTS

7.1 Distribution of chromosome breaks: are ITS preferential sites of chromosom e

breakage?

7.1 .1 ITS as hot spots of spontaneous breakag e

We questioned whether ITS could be preferential sites of chromosome breaks an d

rearrangements in human cells with increased chromosomal instability. Actually, Hamster

ITS are often involved in spontaneous chromosome breaks and rearrangements .

Chromosomes of these cells show higher intrinsic tendency to rearrange than those of normal

human cells . Moreover, the proneness of ITS to form microrearrangements at telomeri c

repeats level has been shown in Hamster cells . The chromosome aberrations arising durin g

crisis are well described in different human cell types. Previously, the immortalization proces s

of a SV40 AgT tranformed human cell line, TP 15 .5, was characterized by molecular an d

cytogenetic analysis (Ducray et al., 1999). The correlation between short dysfunctiona l

telomeres and chromosomal instability, as well as the over-involvement of som e

chromosomes in rearrangements were shown. Cytogenetic analysis of this clone during crisi s

highlighted numerical abnormalities. In particular at passage 6 after crisis, we observed th e

loss of one chromosome 13 and one 19 . Some cell passages later, also one chromosome 1 6

was lost. We also showed that certain chromosomes or chromosomal regions, as long arm of

chromosome 1, are much more involved in rearrangements than others . Chromosome 7 was

also involved in rearrangements since the beginning of crisis, whereas the involvement o f

chromosome 21 in rearrangements is more delayed . Thus, we have analyzed how ITS could

be involved in such rearrangements in this cell line .

To investigate whether ITS play a role in chromosomal instability observed during cel l

immortalization, we have taken advantage of the polymorphism of certain ITS . The

amplification pattern of the DNA extract from cells before crisis and at different passage s

after immortalization was compared at different ITS loci . This approach allowed us to follow

the loss of heterozygosity, that could arise if the chromosomes bearing ITS were lost or if IT S

containing regions were involved in chromosomal rearrangements . Moreover, as human IT S

show a microsatellite-like instability in human gastric cancer, also an eventual microsatellite -

like instability of ITS in a context of chromosomal instability could be highlighted, even in

absence of polimorphism. Since chromosomes 1, 13, 16 and 19 have been shown to b e
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involved in rearrangements at crisis or to be lost during the immortalization process, w e

sought on databanks sequences of ITS located on these chromosomes . In addition, we also

analyzed the ITS located in 2q31, 7q36 and 21q22, already described in (Mondello et al . ,

2000) .

Polymorphism of ITS : Firstly, starting from the cloned sequences of five ITS, locate d

in 1q25, 13q22, 13q34, 16q23 and 19p13 respectively, the primers flanking telomeri c

sequences were designed (see Material and Methods) . To test the degree of polymorphism, i f

any, of these ITS, we have amplified short genomic region containing TTAGGG motifs in th e

TP5 .5 or in other 4 samples of DNA derived from fibroblasts or lymphocytes of unrelate d

healthy individuals . As shown in figure 7 .1, all new tested ITS do not show an y

polymorphism either in the TP5 .5 and in the other 4 DNA, whereas the four ITS already

described in Mondello et al . (Mondello et al ., 2000) are polymorphic in TP15 .5 (Figure 7 .1 )

and in the analyzed population (data not shown) . Consequentially, the analysis of

monomorphic ITS by PCR is not informative about the loss of heterozygosity . Nevertheless

this analysis could be useful to highlight breaks and clonal rearrangements that could occur a t

these loci during immortalization .

Stability of ITS during immortalization process : To test the stability of ITS and their

involvement in chromosomal rearrangements, the amplification pattern of the DNA extrac t

from cells before transformation as well as at different passages after immortalization wa s

compared . The detection of variation in the length of the PCR products, as well as th e

presence of additional bands should reveal alterations in the region containing telomeri c

sequences. For all loci analyzed (Figure 7 .1), the same bands were detected at differen t

passages during immortalization process, without any modification either in the length or in

number of alleles . Therefore, this result may suggest that these ITS are involved neither i n

spontaneous chromosomal rearrangements seen in this cell line nor in a microsatellite-like

instability. It is noteworthy that we have analyzed DNA extracted from massive cell culture ,

hence we can not exclude the possibility that a small portion of cells underwen t

rearrangements at ITS loci . By the way, as we tested DNA from different passages, thi s

approach could have been useful to highlight the apparition of rearrangements and to follo w

the evolution of clonal rearrangements and then, the ability of ITS to be involved in

chromosomal rearrangements .

Conclusion: These results are not in favour of an involvement of human ITS in a MIN typ e

instability. We can not conclude about the involvement of ITS in chromosom e
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rearrangements during immortalization process, but we can exclude their involvement i n

clonal chromosome rearrangements . However, a possible radiation sensitivity of these

sequences can not be excluded, since both radiation sensitivity of terminal telomeri c

sequences in human cells and the involvement of ITS in radiation-induced chromosome

rearrangements in hamster cells have been well described . Hence, we next addressed the

question whether ITS could be involved in radiation-induced chromosome aberrations .
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7 .1 .2 ITS as hot spot of radiation-induced break s

(These results are also described in the article 1 : -Desmaze C., Pirzio L ., Blaise R., Mondello C., Giulotto E . ,
Murnane J .P . and Sabatier L. "Interstitial telomeric repeats are not preferentially involved in chromosome
aberrations in human cells" published in Cytogenetic and Genome Research- reported in the annex section of
this thesis )

Small and degenerated ITS in human cells are difficult to study by cytogenetic

techniques as the sensitivity of these techniques is in the range of DNA kilo bases . Thus, w e

took advantage of the interstitial insertion in human chromosomes of a plasmid containin g

telomeric repeats and therefore we investigated the involvement of this artificially introduce d

ITS in chromosome rearrangement in human cells after irradiation . We selected a human cel l

line (SNG28) in which a plasmid with about 800 bp of telomeric DNA repeats has bee n

integrated into an internal chromosomal euchromatic region on chromosome 4q . In parallel, a

cell line (SNG19) containing the integrated plasmid lacking the telomeric sequences on

chromosome 7 was isolated . Thus, clone SNG19 provided a control for an integration sit e

containing only the plasmid sequences .

Firstly, we have done controls to assess whether the radiation sensitivity of th e

chromosome that had integrated a plasmid or the general radiation sensitivity of the

transfected cell lines may influence the ITS radiation sensitivity . The number of radiation -

induced breaks was deduced from the number of structural aberrations (dicentrics, rings an d

excess acentrics) on Giemsa stained first metaphases after irradiation (2 and 5Gy) . We then

compared the number of breaks in the chromosome 4 of SNG28, containing the integrate d

plasmids, with the chromosome 4 of the non-transfected parental cell line . Controls were

made with the chromosomes 7 of SNG19 and SCC61 containing, or not, the plasmid

sequences alone, and also with chromosomes of approximately the same size and morpholog y

(chromosomes 5, 6 or 7) without any transfected sequences . The number of breaks wa s

compared according to the ploidy and to the size of each analysed chromosome ; the all data

are presented in Figure 7 .2. After ionizing radiation, no significant difference (p>0 .1) was

found between chromosomes 4 of SNG28 and SCC61 as well as for chromosomes 7 o f

SNG19 and SCC61, suggesting that transfected sequences, containing telomeric repeats or

not, did not enhance the involvement of chromosomes in rearrangements . Moreover, the

transfection did not enhance the general radiation sensitivity of these cell lines . Actually ,

analysis on chromosome breakage in the first cell division after irradiation of these cell lines



showed that the number of induced breaks increased with the dose but was not significantl y

different among the 3 clones (Figure 7 .3) .

SCC61 SNG1 9

Figure 7 .2: Comparison of the mean number of breaks between chromosomes with or without the
transfected plasmids . Chromosomes 4 from SNG28 (telomeric and plasmid sequences) and SCC61 clones ;
chromosomes 5 from SNG28 and SCC61 clones as control ; chromosomes 6 and 7 (plasmid sequences only )

from SNG19 and from the non-transfected cell line, SCC61 .

q SCC61 ® SNG1 9 ® SNG2810

9
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Dose (Gy )

Figure 7 .3: Comparison of the mean number of radiation-induced breaks per cell scored after 2 and 5 Gy
irradiation of the SCC61, SNG19 and SNG28 clones .
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Increased frequency of rearrangements in chromosomal regions containing plasmi d

integration sites : To assess the sensitivity of ITS themselves, breaks within the regio n

containing transfected sequences in chromosome 4 of SNG28, and in the chromosome 7 o f

the control clone SNG19, were scored . The presence of plasmid sequences was detected by

FISH using the plasmid depleted of telomeric sequences (pSXN) as probe. Considering that

ionizing radiations cause randomly distributed damages, the expected number of break s

within the integration site was estimated on the basis of the relative length of the studied loci .

f tests were performed to examine the hypothesis that the induced damage occurs mor e

frequently in an ITS containing locus than expected for non-telomeric loci of the same size .

As shown in Table 7 .1, the region containing the integration site appears to be prone t o

breakage in clone SNG28, indeed the number of breaks occurring in the region containing th e

integrated plasmid sequences on chromosome 4 is 10 to 12 .5-fold higher than expecte d

(p<0.0001). Similar results were obtained for the cell line SNG19, where 8 .5 to 11-fold mor e

breaks in the integrated region than expected were detected . Both analyses showed that th e

regions containing the transfected plasmids are more often rearranged after irradiation tha n

expected, and that telomeric repeat sequences are not the reason for this phenomenon . These

results led us to assume that, either the plasmid sequences themselves enhance the radiation -

sensitivity, or that the plasmids are integrated into sites that are already prone to break .

Number of breaks in the region of the integrated sequences

chromosome 4 in SNG28 chromosome 7 in SNG1 9

whol e
Dose (Gy) chromosome expected observed rate*

whole
chromosome expected observed rate *

0

	

5

	

0,14

	

0 0

	

0,00

	

0
2

	

22

	

0,59

	

6

	

10 9

	

0,35

	

3

	

8, 5
5

	

66

	

1,78

	

22

	

12,3 22

	

1,09

	

12

	

11,0
* observed/expected

Table 7 .1 : Specific effect of irradiation on integrated sequences .

Junctions of chromosome aberrations are sensitive to ionizing radiations : In order to

investigate whether the increase in breakage at the integration sites in clones SNG28 and

SNG19 is due to the plasmid sequences themselves or to cellular sequences surrounding th e

integration site, we used the cell line Qi 8, which contained an integrated plasmid bearing 1 . 6
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kb of telomeric repeat sequences . This plasmid has been integrated at the junction 17/1 of a

rearranged marker chromosome der(17 ;1 ;7). This marker chromosome contains another

junction between a fragment of chromosome 1 and the long arm of the chromosome 7 an d

unlike the 17/1 junction, this one does not contain any plasmid sequences (Figure 7 .4) . We

have scored the number of breaks at these two junctions in non-irradiated cells and after

irradiation at 2 and 5 Gy.

SQ9G
*
s'

pSXNeo-tel-1,6kb

17 1

	

SXNeo-tel 0. l~

Q 18 i t
7

Figure 7.4: Characterization by FISH and R bands of the chromosome containing the transfecte d
plasmid in the Q18 cell line . Chromosomes are counterstained with DAPI . Green-yellow dots and red dot s

correspond to the plasmid and telomeric signals, respectively . Hybridizations with specific chromosome paintin g
probes show an alternated greenlredlgreen paint for the t(17 ;1 ;7) marker of Q18 cell line .

The number of breaks observed for both sites was higher than expected, but only th e

junction without the transfected sequences was significantly more often involved in radiation -

induced rearrangements (p<0 .01) (Table 7 .2). We conclude from these results tha t

chromosomal breakpoints of previously rearranged chromosomes are more sensitive to

breakage than expected at random, and that the transfected sequences do not further enhanc e

this sensitivity, regardless of whether containing telomeric repeats or not .

Number of breaks at the rearranged junctions of the Q18 cell line marker chromosom e

junction with
telomere

junction without
telomere

Dose
(Gy)

whole
chromosome expected observed rate* observed rate* rate* *

0 3,0 0,12 0,0 3,0
2 18,0 0,72 2,0 2,8 3,0 4,2 1,5

5 47,0 1,88 4,0 2,1 14,0 7,4 3,5
* observed/expected
** junction without telomere/junction with telomer e

Table 7.2: Effect of irradiation on chromosome breakpoint s



Conclusions : These data show that ITS themselves do not enhance the formation of

radiation-induced chromosome rearrangements in the analyzed human cell lines, suggestin g

an intrinsic radiation sensitivity of plasmid sequences themselves or a possibl e

hypersensitivity to ionizing radiation of the chromosomal regions containing the inserte d

plasmid. Consistent with the latter possibility, we observed that, in another clone, rearrange d

junctions without integrated plasmid sequences or ITS were as prone to break as junctions

containing plasmid sequences and ITS . Our results suggest that breakpoints of chromosom e

aberrations or plasmid integration sites display a hypersensitivity to irradiation which could

be different from the general status of most chromosomal regions and that sensitivity to

ionizing radiation is not equally distributed along chromosomes . Moreover, we have shown

that the telomeric repeat sequences themselves are not essential for DNA sensitivity to

ionizing radiation in human cells . If the integration sites could themselves be prone to

breakage it would explain the insertion of plasmid DNA at these locations . Interestingly, it

may be possible to use this approach to map chromosomal radiosensitive sites .



7.2 Is it possible to tag radiation sensitive regions by plasmid insertion ?

(These results are also described in the article 2 : - Pirzio L.M ., Freulet-Marrière M .A ., Bai Y., Fouladi B. ,
Murnane J.P ., Sabatier L. and Desmaze C. "Human fibroblasts expressing hTERT show remarkabl e
karyotype stability, even after irradiation" published in Cytogenetic and Genome Research- reported in th e
annex section of this thesis)

As the results obtained in the previous study indicate an increased radiation sensitivit y

of plasmid insertion sites, we have suggested that plasmids might preferentially insert at

radiation-induced breaks, allowing us to tag radiation sensitive regions in human genome, i f

any. Therefore it might be possible to trasfect plasmid sequences in human cells and irradiate

them in hope to promote plasmid integration at radiation-induced breaks .

7 .2 .1 Plasmids do not insert at radiation-induced breaks in human cell s

To assess the preferential insertion of plasmids at radiation-induced breaks, we chose a

primary fibroblast cell line immortalized by the catalytic subunit of telomerase (hTERT) ,

HCA 17.3. This cell line exhibits a normal karyotype, which is stable during passages in

culture, and shows a wild type p53 . In order to determine if the putative insertion of plasmids

at radiation-induced breaks could depend on the genetic background of the tested cell line, a

human tumor cell line, B3, was taken as control . B3 is p53 mutated, telomerase positive and

has a rearranged karyotype .

We transfected cells with the pCMV plasmid by electroporation and, then, we

irradiated them at 2 and 5Gy. Using pCMV plasmid as a probe in FISH experiments, we

scored plasmid integration sites as fluorescent signals on first generation metaphases . The

number of plasmid integration sites per cell was compared in irradiated and in non-irradiate d

samples. Consisten with our hypothesis, if irradiation promotes plasmid insertion at radiation -

induced breaks, irradiated cells should show more fluorescent signals than non irradiated

cells. As shown in table 7 .3, no relation between the dose of irradiation and the number of

integrated plasmids per cell was found in both cell lines, suggesting that radiation-induce d

DNA breaks are not preferential plasmid integration sites independently from the cell line s

genetic background.

OGy 2Gy 5Gy

HCA17.3 1,65 1,25 1,50

B3 1,25 1,33 nd

Table 7.3: Analysis of plasmid integration in metaphases at the first generation . The mean number of integrate d
plasmids per cell is shown for HCA17 .3 and B3 cell lines .
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To confirm these data as well as to increase the number of samples of analyzed cells, w e

performed the same analysis on interphase nuclei . The plasmid integration sites were

automatically counted in about 350 interphase nuclei in three different FISH experiments . As

shown in table 7 .4, again, no correlation between irradiation dose and the mean number o f

spots per cell was found at different doses of irradiation .

OGy 2Gy 5Gy

HCA17.3 2,72 1,91 3,02

B3 1,73 0,83 2,23

Table 7 .4: Analysis of plasmid integration in nuclei . The mean number of integrated plasmids per cell is shown
for HCA17.3 and B3 cell lines .

Thus, results from metaphases and nuclei analyses show that, in both cell lines, the number o f

inserted plasmids is independent from irradiation and irradiation doses suggesting tha t

plasmids are inserted randomly in DNA and not at radiation-induced breaks . Actually, i f

plasmids insert at radiation-induced breaks, we attend to score more integration sites per cel l

in irradiated samples . Moreover, as irradiation dose increases, more plasmids shoul d

integrate. As shown in table 7 .5, the percentage of cell presenting multiple integrations is not

increased by irradiation in both cell lines .

OGy 2Gy 5Gy

HCA17.3 47% 23% 27%

B3 22% 17% nd

Table7 .5: percentage of metaphases presenting multiple integrations .

In the experimental condition used, irradiation does not improve the number of integrated

plasmids per cell in both tested cell lines, suggesting that plasmids do not preferentially insert

at radiation-induced breaks . These results can be either due to the high fidelity of DNA repai r

or to an intrinsic refrattariety to transfection of these cell lines . We thus compare the

transfection efficiency of these cell lines . Moreover, these results do not exclude th e

possibility that irradiation, causing breaks in DNA, might enhance the transfection efficiency ;

hence irradiation might improve the ability of cells to integrate plasmid, without affecting the

number of plasmid per cell . This enhancement, therefore, concerns the number of cells tha t



have integrated plasmid, rather than the number of plasmids integrated per one cell . If it is the

case, we cannot exclude that a fraction of plasmid integration sites may correspond to

radiation-induced breaks . To further investigate- whether irradiation might improve th e

number of cells that integrate plasmid, the radiation enhancement of plasmid insertion wa s

measured by plating efficiency after electroporation and irradiation .

Radiation enhancement of plasmid insertion : Preliminary experiments were done t o

compare cells survival following irradiation as well as to assess the efficiency of transfectio n

in the HCA 17.3 and B3 cell lines . Cells were treated and 14 days after treatment, surviving

colonies were counted. The cell survival rate after 2Gy irradiation is comparable in the two

cell lines. Indeed 31% of HCA17 .3 and 35% of B3 cells are able to form colonies afte r

irradiation. The transfection efficiency in non irradiated samples, calculated as percentage o f

antibiotic resistant colonies, is not so different in these two cell lines : 18.8% for HCA17.3 and

13 .8% for B3 cells .

The transfection efficiency was also assessed after 2Gy irradiation . To test whether irradiatio n

promote an enhancement of plasmid integration in cells, we calculated the radiation-enhance d

integration ratio as the ratio of irradiated transformants per survivor divided by non-irradiate d

transformants per survivor (Perez et al., 1985) . In HCA17.3 cell line, 2Gy irradiation does not

promote any enhancement of integration as less resistant colonies grew after irradiatio n

treatment comparing to transfection without irradiation, with an enhancement ratio of 0 .83.

On the contrary, B3 cell line enhancement ratio is 1 .96, showing that irradiation improve s

transfection efficiency in this cell line . In HCA17.3 irradiation does not promote enhancemen t

of plasmid transfection as well as integration of several copies of plasmids into the DNA of a

single cell . In B3 cells, the mean number of integrated plasmids does not correlate wit h

irradiation but an enhancement of plasmid transfection is observed 14 days after irradiation . It

is noteworth that HCA17 .3, which presents the higher percentage of cells with spots at th e

first generation (not shown), shows no radiation-enhanced integration at 14 days . This

observation suggests an elimination of a large amount of such cells, while the most of B 3

cells that have integrated plasmids are still viable 14 days later . Both cell lines have a similar

survival 14 days after irradiation, and HCA17.3 cells show better tranfection efficiency tha n

B3 cells . Consequentially, the discrepancy in the radiation enhancement of integration is not

like to be due to a difference in the ability to integrate plasmid, but probably to a difference i n

the response to irradiation of transfected cells .



Moreover, it was suggested (Stevens et al ., 1996) that plasmid integration enhancement afte r

irradiation is due to a "recombinogenic state" of the irradiated cells . Chromosomal aberration s

generated by irradiation and consequential chromosomal instability seem to favour plasmi d

insertion, perhaps by the formation of new DNA breaks . We further questioned whether

chromosome aberrations rate, both spontaneous and induced by radiation, could explain a

different response to plasmid integration enhancement between B3 and HCA17 .3 cell lines .

7 .2.2 Factors that could influence response to irradiation in different cell line s

To investigate whether the response to irradiation correlate with a factor lik e

spontaneous chromosome instability, telomere length or telomerase expression, the rate o f

radiation-induced chromosome aberrations of HCA17 .3 and B3 cell lines was analized an d

compared with that of two other human tumor cell lines : SCC61 and SQ9G.

Spontaneous and radiation-induced rate of chromosomal aberrations : The B3 cell line

has a slightly rearranged karyotype (46 ;XY),t(11 ;20),t(15 ;18), SSC61 and SQ-9G also show

rearranged karyotypes: (46;XY),t(2, 1 8),t(3 ;9),t(9 ; 1 5),t(7;Y),del4 and

(46;XY),t(4;22),t(9 ;16),t(11 ;20),del4p respectively. These karyotypes remain stable during

passages except for SQ9G, which evolved towards polyploidy with newly acquire d

aberrations . The HCA17 .3 karyotype was characterized at early passages either by m-FISH or

R-banding and it was normal (46 ; XY). R bands were then made at successive passages an d

this cell line still showed a normal karyotype, by now suggesting chromosome stabilit y

throughout passages .

Spontaneous breaks were deduced from the number of dicentric chromosomes and rings on

solid stained metaphases and irrelevant frequency of breaks were found for HCA17 .3 .

SCC61, and B3 cell lines presented quite low frequency of chromosome rearrangements, an d

thus of breaks, whereas SQ9G cell line showed a higher rate of spontaneous chromosom e

instability (Table 7 .6, first column) .

To investigate the chromosome aberrations rate after irradiation, cell lines were irradiated a t

2Gy and 5Gy. The number of breaks was counted on solid stained first generation metaphase s

after irradiation. As shown by slopes in table 7 .6, B3 and HCA17.3 cell lines are comparabl e

in their increase of radiation-induced chromosome breaks even if they have different rates o f

breaks both spontaneously and after irradiation . SCC61 has also a low frequency o f

spontaneous chromosomal instability, but the rate of breaks is 9-fold higher at 2Gy and 2 7

fold higher at 5Gy, showing a high number of radiation-induced breaks . In contrast, SQ-9G



shows a rather high rate of spontaneous instability, but after irradiation, the increase ratio wa s

similar to those of B3 cell line: 2.9 at 2Gy and 4 .2 at SGy.

0 Gy 2Gy 5Gy Slope

HCA 0,02 0,97 2,60 0,52

SCC61 0,29 2,77 7,94 1,54

B3 0,96 2,70 5,00 0,8 0

SQ-9G 1,90 5,50 8,02 1,1 9

Table 7.6 : Frequency of chromosome breaks per cell in non-irradiated cells and in cells irradiated with 2Gy an d

5Gy. Slopes correspond to the increase of frequencies of chromosomal breaks as a function of dose .

In addition, B3 cells exhibit a higher number of chromatid breaks than HCA17 .3 (Table7.7) ,

suggesting that B3 should either be in Gl or S/G2 of cell cycle phases when have bee n

irradiated at subconfluence . Another possibility is that the repair of single strand breaks is less

efficient in B3 than in HCA 17 .3 cells, where the frequency of chromatid breaks per cell i s

lower. Moreover, as B3 cell line is p53 mutated, it is likely that cell cycle checkpoints of thes e

cell lines are compromised and, consequentially, irradiated cells could progress in the cel l

cycle even if DNA damages are still unrepaired. Taken together, these results show differen t

rates of chromosome and chromatid breaks for HCA17.3 and B3 cell lines but their increas e

ratio remains the same after irradiation . Actually, improvement in integration can be

correlated with the total number of DNA strand breaks and it was suggested that single stran d

breaks may play a role in radiation enhanced integration (Stevens et al., 1998) . This could

explain why HCA17 .3, that presents lower level of chromatid breaks than B3, did not show

any enhancement of transfection after irradiation .

O Gy 2Gy 5Gy

HCA 0,04 0,04 0,1 5

B3 0,00 0,80 2,20

Table7.7: Rate of chromatid breaks

HCA17.3 is quite stable even after irradiation and therefore irradiated cells do not undergo to

high levels of rearrangements, which might promote plasmid insertion, even long time after



irradiation. It is worth to note that B3 cell line, that show a radiation enhancement of

integration, instead present more radiation-induced chromosomal rearrangements tha n

HCA17.3 . Moreover, we showed that spontaneous chromosomal instability did not correlat e

with radiation sensitivity, as show by the fact that HCA17 .3 presents lower radiation

sensitivity than SCC61, even if both cell lines have a low spontaneous instability . Other

factors should be involved in the response to irradiation . Since telomeres are radiation

sensitive regions, which could also play a role in the formation of chromosome aberrations ,

we addressed the question whether telomere length can influence the different rates o f

spontaneous as well as radiation-induced breaks among the cell lines .

Telomere length : SCC61 and SQ9G have a mean TRF (Telomere Restrictio n

Fragments) of about 2 .4 kb (Sprung et al ., 1999a; Sprung et al., 1999b) . Even if thei r

telomeres have the same mean length, the spontaneous chromosomal instability is much mor e

pronounced in SQ9G cell line. Telomere length of HCA17 .3 and B3 cell lines was measure d

by Southern blot with a (TTAGGG)n probe and the mean TRF was calculated: HCA17 .3 has a

mean TRF of about 23 kb, whereas it is about 4 kb for B3 (data not shown) . These results

show that telomere length does correlate neither with the spontaneous nor radiation-induce d

chromosomal instability. Indeed, in B3 cell line, that has short telomeres, and in HCA17 .3 ,

whose telomeres are very long, a similar augmentation of breaks rate was found after

irradiation .

Despite their difference in length, HCA17 .3 and B3 telomeres are homogeneous among them

as expected by the expression of telomerase, and confirmed by a PNA-telomere prob e

hybridised on metaphase spreads (Figure 7 .5). This observation as well as the difference o f

telomere length between HCA17 .3 and B3 leads us to compare the expression and the activity

of telomerase in these cell lines .



A

	

B

Figure 7.5: PNA-telomere probe hybridised on metaphase spreads . Chromosomes are counterstained with
DAPI . (A) hTERT immortalized human fibroblast HCA17 .3 (B) human tumor cell line B3 . Note the telomer e

intensity and homogeneity in HCA17 .3 .

Telomerase expression and activity : We have verified by real time RT-PCR (Figure

7.6) an over-expression of the telomerase in the human fibroblast cell line immortalized b y

the ectopic expression of hTERT . In B3 and HCA17.3 cell lines, the rate of hTERT

expression is comparable, whereas SCC61 and SQ9G showed lower amounts of hTERT

mRNA.

Figure7 .6: hTERT mRNA expression measured by Real Time RT-PCR . Please note that SD in HCA17 .3 ,
SCC61 and SQ9G samples is too small to appear on the graph .

Telomerase activity was measured by TRAP-ELISA assay (Figure 7 .7) . As suggested by RT -

PCR results, HCA17.3 and the human tumor cell line B3 had a high telomerase activity .

Instead the other two tumor cell lines showed lower level of telomerase activity than B3, wit h

hTERT mRNA expressio n

B3

	

HCA 17 .3

	

SCC61

	

SQ9G

cell lines

H 25

c 20
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1 0
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a very low activity, if any, for SCC61 . Even if the rate of hTERT expression is very similar in

B3 and HCA17.3, HCA17 .3 shows less telomerase activity . It is noteworthy that this assay

renders only the activity at telomeres of free telomerase in the cell, whereas telomerase boun d

to DNA is not present in the protein extract .

Figure7 .7: Telomerase activity measured by TRAP assay .

These results do not support a major role either for telomere length or telomerase expressio n

in the chromosome response to irradiation, but do not exclude that the level of telomeras e

activity could interfere with an increase of radiation-induced chromosome damage . As well ,

these results showed that hTERT-immortalized cell line disclosed very long telomeres an d

peculiar chromosome stability even after irradiation. Delayed mutations and chromosome

aberrations have been observed in the progeny of cells exposed to heavy ions as well as

gamma irradiation (Bortoletto et al ., 2001 ; Schwartz et al., 2003) . Moreover, we have shown

that plasmid integration sites presented increased radiation sensitivity . Thus, we followed

both the karyotypes stability and the stability of plasmid integration sites in HCA17 .3 derived

clones .

7 .2.3 Long term analysis of HCA17 .3 clones

To investigate the chromosomal and plasmid insertion sites stability in the progeny o f

irradiated HCA17.3 cells, we set up two stable transfections in HCA 17 .3 cell line, using

pCMV plasmid with or without telomeric repeats . After electroporation, cells were irradiated

at 2Gy and plated at low density to allow the formation of single cell colonies, which wer e

then isolated and propagated in culture under antibiotic selection . Control transfections

without irradiation were also performed . Studying clones derived from a single cell permits to



select chromosomal aberration and to follow the evolution of radiation-induce d

rearrangements during successive passages in culture .

Long term stability of plasmids integration sites : Clones were characterized by FISH ,

using the pCMV plasmid as probe, and by chromosome painting at early passages to assess o n

which chromosomes the plasmid has integrated and if plasmid has integrated at junction o f

rearranged chromosomes or not . As a result, most of irradiated clones present plasmi d

integration sites on normal chromosomes like on non-irradiated clones, suggesting tha t

integration has occurred randomly and not at radiation-induced breaks . As shown in figure

7.8, only in a single irradiated clone (E2M), integrated plasmid is located at the junction of a

chromosomal rearrangement, t(7 ;17), that could be derived from the irradiation .

A

	

B

Figure 7.8: Clone E2M t(7,17) chromosome is reported . Panel A shows pCMV plasmid hybridization . Panel B
represents the spectral chromosome after M-FISH hybridyzation. Yellow and blue correspond to chromosome 7

and green, violet and yellow to chromosome 17 .

We questioned the instability of plasmids insertion sites . In HCA17 .3, another plasmid

(pSXPneoD) has previously been inserted in 7p2l region, so this integration site should b e

detected in all irradiated and non irradiated clones by FISH, using pCMV plasmid as a probe,

because of the homology between the sequences of these two plasmids . As shown in table 7 .8 ,

FISH experiments have confirmed that both plasmids maintained the same chromosome

localization during passages in 18 out of 19 analyzed clones, supporting that integration site s

were also stable through out cell proliferation.

In clone ET2A, a new plasmid integration site was detected on chromosome 1 at lat e

passages, but it derived from a subpopulation of cells already present at early passages . In

clone ET1B, the pCMV-Telo plasmid has inserted in the proximal region of a norma l

chromosome 9 long arm . At late passages, one more plasmid integration site appeared on on e

metaphase. Karyotype analysis had showed that the new localization derived from a

translocation on an inctact chromosome 13 of a duplicated chromosome 9 long arm . This

duplicated arm contains the plasmid (Figure 7 .9). No similar rearrangement was found i n

more than 100 analyzed metaphases, let us assume that it was a very recent and rare event .

Moreover, this rearrangement does not reflect instability of the plasmid integration region, but

the instability of the chromosome arm bearing the plasmid .
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non irradiated

	

irradiated

pCMV

EnI 1

EnI 2

EnI 4

EnI 5

EnI 6

EnI 7

Enl 8

EnI 9

2p prox+ 10pprox

2p prox

2p prox+ 12pprox

2p prox+ 2pm

2p prox+ l0pprox

22gprox

2p prox+ 12pprox

2p prox

pCMV

E2F

E2M

E2Q

E2T

E2Z

pCMV-Telo

ET 1A

ET 1B

2+3qm

t(7 ;17)

20gm

3qm

18gprox

lpm

9gprox 9gprox+t(13 ;9)

pCMV-Telo

EnIT 2

EnIT 3

EnIT4

EnIT7

EnIT9

EnIT 1 0

EnIT 1 1

EnIT 1 2

EnIT14

6qter

5qm

4pprox

5qm

4qm

4pprox

13gter

4qter

4pprox

ET1C

ET 1 F

ET 1H

ET1L

ET2A

ET2B

ET2C

ET2D

ET2E

ET2F

ET2G

ET2H

2qter

2qter

7gter+l2pm

7qprox

2qter

7pprox

4qm

16gter

3pm+9p m

2qm

12gm

2gprox

2gter+l qm

Table 7 .8: Plasmid integration sites in all clones, terminal plasmid localization are reported in bold .
New plasmid localizations at late passages are reported in the last column .

Long term chromosomal stability : Some clones presenting or not chromosome aberrations

were further analyzed by m-FISH at successive passages in culture to find out if and ho w

chromosomal rearrangements were transmitted and to eventually note the formation o f

delayed radiation-induced chromosome aberrations in the progeny of these irradiated cells . In

clone E2M, in which pCMV plasmid had inserted at a junction between chromosome 7 an d

chromosome 17, at late passages after irradiation, all metaphases have maintained thi s

rearrangement without the apparition of other modifications, confirming stability even for a

clonal rearrangement . Another clone, ET2F, present a t(2 ;13) that was found in all analyzed

metaphases both at early and late passages . These are the only rearrangements observed out o f
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19 analyzed irradiated clones . The results obtained from the long term study, taken togethe r

with those of short term, show that HCA17 .3 cell line has a very strong stability, even lat e

passages after irradiation . Actually, also rearranged chromosomes, found after irradiation,

were stable during passages, and did not induce any cascades of instability in cell progeny .

Few clones have revealed rare chromosome aberrations that did not change during passages .

Figure7 .9: Clone ET 1B metaphase bearing t(13 ;9) chromosome. (A) pCMV hybridization: white arrows
indicate plasmid insertion site on chromosomes 9, the yellow one indicates the integration site of pSX-neo D
plasmid on chromosome 7 . (B) m-FISH hybridization of the same metaphase . Please note the translocated

chromosome in panel (C) .

Conclusions: It was suggested that plasmid integration enhancement after irradiation is due t o

a recombinogenic state of the irradiated cells . HCA17.3 is very stable cell line and therefor e

irradiated cells do not undergo high levels of recombination that might promote plasmid

insertion after irradiation . Moreover, long-term study illustrated that human fibroblast s

immortalized by telomerase presented an unusual stability for both chromosomes and for

plasmid integration sites, both with and without exposure to ionizing radiation . Differences in

the telomerase activity, measured by TRAP assay, between B3 and HCA17 .3 cell lines, which

express similar level of hTERT mRNA might be due to a different role of the protein . In B3

cells, where telomere are quite short, telomerase could be sequestered to lengthen shortes t

telomeres, whereas in HCA17 .3 that have very long telomeres, telomerase may play a role i n

the prevention of rearrangements (possibly acting in repair processes or into cell cycl e

checkpoints) in a telomere-independent way. Telomerase expression has already been shown
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to be associated with a reduction of spontaneous chromosome damage in Gl cells (Sharma et

al., 2003). We suggest that the karyotype stability observed both at short and long term afte r

irradiation in HCA17.3 cells might be due to a specific maintenance of a normal genome ,

involving a telomere-independent role of telomerase .

The lack of plasmid insertion at radiation-induced breaks might be due to DNA repair

mechanisms that do not favor the repair of breaks by insertion of exogenous plasmid DNA .

As DNA broken ends can be stabilized by the addition of telomeric repeats on non-telomeri c

DNA by telomerase, another explanation could be that we might not detect plasmi d

integration sites at breaks because breaks are stabilized by telomerase . Moreover, data from

literature (S13, (Sprung et al., 1999b) ; B3,(Fouladi et al ., 2000)) show that a new telomer e

could be seeded by transfection of plasmids containing telomeric repeats .



7.3 How are chromosome breaks stabilized ?

In the first part of the study, we have tested whether telomerase could act at radiation-

induced breaks promoting the stabilization of breaks . In the second part, we investigated

whether a selected chromosome break could interact with radiation-induced breaks and, thus ,

be stabilized by the resulting rearrangements . Finally, we took advantage of a molecular

model to question whether as few as 2 or 3 DSBs can interact each other .

7 .3.1 Healing by telomerase

Telomerase can act at the ends of chromosomes, with or without the presence of telomeri c

DNA and it has also been observed at DSBs sites (Gravel et al ., 1998; Peterson et al., 2001) .

Thus, telomerase may be involved in stabilization of DSBs, which may result in the formatio n

of new telomeres (Farr et al., 1991 ; Prescott & Blackburn, 2000; Sprung et al ., 1999b) .

Strikingly, deletions are more frequent than exchanges in radiation-induced chromosom e

rearrangements of telomerase-positive cells. These data suggest an additional role fo r

telomerase in DNA repair . Previous results from our collaborators show that the transfectio n

of plasmid containing telomeric repeats can lead to the formation of new telomeres (Sprung et

al., 1999b) . Thus, to determine if telomerase could promote the stabilization of radiation -

induced DNA breaks as terminal deletions by the addition of telomeric repeats, we transfecte d

HCA17.3 cells with the pCMV-Telo plasmid and we irradiated them . 33% of pCMV-Telo

irradiated clones as well as about 33% of non-irradiated ones, showed integration sites at th e

terminal region of chromosomes (as shown by bold characters in table 7 .8) . This preferential

plasmid insertion in terminal chromosome regions could be due to a recombination betwee n

plasmid telomeric sequences and subtelomeric sequences or plasmid could have generated a

new telomere . Using chromosome specific subtelomeric sequences as probes, we failed to

show any terminal deletions or modification of the subtelomeres, therefore we can exclud e

that the plasmid containing telomeric sequences could create a new telomere in these clones .

No pCMV-Telo transfected clone has any stabilized terminal deletion, either at early or late

passages in culture as shown by the analysis of subtelomeric regions by FISH (figure 7.10) .

These results show that, despite the fact that HCA17 .3 cell line has a high level o f

telomerase activity and that we provide a telomeric substrate by pCMV-Telo, telomerase

apparently is not active at breaks .



Figure 7.10 : Chromosome 13 (A), Chromosome painting) . (B) pCMV-Telo plasmid integration at termina l
region. (C) Subtelomeric sequences do not co-localize with the plasmid .

Telomeric sequences did not stabilize deletions creating a new telomere in the progeny o f

irradiated cells . The difficulty to seed a new telomere in telomerase immortalized human cell s

was confirmed by the observation that HCA-ltrt cells (the clone from which HCA17 .3 cel l

line is derived), when transfected with the pNCT-tel plasmid, failed to show a new seede d

telomere in more than 350 analyzed clones (as determined by heterogeneity in the length o f

the terminal restriction fragment containing the telomeric repeats analyzed by Southern blot) .

These results are in contrast with those for SCC61, in which 2 out of 16 clones present

plasmids seeding new telomeres (unpublished observation), and for B3, in which 5 out of 1 6

clones present plasmids seeding new telomeres (Fouladi et al., 2000). In conclusion, in human

fibroblasts immortalized by telomerase this enzyme does not stabilize breaks and is not activ e

at plasmid telomeric DNA. These results agree with the hypothesis of a telomere-independen t

role of telomerase, which might act in the stabilization of the genome either by direct actio n

of telomerase in stabilization of breaks by a capping function independent from the presenc e

of telomeric repeats or in an action in gene expression modulation .

7 .3.2 Interaction between several chromosome breaks in the same cell .

To investigate whether several chromosome breaks could interact each other, we tak e

advantage of a cellular model which was set up to follow the consequences of telomere los s

on chromosome instability. Human cell line B3 derived from a human bladder carcinom a

after the insertion of pNCT plasmid (which contains Neo and HSV-tk genes and telomeri c

sequences) at 16p telomere level . The insertion of this plasmid generated a new telomere . As

the plasmid contains the HSV-tk gene, cells containing the whole plasmid are sensible t o

gancyclovir . The resistance to gancyclovir allows to select clones that have undergone t o

rearrangements at plasmid level . Among those, some clones have also lost the telomere, lik e

the G71 clone . In G71 cell line, the loss of a telomere has led to prolonged breakage-fusion-

bridge (BFB) cycles that are terminated following the acquisition of a new telomere (Foulad i

et al., 2000). We demonstrate that most of the telomere addition occurs through non



reciprocal translocation (80%), leading to telomere loss on the translocated chromosome an d

generating an "on going instability" with cascades of chromosomal rearrangements .

In the present study, we analyzed how a chromosome lacking one telomere could interac t

with radiation-induced chromosome breaks . We irradiated the G71 clone at 2Gy and w e

analyzed the first metaphases after irradiation by successive hybridizations of telomeric prob e

and mFISH. In the first generation after irradiation, the rate of chromosome without telomere

is 35%, when the percentage of cells that spontaneously present chromosomes lacking a

telomere is 43% (table 7 .9) . Surprisingly, after irradiation all der(16) chromosomes get a ne w

telomere, when in spontaneous study, only 44% of der(16) chromosomes present a telomere .

This first result shows an interaction between spontaneous and radiation-induced breaks, that

drives all der(16) chromosomes to telomere acquisition .

non irradiated irradiated

chromosomes without telomeres 43% 35 %

der( 1 6) with telomeres 44% 100%

Table 7 .9: The first line reported the rate of chromosome lacking a telomere, both in non irradiated an d
irradiated cells . The second line presents the percentage of chromosomes der(16) getting a new telomere .

The mechanism of telomere acquisition is the formation of chromosomal rearrangements, a s

dicentric chromosomes and translocations . M-FISH analyses allow underscoring an increas e

in the number of chromosomes involved in cascade events compared with the number o f

chromosomes involved in cascades observed in the G71 non-irradiated cells . As reported i n

table 7.10, some chromosomes that, after irradiation, form rearrangements with the der(16 )

chromosome have already been involved in spontaneous rearrangements, but at different

frequencies .

Some other chromosomes, like chromosome 14, have never been detected in spontaneou s

rearrangements involving der(16) chromosome . These differences could be due to the specifi c

radiation sensitivity of these chromosomes . It could be possible that these chromosomes are

more frequently broken after irradiation and, thus, can easier fuse to chromosome 16 lacking a

telomere. Another possibility is that these chromosomes domains are near to the domain of

chromosome 16, and consequentially the formation of rearrangements is favoured . The

presence of dicentric chromosomes in cascade events renders the specificity of interactio n

between spontaneous and radiation-induced breaks (Figure 7 .11). Actually, the analysis o f

this cell line spontaneous chromosomal instability shows very few dicentrics . The under-



representation of dicentric chromosomes, together with the few number of cascades generated

by spontaneous instability, make that dicentrics have never been detected in these cascades .

In conclusion, the obtained results show that radiation-induced chromosome breaks interac t

with the DNA free end generated by spontaneous telomere loss inducing a huge instability .

Spontaneous

	

After irradiation

percentage

	

percentage

der l 6(16 ;16)

t(10;der16 )

t(8 ; derl6)

t(der16;17)

t(14 ; der 16)

t(2 ; der l 6)

t(1 ; der 16 )

t(5; der16 )

t(6; derl6 )

t(4 ; der 16 )

t(11; derl6 )

t(12; der 16 )

t(13; der l 6 )

t(15 ; derl6 )

t(8 ; derl6 ;8 )

t(der 1 6 ;8)+t(der1 6 ;8)

t(14;derl6)+t(derl6 ;14)

t(14;derl 6)+t(derl 6,14)+t(16 ;14) [P ]

dic(der16 ;22)

dic(der 16 ;19)+t(16 ;19)+t(10 ;der 16 ;10)

t(derl 6,10)+ die( 10,17)+t(13 ;17)

G71 cascades :

t(der l6,17)+t(14,17)

t(6,derl6) + t (6,15 )

t(13,der 16)+ t(13 ;18)

45 %

8,5%

6,8%

6%

54%

6%

6%

-

4,3% 2%

2,6%

1,7 %

1,7% 12 %

1,7% -

1,7%

1,7%

1,7%

1,7% -

1,7%

2 %

2 %

6 %

- 4%

2%

2%

2%

Table 4 .10 : Rearrangements of chromosome 16 .
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7.3.3 An excised internal fragment can be re-integrated in the genom e

(These results are also described in the article 3 : -Guirouilh-Barbat J., Huck S ., Bertrand P ., Pirzio L, Desmaze
C., Sabatier L . and Lopez B .S . (2004) "Impact of the KU pathway on NHEJ-induced genome rearrangements, i n

mammalian cells" in press in Mol Cell - reported in the annex section of this thesis )

In the aim to investigate the interactions among breaks in a single cell, we too k

advantage of a novel substrate deviced to address the question to whether as few as 2 or 3

DSBs processed by NHEJ can also result in DNA rearrangements in a chromosomal context .

This substrate allows not only to detect but also to quantify DNA deletion, inversion an d

insertional-translocation induced by enzymatic DSBs, specifically targeted in different non -

homologous intrachromosomal sequences. This strategy allows to select NHEJ events and



then to analyze the joining junctions, in order to characterize the fate of the DNA ends and the

molecular events resulting in deletion, inversion and insertional-translocation.

Strategy and cell lines : The NHEJ substrates, depicted in figure 7 .12, were stably integrated

in CHO-DRA10 hamster cells which derive from CHO-Kl cell line and contain a n

intrachromosomal substrate measuring HR induced by I-Scel (Liang et al., 1998) .

5' I-Sce l

1n1n.-rpCMV ~-
.-t	 :..~	 ~~~ .

3' I-Sce l

1-Sce l

INVERSION

w

DELETIO N

FACS ANALYSIS
IMMUNOFLUORESCENC E

MACS SELECTION

Figure 7 .12 : The NHEJ recombination substrate . The only expressed gene is H2-Kd, which is unde r
control of the pCMV promoter . CD8 is not expressed because it is in inverted orientation . CD4 is not expresse d
because it is too far from the pCMV promoter. Two I-Scel sites are present in non-coding sequences ; the 5' one
between the pCMV promoter and H2-kd and the 3' one between the inverted CD8 and CD4 . After cleavage by I-
Scel, the internal H2-KdICD8 fragment is excised. Re-joining of the DNA ends can lead to 2 different
measurable events : i) ligation with the CD4 fragment leading to the deletion of the internal H2-KdICD 8
fragment and expression of the CD4 gene ; ii) inversion of the internal H2-KdJCD8 fragment and ligation leadin g
to the expression of the CD8 gene .

Two substrates were developed : in pCOH-CD4, the two I-Scel sites are in direct

orientation creating fully cohesive ends for the deletion events (CD4 +) that can perform both

accurate and inaccurate repair; in pINV-CD4 the two I-Scel sites are in inverted orientatio n

creating non-fully cohesive ends for deletion (CD4 +). Before cleavage by I-Scel, H2-Kd is the

only gene expressed. After I-Scel cleavage, the excision/deletion of the H2-Kd/CD8 fragment

results in H2-Kd 7/CD4+/CD8- cells . Alternatively, inversion of the H2-Kd/CD8 excise d

fragment leads to the control of CD8 expression under pCMV : the cells become H2-Kd-/CD4-

/CD8+ .

The presence of insertional-translocations of the excised H2-Kd/CD8 fragment int o

the I-Scel site of the HR substrate after I-Scel transfection was investigated by differen t

methods .



After I-SceI cleavage, cells having undergone excision/deletion of the H2-Kd1CD 8

fragment become CD4+, but if the excised H2-Kd/CD8 fragment is re-integrated at the I-Sce I

site of the HR locus, the cells might also express either H2-Kd or CD8, depending on the

orientation with regard to the promoter of the HR substrate . Thus cells with insertional-

translocation should become either CD4+/H2-Kd + or CD4+/CD8+. However, CD4+/H2-Kd+

cells could also correspond to deletion without associated translocation, i .e . CD4 + cells also

bearing H2-Kd proteins produced prior I-SceI cleavage and still present at the cell membrane

due to the stability of the protein . To be sure to strictly monitor insertional-translocation

events, we analyzed the frequency of double CD4 +/CD8+ cells (corresponding to the double

appearance of new phenotypes after I-SceI cleavage) in selected CD4 + cells .

To demonstrate such insertional-translocation events, we performed a cytogeneti c

analysis by FISH . Cells were hybridized either with the probe "Hyg", spanning th e

hygromycin resistance sequence of the HR substrate, or with the probe "H2/CD8"

corresponding to the fragment excised from the NHEJ substrate after I-SceI cleavage . Before

I-SceI cleavage, in the same metaphase, each probe produced a unique signal on two differen t

chromosomes (Figure 7 .13) . After I-SceI cleavage, in the same metaphase from doubl e

CD4 +/CD8+ cells, the "H2/CD8" probe produced a signal located on the same chromosom e

and at the same locus than that revealed by the "Hyg" probe (Figure 7 .13) . This shows i) the

translocation of the excised H2-Kd/CD8 fragment from the NHEJ locus to the HR locus, an d

ii) that the double-labeled CD4+/CD8+ cells actually score insertional-translocation events .

To assess the translocation events at a molecular level, CD4+ cells, were selected by

MACS and PCR analysis was performed on this population . The mean frequencies of double -

labeled (CD4+/CD8+) were 0 .8±0.27% and 1 .04±0.22% (from three independent experiments )

of the total CD4+ cells, in cells lines containing either the pINV-CD4 or pCOH-CD4 ,

respectively. This means that the structure of the DNA ends, cohesive or non-cohesive, doe s

not significantly affect the efficiency of the translocation process . It can thus be extrapolated

that translocation leading to H2-Kd+/CD4+ cells should be in a similar range of frequency .

Consequently the frequency of insertional-translocations can be estimated to represent 1 t o

2% of the CD4 + events. Since the frequency of CD4 + cells represents 2 .5 to 4% of the NHEJ

events, the frequency of insertional-translocation events should range between 2 .5 10 -4 and 8 .

10-4 . Thus excision/translocation events are 50 to 100-fold less frequent than excision/deletio n

events .
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Figure 7 .13 : Translocation of the I-Scel-excised H2-Kd/CD8 fragment from the NHEJ substrate locus to the HR
substrate locus . A. Probe (bold lines) used for FISH . B. The two panels correspond to the same metaphase before
I-Scel transfection (H2-Kd+/CD4/CD8 - cells) . Chromosomes were labeled with propidium iodide (red) .
Hybridization was performed with "HYG" (left panel) or "H2/CD8" (right panel), as indicated on the figure . The
yellow signals (spots indicated by yellow arrows) were present on two different chromosomes . The two panel s
on the right correspond to the same metaphase of CD4 + /CD8+ cells occurring after I-Scel transfection.
Chromosomes were labeled with DAPI (blue) . On the left panel : hybridization with the "HYG" probe (pink
signal) . On the right panel : hybridization with "H2/CD8" (green signal) . Both the HYG and the H2/CD8 probes
revealed a signal located on the same chromosome, at the same locus .

In conclusion, we have shown that the excised internal fragment can also be re -

integrated into the genome at a third DSB, but 50 to 100-fold less frequently than deletion.

This demonstrates that the excised fragment can be mobile either in the same locu s

(inversion) or in another one (insertional-translocation) . Similarly, in the same cell line than

here, a genomic fragment excised by an intrachromatid crossing-over between direct repeat s

has been found randomly re-integrated into the genome, but without determining as whether a

DSB was present in the recipient locus (Lambert & Lopez, 2000) . We show here that even in

DNA-PK-proficient cells, exchange of non-homologous broken ends can lead to deletion ,

inversion or translocation, when several DSBs are produced .
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8. DISCUSSION

In this thesis we have investigated different aspects of the role of telomeric sequence s

in the formation and in the transmission of chromosome rearrangements in human cells .

Starting from ITS as putative regions of chromosome breakage, we assessed the possibility t o

tag radiation sensitive regions by plasmid insertion . The unfeasibility of this in a hTER T

immortalized human cell line prompted us to question the role of an over-expression of

telomerase in genome maintenance and in the formation of new telomere by healing o f

breaks . Finally, we questioned the mechanisms that lead to the repair of breaks investigating

the interaction among different breaks in human and hamster cells .

8.1 Human ITS are not preferential sites of spontaneous and radiation-induce d

breakage

It has long been supposed that telomeric repeat sequences, present at internal

chromosome locations, could be "hot spots" of recombination (Hastie et al., 1990) and

preferential site of chromosome rearrangements . Moreover, ITS have been shown to b e

sensitive to ionizing radiation in hamster cells (Alvarez et al., 1993 ; Kilburn et al., 2001 ;

Slijepcevic et al., 1996) . A previous study did not show an over-involvement of ITS in th e

formation of spontaneous chromosome rearrangements in human cells (Desmaze et al., 1999) .

However, certain human ITS show microsatellite like instability in gastric cancers already

characterized for a MIN phenotype (Mondello et al., 2000) and hamster ITS located in

euchromatic regions undergo spontaneous microrearrangements (Kilburn et al., 2001) .

ITS as hot spots of spontaneous breakage. We assess whether human ITS can be

preferential site of breakage and chromosome rearrangements during the immortalizatio n

process in a human cell line transformed by SV40 AgT . We took advantage of the

polymorphism of certain human ITS (Mondello et al., 2000) to underscore micro -

rearrangements and putative microsatellite instability (MIN) at ITS loci . As first results, al l

ITS found in databanks are monomorphic in this cell line as well as in other 4 control DNA .

Polymerase slippage was proposed to be the mechanism by which the number of shor t

repeated sequences varies, giving different alleles in the population (Sia et al., 1997), since

the ability of repeated sequences to form secondary DNA structures as hairpins and bulges

favor the DNA mismatch that causes polymerase slippage . As many repeats are present at on e

microsatellite locus as this locus presents more alleles in the population (Weber, 1990) . The

facts that these ITS are monomorphic might be explained by the observation that at the cloned
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loci only few telomeric repeat (3 or 4) are present . It was proposed that the small number o f

repeats might stabilize the ITS and thus it might limit the degree of polymorphism (Mondell o

et al., 2000) preventing them from polymerase slippage and, thus, from the formation of ne w

alleles . However, as the sample of analyzed DNA was small, we cannot exclude the presenc e

of different alleles in the population . Widen the sample of analyzed DNA or test the alleli c

variation at these loci in a context of elevate MIN as that of gastric tumors will allow us t o

confirm the monomorphism of these loci .

Even if these ITS are monomorphic, and thus not informative about the loss o f

heterozygosity, they can be useful in detecting rearrangements and variation at these ITS loci .

The results showed that the studied human ITS are involved neither in gross chromosoma l

rearrangements seen in this cell line nor in MIN or in microrearrangements as supported b y

the absence of PCR product modifications . Nevertheless we can not exclude that a smal l

portion of cells underwent rearrangements at ITS loci . Actually, sporadic rearrangements

might occur at ITS loci, but we might not detect them in DNA extracted from massive cel l

culture. As we tested DNA from different passages, this approach could have however bee n

useful to highlight the apparition of clonal rearrangements . Following their clonal evolution,

we might have been able to clarify the role played by interstitial telomeric repeats in th e

transmission of chromosomal rearrangements . As these ITS invariably remain stable durin g

cell culture passages, we could not underscore and follow any chromosome rearrangement .

We conclude that the studied ITS are not involved in the gross chromosome rearrangement s

seen during the immortalization process of this cell line . It is still possible that these ITS are

too short to be involved in such rearrangements, for that reason it might be informative to fin d

other ITS, characterized by more telomeric repeats, and to study their proneness to be

involved in chromosomal instability and to promote the formation of chromosome

rearrangements .

Finally, the lack of MIN showed that ITS do not undergo small rearrangements . MIN

is characteristic of gastric tumor, in which chromosome instability and MIN phenotypes are

mutually exclusive since the genetic pathways involved in these two types of instability ar e

different (Lengauer et al., 1997, Young et al., 2001). It is maybe not so surprising that during

immortalization process, which is mainly characterized by chromosomal instability, shor t

repeated sequences are stable. In particular, the inactivation of p53 gene mediated by SV4 0

AgT allows the proliferation of cells beyond the Hayflick limit . These cells bypass the

senescence even if their telomeres are shortened and dysfunctional . Short and dysfunctional

telomeres cause chromosome instability, as shown by the formation of telomeric association

- 89 -



and dicentric chromosomes . Our results show that interstitial telomeric sequences are no t

involved in this type of instability and contribute to confirm the role of the erosion of termina l

telomeric sequences in the chromosomal instability observed in the SV40 immortalized cel l

line .

ITS as hot spot of radiation-induced breaks . We have analyzed the susceptibility o f

integrated plasmid sequences with and without telomeric repeats to form chromosom e

rearrangements at the integration site, after irradiation with 2 and 5 Gy. We have shown that

more chromosome rearrangements than expected occurred within the regions containin g

integrated plasmid sequences regardless of whether they contained telomeric repeats or not .

We could not exclude small rearrangements of a few base pairs in the cloned ITS, as it ha s

been already reported in another study (Kilburn et al., 2001) . Our results suggest an intrinsic

radiation sensitivity of the plasmid sequences themselves or a hypersensitivity to ionizin g

radiation of the cellular DNA surrounding the inserted plasmids . The increase of breakage

that we observed at integration sites did not lead to a higher number of breaks of the entire

chromosomes 4 and 7 containing plasmid compared to those in the non-transfected clone .

This indicates that the chromosome regions in the non-transfected cell line should reveal th e

same level of sensitivity as that observed in the presence of the plasmid sequences . It is likely

that such hypersensitive regions would also be preferential sites for plasmid integration . The

high fragility at some plasmid integration sites has already been shown to result from

surrounding DNA sequences, which act alone or in conjunction with the integrated plasmid

sequences forming hotspots for recombination, as might occur when heterochromatin and

euchromatin are brought together due to chromosome rearrangements . Even if modification s

at plasmid sequence level could occur before plasmid integration (Murnane et al., 1994) ,

other integration sites with similar plasmid sequences have shown that rearrangements migh t

be solely confined to the cellular DNA (Murnane, 1990 ; Murnane et al., 1990). Consistent

with this possibility, we found an increased rate of rearrangement at chromosome breakpoint s

regardless of whether they contain integrated plasmid sequences. In clone Qi 8, the

breakpoints of the rearranged marker chromosome revealed an increased fragility in response

to ionizing radiation suggesting that a predisposition for breakage might be responsible for the

high frequency of structural aberrations observed at some chromosome regions rather than th e

presence of telomeric repeats or plasmid sequences. Some authors have reported successiv e

breakage-fusion events at ITS in hamster cells, mediating a positional switch of ITS toward s

the chromosome termini . As a result, it was assumed that junctions resulting from these
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rearrangements are prone to break (Berton et al ., 1994) . A higher proportion of breaks was

described at the junction of a translocation compared with the remaining genome (Drets &

Therman, 1983) . Local DNA amplification has been reported for a human cancer cell lin e

with recurrent breakage-fusion-bridge cycles within a specific chromosome region (Lo ,

2002). Finally, the fragility within the region harboring transfected ITS in clone SNG28 ,

could also be due to the presence at this locus of repetitive sequences that have also been

found in the short arms of the acrocentric chromosomes (Piccini et al ., 2001) .

These data confirm that instability is not a general property of all DNA in a cell and tha t

sensitivity to ionizing radiation is not equally distributed along chromosomes . We showed

that ITS do not necessarily increase the sensitivity to ionizing radiation in human cells . This

result is in contrast with those obtained in hamster cells. It is noteworthly that, contrary to

human ITS, hamster ITS span several DNA kilobases and are mainly located i n

heterochromatic regions. Both length and chromatin organization could influence the

radiation sensitivity of these sequences . It has been recently suggested that hamster ITS could

exhibit particular chromatin structure (Rivero et al., 2004). Actually, large stretches o f

hamster ITS could undergo sever topological stress in highly compacted areas resulting i n

alkali sensitivity and spontaneous fragility . Human ITS are much shorter than hamster IT S

and therefore it is possible that human ITS may not achieve a critical size to be recognized i n

the same way as the specific chromatin structure confering sensitivity to breakage . In that

case, surrounding DNA could be responsible of the stability or the instability of human ITS .

Our study showed that the integration site itself might be prone to breakage, explainin g

also the integration of the plasmid DNA at such a locus (Li et al., 2000; Li et al., 2001) .

Interestingly, it may be possible to use this approach to map chromosomal fragile regione, i n

particular, radiation sensitive sites . Indeed, transgenic integration might simulat e

chromosomal DNA repair events in which chromosomal damage may be "repaired" with

exogenous DNA sequences which exhibit a DSB . It has been shown that DNA transfecte d

into mammalian cells most often integrates at random location in the genome although a smal l

fraction can integrate into homologous sequences (reviewed in (Vasquez et al., 2001)) . In

human cells, the analysis of the recombination events involved in integration has shown tha t

the transfected sequences are inserted into small gaps (Mumane et al., 1990). A number o f

experiments showed that transgenes integrate preferentially at sites within chromosomes tha t

are susceptible to DSBs, termed fragile sites (Matzner et al., 2003 ; Rassool et al., 1991) . In

addition, it has been shown that the specific induction of a DSB at a given chromosomal locu s

greatly stimulates the integration of a homologous transgene at the site of the induced brea k
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(Brenneman et al., 1996 ; Donoho et al., 1998 ; Miller et al., 2003 ; Porteus et al ., 2003). These

observations suggest that the presence of breaks could enhance the integration of plasmids i n

genome and our results indicate that plasmids might have integrated in radiation sensitiv e

region, it is therefore possible that plasmids insert at radiation-induced breaks .

8.2 Plasmids do not insert at radiation-induced breaks in human cells

The putative insertion of plasmids at radiation-induced breaks and therefore at

radiation sensitive chromosome regions would allow us to map these regions in the huma n

genome and, eventually, identify them . As no correlation between radiation dose and th e

number of integrated plasmids per cell was found in either the HCA17 .3 or B3 cell lines, we

suggest that, under the used experimental conditions, radiation-induced DNA breaks migh t

not be preferential plasmid integration sites . We cannot rule out that at used irradiation dos e

ranges, breaks are formed insufficiently to promote the insertion of plasmid DNA or tha t

radiation-induced breaks are not prone to be "repaired" by exogenous DNA sequences .

However, it has been shown that radiation, like other DNA damaging agents (Nakayama et

al., 1998; Stevens et al ., 1998), promotes the enhancement plasmid integration in a large

subset of cells . This enhancement concerns the number of cells that integrate plasmid withou t

affecting the number of plasmids integrated in each cell (Stevens et al., 1998) . Successive

studies by Stevens and colleagues (Stevens et al., 1999) have suggested that this integration

enhancement is likely to be due to a hyper-recombination state related to radiation-induce d

chromosome instability. The formation of new rearrangements or the perpetuation of BFB

might favor plasmid insertion at broken chromosomes . Since radiation-enhanced integratio n

can be intensified for weeks after irradiation (Stevens et al., 2001), our results do not support

the possibility that integration might be due to misrepair at or near the sites of direct radiation-

induced breaks . The molecular mechanism(s) by which radiation-enhanced integration occur s

is still unknown. However, it was shown that the improvement of integration correlates with

the number of DNA strand breaks induced by damaging agents other than radiation ,

suggesting that single-strand breaks may alsoplay a role in radiation-enhanced integratio n

(Stevens et al., 1998) . The very low levels of chromatid breaks seen in HCA17 .3 could

explain why these cells did not show any significant enhancement of transfection after

irradiation at 2Gy. It is worth noting that the B3 cell line, which shows radiation-enhancement

of integration, showed more radiation-induced chromosomal and chromatid aberrations than

HCA17.3 . Moreover, HCA17 .3 shows a very low rate of aberrations even after irradiation an d

therefore irradiated cells do not undergo high levels of recombination that might promote



plasmid insertion, even long times after irradiation . We can not exclude that irradiation dose s

we used are too low to cause a sufficient number of breaks to promote plasmid insertion . We

could suggest that plasmid insertion at radiation-induced breaks is a stochastic event and the

probability that a plasmid insert at radiation-induced breaks is improved by the number o f

breaks and the concentration of plasmid in irradiated cells . Nevertheless, we test differen t

concentration of plasmid without finding differences in the number of plasmid insertion sites .

Moreover, in our model no differences in the number of plasmid insertion sites were found in

function of irradiation dose. It might possible that increasing irradiation dose would increas e

the number of plasmid insertion site . In the same way, irradiating cells in the G2-phase of cel l

cycle might increase the number of SSBs, allowing to test the hypothetical role of chromati d

breaks in plasmid integration enhancement .

As we have previously demonstrated, the plasmid integration sites could be preferentia l

region of chromosome breakages and rearrangements, we characterized plasmid integration

sites and followed their stability in HCA17 .3 derived irradiated clones obtained after

transfection with a pCMV or pCMV-telo plasmid . The obtained results suggest that plasmid s

do not preferentially integrate at radiation-induced breaks . Moreover, the plasmid insertion

sites stability throughout passages could derive from the same type of stability of the parenta l

cell line. Indeed, it has been already demonstrated that plasmids containing telomeric repeat s

show different type of instability (breaks, amplifications, deletions) according to the stabilit y

of the cell line (Desmaze et al., 1999). For instance, clone SNG28 showed no detectabl e

spontaneous instability at the plasmid integration site and this clone has little spontaneous

chromosomal instability. On the contrary, clones Qi 8 showed rearrangements at plasmi d

insertion site level as well as high rates of chromosomal instability . Thus, the stability or th e

instability of plasmid inserted sequences could reflect the general tendency to geneti c

instability of the cell line. We have performed this analysis only in HCA17 .3 derived clones.

The long term study of clones derived from transfection of the B3 cell line could give much

more information about the stability of plasmid insertion sites in respect to the stability of th e

cell line. Actually, B3 cell line presents more spontaneous breaks and more chromosom e

instability than HCA17 .3 .

8.3 Processing of DNA breaks

Beyond the role of recombinogenetic state of cell in enhancement of plasmid

integration, the lack of plasmid insertion at radiation-induced breaks might be due to DNA

repair mechanisms that do not favor the repair of breaks by insertion of exogenous plasmi d
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DNA. At the same time, exogenous DNA might not be suitable substrate for DNA repai r

since plasmid DNA could be circularized or degraded . Circularization of plasmid, obviously ,

masks DNA free ends and therefore prevents plasmid from joining to radiation-induce d

breaks. This hypothesis could be supported by the literature data concerning repai r

mechanisms involved in the repair of radiation-induced breaks . As we irradiated cells in the

G1-phase of the cell cycle, most DNA breaks should be repaired by NHEJ pathway, thus onl y

free DNA extremities are brought together and repaired . It is likely that circular plasmids ar e

excluded from repair of breaks by NHEJ . Moreover, if a lot of plasmid have been circularized

after transfection, it might be possible that plasmids are too diluted in the cell nucleus and

thus the probability that a chromosome break could be repaired by insertion of plasmid coul d

be diminished. We can not exclude that small plasmid fragments, resulting from nucleas e

degradation, could insert at radiation-induced breaks . Since we analyzed plasmid integratio n

sites by FISH and the resolution of this technique is in the range of kilobases of DNA, such

small fragments could not be detected . Little is known about the mechanisms that driv e

plasmid integration . Also the lack either of higher order structure or of protein capping of

plasmids DNA extremities as well as the lack of micro-homology with genomic DNA

sequences might interfere with the repair and, therefore, with the insertion at radiation -

induced breaks . Actually nuclear architecture could favor the repair of proximal DNA fre e

ends and, consequentially plasmid DNA could be too far from breaks during repair . Indeed, it

has been shown that higher order spatial genome organization is a contributing factor in the

formation of recurrent translocations (Roix et al., 2003) .

Our studies showed that an excised fragment can be mobile either at the same locus o r

at another one. Actually, when two DSBs are present on the same DNA molecule, the excise d

fragment can be deleted, inverted or translocated. It is noteworthly that deletions are 2 to 8 -

fold more frequent than inversions and that excisionitranslocation events are 50 to 100-fold

less frequent than deletions . The different frequencies of events may account to the distanc e

between loci . The study of the nuclear domains occupied by the chromosomes bearing the

two loci might delucidate how the distance in the nucleus could influence the translocation

frequencies of the excised fragment . It is thus possible that two close loci have a greate r

probability to make physical contact and thereby engaging in repair, suggesting that th e

processing of broken DNA ends might play a key role also in the outcome of plasmi d

integration at radiation-induced breaks .



We hence investigate the manner how radiation-induced breaks could be repaire d

either by interacting each other or with other breaks already present in the cell or by additio n

of telomeric repeats .

Interaction between several chromosome breaks in a same cell . We questioned the

mechanisms that lead to the repair of radiation-induced breaks investigating the interactio n

between a tagged chromosome 16 lacking one telomere and chromosomes presenting double

strand breaks (DSBs) . Chromosome 16 lacking a telomere well represents a break

spontaneously present in the cell . We demonstrated that, on the contrary to spontaneou s

instability analysis, all tag extremities get a telomere after irradiation showing a preferentia l

interaction between spontaneous and radiation-induced breaks, which drives chromosomes 1 6

to telomere acquisition through chromosomal rearrangements, as dicentric chromosomes an d

translocations . Following a tagged chromosome break allowed us to show that DSBs interac t

with each other favoring the stabilization of broken ends . At the same time, irradiated cells

showed an augmentation of the general instability which is illustrated by cascade events .

Similar results were obtained by Latre and colleagues (Latre et al., 2003). Irradiating lat e

generation TERC-/- mice, they demonstrated that very short dysfunctional telomeres coul d

interact with radiation-induced breaks generating an increase of chromosomal instabilit y

observed after irradiation . Our preliminary analyses of subclones derived from irradiated cell s

showed that the instability is transferred from one chromosome to other following no n

reciprocal translocations that deprive the chromosome of its telomeric sequences . It is worth

noting that some chromosomes are more represented than others in rearrangements . Some of

them have already been detected in spontaneous rearrangements and others seem to b e

specific to irradiation treatment . It is possible that these chromosomes, as chromosomes 5 an d

14, contain more radiation sensitive regions, thus they appear more often broken and finall y

more often involved in rearrangements . Another explanation could be related to the nuclea r

organization of chromosome territories (Parada & Misteli, 2002) . Even if Cornforth and

colleagues (Comforth et al., 2002) showed quite small deviation from randomness i n

interchange probability for all chromosomes after irradiation, proximity effects may have a

role in the formation of genome rearrangements (Roix et al., 2003) and thus the closeness of

the radiation-induced broken chromosomes with the der(16) may influence the susceptibility

to form rearrangements among these chromosomes.

We show that radiation-induced chromosome breaks may interfer with the instability

generated by the lack of one telomere, stabilizing the tagged chromosome . The presence o f
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breaks can initiate breakage-fusion-bridge (BFB) cycles that occur when fused siste r

chromatid breaks during anaphase and then fuse again in the next cell cycle . BFB cycles can

continue for many cell generations and result in DNA amplification, non reciproca l

translocations and complex rearrangements (Fouladi et al., 2000 ; Lo, 2002) . While anti-

cancer treatments aim to kill tumor cells, the consequences of the treatment-induced

chromosome breaks could be dramatic for the stability of the genome of the surviving cells . In

the present study, we show that radiation-induced chromosome breaks interact with th e

instability generated by spontaneous breaks increasing instability . Such instability coul d

permit the emergence of treatment-resistant subclones .

Healing by telomerase . Farr and colleagues (Farr et al., 1991) were thr first to show

that DNA broken ends can be stabilized by the addition of telomeric repeats on non-telomeri c

DNA by telomerase in a process named chromosome healing. It was also demonstrated that

linearized plasmid containing telomeric repeat sequences at one end commonly form ne w

telomeres when integrated on to the ends of a truncated chromosome in mammalian cell s

(Barnett et al., 1993 ; Hanish et al., 1994; Sprung et al., 1997) . We therefore might not detect

plasmid integration sites at radiation-induced breaks because breaks could be stabilized b y

telomerase. Indeed, some stable clones deriving from transfection of pCMV-Telo plasmid s

showed integration sites at terminal regions . Similar numbers of localizations at terminal site s

appeared in irradiated as well as in non irradiated clones. However, in these clones, plasmi d

integration never results in the formation of a new telomere . In fact, subtelomeric region s

invariably remained, favoring the hypothesis of integration by homologous recombinatio n

rather than the formation of a new telomere or the putative stabilization of a break as a resul t

of telomerase activity . Moreover, it was reported that about 50% of the integration events d o

not generate a new telomere, suggesting that integration is not accompanied by chromosome

breakage (Barnett et al., 1993) . This observation suggests one more time that, in our system,

plasmids do not insert at radiation-induced breaks . Moreover, HCA-ltrt, the clone from which

HCA17 .3 was derived, when transfected with the pNCT-tel plasmid, failed to show telomer e

seeding in more than 350 analyzed clones . This is in contrast with the results obtained fro m

two tumour cell lines in which 2 out of 16 clones and 5 out of 16 clones presented seeding o f

new telomeres (SCC61, unpublished observation and B3, (Fouladi et al., 2000)) . Taken

together these results show the refractariety of this cell line to undergo plasmid insertio n

accompanied by genome rearrangements such as the stabilization of a deletion by formatio n

of a new telomere and let us suppose a highly faithful repair mechanism at work in hTER T
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immortalized cell lines . This hypothesis is supported by the investigation aimed to understan d

the mechanisms involved in the prevention of plasmid from insertion at radiation-induce d

breaks .

8.4 Human fibroblasts immortalized by hTERT show remarkable karyotipic stabilit y

Investigating how radiation-induced chromosomal breaks could be repaired b y

plasmid insertion, we have shown that over-expression of hTERT, the catalytic subunit of the

telomerase, in a human fibroblast cell line, is strongly associated with chromosome stability .

Furthermore, our data show that this reduction of chromosome damage is observed both at th e

first mitosis and long times after irradiation, confirming the accentuated chromosome stabilit y

during the cell cycle of telomerase-positive cells. The increased stability could not be

accounted for the longer telomere length alone, since SCC61, which has very short telomeres ,

displays the same low rate of spontaneous breaks . We therefore hypothesize that the

involvement of telomerase in chromosome stability is a telomere-independent mechanism in

HCA17 .3 cells . A widely recognized function of telomerase concerns the maintainance o f

telomere length and a capping function (Blackburn, 2001 ; Melek & Shippen, 1996; Stewart et

al., 2002; Zhu et al., 1999). Differences in the telomerase activity between B3 and HCA17 . 3

cell lines, which express similar level of hTERT mRNA might be due to a different role of th e

protein. In B3 cells, where telomere are quite short, telomerase could be sequestered to

lengthen shortest telomeres (Ducray et al., 1999; Ouellette et al., 2000), whereas in HCA17 . 3

that have very long telomeres, telomerase may play a role in the prevention of rearrangement s

in a telomere-independent way . hTERT expression has already been associated with non-

telomere functions, such as regulation of transcription of a set of DNA repair genes ,

modification of chromatin (Chang et al., 2003; Sharma et al ., 2003; Smith et al., 2003), and

resistance to proapoptotic stress (Stewart et al., 2002) . Telomerase might participate into cel l

cycle checkpoints after DNA damage, favoring correct DNA repair and consequentially pla y

a role in the genome maintenance . In yeast, indirect evidences of interaction of telomerase

and proteins involved in DNA replication have been show (Dahlen et al., 2003) . Moreover,

yeast Ku interacts with telomerase RNA promoting chromosome healing at broken

chromosome (Stellwagen et al., 2003) . In human cells, it has been shown that Ku heterodimer

physically associates with hTERT (Chai et al., 2002). It is possible that this associatio n

between Ku and hTERT may trap telomerase at the double strand region of telomere s

preventing them from telomerase elongation .

The association between Ku and telomerase may occur also at DSB and telomeras e

may play a role in repair . Investigating the interaction of telomerase with proteins involved i n
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DNA repair process and/or replication may help to complete the spectrum of action of thi s

enzyme. Telomerase is a sort of replication enzyme . It is well known that protein complexe s

acting during replication as for instance the MREI l/RAD50/NBSlcomplex could play a rol e

also during DNA repair. It will perhaps not be so surprisingly that telomerase may play a dua l

role in replication of telomeres and in DNA repair .

Moreover, it is well known that telomerase activity could result in both, very stabl e

karyotypes and unstable ones . Indeed, reactivation of telomerase in tumor or senescent cell s

after initiation of genetic instability, may favor the accumulation of complex karyotypes b y

perpetuating instability (Chadeneau et al., 1995 ; DePinho, 2000; Ducray et al., 1999 ; Fouladi

et al., 2000 ; Mondello et al., 2003 ; Rudolph et al., 2001 ; Tang et al., 1998). On the other

hand, disruption of genes controlling the cell cycle in telomerase-positive cells, such a s

immature or hematological cells, is an early event and the resulting karyotype is often quit e

normal, with few anomalies without over-involvement of telomeric regions (Gisselsson, 2002 ;

Lengauer et al., 1998). It may therefore be informative to determine whether elimination of

telomerase activity in HCA17 .3 results in an increase in chromosome aberrations afte r

irradiation as well as delayed chromosome instability .

As HCA17.3 telomeres are very long, inhibition of telomerase expression shoul d

provide new insights on its telomere-independent role . Like in mouse models, it will take

several cellular divisions before telomeres become short enough to be involved in telomere -

driven chromosomal instability. Thus testing the proneness to form radiation-induced

rearrangements in HCA17 .3 cells deprived of telomerase expression will allow to underscor e

the effective role of telomerase both in telomere capping and in genome stabilization .

Moreover, HCA17.3 cells derived from BJ fibroblasts . This strain displays high

antioxidant capacity that minimizes the accumulation of oxidative damages (Lorenz et al. ,

2001) and that, thus, could be relevant in the radiation sensitivity of these cells . Abrogation o f

telomerase expression, as well as the study of the parental cell line, should confirm that

chromosome stability shown by HCA17 .3 after irradiation is really linked to telomeras e

expression (and function) and not only to the intrinsic characteristic of this cell line .

Nevertheless, it is also possible that antioxidant capacity and telomerase are both responsibl e

of the karyotypic stability of HCA17 .3 .
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9. CONCLUSION

The radiation sensitivity is not equally distributed along chromosome, hence some

regions, as junction between rearranged chromosomes, show increased radiation sensitivity.

This radiation sensitivity is not affected by the presence of ITS in human cells . Moreover, IT S

are involved neither in spontaneous chromosomal rearrangements occurring durin g

immortalization of human cells nor in the formation of microrearrangements at nucleotid e

level. On the contrary, plasmid integration sites seem to be prone to breakage induced b y

radiation suggesting a possible integration at site already characterized by fragility . The

radiation sensitivity of some chromosome regions causes their frequent involvement in

radiation-induced chromosome rearrangements . The presence of breaks in a cell, like thos e

deriving from telomere dysfunction, favor the formation of rearrangements, thus, on the on e

hand, irradiation can provoke DNA damages, which can lead the cell to death ; on the other

hand, can increase the instability, favoring the emergence of treatment-resistant clones .

Finally, the expression of telomerase could have different outcome: it could play a role in

genome maintenance diminishing the radiation sensitivity and therefore could protect cell s

from irradiation. But, in the same way, telomerase could stabilize tumor cells and, preventing

them from damages, could cause the failure of treatments effectuated in the aim to kill tumo r

cells .
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10. MATERIAL AND METHOD S

10.1 Cell lines and culture condition s

TP15.5 cell line was established from normal primary human skin fibroblast b y

transfection with a plasmid containing SV40 sequences (Ducray et al., 1999). Cells were

grown in minimal essential medium containing 10% fetal calf serum .

HCA 17.3 cell line was derived following selection for integration of the pSXPneo D

plasmid from HCA-ltrt, a clone of BJ fibroblast immortalized by the catalytic subunit of

human telomerase (hTERT) (Rubio et al., 2002) .

B3 cell line was derived from human bladder carcinoma upon transfection with pNCT -

Telo plasmid (Fouladi et al., 2000), and has a slightly rearranged karyotyp e

(46;XY),t(11 ;20),t(15 ;18) . After negative selection in gancyclovir the emerging G71 clon e

was isolated and propagated in culture .

SCC61 cell line derives from human squamous cell carcinoma (elsewhere describe :

(Branhman, 1 992)) . It has a rearranged karyotype : (46;XY),t(2, 1 8),t(3 ;9),t(9 ; 1 5),t(7;Y),del4 .

SNG28 and SNG19 were isolated from transfection of SCC61 cells with the pSXneo -

(T2AG3)0,8kb plasmid.

SQ9G also derives from human squamous cell carcinoma (elsewhere described:

(Cowan et al., 1993)) . It show rearranged karyotypes : (46;XY),t(4;22),t(9;16),t(l 1 ;20),del4p .

Q18 derived from transfection of SQ9G with the plasmid the pSXneo-(T2AG3 ) 1,6kb .

These cell lines were maintained in DMEM/F12 medium (Life Technologies ,

Bethesda, USA) supplemented with 10% FCS (Life Technologies, Bethesda, USA) . G41 8

(200 µg/ml, Life Technologies, Bethesda, USA) wad added to medium for HCA17 .3, B3 ,

SNG19, SNG28 and Q18 cell lines . All cell lines were incubated at 37°C in a humidifie d

incubator with 5% CO2 .

10.2 Transfection and irradiation
Plasmids pCMVGFP and pCMVGFP-Telo (containing 1,6kb of (TTAGGG)n telomer e

repeats) were extracted from E. coli DH5a strain and purified by standard procedure s

(Quiagen plasmid giga kit) . pCMV and pCMV-Telo plasmids were linearized by Notl

(Biolabs) digestion before tranfection, this endonuclease cuts the plasmid just after T 2AG3

repeats in pCMV-Telo. Transfection of the pSXneo-(T 2AG3)0,8kb and the pSXneo-
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(T2AG3)1,6kb plasmid have been described elsewhere (Desmaze et al., 1999) . For the pNCT-

tel plasmid, transfection and clone analysis were previously described (Fouladi et al., 2000 ;

Sprung et al., 1999a; Sprung et al ., 1999b) . The pSXPneoD plasmid was derived from pNCT -

tel and contains the neo and HSV-tk genes, as well as 4 kb of human DNA from the end of

chromosome 7q (accession number AF027390) for targeted integration near a telomere .

For electroporation experiments, cells were harvested from sub-confluent culture ,

washed twice and counted. 5.106 cells were re-suspended in culture medium in a final volum e

of 800 µl, and 10µg of plasmid DNA was added. After 1 minute incubation at room

temperature, cells were transferred into the 4 mm gap cuvette (Equibio) and electroporete d

with an EasyjecT (Eurogentec) apparatus : the 15001_tF capacitor was charged to 310V for

HCA17 .3 and to 250V for B3, with Q oo . Cells were transferred into pre-warmed medium

immediately after pulse and then dispatched into flasks for irradiation . Cells were irradiated at

different doses with a 137Cs source (0,71 Gy/min) . For stable transfections, HCA17 .3 cells

were plated at low density . After 15 days incubation under Hygromicin (30 µg/ml, Lif e

Technologies, Bethesda, USA) selection, clones derived from a single cell were isolated b y

pipetting under microscope . Clones were split 1 :2, therefore passages correspond to

population doublings .

10.3 Plating efficiency

After electroporation with 10 µg of linear pCMV plasmid a subset of cells wer e

irradiated at 2 Gy. Cells were plated in a 96 wells plate, at density of 0 .5 cell per well .

Controls without electroporation, mock electroporation and irradiation withou t

electroporation were performed simultaneously . After 14 days incubation, colonies were

counted .

The enhancement ratio for marker gene transformation was counted as follow (Perez et al. ,

1985) : Enhancement ratio = (transformant per survivor) irradiated / (transformant per survivor) non-irradiated

10.4 Slide preparatio n

Cells for metaphase preparations were harvested using standard protocols . Briefly, cel l

cultures were incubated with colcemid (Life Technologies, Bethesda, USA ) for 2h at 37°C ,

cells were dislodged with trypsine-EDTA solution (Life Technologies, Bethesda, USA) ,

transferred into centrifuge tubes, centrifuged at 1400 rpm for 7 minutes, and the supernatan t

was discarded. Pre-warmed hypotonic solution (KCl 0 .013M, human serum in distilled water)

was added to cell pellet, gently mixed by pipetting, incubated for 20 minutes at 37°C . After 7
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minutes centrifugation at 1400 rpm, cells were re-suspended by vortex and fixed twice in th e

fixative solution (Methanol :Acid Acetic 3 :1). Cell suspension was dropped onto cold, wet

slides to make chromosome preparations . The slides were air dried overnight and stored at -

20°C until hybridisation. Karyotypes were established on R banded chromosomes . For each

dose of irradiation, the number of breaks was deduced from the number of morphologica l

aberrations (dicentrics, rings and acentrics) observed on Giemsa stained metaphases .

10.5 Fluorescence in situ hybridization

FISH experiments were performed as previously described (Desmaze & Aurias,1995) .

Briefly, after RNAse treatment (100mg/ml) at 37°C, slides were washed twice in 2xSSC an d

dishydrated in ethanol . Slides were denatured 2 minutes at 72°C in 70% formamide/2xSSC .

Successively they were dishydrated in ethanol . The presence of plasmid sequences has been

detected using the pSXN or pCMV plasmids as probe . The plasmid DNA was labelled wit h

digoxigenin-11-dUTP nick translation kit (Roche) following manufactures recommendations .

Once slides have been air dried, labelled probe was denaturated 10 minutes at 72°C an d

deposed and let hybridise over night at 37°C. Washes were performed in 50 %

formamide/2xSSC at 37°C, followed by 10 minutes in PBT blocking reagent (0 .4% BSA,

0.05% Tween20 in PBS) to saturated unspecific sites . Probes were revealed either by anti -

digoxigenin antibodies directly labelled with FITC or by mouse-anti-digoxigenin antibodies .

In this case, a second revelation by anti-mouse-FITC antibody was achieved . Slides were

counterstained by DAPI and mounted in PPD .

Telomeres were detected by (C3TA2) 3PNA-Cy3 probe (Perceptive Biosystem) . Hybridisation

and detection of specific whole chromosome painting probes (Oncor or Biosys), subtelomere s

(Cytocell) and multi-FISH probes (MetaSystems, GmbH) were performed according to th e

manufacturers' recommendations . Hybridized metaphases were captured with a CCD camera

(Zeisss) coupled to a Zeiss Axioplan microscope and were processed with the ISIS softwar e

(MetaSystems, GmbH) .

10.6 Interphase nuclei automated scanning

Plasmid integrations were counted on interphase nuclei by automated scanning

procedure coupled to digital processing (MetaCyte software, MetaSystems, GmbH) . The

system is based on a second generation of Metafer scanning platform (MetaSystems, GmbH) .

Individual objects (cell nucleus) within each captured field were automatically detected fro m
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the DAPI image and spots corresponding to plasmid FITC FISH signals within each nucleu s

were individualized using a set of digital processing parameters (threshold, background

substraction, size, pixel intensity, distance between spots) . Once the scan has been completed,

the on-screen image gallery comprising objects and their spots measurements data wa s

reviewed to reject unsuitable cells .

10.7 DNA and RNA preparatio n

DNA was prepared using standard procedures from pellets of cells at different

population doublings (PD) . Briefly, cell pellet was re-suspended in lysis buffer (NaCl 50mM ,

EDTA 10mM, Tris HCl pH8 10mM, SDS 10% and proteinase K at final concentration o f

100µg/ml) and incubated over night at 37°C . DNA was separated from protein by phenol-

clorophorme extraction.

RNA was extracted from freshly prepared cell pellets with the RNAeasy Kit (Quiagen )

following manufacturer's recommendations .

10.8 PCR amplification s

PCR amplification was performed with 100ng of genomic DNA in 501.11 reaction

volume containing lx Promega buffer, 2mM MgCl2, 200µM each of dNTPs (Promega), 25

pmol of each primer and 2U of Taq polymerase (Promega) . After a denaturation step of 4 min

at 94°C, the following amplification cycle was repeated 35 times : 94°C for 1 min; 48-60°C

for 1 min; 72°C for 1min ; followed by a 9 min extension at 72°C . The amplification products

were analyzed on 20% non-denaturing polyacrylamide gels stained with ethidium bromide .

Primers sequences, with annealing temperatures, are detailed in Table 10 .1, where the acces s

number of each ITS sequence is reported also .

10.8.1 Real Time RT-PCR

The expression of hTERT mRNA was verified by the Light Cycler Te1oTAGGG

Quantification kit (Roche) . Telomerase (hTERT)-encoding mRNA is reverse transcribed an d

a 198 bp fragment of the generated cDNA is amplified with specific primers in a one-step RT -

PCR reaction. The amplicon is detected by fluorescence using a specific pair of Hybridization

Probes. The Hybridization Probes consist of two different short oligonucleotides that

hybridize to an internal sequence of the amplified fragment during the annealing phase of th e

amplification cycle . Only after hybridization to the template DNA, the two probes come i n

close proximity, resulting in fluorescence resonance energy transfer (FRET) between the two
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fluorophores . The emitted fluorescence is then measured by the LightCycler Instrument . In a

separate one-step RT-PCR, mRNA, encoding for porphobilinogen deaminase (PBGD) i s

processed for use as house-keeping gene . The reaction product serves as both a control fo r

RT-PCR performance and as a reference for relative quantification .

ITS Loci access number primers sequences AT PCR product

GCTCCCTGTGCTTACTTG

1q25 AL353778 ACCAATTTAGGAAGGGAATGG 57°C 126bp

2q31 AF236881

TTCCACCTACCACATCTTATGC
48°C 192b pATTTCCCTCTATTCTTTGCCTG

7q36 AF236882
ATGGAGGCAGAGACAGCAT

58°C 252b pGATAAAGAGCTGGGTCCCC C

13q22 AL354830

TGCACACATTAAAATTCAGGTAAGGA
54°C 15lbpAGCCACATCATTGTGGTATGT

13q34 AL160396

TAGAGCCTGTGATCCTAGAA
54°C 121bpTCCAGGACCACAGACCCCACCCGTGT A

16q23 AC009054

GGTCCTTTTTACCCGTCTTGTTG
54°C 214bpGATCATCTTCAAGGGCCAATCA

19p13 AC004410

ATGTCAGAGGGGCTGACAGGGGCT
57°C 259bpAGACCAGCCTGGGAAACAGAGCA

21q22 AF236883

TTGTCGCCAACCACTGCTCT

57°C 163bpCAGTGGCCTTCTGCCTAATCTG

Table 10 .1 : Access number of ITS sequences, primers sequences, annealing temperature (AT) and attende d
length of PCR products .

10.9 TRAP-ELISA assay

Detection of telomerase activity was made using the TRAPEZE® ELISA Ki t

(Intergen) following manufacturer's recommendations . In the first step of the reaction

telomerase add a number of telomeric repeats onto the 3' end of a biotinylated Telomeras e

Substrate oligonucleotide. The extended products are then amplified by PCR. This

extension/amplification reaction generates a ladder of products with 6 base increments . The

quantification of telomerase activity is measured by ELISA .
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Abstract . Telomeric repeat sequences, located at the end of eukaryotic chromosomes ,
have been detected at intrachromosomal locations in many species . Large blocks of telomeric
sequences are located near the centromeres in hamster cells, and have been reported to brea k
spontaneously or after exposure to ionizing radiation, leading to chromosome aberrations . In
human cells, interstitial telomeric sequences (ITS) can be composed of short tracts o f
telomeric repeats (less than twenty), or of longer stretches of exact and degenerate d
hexanucleotides, mainly localized at subtelomeres. In this paper, we analyzed the radiation-
sensitivity of a naturally occurring short ITS localized in 2g31 and we found that this region i s
not a hot spot of radiation induced chromosome breaks . We then selected a human cell line i n
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which approximately 800 bp of telomeric DNA had been introduced by transfection into an
internal euchromatic chromosomal region in chromosome 4q . In parallel, a cell line
containing the plasmid without telomeric sequences was also analyzed. Both region s
containing the transfected plasmids showed a higher frequency of radiation-induced break s
than expected, indicating that the instability of the regions containing the transfecte d
sequences is not due to the presence of telomeric sequences . Taken together, our data show
that ITS themselves do not enhance the formation of radiation-induced chromosom e
rearrangements in these human cell lines .

The ends of eukaryotic chromosomes are characterized by specific nucleoprotei n
structures called telomeres. These complexes contain repeats of a G-rich oligonucleotide
motif that is TTAGGG in all vertebrates . Several proteins have been described that bin d
specifically to these regions (Bilaud et al ., 1997; van Steensel and de Lange, 1997). All
together, these components adopt a specific chromatin structure that makes chromosom e
termini distinguishable from double-strand breaks (DSB) by DNA repair systems . Telomere s
therefore play a major role in the maintenance of chromosome integrity, preventing
chromosome fusion and degradation of chromosome ends .

In addition to their location at the ends of the chromosomes, telomeric repeats have als o
been detected at interstitial locations in many species (Meyne et al ., 1990; Wells et al ., 1990) .
For some organisms, there is evidence that Interstitial Telomeric Sequences (ITS) result from
chromosome end fusions that occurred during evolution (Ijdo et al ., 1991 ; Lee et al ., 1993 ;
Vermeesch et al ., 1996). It has been proposed that these ITS may undergo rearrangement s
such as amplification, deletion or transposition, leading to large ITS within pericentromeric
regions in some species (Meyne et al ., 1990), to the absence of ITS in one of several branches
derived from the same ancestor (Wiley et al ., 1992) or, to their transposition into euchromatic
locations (Metcalfe et al ., 1997; Metcalfe et al ., 1998) . This high degree of rearrangement of
ITS during evolution suggests that they could be unstable. In the human genome, one exampl e
of ITS derived from telomeric fusion is the ITS in 2q13 (Ijdo et al ., 1991) . The majority of
human ITS are composed of either short tracts (up to 20 hexamers) of mostly exact telomeri c
repeats, or stretches of exact and degenerated repeats located at subtelomeric regions (Well s
et al ., 1990; Ijdo et al ., 1991 ; Weber et al ., 1991 ; Azzalin et al ., 1997; Musio and Mariani ,
1999; Mondello et al ., 2000; Azzalin et al ., 2001) .

Exposing cells to different kinds of stress, such as chemical mutagens or ionizin g
radiation, results in DNA damage, including DNA double-strand breaks (DSB) . The efficient
repair of DSBs is a crucial step for cell survival . Occasional misrepair of DSBs leads t o
mutations or chromosome rearrangements . Telomeric repeats have been detected at
breakpoints of radiation induced chromosome aberrations in hamster cell lines (Slijepcevic et
al ., 1998) . This could be due either to breakage within ITS or to the addition of telomeric
repeats at the site of the break . Indeed, telomerase, a reverse transcriptase specialized for
addition or elongation of telomeric repeat sequences, has been detected in these cell lines .
Telomerase can act at the ends of chromosomes, with or without the presence of telomeri c
DNA (Flint et al ., 1994; Slijepcevic et al ., 1996) and it has also been observed at DSB sites ,
(Gravel et al ., 1998; Peterson et al ., 2001), as were proteins involved in DSB repair . Thus,
telomerase may be involved in stabilization of DSB, which may result in the formation of ne w
telomeres (Farr et al ., 1991 ; Sprung et al., 1999b; Prescott and Blackburn, 2000). In yeast ,
"healing" of DSB by telomerase in DSB repair-deficient cells, occurs in about 1% of the cell s
(Kramer and Haber, 1993), whereas cryptic translocation or telomere capture occur in abou t
10% of the cells . Strikingly, deletions are more frequent than exchanges in radiation-induced
chromosome rearrangements of telomerase-positive cells (Meltzer et al ., 1993). These data
suggest an additional role for telomerase in DNA repair and potentially for the origin of ITS .
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Numerous studies have reported a high sensitivity of ITS for misrepair after DNA
damage, based on the high frequency of chromosome rearrangements at ITS loci (Bertoni e t
al ., 1994, Balajee et al ., 1996, Slijepcevic et al ., 1996; Day et al ., 1998, Mondello et al ., 2000 ;
Peitl et al ., 2002) . Most studies focused on ITS have been performed with Chinese hamster
ovary (CHO) cells and described a higher than expected ratio of structural aberrations at these
loci (Alvarez et al ., 1993 ; Bertoni et al ., 1994; Fernandez et al ., 1995; Slijepcevic et al ., 1996 ,
Day et al ., 1998) . In mouse, a correlation was established between the presence of an ITS at a
radiation-sensitive site in chromosome 2 and the frequency of breakage in AML cell s
(Bouffler et al ., 1993 ; Silver and Cox, 1993 ; Bouffler et al ., 1996; Finnon et al ., 2002). These
data support the hypothesis that ITS can influence the radiation-sensitivity of chromosomes .
However, in hamster cells, ITS are often located within the pericentromeric heterochromatin .
Compiling literature data, Johnson et al . (1999) have confirmed the radiation-sensitivity o f
heterochromatin in human cells . Thus, whether the ITS or the heterochromatin is responsibl e
for the radiation-sensitivity at this location is not clear .

In this paper, we analyzed radiation-sensitivity of a naturally occurring short ITS localized
in the human 2q31 region (Azzalin et al ., 2001), and of 800 bp of telomeric repeats introduce d
by transfection into human chromosome 4q. Previously, we scored the number of spontaneou s
chromosome rearrangements involving this artificial ITS, within euchromatin of 4q (Desmaz e
et al ., 1999). The frequency of chromosome breaks in these artificially introduced ITS
indicated that human ITS are not prone to spontaneous breakages . To study the involvement
of artificially introduced ITS in radiation-induced chromosome rearrangements, the cell s
mentioned above were irradiated and the number of chromosome aberrations involving ITS
was scored. Although more breaks were found at this ITS locus than expected based on a
random distribution, the number of rearranged chromosomes containing the ITS was no t
significantly higher than that observed at integration sites in cells containing only plasmi d
sequences without telomeric repeats . Moreover, chromosome breakpoints without any
plasmid or telomeric repeats are involved to the same extent in radiation-induce d
chromosome aberrations as ITS loci. Based on these data, we hypothesize that broken regions
favour the integration of plasmid sequences and are prone to subsequent breakage regardles s
of the types of sequences present at these locations .

Materials and methods

Cellular, plasmid and PAC clones
SCC-61 and SQ9G, cell lines established from human squamous cell carcinomas, have been transfected wit h

the pSXneo/gpt-(T2AG3) 0 .8-kb and the pSXneo-(T2AG3) 1 .6-kb plasmids . Cell cultures were maintained in
DMEM/F12 medium (Life Technologies, Bethesda, USA) supplemented with 10% FCS . G418 (200 µg/ml) wa s
added to the transfected clones, SNG28, SNG19 and Q18 . A lymphoblastoid cell line, S .A.R.A., establishe d
from a normal individual, was grown in suspension in DMEM (Hyclone) supplemented with 10% FB S
(Hyclone) . All cell lines were incubated at 37°C in a humidified incubator with 5% CO2 .

Plasmids used in this study have been described elsewhere (Desmaze et al ., 1999; Sprung et al ., 1999a) . The
PAC clone spanning the 2g31 ITS containing region was isolated by PCR from the RPCI-5 human PAC library
(YAC Screening Center, Ospedale San Raffaele, Milano Italy) using unique primers flanking the ITS . The
sequence of the primers was 5'-TTCCACCTACCACATCTTATGC and 5'-ATTTCCCTCTATTCTTTGCCTG .
Similarly, a PAC containing a random genomic region from chromosome 2p16 was isolated using the primers :
5'-ATGTTACTGTGGGTGGTCCC and 5'-TTATTTGCATCTGTGCTGGTG . This region is part of the Homo
sapiens chromosome 2 genomic contig (Accession number gi 29791392), which does not contain any ITS .

Conditions of irradiatio n
Radiation experiments on the tumor cell lines were performed at subconfluence with 2 and 5 Gy ( 137C s

source, 0 .71 Gy/min) . Flasks were then divided in two and cells of the first post-irradiation generation wer e
harvested using standard protocols . The lymphoblastoid cell line was irradiated with 'co y-ray source at a dose
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rate of 1 .1 Gy/min (2 and 4 Gy) . Aliquots of 2x 10 6 exponentially growing cells were resuspended in 1 ml of
complete medium, placed in 7 ml tubes (Bijou, Sterilin) and irradiated . After irradiation, each aliquot was put in
a 75 cm2 flask with 10 ml of fresh medium and incubated for 24 h . During the last 2 or 3 h, colcemid (50 µg/ml )
was added to the cultures, and then chromosomes were prepared according to standard procedures .

Fluorescence in situ hybridization
FISH experiments were performed as described (Desmaze and Aurias, 1995) . The presence of the plasmi d

sequences was detected using the pSXN plasmid as a probe . The DNA was labeled with either biotin-l1-dUTP
(Sigma) or digoxigenin-1l-dUTP (Roche) using a nick translation kit (Roche) . Specific whole chromosome
painting probes from Oncor or Biosys were used according to manufacturer's recommendations . To verify the
presence of the telomeric sequences at the integrated sites of Q18 and SNG28 cell lines, we have hybridized a
(C 3TA 2 ) 3 PNA sequence coupled with the Cyanin3 fluorochrome (Perceptive Biosystems) .

Hybridized metaphases were captured with a CCD camera (Cohu or Zeisss) coupled to an epifluorescenc e
Leica DMRBE or a Zeiss Axioplan microscope equipped with filters for observation of different fluorochromes .
Images were processed with the Cytovision or ISIS softwares (Applied Imaging and Metasystems S .A . ,
respectively) .

Analysis of chromosomal instability and chromosome rearrangement s
To assess the general chromosomal instability, the number of breaks was deduced from the number o f

structural aberrations (dicentrics, rings and excess acentrics) observed in 50 to 150 Giemsa stained metaphases
for each clone, at each dose of irradiation and from two different experiments each . To record structural
chromosome aberrations, deletions and translocations, metaphases were captured after hybridisation wit h
specific chromosome painting probes coupled with red or green fluorochromes . The chromosomes wer e
counterstained with DAPI (blue) . Chromosome exchanges were illustrated by bicolour chromosomes (red-green ;
red-blue or green-blue) . Each colour junction was recorded as a break . When the painted chromosomes were
involved in complex chromosome exchanges the number of breaks was determined according to the FIS H
pattern . Between 100 to 300 chromosomes 4, 5, 6 or 7 were analysed per cell line and dose . Intrachromosomal
rearrangements that could not be detected by this method were not taken into account .

We considered that a break might have occurred in the transfected sequences when the FISH plasmid signa l
was at the terminus of a rearranged chromosome or at the breakpoint of an aberration . Fifty to 150 chromosome s
4 in SNG28, chromosomes 7 in SNG19 or marker chromosomes in Q18 were analyzed per dose . The number o f
breaks is recorded regarding the ploidy level of each chromosome .

Statistics
x 2 tests were performed to compare the radiation-sensitivity of different chromosomes and to examine th e

hypothesis that the induced damage occurs more frequently in an ITS containing locus than expected for non -
telomeric loci of the same size . Considering that ionizing radiations cause randomly distributed damages, th e
expected number of breaks within the integration site was estimated on the basis of the relative length of th e
studied loci. Integrated sequences are about 7 kb but the smallest detected chromosome band by cytogenetic s
techniques is about 5 Mb, corresponding to the minimum size which could be resolved by FISH . The
chromosomes 4 and 7 are 186 and 156 Mb long, respectively. Therefore, the size of the investigated locus
containing the transfected plasmid is estimated to be 2 .7 % of the entire chromosome 4 and 3 .2 % of the
chromosome 5 .

Results

Chromosome 2 ITS 2g31 is not prone to chromosome breakag e
The radiosensitivity of the 2g31 region containing ITS and of a control region (2p 16 )

lacking ITS was assessed in a lymphoblastoid cell line derived from a normal individual . The
2g31 ITS is polymorphic in the human population, differing by copy number of the telomeri c
hexanucleotide from 6 to 13 (Mondello et al ., 2000). The cell line used in this study i s
heterozygous with the two alleles containing 6 and 9 repeats (data not shown) .

The cells were irradiated with y-rays (2 and 4 Gy) and metaphases were prepared after 2 4
hours. To identify the regions of interest, two colour FISH was performed with the PA C
containing the 2g31 ITS and with the control PAC localized on 2p16. The total number of
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aberrations (breaks and chromosome rearrangements) and the number of aberration s
involving chromosome 2q or 2p were determined (Table 1) ; as shown by the x2 test, these last
values are not significantly different from those -expected on the basis of the relative length o f
chromosome 2 (8% of the genome) and on the basis of the ratio between the length of 2q and
2p (q/p = 1 .6) . We identified six rearrangements involving 2q (one after 2 Gy and five after 4
Gy): two dicentric chromosomes, one triradial and three breaks . All the breaks were localized
downstream of the hybridization signal and in no case was the signal split, as would b e
expected if a break had occurred in the ITS containing region (Fig . lA). A similar number and
similar types of rearrangements (Fig . 1B) were found to involve 2p (one after 2 Gy and fou r
after 4 Gy). These results suggest that the ITS containing region is not more prone to
breakage upon y-irradiation than other chromosome regions .

Transfection of plasmids does not increase the radiation sensitivity of the studied clones
To further assess the likelihood of ITS to be involved in structural aberrations afte r

irradiation, we used cell lines transfected with plasmids containing at least 800 bp o f
telomeric sequences (Murnane et al ., 1994) . In clone SNG28, the plasmid is stably integrated
in one homologue of chromosome 4, which is monosomic, as it is in the parental clone . In
SNG19, the plasmid is integrated in chromosome 7 . Identification of chromosomes was done
by a 24 colours analysis (Xcyting kit, Metasystems) (Fig . 2). Southern blot analysis and
rescue of the integrated plasmid sequences showed that plasmid and telomeric repea t
sequences are present in a single copy in clone SNG28 . In contrast, analysis of the SNG1 9
clone demonstrated that the integrated plasmid is missing the end containing the telomeri c
repeats . Thus, clone SNG19 provided a control for an integration site containing only th e
plasmid sequences. Gamma-irradiation (2 and 5 Gy) was applied and the induced structura l
chromosome aberrations were recorded on Giemsa stained metaphases . For both transfecte d
clones, SNG28 and SNG19, and the non-transfected cell line SCC61, about fifty Giems a
stained metaphases were analysed per dose of irradiation in two independent experiments .
The number of induced breaks increased with the dose and was not significantly differen t
between the three clones (Fig . 3). Thus, as were previously described for spontaneou s
aberrations (Desmaze et al ., 1999), the transfection did not enhance chromosome breakage in
the clones SNG28 and SNG19 in the first post-irradiation cell division .

Chromosome-specific radiation-sensitivity
Although the general radiation sensitivity of the cells was not increased by transfection ,

we determined the influence of the artificial ITS on the sensitivity of the chromosome
containing the integrated plasmid sequences . Because the number of randomly distribute d
breaks in a chromosome depends on its size, we compared the number of breaks in
chromosome 4 of SNG28 containing the integrated plasmids with the chromosome 4 of th e
non-transfected parental cell line, SCC61 . After FISH with chromosome-specific paintin g
probes, at least 100 chromosomes 4 for SNG28 and 100 to 300 chromosomes 4 from th e
parental clone were assessed per dose and chromosome. Controls were made with the
chromosomes 7 of SNG19 and SCC61 containing or not containing only the plasmi d
sequences, and also with chromosomes of approximately the same size and morpholog y
without any transfected sequences, in the same genetic background . Two hundred to 35 0
chromosomes 5, 6 or 7 were analysed per dose and per clone, and the number of breaks wa s
compared according to the number of analysed chromosomes and to the size of eac h
chromosome . All the data are presented in Fig. 4. After ionizing radiations, no significan t
difference (P >0 .1) was found between chromosomes 4 of SNG28 and SCC61 as well as fo r
chromosomes 7 of SNG19 and SCC61, suggesting that transfected sequences, containing
telomeric repeats or not, did not enhance the involvement of chromosomes in rearrangements .
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Increased frequency of rearrangements in chromosomal regions containing plasmid
integration sites
Breaks within the region containing the transfected sequences in chromosome 4 of SNG2 8

were scored to assess sensitivity of the ITS . The same analysis was performed on th e
chromosome 7 of the control clone SNG19 for the sensitivity of the plasmid sequences alone .
The presence of the plasmid sequences was detected by FISH using the pSXN plasmid as a
probe. Fifty to 150 chromosomes were analysed per dose and chromosome, as to the position
of the plasmid signals and by chromosome painting . As shown in Table 2, the number of
breaks occurring in the region containing the integrated plasmid sequences on chromosome 4
in the clone SNG28 is 10 to 12 .5-fold higher than expected (P <0 .0001). Thus, the region
containing the integration site appears to be prone to breakage in this clone . The results for
the cell line SNG19 were similar with 8 .5 to 11-fold more breaks in the integrated region than
expected . Both analyses showed that the regions containing the transfected plasmids are mor e
often rearranged after irradiation than expected, and that telomeric repeat sequences are no t
the reason for this phenomenon. These results led us to assume that, either the plasmi d
sequences themselves enhance the radiation-sensitivity, or that the plasmids are integrate d
into sites that are already prone to break .

Junctions of chromosome aberrations are sensitive to ionizing radiation s
In order to investigate whether the increase in breakage at the integration sites in clone s

SNG28 and SNG19 is due to the plasmid sequences themselves or to cellular sequence s
surrounding the integration site, we used the cell line Qi 8, which contained the integrate d
pSXneo-(T 2AG3) 1 .6-kb plasmid containing telomeric repeat sequences at the junction 17/1 o f
a rearranged marker chromosome der(17 ;1 ;7) . In addition to the plasmid integration site, thi s
marker chromosome also contains another junction between a fragment of chromosome 1 an d
the long arm of the chromosome 7 . Unlike the 17/1 junction, the junction between 1 and 7
does not contain any plasmid sequences (Fig . 5). We have scored the number of breaks at
these two junctions, before and after irradiation at 2 and 5 Gy, in 183 and 238 marke r
chromosomes, respectively, as well as in approximately 100 marker chromosomes of non -
irradiated cells . Considering the rearrangements of this chromosome, we have estimated th e
length of the marker chromosome to be around 125 Mb . The investigated region considered to
be 5 Mb (see Materials and methods) is then approximately 4% of the chromosome . The
number of breaks observed for both sites was higher than expected but only the junction
without the transfected sequences was significantly more often involved in radiation-induce d
rearrangements (P <0 .01) (Table 3) . We conclude from these results that chromosomal
breakpoints of previously rearranged chromosomes are more sensitive to breakage than
expected at random, and that the transfected sequences do not further enhance this sensitivity ,
regardless of whether containing telomeric repeats or not .

Discussio n

Telomeric repeat sequences, present at internal chromosome locations and thought to b e
"hot spots" of recombination (Hastie and Allshire, 1989), have been shown to be sensitive to
ionizing radiation in hamster cells (Alvarez et al ., 1993 ; Slijepcevic et al., 1996; Kilburn et
al ., 2001) . Because in hamster cells ITS are located in heterochromatin, Kilburn et al . (2001 )
have investigated the spontaneous instability of ITS, constructing a model of hamster cell s
containing telomeric repeats integrated into the APRT gene located in euchromatin. Their
molecular analysis revealed an increase in small deletions and insertions involving th e
telomeric repeat sequences, demonstrating microrearrangements involving ITS located withi n
euchromatin of hamster cells . In human cells, repeats copy number polymorphism has bee n
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reported for four human ITS (Mondello, 2000) but the radiation sensitivity of ITS has prove n
to be elusive .

In this work, using FISH with a probe spanning the short 2g31 ITS, we could not detect a
preferential involvement of the region in chromosome aberrations induced by 'y-irradiation .
This result suggests that the short telomeric tract does not confer to this region a
hypersensitivity to y-rays which can be highlighted by cytogenetic analysis . Moreover, w e
analyzed clones containing integrated plasmid sequences with and without telomeric repeat s
for their predisposition to form chromosome rearrangements near the integration site, afte r
irradiation with 2 and 5 Gy . First, we found that the stable plasmid integrations did no t
enhance the total radiation induced number of breaks in one cell . Next, we compared the
number of breaks observed for chromosomes containing or not containing plasmid with o r
without telomeric repeats and found that, even if chromosomes 4 and 7 are more ofte n
broken, no significant difference could be observed either in the transfected cell lines or in th e
parental one. These results indicate a preferential breakage of some chromosomes rather than
an effect of transfected sequences, as already described for normal chromosome 4 (Wilt et al . ,
1994; Boei et al., 1997) . More breaks than expected occurred within the regions containing
integrated plasmid sequences regardless of whether they contained telomeric repeats or not .
However, we could not exclude small rearrangements of a few base pairs in the cloned ITS, as
shown for the instability observed in the work of Kilburn et al . (2001) . This suggests an
intrinsic radiation sensitivity of the plasmid sequences themselves or the possibility of a
hypersensitivity to ionizing radiation of the cellular DNA surrounding the inserted plasmids .
The increase of breakage we have observed at integration sites did not lead to a higher
number of breaks of the entire chromosomes 4 and 7 containing transfected plasmid than
those in the non-transfected clone. This indicates that the chromosome regions in the non -
transfected cell line should reveal the same level of sensitivity as that observed in th e
presence of the plasmid sequences. It is likely that such hypersensitive regions would also b e
preferential sites for plasmid integration . The high fragility at some plasmid integration sites
has been shown to result from sequences of surrounding DNA, which act alone or i n
conjunction with the integrated plasmid sequences forming hotspots for recombination, as
might occur when heterochromatin and euchromatin are brought together due to chromosom e
rearrangements. Moreover, other integration sites with similar plasmid sequences have show n
that rearrangements might be solely confined to the cellular DNA (Mumane, 1990a ; 1990b) .
Consistent with this possibility, we found an increased rate of rearrangement at junctions
regardless of whether they contain integrated plasmid sequences . In clone Qi 8, the regions o f
junctions of the rearranged marker chromosome revealed an increased fragility in response to
ionising radiation suggesting that a predisposition for breakage might be responsible for the
high frequency of structural aberrations observed at some chromosome regions rather than the
presence of telomeric repeats or plasmid sequences. Some authors have reported successiv e
breakage-fusion events at ITS of CHO, mediating a positional switch of ITS towards th e
chromosome termini. As a result, it was assumed that junctions resulting from these
rearrangements are prone to break (Berton et al., 1994) . A higher proportion of breaks was
described at the junction of a translocation compared with the remaining genome (Drets an d
Therman, 1983) . Local DNA amplification has been reported for a human cancer cell lin e
with recurrent breakage/fusion/bridge cycles within a specific chromosome region (Lo et al . ,
2002). Finally, the fragility within the region harbouring transfected ITS in clone SNG28 ,
could also be due to the presence of repetitive sequences that have been found in the shor t
arms of the acrocentric chromosomes (Piccini et al ., 2001) .

We have shown that ITS do not necessarily increase the sensitivity to ionising radiation i n
human cells . Instead, the integration site itself might be prone to breakage, explaining also th e
integration of the plasmid DNA at such a locus (Lin and Waldman, 2001b; 2001a) . These data
confirm that instability is not a general property of all DNA in a cell and that sensitivity t o
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ionising radiation is not equally distributed along chromosomes . Possibly, this approach
might be used to map radiosensitive chromosomal sites .
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Fig . 1 . Examples of chromosome aberrations involving 2p (A) or 2q (B) induced by ?-rays . The green
hybridization signal is due to the probe for the 2g31 ITS containing region, the red signal is due to the probe fo r
the control 2p16 region. Chromosomes are counterstained with DAPI. (A) chromatid break on 2p (arrow) . (B)
dicentric chromosome containing chromosome 2 with a chromatid break downstream to the 2g31 region .

Fig . 2 . FISH characterization of the SNG28 and SNG19 clones . (a and e) multicolour karyotypes of the
SNG28 and SNG19 clones . These two clones are pseudo diploid and rather normal . Most rearrangements ar e
present in both clones, supporting a clonal origin . Besides, the parental SCC61 clone also presents thes e
rearrangements (data not shown) and specifically the single chromosome 4 . mFISH allows us to determine the
chromosomes with the inserted transfected plasmids which are chromosome 4 for SNG28 and chromosome 7 fo r
SNG19 . (b, c and d) Chromosomes 4 from the metaphase a. (f, g and h) Chromosomes 7 from metaphase e. (b
and f) pSXN plasmid probe, detected in green, is indicated by arrows . (c and g) Telomeric sequences ar e
hybridized with PNA telomeric probe, coupled with Cy3 . All telomeres are fluorescent and interstitial specific
red telomeric signal is only seen on the chromosome 4 of SNG28 metaphases at the location of the plasmid
insertion region while no signal was ever detected on the chromosome 7 of SNG19 cells .

Fig . 3 . Comparison of the mean number of radiation-induced breaks per cell scored after 2 and 5 Gy
irradiation of the SCC61, SNG19 and SNG28 clones .

Fig . 4 . Comparison of the mean number of breaks between chromosomes with or without the transfected
plasmids, chromosomes 4 from SNG28 (telomeric and plasmid sequences) and SCC61 clones ; chromosomes 5
from SNG28 and SCC61 clones as control ; chromosomes 6 and 7 (plasmid sequences only) from SNG19 an d

from the non-transfected cell line, SCC61 .

Fig . 5 . Characterization by FISH and R bands of the chromosome containing the transfected plasmid in the

Q18 cell line . Chromosomes are counterstained with DAPI. Green-yellow dots and red dots correspond to the

plasmid and telomeric signals, respectively . Hybridizations with specific chromosome painting probes show an

alternated green/red/green paint for the t(17 ; l ;7) marker of the Q18 cell line .
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Abstract . Ectopic expression of telomerase results in an immortal phenotype in various
types of normal cells, including primary human fibroblasts . In addition to its role in telomere
lengthening, telomerase has now been found to have various functions, including the contro l
of DNA repair, chromatin modification, and the control of expression of genes involved in
cell cycle regulation. The investigatiggs on the long-term effects of telomerase expression in
normal human fibroblast highlighted that these cells show low frequencies of chromosoma l
aberrations . In this paper, we describe the karyotypic stability of human fibroblasts
immortalized by expression of hTERT . The ectopic over-expression of telomerase i s
associated with unusual spontaneous as well as radiation-induced chromosome stability . In
addition, we found that irradiation did not enhance plasmid integration in cells expressin g
hTERT, as has been reported for other cell types. Long-term studies illustrated that human
fibroblasts immortalized by telomerase show an unusual stability for both chromosomes and
for plasmid integration sites, both with and without exposure to ionizing radiation. These
results confirm a role for telomerase in genome stabilisation by a telomere-independent
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mechanism and point to the possibility for utilizing hTERT-immortalized normal human cell s
for the study of gene targeting .

Telomeres are nucleoprotein complexes that protect chromosome ends from nuclease
degradation and chromosome fusion (de Lange, 2002) . In most human primary cells,
telomeres shorten with each round of replication, leading to end-to-end fusions observed i n
senescent human cells (Counter et al ., 1992) . The causal factor that drives primary cells to
enter replicative senescence is telomere attrition resulting from the lack of telomerase activity .
Telomerase is a nuclear ribonucleoprotein that replenishes telomeres in most eukaryote s
(Greider and Blackburn, 1985; Collins and Mitchell, 2002) . In human cells, the RNA subuni t
hTR is ubiquitously expressed, whereas hTERT, the catalytic component, would be expresse d
primarily in embryonic stem cells and germ cells . Telomerase can protect chromosomes from
end-to-end fusion not only by lengthening the telomere but also by providing a cap at the en d
of the chromosome (Melek and Shippen, 1996; Zhu et al., 1999; Blackburn, 2001 ; Stewart et
al ., 2002) . Moreover, the presence of hTERT activity in normal human fibroblasts durin g
their transit through S phase (Masutomi et al ., 2003) suggests that telomerase and telomere
structure are dynamically regulated . Therefore, telomerase might have a role in chromosom e
end protection that is independent of its ability to elongate telomeres . Furthermore, ectopic
expression of telomerase in primary cells may enhance cell survival in the face o f
proapoptotic cellular stress, although hTERT expression does not protect cells from stress -
induced premature senescence (Gorbunova et al ., 2002). Telomerase seems to regulate th e
transcription of a variety of genes implicated in cell growth (Smith et al ., 2003), chromatin
modification, and in DNA repair, without influencing telomere length . In addition, telomeras e
expression is associated with a reduction of spontaneous chromosome damage in G1 cells
(Sharma et al., 2003), which could be important in the cascade of events leading t o
chromosome stabilisation. Investigation of the long-term effects of forced telomeras e
expression on normal human fibroblasts highlighted that it does not result in changes typicall y
associated with malignant transformation in these cells, that show low frequencies o f
chromosomal aberrations (Morales et al ., 1999). In sheep fibroblasts, telomerase expression
levels correlate with shorter telomere lengths and the extent of karyotypic abnormality .
Indeed, highly expressing cell lines showed virtually normal karyotypes, even after extende d
culture when lower expressing lines exhibited chromosomal abnormalities (Cui et al ., 2002) .
Nevertheless, ectopic hTERT expression in human fibroblasts derived from centenaria n
individuals also developed chromosomal anomalies (Mondello et al ., 2003). Moreover, one of
these cell strains acquired the ability to grow in the absence of solid support, a typical feature
of transformed cells . Therefore, the outcome of cellular immortalization driven by telomeras e
reactivation might depend on the frequency Qf genomic alterations already present in the cell .

In addition to telomere attrition in cycling cells, DNA double strand breaks (DSBs) ar e
also a source of chromosomal instability . DSBs can either be properly repaired, restorin g
genomic integrity, or misrepaired, resulting in drastic consequences for the cell, including cell
death, genomic instability, and cancer. It is well established that exposure to DSB-inducing
agents, such as ionizing radiation, is associated with chromosomal abnormalities (Natarajan et

al ., 1986 ; Pfeiffer et al ., 2000; Obe et al ., 2002), and that the progeny of cells exposed to
ionizing radiation can exhibit delayed genetic changes, including specific gene mutation s
(Little et al ., 1990) and chromosome aberrations (Kadhim et al ., 1992; Sabatier et al ., 1992) .
These delayed mutations and chromosome anomalies are usually regarded as a consequenc e
of the destabilisation of the genome, termed radiation-induced chromosome instability .
Moreover, DNA broken ends can be stabilized by the addition of telomeric repeats b y
recombination or translocations (telomere capture) (Difilippantonio et al ., 2002; Lo et al . ,
2002), or by telomerase (chromosome healing) that can catalyse the synthesis of telomeri c
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repeats on non-telomeric DNA (Slijepcevic and Bryant, 1998; Sprung et al ., 1999b) .
Transgenic integration might constitute a chromosomal DNA repair event in whic h
exogenous DNA is inserted into a chromosomal DSB . In general, the low spontaneou s
frequency of gene targeting has precluded its widespread experimental use in mammalian
somatic cell genetics . A number of studies has shown that transgenes integrate preferentiall y
at sites within chromosomes that are susceptible to DSBs, termed fragile sites (Rassool et al . ,
1991 ; Matzner et al ., 2003) . In addition, it has been reported that the induction of a specifi c
DSB at a chromosomal locus greatly stimulates the integration of a homologous transgene a t
the site of the induced break (Brenneman et al., 1996, Donoho et al ., 1998 ; Miller et al ., 2003 ;
Porteus et al ., 2003). Radiation-induced DNA damage has been shown to improve plasmi d
integration, a phenomenon termed "radiation enhanced integration" (Stevens et al ., 1996) . As
a result, it has been proposed that irradiation of cells prior to transfection can improve stabl e
gene transfer of both plasmid and adenoviral vectors (Zeng et al ., 1997) by induction of a
hyper-recombination state, possibly related to chromosome instability (Stevens et al ., 1999) .

In the present paper, we focused on the characterization of the karyotypic stability i n
human fibroblasts immortalized by telomerase, both spontaneously and after exposure t o
ionizing irradiation . The effects of telomerase over-expression on karyotypic stability wer e
compared with those of endogenously reactivated telomerase in human tumor cell lines .
Chromosome damage after irradiation was determined at the first post-treatment mitosis and a
correlation with telomerase activity and telomere length was investigated in these cell lines .
The ability to integrate plasmids was assessed and no difference was found between human
fibroblasts immortalized by telomerase and a human tumor cell line . We noted that ectopi c
over-expression of hTERT is associated with peculiar genome stability, even in the case o f
transgenic integration following ionizing radiation . Furthermore, hTERT over-expressio n
appeared to protect cells from radiation-enhanced integration . Irradiated clones showed both
chromosomal and plasmid insertion site stability . These results confirm the role of telomeras e
in genome stabilisation and suggest the possibility that hTERT immortalized normal huma n
cells may be useful for the study of gene targeting .

Materials and method s

Cells and culture conditions
HCA-ltrt is a clone of BJ fibroblasts immortalized by the catalytic subunit of human telomerase (hTERT)

(Rubio et al., 2002) . HCA 17 .3 cell line was derived from HCA-ltrt following selection for integration of th e
pSXPneoD plasmid . The B3 cell line derives from human bladder carcinoma, and has a slightly rearrange d
karyotype (46 ;XY),t(11 ;20),t(15 ;18), and is telomerase positive (Fouladi et al ., 2000), SCC61 and SQ9G are
both telomerase-positive cell lines as described elsewhere (Brachman et al ., 1992 ; Cowan et al ., 1993) . They
show rearranged karyotypes: (46;XY),t(2,18),t(3 ;9),t(9 ;15),t(7 ;Y),del4 and
(46;XY),t(4 ;22),t(9 ;16),t(11;20),del4p respectively . Cells were maintained in DMEM/F 12 medium (Life
Technologies, Bethesda, USA) supplemented with 10 % FCS (Life Technologies, Bethesda, USA) and incubate d
at 37°C in a humidified incubator with 5 % CO 2 . G418 (200 µg/ml, Life Technologies) wad added to medium
for HCA17.3 and B3 cell lines .

Transfection and irradiatio n
Plasmids pCMVGFP and pCMVGFP-Telo (containing 1 .6 kb of (TTAGGG)n telomere repeats) were

extracted from E .coli DH5a cells and were purified by standard procedures (Quiagen plasmid giga kit) . pCMV
and pCMV-Telo plasmids were linearized by Not- (Biolabs) digestion before tranfection ; this endonuclease cuts
the plasmid just after T 2 AG3 repeats in pCMV-Telo . For the pNCT-tel plasmid, transfection and clone analysis
were performed as previously described (Sprung et al ., 1999a ; Sprung et al., 1999c; Fouladi et al ., 2000) . Th e
pSXPneoD plasmid was derived from pNCT-tel and contains the neo and HSV-tk genes, as well as 4 kb o f
human DNA from the end of chromosome 7q (accession number AF027390) for targeted integration near a
telomere .
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For electroporation experiments, cells were harvested from sub-confluent cultures, washed twice an d
counted. 5x10 6 cells were re-suspended in culture medium in a final volume of 800 µl, and 10 of plasmid
DNA was added. After 1 min incubation at room temperature, cells were transferred into the 4 mm gap cuvette
(Equibio) and electroporated with an EasyjecT (Eurogentec) apparatus : the 1500 µF capacitor was charged to
310 V for HCA17 .3 and to 250 V for B3, with fl co . Cells were transferred into pre-warmed medium
immediately after pulse and then dispatched into flasks for irradiation. Cells were irradiated at different dose s
with a 137Cs source (0 .71 Gy/min) . For stable transfections, HCA17 .3 cells were plated at low density . After 1 5
days incubation under hygromicin (30 µg/ml, Life Technologies) selection, clones derived from a single cel l
were isolated by pipetting under the microscope . Clones were split 1 :2, therefore passages correspond to
population doublings .

Plating efficiency
After electroporation with 10 µg of linear pCMV plasmid, a subset of cells were irradiated at 2 Gy. Cells

were plated in a 96 well plate, at density of 0 .5 cells per well . Controls without electroporation, moc k
electroporation and irradiation without electroporation were performed simultaneously . After 14 days
incubation, colonies were counted .

The enhancement ratio for marker gene transformation was counted as follow (Perez et al ., 1985) :
Enhancement ratio = (transformant per survivor) irradiated / (transformant per survivor) non-irradiated

Slide preparatio n
Cells for metaphase preparations were harvested using standard protocols . Briefly, cell cultures were

incubated with colcemid (Life Technologies) for 2h at 37°C, cells were dislodged with trypsin-EDTA solutio n
(Life Technologies), transferred into centrifuge tubes, centrifuged at 1400 rpm for 7 min, and the supernatan t
was discarded . Pre-warmed hypotonic solution (KCl 0 .013 M, human serum in distilled water) was added to cell
pellets, gently mixed by pipetting, and incubated for 20 min at 37°C . After 7 min centrifugation at 1400 rpm ,
cells were re-suspended by vortex and fixed twice in the fixative solution (methanol :acetic acid 3 :1) . Cell
suspension was dropped onto cold, wet slides to make chromosome preparations . The slides were air drie d
overnight and stored at -20°C until hybridisation . Karyotypes were established on R banded chromosomes . For
each dose of irradiation, the number of breaks was deduced from the number of aberrations (dicentrics, rings an d
acentrics) observed on Giemsa stained metaphases .

Fluorescence in situ hybridizatio n
FISH experiments were performed as previously described (Desmaze and Aurias, 1995) . Because of the

homology between plasmid sequences, pCMV and pSXPneoD plasmid insertions were simultaneously detecte d
using the pCMV plasmid as probe . The plasmid DNA was labelled with a digoxigenin-11-dUTP nick translatio n
kit (Roche) . Telomeres were detected using the (C3TA 2) 3 PNA-Cy3 probe (Perceptive Biosystem) . Hybridisation
and detection of specific whole chromosome painting probes (Oncor or Biosys), subtelomeres (Cytocell) and
multi-FISH probes (MetaSystems, GmbH) were performed according to recommendations of the manufacturer s
Hybridized metaphases were captured with a CCD camera (Zeisss) coupled to a Zeiss Axioplan microscope and
were processed with ISIS software (MetaSystems, GmbH) .

Automatic scanning of interphase nucle i
Plasmid integrations were counted on interphase nuclei by an automated scanning procedure coupled to

digital processing (MetaCyte software, MetaSystems, GmbH) . The system is based on a second generation of the
Metafer scanning platform (MetaSystems, GmbH) . Individual objects (cell nucleus) within each captured field
were automatically detected from the DAPI image and spots corresponding to plasmid FITC FISH signals withi n
each nucleus were individualized using a set of digital processing parameters (threshold, backgroun d
substraction, size, pixel intensity, distance between spots) . Once the scan has been completed, the on-scree n
image gallery comprising objects and their spots measurements data was reviewed to reject unsuitable cells .

Results

Characterization of hTERT immortalized cell lines
To investigate the role of the overexpression of the telomerase on the spontaneous and

radiation-induced chromosomal instability, we have used a human fibroblast cell line
immortalized by the ectopic expression of hTERT, HCA17 .3. This overexpression has been
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confirmed by real time RT-PCR (data not shown) . This cell line exhibits a similar
morphology as young fibroblasts and maintains a steady growth rate . HCA17 .3 was
characterized and compared to three human tumor cell lines : B3, SCC61 and SQ9G .

Telomerase activity was measured by the TRAP-ELISA assay (data not shown) . HCA17 . 3
had a high telomerase activity, comparable with that of the human tumor cell line B3 . Instead ,
the other two tumor cell lines showed less telomerase activity than B3, with a very lo w
activity for SCC61 . It is noteworthy that with this assay, only the activity of free telomerase i n
the nuclei is tested, whereas telomerase bound to DNA is not present in protein extract .

We further investigated the telomere length of these cell lines . SCC61 and SQ9G have a
mean TRF of about 2 .4 kb (Sprung et al ., 1999a; Sprung et al ., 1999c) . Telomere length o f
HCA17.3 and B3 cell lines was measured by Southern blot (data not shown) with a
(TTAGGG)n probe and the mean TRF was calculated : HCA17 .3 has a mean TRF of about 23
kb, whereas it is about 4 kb for B3 . Despite their difference in length, HCA17 .3 and B 3
telomeres are homogeneous among them as expected by ectopic expression of hTERT, an d
confirmed by a PNA-telomere probe hybridised on metaphase spreads (Fig . 1) .

The effects of hTERT expression on the genome stability of stable transfected human
fibroblasts were examined by cytogenetic analysis . The HCA17.3 karyotype was
characterized at early passages either by m-FISH or R-banding and it was normal (46 ; XY) . R
bands were then made at successive passages and this cell line still showed a norma l
karyotype, by now suggesting chromosome stability throughout passages . Karyotypes of the
other cell lines are (46 ; XY) with some clonal translocations, which are described in Material
and methods . They also remain stable during passages except for SQ9G, which evolved
towards polyploidy with newly acquired aberrations .

Spontaneous breaks were also scored on Giemsa stained metaphases with irrelevant lo w
frequencies either for HCA17 .3 (0.02 breaks per cell), SCC61 (0 .29 breaks per cell), and B 3
cell lines (0.96 breaks per cell), whereas the SQ9G cell line showed a higher spontaneou s
instability (1 .9 breaks per cell) . Therefore, HCA17.3 presents a normal karyotype that i s
stable during passages in culture .

To investigate the chromosomal instability after irradiation, cell lines were irradiated wit h
2 Gy and 5 Gy . The number of breaks was counted on first generation metaphases after
irradiation. As shown in Table 1, the B3 and HCA17 .3 cell lines have different rates of break s
both spontaneously and after irradiation, but they are comparable in their increase o f
radiation-induced chromosome breaks . SCC61 also has a low frequency of spontaneou s
instability, but it is 9-fold higher at 2 Gy and 27 fold higher at 5 Gy . In contrast, SQ9G shows
a rather high rate of spontaneous instability, but after irradiation, the increase ratio was simila r
to those of B3 cell line : 2 .9 at 2 Gy and 4 .2 at 5 Gy. In addition, B3 cells exhibit a higher
number of chromatid breaks (0.8 breaks per cell at 2 Gy and 2 .2 at 5 Gy), suggesting that B3
cells may not be synchronised in the G1 cell cycle phase when irradiated at subconfluence o r
that the repair of single strand breaks is less efficient in B3 than in HCA 17 .3 cells, where th e
frequency of chromatid breaks per cell is only 0 .04 at 2 Gy and 0.15 at 5 Gy. Taken together,
these results show different frequencies of chromosome and chromatid breaks for HCA17 . 3
and B3 cell lines but their increase ratio remains the same after irradiation . In addition,
HCA17.3 regardless of SCC61, presents low radiation sensitivity, even if both cell lines hav e
a low frequency of spontaneous instability, suggesting an excess of incorrect repair in SCC6 1
after irradiation.

Ability to integrate plasmids
The ability to integrate plasmids varies among different cell types . Seeing that HCA17 . 3

presents fewer rearrangements after irradiation and longer telomeres than B3 but a
comparable response to irradiation and telomerase activity, we next addressed whether thes e
two cell lines present differences in the integration enhancement after irradiation . The ability
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to integrate a plasmid was tested by electroporation and by electroporation coupled to
irradiation .

Integrated plasmids in cellular DNA were detected by FISH to determine the number o f
integrated plasmids per cell . Preliminary experiments were done to determine when most o f
the non-integrated plasmids disappear from cells: the number of hybridization signal s
decreases with time in nuclei prepared between 12 and 96 hours after electroporation . In both
cell lines, at the first cell division, about 90 % of non-integrated plasmids were alread y
withdrawn from the cells . We then performed the analysis on metaphases at the firs t
generation that is 24 hours after electroporation and irradiation for B3 and about 48 hours for
HCA17.3 cells .

Results concerning integrated plasmids on metaphases are shown in Table 2 . Non-
irradiated HCA17 .3 metaphases have a mean of 1 .65 plasmids per cell, and about 50 % o f
cells show single integration sites . After irradiation at 2 Gy, the mean number of plasmid pe r
cell is 1 .25 and 77 % of cells have single plasmid integration . At 5 Gy irradiation, the mean
number of plasmid per cell is 1 .5 and 73 % of cells show single plasmid integration sites . B3
cell line irradiation seems to promote single plasmid integration ; actually 83 % of 2 Gy
irradiated cells present single plasmid integration, with a mean of 1 .33 plasmids per cell . Non
irradiated B3 have a mean of 1 .25 plasmids per cell, and about 78 % of cells showing on e
integration site . Metaphase analysis does not emphasize any correlation between radiatio n
dose and the mean number of integrated plasmids per cell . To confirm these data, w e
performed the same analysis on interphase nuclei .

The plasmid integrations were counted in interphase nuclei by the use of an automate d
scanning procedure (MetaCyte software, Metasystem, GmbH) . About 350 cells per slide were
analyzed in three different FISH experiments . Both the mean number of spots per cell and th e
percentage of cells with at least one spot were counted . As shown in Table 3, no correlatio n
between radiation dose and the mean number of spots per cell was found at different doses of
radiation both in HCA17 .3 and B3 cell lines. However, HCA17 .3 cells showed a higher
percentage of cells with spots. The differences between the mean numbers of integrate d
plasmids in nuclei and in metaphases are probably due to unspecific hybridisation signals ,
although the analysis of nuclei was done in such a way that most the unspecific signals wer e
reduced; possibly, not all of these were excluded .

To further investigate the response to irradiation, a plating efficiency test after irradiation
was done . As described in Material and methods, HCA 17 .3 and B3 cells were transfected and
then irradiated at 2 Gy or not treated with radiation . After treatment, cells were seeded and 1 4
days later, surviving colonies were counted . Even if the HCA17 .3 cell line shows a lowe r
frequency of radiation-induced breaks than the B3 cell line, both cell lines present a similar
frequency of survival following irradiation . Indeed, after 2 Gy irradiation, 31 % of HCA17 .3
and 35 % of B3 cells are able to form colonies . Thus, the viability of cells several days after
irradiation is the same whatever the frequency of breaks in the first generation, suggestin g
that the mechanisms of chromosome stability maintenance (or survival) are comparable in th e
two cell lines . After electroporation, the transfection efficiency in non irradiated sample s
calculated as percentage of antibiotic resistant colonies was 18 .8 % for HCA17 .3 and 13 .8 %
for B3 cells . The transfection efficiency of these two cell lines is quite similar, even thoug h
HC 17.3 shows a small increase in the frequency of integrated plasmid by electroporation tha n
the B3 cell line. The transfection efficiency was tested also after irradiation and the radiation -
enhanced integration ratio was measured as the ratio of irradiated transformants per survivo r
divided by non-irradiated transformants per survivor (Perez et al ., 1985). In the HCA17.3 cel l
line, 2 Gy irradiation does not promote any enhancement of integration, as the enhancemen t
ratio is 0.83. Therefore, less resistant colonies grew after irradiation treatment compared t o
transfection without irradiation. On the contrary, the B3 cell line enhancement ratio is 1 .96 ,
showing that irradiation improves transfection efficiency in this cell line . It is noteworthy that
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HCA17.3, which presents the higher percentage of cells with spots at the first generation,
shows no radiation-enhanced integration at 14 days, suggesting an elimination of a larg e
amount of such cells, while B3 cells which have integrated plasmids are still viable 14 day s
later. This enhancement, therefore, concerns the number of cells which integrated plasmid bu t
not the number of plasmids integrated per one cell .

For HCA17.3 cells, irradiation does not promote enhancement of plasmid transfection as
well as integration of several copies of plasmids into the DNA of a single cell . In B3 cells, the
mean number of integrated plasmids does not correlate with irradiation but an enhancement o f
plasmid transfection is observed 14 days after irradiation . This is a discrepancy in the
response to irradiation between the two cell lines .

Chromosome analysis in the progeny of irradiated cells that over express hTER T
We were interested in the role of telomerase to express spontaneous and radiation-induce d

instability over a long time. We set up two stable transfections with the HCA 17 .3 cell line ,
using plasmids with or without telomeric repeats . After electroporation, cells were irradiated
at 2 Gy and plated at low density to allow the formation of single cell colonies, which wer e
then isolated and propagated in culture under antibiotic selection. Control transfections
without irradiation were also made. Clones were characterized by FISH, with the plasmi d
sequences as a probe, and by chromosome painting at early passages to assess on whic h
chromosomes the plasmid has integrated and if the chromosomes with the integrated plasmid
were rearranged or not. Studying clones derived from a single cell allows the selection o f
chromosomal aberrations and the ability to follow the evolution of radiation-induce d
rearrangements during successive passages in culture .

As a result, most irradiated clones show plasmid integrations in normal chromosomes lik e
non-irradiated clones, suggesting that integration has occurred randomly and not at sites o f
radiation-induced breaks. In a single irradiated clone (E2M), integration is located at th e
junction of a chromosomal rearrangement, t(7 ;17) . We asked the question whether the
insertions of plasmids are unstable . In HCA17.3, another plasmid has previously been
inserted in 7p2l region (data not shown) so that this integration site should be detected in al l
irradiated and non-irradiated clones . FISH experiments have confirmed that both plasmids
maintained the same chromosome localization during passages in all clones, supporting tha t
integration sites were also stable when the cells proliferate excluding delayed chromosom e
instability.

Only 2 out of 20 analyzed clones have shown rearrangements and were further analyze d
by m-FISH at successive passages in culture. The clonal rearrangements in E2M has been
maintained at late passages after irradiation without new modifications . In the other clone, a
second plasmid integration site occurred within one rearranged chromosome in a singl e
metaphase among 100 analyzed. The results obtained from the short and long term studie s
show that the HCA17 .3 cell line is very stable, even at late passages after irradiation .
Actually, the rearranged chromosomes found after irradiation were stable during passages,
and did not induce any cascades of instability in cell progeny .

Finally, we investigated whether it was possible to seed new telomeres in huma n
fibroblasts immortalized by telomerase. HCA-ltrt, when transfected with the pNCT-te l
plasmid, failed to show telomere seeding in more than 350 analyzed clones . This is in contras t
with the results obtained from two tumour cell lines in which 2 out of 16 clones and 5 out o f
16 clones presented seeding of new telomeres (SCC61 ; unpublished observation and B3 ;
Fouladi et al ., 2000). In addition, the HCA17.3 clone transfected after irradiation with th e
pCMV-Telo plasmid did not show any stabilized terminal deletion, either at early or late
passages in culture . In fact, the same ratio in irradiated and non-irradiated pCMV-Telo clones ,
i .e . : 33 %, showed integration sites at the terminal region of chromosomes . However, as
shown by FISH analysis, subtelomeric regions are still present (data not shown), excludin g
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that the plasmid containing telomeric sequences could create a new telomere in this cell line .
These results demonstrate that, despite the fact that this cell line has strong telomeras e
activity, telomeric sequences did not stabilize deletions in the progeny of irradiated cells .

Discussion

In this study, we have shown that over-expression of hTERT, the catalytic subunit of th e
telomerase, in a human fibroblast cell line, is strongly associated with chromosome stability .
Telomerase expression has already been associated with a reduction of spontaneou s
chromosome damage in G1 cells (Sharma et al ., 2003) . Furthermore, our data show that thi s
reduction of chromosome damage is observed both at the first mitosis and long times afte r
irradiation, confirming the accentuated chromosome stability during the cell cycle of hTERT -
immortalized cells .

HCA17.3 cells were derived from BJ human primary fibroblasts immortalized by hTERT .
The enzyme activity, as tested by a TRAP-ELISA assay, results in very long an d
homogeneous telomeres, which had a mean TRF of about 23 kb. Cytogenetic analysi s
revealed a normal (46 ; XY) karyotype, which is very stable over extended passages in culture .
In addition, Giemsa analysis has demonstrated remarkable spontaneous chromosome stability
in HCA17 .3 . This increased stability could not be accounted for by the longer telomere length
alone, since SCC61, which has very short telomeres, displays the same low rate o f
spontaneous breaks . After irradiation at 2 and 5 Gy, the number of chromosome aberrations at
the first generation is always lower for HCA17 .3 than SCC61 . However, if we consider th e
increase in radiation-induced breaks relative to the dose, SCC61 exhibited an increase of 9
fold at 2 Gy, but only about 2–3 fold for the other cell lines . It is noteworthy that SCC6 1
showed the lowest levels of telomerase activity, while the B3 cell line showed the highes t
levels . These results do not support a major role for either telomere length or for telomeras e
expression in the chromosome response to irradiation, but do not exclude that the level o f
telomerase activity could interfere with an increase of chromosome damage . We therefore
hypothesize that the involvement of telomerase in chromosome stability is a telomere -
independent mechanism .

It has been shown that radiation, like other DNA damaging agents (Nakayama et al . ,
1998 ; Stevens et al ., 1998), promotes plasmid integration in a large subset of cells . Studies by
Stevens and colleagues (Stevens et al ., 1999) have suggested that this integratio n
enhancement is likely to be due to a hyper-recombination state related to radiation-induce d
chromosome instability. We questioned whether telomerase overexpression and chromosomal
stability could influence the efficiency of plasmid integration after irradiation at similar doses .
Analyses at the first post irradiation cell generation were performed in metaphases an d
interphasic nuclei . No relation between radiation dose and the number of integrated plasmid s
was found in either the HCA17 .3 or B3 cell lines, suggesting that, under these experimenta l
conditions, radiation-induced DNA breaks might not be preferential plasmid integration sites .
Since radiation-enhanced integration can be enhanced for weeks after irradiation (Stevens et
al ., 2001), our results do not support the possibility that integration might be due to misrepair
at or near the sites of direct radiation-induced breaks . Plating efficiency at 14 days showe d
that the HCA17.3 cell line is a little more prone to integrate plasmid than B3, althoug h
irradiation enhances plasmid integration in B3 and not in HCA17 .3 . The molecular
mechanism(s) by which radiation-enhanced integration occurs is still unknown . However, it
was shown that the improvement of integration correlates with the total number of DN A
strand breaks induced by damaging agents other than radiation, suggesting that single-stran d
breaks may play a role in radio-enhanced integration (Stevens et al ., 1998). This could explain
why HCA17 .3, which presents very low levels of chromatid breaks, did not show any

- 157 -



significant enhancement of transfection after irradiation at 2 Gy . Moreover, HCA17.3 is quite
stable even after irradiation and therefore irradiated cells do not undergo high levels o f
recombination that-might promote plasmid insertion, even long times after irradiation . It is
worth noting that the B3 cell line, which shows radiation-enhancement of integration, showe d
more radiation-induced chromosomal rearrangements than HCA17 .3 . Thus, telomerase, rather
than having a direct involvement in the radiation enhancement of integration, might act as a
genome stabilising factor that prevents broken chromosomes to rearrange . All together, these
results emphasize the extreme chromosome stability of the hTERT over-expressing cell line ,
suggesting highly faithful repair mechanisms .

Delayed mutations and chromosome aberrations have been observed in the progeny o f
cells exposed to heavy ions as well as gamma radiation (Bortoletto et al ., 2001 ; Schwartz et
al ., 2003). HCA17.3 derived clones were obtained after transfection with a pCMV or pCMV-
telo plasmid and the stability of karyotypes and integration sites was followed . We have taken
advantage of the presence of other inserted plasmids in these cells as controls for our result s
regarding plasmid stability . All integrations are located in cytogenetically normal
chromosomes without preferential integration sites, demonstrating that no rearrangements
have occurred during clonal expansion . Similar integration sites were observed in both
unirradiated and irradiated cells, in that no plasmid has integrated at sites of chromosomal
rearrangements, with the exception of one clone (E2M) . These results suggest that plasmid s
do not integrate at radiation-induced breaks . Moreover, karyotypes remained extremely stabl e
during passage in culture after irradiation . A few clones have revealed rare chromosome
aberrations that did not change during passages . When plasmids containing telomere repeat
sequences were transfected, similar frequencies of localizations at subtelomeric sites appeare d
in irradiated as well as in non irradiated clones, confirming that these plasmids do no t
integrate at radiation-induced breaks . Moreover, FISH experiments confirmed that
subtelomeric regions were stable, favouring integration by homologous recombination rathe r
than the formation of a new telomere or the putative stabilization of a break as a result of the
presence of telomerase activity .

Our data demonstrate that telomerase over-expression in HCA-ltrt and HCA17 .3 confers a
stability to the chromosomes, even after a stress like ionizing radiation . Actually the low ratio
between the irradiated and non irradiated frequency of breaks correlated with a high level o f
telomerase activity. In addition, even if telomeres are very long in HCA17 .3 cells, this doe s
not explain the observed spontaneous stability, since SCC61 with short telomeres showed a
similar level of stability .

A widely recognized function of telomerase concerns the maintaining of telomere lengt h
and a capping function (Melek and Shippen, 1996 ; Zhu et al ., 1999, Blackburn, 2001 ; Stewart
et al., 2002). hTERT expression is also associated with non-telomere functions, such a s
regulation of a set of transcription of DNA repair genes, modification of chromatin (Chang e t
al ., 2003; Sharma et al ., 2003; Smith et al ., 2003), and resistance to proapoptotic stress
(Stewart et al ., 2002) . Actually, even if B3 and HCA17 .3 cell lines present a similar viability
of cells after 2 Gy irradiation, HCA17.3 cells show a very low level of apoptosis compared to
B3 cells (data not shown) . In regard with its activation of cell proliferation, telomeras e
activity could result in both, very stable karyotypes and unstable ones . Indeed, reactivation of
telomerase in tumor or senescent cells after initiation of genetic instability, may accumulat e
complex karyotypes by perpetuating instability (Chadeneau et al ., 1995 ; Tang et al., 1998;
Ducray et al ., 1999; DePinho, 2000 ; Fouladi et al ., 2000; Rudolph et al ., 2001 ; Mondello et
al ., 2003) . On the other hand, disruption of genes controlling the cell cycle in telomerase -
positive cells, such as immature or hematological cells, is an early event and the resultin g
karyotype is often quite normal, with few anomalies without excess-involvement of telomeri c
regions (Lengauer et al., 1998; Gisselsson, 2002) . It may therefore be informative to
determine whether elimination of telomerase activity in HCA17 .3 results in an increase in
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chromosome aberrations after irradiation as well as delayed chromosome instability .
Similarly, an overexpression of telomerase in B3 cells should lead to karyotype stability .
Thus, the stability observed in the hTERT immortalized cell lines, HCA-ltrt and HCA17.3 ,
might be due to a specific maintenance of the normal genome, involving a telomere -
independent role of telomerase . As a result, opportunities may arise to use hTERT
immortalized normal human cells to study gene targeting .
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Fig . 1 . PNA-telomere probe hybridised on metaphase spreads . Chromosomes are counterstained with DAPI . (a )
hTERT immortalized human fibroblast HCA17 .3 ; (b) human tumor cell line B3 . Note the telomere intensity
in HCA17.3 and the telomere homogeneity in both cell lines .



0 Gy 2Gy 5Gy Slope
HCA 0,02 0,97 2,60 0,52

SCC61 0,29 2,77 7,94 1,54
B3 0,96 2,70 5,00 0,80

SQ-9G 1,90 5,50 8,02 1,1 9

Table 1 : Rate of chromosome breaks per cell scores spontaneously and after 2Gy and 5Gy
irradiation. Slopes correspond to the tendency of the increasing of chromosomal breaks i n
function of irradiation doses .

OGy 2Gy 5Gy

mean spots number er metaphase
HCA17.3 1,25 1,5 0

B3 1,25 1,33 nd

% cells with single integratio n
HCA17 .3 53 77 73

B3 78 83 nd

Table 2 : Analysis of plasmid integration on metaphases at the first generation : both the mean
number of integrated plasmids per cell and the percentage of cell that presents a singl e
integration are reported for HCA1 7 .3 and B3 cell lines

OGy2Gy 5Gy

mean spots number per nucleu s
HCA17.3 2,72 1,91 3, 02

B3 1,73 0,83 2,23

% cells with s o f

HCA17.3 50,3 43,4 55,0

B3 21,6 23,0 23,2

Table 3: Analysis of plasmid integration on nuclei : both the mean number of integrate d
plasmids per cell and the percentage of cell that present at least one integration is reported fo r
HCA17 .3 and B3 cell lines .
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Summary

Using a substrate measuring deletion or inversion o f
an I-Scel-excised fragment and both accurate and in -
accurate rejoining, we determined the impact of non -
homologous end-joining (NHEJ) on mammalian chro-
mosome rearrangements . Deletion is 2- to 8-fold more
efficient than inversion, independent of the DNA end s
structure . KU80 controls accurate rejoining, whereas
in absence of KU mutagenic rejoining, particularly mi-
crohomology-mediated repair, occurs efficiently . In
cells bearing both the NHEJ and a homologous recom-
bination (HR) substrate containing a third I-Scel site ,
we show that NHEJ is at least 3.3-fold more efficien t
than HR, and translocation of the I-Scel fragment fro m
the NHEJ substrate locus into the HR-I-Scel site ca n
occur, but 50- to 100-fold less frequently than deletion .
Deletions and translocations show both accurate an d
inaccurate rejoining, suggesting that they correspon d
to a mix of KU-dependent and KU-independent pro -
cesses. Thus these processes should represent prom-
inent pathways for DSB-induced genetic instability i n
mammalian cells.

Introduction

Genetic instability is a hallmark of cancer cells, an d
tumorigenesis is frequently associated with DNA deletion ,
inversion, or translocation . The mechanisms leading to
such events are far from fully elucidated . Various se-
quences have been suggested to play a role, givin g
some clues in identifying the underlying processes (e .g . ,
topoisomerase I and II, chi, Alu, alternating purine /
pyrimidine tracts) (Boehm et al ., 1989; Bullock et al . ,
1985 ; de Klein et al ., 1986) . Besides these specific se -
quences, DNA double-strand breaks (DSBs) can also
be responsible for genome rearrangements, which also
gives some clues to the mechanisms involved .

DSBs are highly toxic lesions that can occur naturally ,
during physiological processes such as meiosis or V(D) J
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recombination, or accidentally after genotoxic stresse s
such as ionizing radiation (Jeggo et al ., 1995 ; Kleckner,
1996) . Several mechanisms can re-seal DSBs. Some
processes require sequence homologies between th e
two interacting molecules : gene conversion associate d
or not with crossing-over, single-strand annealing (SSA) ,
break-induced replication, and synthesis-dependen t
strand annealing (Paques and Haber, 1999) . Alterna-
tively, non-homologous end-joining (NHEJ), which i s
highly efficient in mammalian cells, joins two broke n
ends without requiring extended homologies (Roth an d
Wilson, 1986). DNA-PK, involving the KU80/KU70 he-
terodimer, is the most documented pathway for DS B
repair via NHEJ; however, alternative NHEJ process(es )
have been revealed in mammalian cells (DiBiase et al .,
2000; Feldmann et al ., 2000) . Although homologous re -
combination (HR) is considered as an error-free syste m
participating in the maintenance of genome stability ,
crossing-over between dispersed repeat sequences can
lead to genome rearrangements (Bollag et al ., 1989;
Gebow et al ., 2000) . Translocation can also be generated
by recombination between two homologous sequences
borne by two different chromosomes (Haber and Leung ,
1996; Richardson and Jasin, 2000) . However, HR canno t
account for most genome rearrangements. Indeed, a
majority of sequenced translocation breakpoints did no t
reveal any homologous sequence, thus indicating a n
illegitimate recombination process, as for example i n
Ewing's tumors (Zucman-Rossi et al ., 1998). Conse-
quently NHEJ constitutes a good candidate for one o f
the main pathways leading to genome rearrangement .
However, very little is known about the impact of NHE J
on genome rearrangement ; in contrast, NHEJ is involved
in genome stability maintenance and may suppress
translocations (Difilippantonio et al ., 2000 ; Ferguson et
al ., 2000) .

In the present work we address the question of whethe r
as few as 2 or 3 DSBs processed by NHEJ can also resul t
in DNA rearrangements in a chromosomal context, and
the impact of the KU-dependent and KU-independent
pathways on such events . To address this question at
a precise molecular level, we devised novel substrate s
allowing us not only to detect but also to quantify DN A
deletion, inversion, and insertional translocation in-
duced by enzymatic DSBs, specifically targeted in differ-
ent non-homologous intrachromosomal sequences (Fig -
ure 1) . This substrate was integrated in wild-type and
KU80-defective cells, giving in addition the opportunit y
to evaluate the impact of KU80 on repair of enzymati c
intrachromosomal DSBs . The strategy devised here
allows us to select NHEJ events and then to analyz e
the joining junctions, in order to characterize the fate o f
the DNA ends and the molecular events resulting i n
deletion, inversion, and insertional translocation . In ad-
dition, in contrast to previous studies, the strategy used
here records accurate as well as inaccurate events i n
an intrachromosomal context and thus offers the oppor -
tunity to re-address two additional questions, which are
still debated, one on the fidelity of NHEJ and the other
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CHO-DRAI0 Yes No

Co Yes pCOH-CD4

Iv Yes pINV-CD4

KA 8, KA13, KA15 No pCOH-CD4

KM4, KS4 No pINV-CD4

XD4, XD5, XD11 No pCOH-CD4

XU 3, XU7 No pINV-CD4

Figure 1 . Substrate and Strategy Used to Measure NHEJ
(A) The NHEJ recombination substrate. The only expressed gene is H2-Kd (bold blue arrow), which is under control of the pCMV promoter .
CD8 is not expressed (dotted white arrow) because it is in inverted orientation . CD4 is not expressed (dotted white arrow) because it is too
far from the pCMV promoter . Two I-Scel sites are present in non-coding sequences, the 5' one between the pCMV promoter and H2-kd an d
the 3' one between the inverted CD8 and CD4 . After cleavage by I-Scel, the internal H2-Kd/CD8 fragment is excised . Re-joining of the DNA
ends can lead to 2 different measurable events: (i) ligation with the CD4 fragment leading to the deletion of the internal H2-Kd/CD8 fragmen t
and expression of the CD4 gene (right part of the figure) ; (ii) inversion of the internal H2-Kd/CD8 fragment and ligation leading to the expressio n
of the CD8 gene (on the left of the figure). Deletion and inversion events can be measured by FACS or by fluorescent microscopy using CD 4
(deletion) or CD8 (inversion) antibodies . Cells can be selected by magnetic cell sorting (MACS) using CD4 or CD8 antibodies coupled t o
magnetic beads. The repair junctions can be amplified by PCR with specific oligonucleotides and sequenced .
(B) Two substrates were constructed . One has the two I-Scel sites in direct orientation, generating cohesive ends between the 5' and the 3 '
sites (pCOH) . The other substrate contains the I-Scel sites in inverted orientation, generating non-cohesive ends between the 5' and the 3 '
sites (pINV) .
(C)Names, and type of cell lines used .
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important process responsible for genome instabilit y
after generation of DSBs, in mammalian cells .

Result s

Strategy and Cell Lines
The NHEJ substrates, depicted in Figure 1, were stably
integrated in hamster in CHO-K1, in xrs6 (defective i n
KU80) or CHO-DRA10 cells . The latter cell line derives
from CHO-K1 and contains an intrachromosomal sub-
strate measuring HR induced by I-Scel (Liang et al .,
1998) . Before cleavage by I-Scel, H2-Kd is the only gen e
expressed. After I-Scel cleavage, the excision/deletio n
of the H2-Kd/CD8 fragment results in H2-Kd /CD4 +/
CD8- cells . Alternatively, inversion of the H2-Kd/CD 8
excised fragment leads to the control of CD8 expressio n
under pCMV: the cells become H2-Kd-/CD4 /CD8 + .

Two substrates were developed . In pCOH-CD4, th e
two I-Scel sites are in direct orientation, creating full y
cohesive ends (Figure 1 B) for the deletion events (CD 4 + )
that can perform both accurate and inaccurate repair ; i n
pINV-CD4 the two I-Scel sites are in inverted orientatio n
(Figure 1 B) creating non-fully cohesive ends for deletio n
(CD4 + ) . The ends can use some base pairing, but be-
cause it is limited and because repair is obligatoril y
mutagenic, we will refer to them as non-cohesive ends .
The names of the cell lines and the corresponding I-Sce l
sites orientation are summarized in Figure 1 C .

Evidence for Deletion Events
All the parental cells express the H2-Kd cell surface
antigen and can be detected by fluorescence micros-
copy (Figure 2A, left panel) and by FACS (Figure 2B, left
panel) . Deletion events resulting in CD4 expression ca n
be visualized by microscopy (Figure 2A, middle panel )
or by FACS (Figure 2B, middle panel) . Expression of
CD4 at the cell surface permits an easy selection of
CD4 + cells by magnetic cell sorting (MACS) . Deletion
can thus be confirmed at a molecular level by PCR analy -
sis on MACS-selected cells (Figure 2C, left panel) . I n
cells transfected with I-Scel, diagnostic PCR bands cor -
responding to the expected size were detected, whereas
they were not observed in cells transfected with a n
empty vector . Interestingly, deletion can be detected
with cohesive ends (Co) giving a 820 bp band, as wel l
as with non-cohesive ends (Iv) giving a 790 bp ban d
(Figure 2C, left panel) . Sequencing of these PCR frag-
ments confirmed the existence of the deletion events
(see later) . Taken together these experiments show that
the expression of CD4 + is the result of excision and
deletion of the internal I-Scel fragment and joining o f
the ends.

Evidence for Inversion Events
Inversion of the H2-Kd/CD8 internal fragment results i n
the expression of the CD8 cell surface antigen . These
events can be visualized by immunofluorescence mi-
croscopy (Figure 2A, right panel) and quantified by FACS
(Figure 2B, right panel) . The inversion events were con -
firmed at a molecular level by PCR analysis (Figure 2C ,
right panel) . I-Scel transfected cells produced a diag-
nostic band at the expected size (940 bp in Iv cells an d
970 bp in Co cells) for inversion events . Sequencing of

these PCR fragments confirmed the existence of th e
inversion events (see later) . These experiments demon -
strate the inversion and then re-integration at the sam e
locus of the H2-Kd/CD8 fragment excised by I-Scel .

Inversion Events Are Less Frequent than Deletio n
Events, Independently of the DNA End Structure
I-Scel begins to be detectable (by IF) between 6 and 1 2
hr posttransfection, and then expression peaks 40 h r
posttransfection (by IF or by FACS). I-Scel was still de-
tectable 72 hr posttransfection but at a lower level (Fig -
ure 3A) . The kinetics of occurrence of CD4 + and CD8 +
cells were measured following maximal I-Scel expres-
sion, i .e ., at 48 and 72 hr posttransfection . 72 hr post-
transfection, the mean frequencies of CD4 + and CD8 +
were 2 .5% to 3 .8% and 0 .5% to 1 .5%, respectively (Fig -
ures 3B and 3C) .

Whatever the cell line used, the frequency of deletio n
(CD4 +) was always higher (2- to 8-fold) than the inversio n
(CD8 +) frequency. Cells with non-cohesive ends were
as efficient as cells with cohesive ends in generating
deletion as well as inversions events (Figures 3B an d
3C) . These results show that whatever the structure o f
the DNA ends, deletions are 2- to 8-fold more frequen t
than inversions .

Analysis of Junction Diversity, Associate d
with DNA Rearrangemen t
The accuracy of NHEJ associated with DNA rearrange-
ments was examined at the re-joining site itself, by se-
quencing the repair junctions .
Cohesive Ends
We investigated the junctions at different times post-
transfection (at 16 hr, 40 hr, 72 hr, day 9, and 1 month )
in Co cells, and at day 9 in Iv cells . Indeed an accurat e
rejoining of cohesive ends restores an intact I-Scel site;
it can be re-cleaved by putative remaining I-Scel protein ,
until a mutagenic repair definitively inactivates the cleav-
age site . With non-cohesive ends the I-Scel site is oblig-
atorily inactivated at the first event. The PCR fragment s
(Figure 2) were sequenced after sub-cloning .

Figure 4A shows examples of junctions of 26 clones
resulting from cohesive ends (Co cell line), measured 9
days posttransfection . We found 9 clones (35%) that
had restored a functional I-Scel site (HiFi) . The othe r
events correspond to deletions or deletions/insertions.
Deletions corresponded to 42% of the events and mainl y
involved microhomologies (60%) and small-scale modi -
fications: 1 0 deletions (38%) smaller than 42 bp and on e
of 237 bp . Six (23%) insertion events associated wit h
deletion were recorded . Insertions were all from th e
pCMV-I-Scel expression plasmid (different fragments o f
the plasmid), most of them showing microhomologie s
at the template borders (data not shown) . We then inves -
tigated the nature of the junctions at early and late times
posttransfection : 16, 40, and 72 hr, 9 days, and 1 mont h
(Figure 4B) . The frequency of high-fidelity junctions (HiFi )
was 46% at less than 40 hr and at 72 hr posttransfection ,
i .e., during the time-course of maximum I-Scel expres -
sion . The frequency of HiFi then did not significantl y
decrease with time : 35% at 9 days and 33% at 1 mont h
posttransfection . Importantly, all modifications and mu -
tations were restricted to the I-Scel site, indicating that
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Figure 2. Detection of the Deletion or Inversion Event s
(A) Immunofluorescence microscopy. Left panel, expression of H2-Kd (red labeling) . Middle panel, expression of CD4 visualized by gree n
labeling (deletion event) . Right panel, expression of CD8 visualized by red labeling (inversion events) . Nuclei (in blue) were visualized by
DAPI staining.
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Figure 3 . Kinetics of Deletions (CD4) and Inversions (CD8)
(A) Kinetics of I-Scel expression after transfection, detection with an anti-HA antibody by immunofluorescence microscopy (IF), or by FAC S
(B) Kinetics of CD4 + occurrence in Co, Iv, or KA15 cell lines.
(C) Kinetics of CD8+ occurrence . The few events recorded at time 0 correspond to nonspecific antibody binding .

these mutations do not arise from the PCR and bacteri a
amplification steps, in which mutations should be dis-
tributed all along the sequenced DNA.
Non-Cohesive Ends Involve Microhomologies
and Mismatches
Junctions of 59 clones resulting from non-cohesive en d
ligation (Iv cell line) are shown in Figure 4C . The majority
of the clones showed base substitutions at the junction
(32+17/59, 83%) and the others showed small deletion s
(4+3/59, 12%) or deletion/insertion (3/59, 5%) . More
than half of the total clones (32/59, 54%) showed a
gat(A/T)aTc sequence with one extra nucleotide (under -
lined in the present text, in green in Figure 4D) compared
to the initial sequence . Seventeen other clones (29%)
could be clustered as g(A/T)ta(A/T)c without additio n
of one extra thymidine nucleotide . Interestingly, a "bias "
occurred for the mismatch repair of the g(A/T)ta(A/T) c
events. For a total of 17 g(A/T)ta(A/T)c clones, 14 were
gAta(A/T)c and 15 were g(A/T)taTc . Thus in a total
of 34 mismatches (two mismatches for each of the 1 7
g(A/T)ta(A/T)c events), 29 (85%) restored the initial pa-
rental sequence by excision and repair of the last 3'

protruding nucleotide of the cleaved site . Such bias was
not clearly observed with the gat(A/T)aTc events i n
which the NA mismatch was equidistant from each en d
(Figure 4D) . Three of the seven clones with small dele -
tions resulted from a repair process using microhomolo -
gies on the two central protruding nucleotides resultin g
in the gATc sequence . These three kinds of junctions
represented 88% of the junctions and could possibl y
be interpreted as the result of the annealing of two com -
plementary nucleotides creating mismatches, nucleo-
tide gaps, and flap structures (Figure 4D) .

We also found deletions/insertions: two insertions
were from pCMV-I-Scel expression plasmid and on e
from NHEJ substrate itself. Micro-homologies were
found at the junctions between the plasmid and th e
original endogenous NHEJ substrate (data not shown) .

Defect in KU80 Slightly Reduces Ligation Efficienc y
of Cohesive Ends but Not of Non-Cohesive End s
In order to evaluate the part of the KU-dependent NHEJ
pathway, the two types of NHEJ substrate were intro-
duced in the KU80-defective xrs6 cell lines and in th e

(B) Detection by FACS . Upper line, before I-Scel transfection . Lower line, after I-Scel transfection . Two left panels, detection of H2-Kd . Before
I-Scel transfection all cells are highly fluorescent (upper lane) whereas a large proportion of cells lose fluorescence after I-Scel transfectio n
(blue circle in lower panel) . Two middle panels, CD4 expression ; two right panels, CD8 expression . No significant cell proportion expressed
CD4 or CD8 before I-Scel transfection (upper panels) . Few events were scored by FACS but correspond to nonspecific binding of antibodies .
After I-Scel transfection, a significant cell population expressed either CD4 or CD8 (green and red circles in lower panels, respectively) .
(C) PCR detection of deletion (left panel) or inversion (right panel) events, after selection by MACS . The primers used are indicated and
localized on the maps (upper lane).
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Figure 4 . Repair Junction s

In bold, I-Scel cleavage site . Underlined, protruding sequence after I-Scel cleavage . Black squares, location of the microhomologies . The
number of nucleotides involved in microhomology-mediated repair is noted (nt) . (A) Cohesive ends (Co cell line) . The structures of the implicated
DNA ends are shown at the top of the figure . Examples of sequences of the junctions, 9 days posttransfection . (B) Percentages of the different
types of NHEJ junctions at different times after I-Scel transfection . (C) Repair junctions with non-cohesive ends (Iv cell line) . The structure s
of the implicated DNA ends are shown at the top of the figure . (D) Models for the end-joining mechanisms with non-cohesive ends, usin g
pairs of complementary nucleotides (microhomologies) .
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corresponding CHO-K1 parental line . In each case sev-
eral clones were studied . Experiments were carried ou t
over a longer period (up to 7 days) to reveal any putative
cell toxicity of I-SceI-DSB in KU80-defective cells.

Defect in KU80 slightly affects excision/deletion events
(CD4 + cells) involving cohesive ends . Indeed, distribu-
tion of CD4 frequency in the different KU-80 defectiv e
clones was significantly different compared to wild-typ e
clone distribution (Figure 5A) . 72 hr posttransfection ,
the mean CD4 + frequencies were 3 .1 ± 0 .2% and 2 .1 ±
0.07% in the wild-type and in the KU8 0- clones, respec -
tively (p < 0.01, student test) . 7 days posttransfection ,
the mean frequencies were 2 .8 ± 0 .4% and 1 .3 -+ 0 .08% ,
in wild-type and KU80- clones respectively (p < 0 .01 ,
student test) . Thus the mean CD4 + frequency decreas e
in KU80- clones was 32% and 54%, 72 hr and 7 day s
posttransfection, respectively .

In contrast with cohesive ends, the defect in KU8 0
did not significantly affect excision/deletion involvin g
non-cohesive ends (Figure 5B) .

Inversions (CD8) were less frequent than deletion s
(CD4) both in wild-type and in KU80 - cells, in a similar
range (data not shown) .

Defect in KU80 Affects Accurate Repair but Not
Microhomology-Mediated Repai r
In order to determine at a molecular level and in a chro-
mosomal context the impact of KU80 on the accurac y
of DSB rejoining, we compared the resealing pattern s
of cohesive ends, which allows both accurate and inac-
curate repair, in a KU80-defective and in wild-typ e
cell lines .

PCR amplification of the junctions of CD 4 + cells exhib -
its patterns that differ markedly between wild-type an d
KU80-defective cells . Many junctions from KU80- cell s
generate shorter PCR-bands revealing deletions at th e
junctions . Such deletions represent a minority of events
in junctions from wild-type cells (Figure 5C) . When se-
quencing the junctions in wild-type cells, accurat e
events correspond to 37% of the events (13/35 events) ,
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Figure 5 . Impact of the KU80 Defect on Intrachromosomal NHE J

(A and B) Deletions (CD4) in KU80- and wild-type cells, with cohesive ends (A) or non-cohesive ends (B).

(C) Repair junctions from cohesive ends in KU80- cells versus wild-type cells measured by PCR . The primers used and the diagnostic band

are shown above the upper panel .

(D) Distribution of deletion sizes . Deduced from sequencing of the repair junctions.

(E) Sequences of the repair junctions.
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whereas this frequency dramatically dropped to 1/3 2
(3%) in the KU80-defective cells (Figure 5E) . The scal e
of this decrease is consistent with the CD 4 + frequency
reduction (32%) with cohesive ends (Figure 5A) . Inaccu -
rate repair involves micro-homologies (1 to 5 nt) in 68%
(15/22) and 60% (18/30) of the events, in wild-type and
Ku80- cells, respectively, showing that KU80 does not
significantly affects microhomology-mediated repai r
(Figure 5E) . These results show that the KU80-depen -
dent pathway is responsible for most of accurate DS B
repair events and thus that the KU-independent NHEJ
system is a mutagenic process .

The mutagenic events at the junction mainly corre-
spond to deletions . Consistent with PCR analysis (Figur e
5C), sequence analysis confirmed that the extent of de-
letion is significantly larger in KU80-defective cells com -
pared to wild-type cells (Figure 5D), confirming tha t
KU80 protects DNA ends from exonucleolytic degra-
dation .

Evidence for Translocation of the Internal Fragmen t
The Co and Iv cell lines possess, in addition, an intra -
chromosomal marker to measure HR, which contains a
unique I-Scel site (Figure 6A). This substrate comprises
a direct repeat of two inactive cassettes of the neomyci n
resistance gene (Neo) separated by the hygromycin re -
sistance gene (Hygro) . One I-Scel site is inserted int o
the 5' Neo cassette (Liang et al ., 1998) .

We investigated by different methods the presenc e
of insertional translocations of the excised H2-Kd/CD8
fragment into the I-Scel site of the HR marker .

After I-Scel cleavage, cells having undergone exci-
sion/deletion of the H2-Kd/CD8 fragment become CD 4 + ,
but if the excised H2-Kd/CD8 fragment is re-integrate d
at the I-Scel site of the HR locus, the cells might als o
express either H2-Kd or CD8, depending on the orienta -
tion with regard to the promoter of the HR substrate
(Figure 6C) . Thus cells with insertional translocation
should become either CD4+/H2-Kd+ or CD4+/CD8 + .
However, CD4 + /H2-Kd + cells could also correspond to
deletion without associated translocation, i .e ., CD4 +
cells also bearing H2-Kd proteins produced prior I-Sce l
cleavage and still present at the cell membrane due to
the stability of the protein . To be sure to strictly monitor
insertional translocation events, we analyzed the fre-
quency of double CD4 +/CD8 + cells (corresponding to
the double appearance of de novo phenotypes afte r
I-Scel cleavage) in selected CD4 + cells.

To demonstrate such insertional translocation events,
we performed a cytogenetic analysis by fluorescenc e
in situ hybridization (FISH) . Cells were hybridized eithe r
with the probe "Hyg," spanning the hygromycin resis-
tance sequence of the HR substrate, or with the probe
"H2/CD8," corresponding to the fragment excised from
the NHEJ substrate after I-Scel cleavage (see Figure
6A) . Before I-Scel cleavage, in the same metaphase ,
each probe produced a unique signal on two differen t
chromosomes (Figure 6B, left panels) . After I-Scel cleav-
age, in the same metaphase from double CD4 + /CD8 +
cells, the H2/CD8 probe produced a signal located o n
the same chromosome and at the same locus than that
revealed by the Hyg probe (Figure 6B, right panels) .
This shows the translocation of the excised H2-Kd/CD8

fragment from the NHEJ locus to the HR locus an d
that the double-labeled CD4 + /CD8 + cells actually scor e
insertional translocation events . The mean frequencies
of double-labeled (CD4 +/CD8+) were 0 .8 ± 0 .27% and
1 .04 ± 0 .22% (from three independent experiments) o f
the total CD4 + cells, in cells lines containing either th e
pINV-CD4 or pCOH-CD4, respectively . This means that
the structure of the DNA ends, cohesive or non-cohe-
sive, does not significantly affect the efficiency of th e
translocation process. It can thus be extrapolated tha t
translocation leading to H2-Kd +/CD4 + cells should b e
in a similar range of frequency . Consequently the fre-
quency of insertional translocations can be estimated
to represent 1 to 2% of the CD4+ events . Since th e
frequency of CD4 + cells represents 2 .5% to 4% of the
events (see Figure 3B), the frequency of insertiona l
translocation events should range between 2 .51 0-4 and
8 . 1 0 -4. Thus excision/translocation events are 50- t o
100-fold less frequent than excision/deletion events .

To assess the translocation events at a molecula r
level, CD 4 + cells were selected by MACS and PCR anal-
ysis was performed on this population . Since the frag-
ment may be integrated in one or other orientation, PC R
amplifications were done with the 5'neo primer, local -
ized on the first neo cassette of the HR substrate an d
either the H2-Kd internal primer or CD8 internal prime r
(Figure 6C) . PCR analysis revealed the 670 bp band
characteristic of the neo/CD8 fusion, or the 620 bp ban d
of a neo/H2-Kd fusion, demonstrating the existence o f
both translocation events (Figure 6C) . The correspond -
ing bands were absent in cells not transfected wit h
I-Scel . With the primer pair Neo-H2int, a nonspecifi c
band appeared whether or not the cells were transfected
with I-Scel and its size did not correspond to that o f
any diagnostic band .

To confirm the fusion of the DNA ends, we sequence d
the translocation junctions (neo/H2-Kd and neo/CD8) .
In addition, we compared the sealing pattern from in -
sertional translocation with those from deletion . Some
derived sequences are shown in Figures 6D and 6E .
Neo/CD8 corresponds to ligation of cohesive ends an d
neo/H2-Kd to non-cohesive ends . Globally the pattern s
observed for insertional translocation are similar to that
of deletion with two DSBs in the same locus . With cohe -
sive ends (neo/CD8), accurate ligations (3/9, 33%) wer e
recorded . The other events (6/9, 67%) corresponde d
to deletions of similar extent than those observed for
deletion events in wild-type cells . With non-cohesive
ends (neo/H2-kd), 4/8 events corresponded to th e
gat(A/T)a and 2/8 to g(AIT)ta(A/T)c . One event was a
small deletion, which used a 4-nucleotide microhomol -
ogy. The last event was not recorded before and corre-
sponded to a partial duplication of the 5' part of th e
I-Scel site . Such events have been described in th e
chromosome breakpoint of translocation t(11/22) EWS /
FLI-1 leading to Ewing's tumors (Zucman-Rossi et al . ,
1998) .

Comparison of NHEJ and HR Efficiencies
in a Given Cel l
The CHO-DRA10 cells used here have previously bee n
used to establish the values of 30% to 50% of HR fo r
DSB repair at the HR locus (Liang et al ., 1998) . It was
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Figure 6 . Translocation of the I-Scel-Excised H2-Kd/CD8 Fragment from the NHEJ Substrate Locus to the HR Substrate Locu s

(A) Probes (bold lines) used for FISH.
(B) Example of FISH . The two left panels correspond to the same metaphase before 1-Scel transfection (H2-K d + /CD4-/CD8- cells) . Chromosome s
were labeled with propidium iodide (red) . Hybridization was performed with "HYG" (left panel) or "H2/CD8" (right panel), as indicated on th e
figure. The yellow signals (spots indicated by yellow arrows) were present on two different chromosomes . The two right panels correspond
to the same metaphase of CD4+ /CD8 + cells occurring after I-Scel transfection. Chromosomes were labeled with DAPI (blue). On the left panel ,
hybridization with the "HYG" probe (pink signal) . On the right panel, hybridization with "H2/CD8" (green signal) . Both the HYG and the H2/
CD8 probes revealed a signal located on the same chromosome, at the same locus . These data were systematically reproduced on eac h
interpretable metaphase. In each case, at least 100 metaphases were analyzed .
(C)PCR detection . The map of the possible events and the primers' localization and names (small black arrows) are shown on the figure .
(D)Sequence of the junctions Neo/CD8 (cohesive ends) .
(E) Sequence of the junctions Neo/H2-Kd (non-cohesive ends) . Black squares: location of the microhomologies . In red, mismatched nucleotides;
in green, extra nucleotide.
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Table 1 . Comparison of NHEJ and HR Events Induced by I-Sce l

Co DRA1 0

HR (% of NeoR)

NHEJ (% of CD4+CD8)
4.4±1 .3
4.3 ± 0.5

4.7±0 .8

Frequency of HR (Neon) in CD4 + cells
26.1 ± 4.9

Ratio CD4/Neo
3 .3±0 .5

Means of four experiments .

objected that NHEJ was underestimated because onl y
error-prone events were scored . The substrate devised
here allows measurement of accurate and inaccurat e
NHEJ events arising from loss of the excised fragment ,
but, importantly, re-integration of the excised fragment
in its initial configuration is not estimated. Below we
compared the HR and NHEJ frequencies that we are abl e
to measure on their respective and distinct substrates .

To compare the relative efficiency of HR and NHEJ ,
measurements were performed in parallel after a corn -
mon I-Scel transfection of Co cells (Table 1) . Mean fre -
quency of I-Scel-induced HR was 4 .7% and 4.4% i n
CHO-DRA10 and Co cells, respectively . Under the same
conditions, the frequency of NHEJ leading to deletions
and inversion (CD4 + plus CD8 + ) was 4 .3% in Co cells .
Importantly, re-integration of the internal fragment in its
initial configuration was not included in the frequencie s
calculated here . Thus to evaluate the actual frequenc y
of each event in a given cell, we first enriched CD4 +

cells, which have thus undergone one NHEJ event, an d
then we measured in this CD4 + population the frequenc y
of Neor (G418-resistant) cells, which have also under -
gone one HR event (Table 1) . In CD4 + -enriched cells ,
containing systematically more than 80% of CD 4 + cell s
(a mean of 83.64% from four independent experiments) ,
the mean frequency of Ne or is 26.1 % (Table 1) . With thi s
calculation NHEJ is a minimum of 3 .3-fold more frequent
than HR. Rejoining leading to the retention of the excised
fragment, which requires two ligation events, could po -
tentially occur frequently so that this estimate repre-
sents a lower limit of NHEJ events .

Discussio n

NHEJ : A Factor of Genetic Instability
Two DSBs on the same DNA molecule lead to the exci -
sion of the internal fragment, which can be deleted ,
inverted, or translocated . Among the different rearrange-
ments, deletions are 2- to 8-fold more frequent than
inversion . This may be due in part to the fact that deletio n
and inversion require one and two ligation events, re-
spectively. Additionally, the excised fragment can be
degraded and/or may be re-integrated in the genome . I t
has been proposed that chromosome (or chromosoma l
region) interacts with nuclear matrix and/or occupies
different territories, restricting mobility and interactio n
with each other (references in Haber and Leung, 1996) .
In the present work we show that the excised interna l
fragment can also be re-integrated into the genome a t
a third DSB, at an unrelated locus but 50- to 100-fol d
less frequently than deletion . This demonstrates that
the excised fragment can be mobile either in the same

locus (inversion) or in another one (insertional transloca-
tion). Similarly, in the same cell line as here, a genomic
fragment excised by an intrachromatid crossing-over
between direct repeats has been found randomly re -
integrated into the genome, but without determinin g
whether a DSB was present in the recipient locus (Lam -
bert and Lopez, 2000) .

Deletion, inversion, and insertional translocation ca n
arise both with cohesive and non-cohesive ends, an d
the re-sealing patterns of insertional translocation an d
deletions are very similar, both in the accurate/inaccu -
rate repair ratio and in the sizes of deletion . In particular,
both accurate repair and use of microhomologies ar e
recorded . This suggests that the similar processes ar e
involved in the different types of DNA rearrangement
studied here and that the ends of the mobile excised
fragment are submitted to similar metabolism and equi -
librium protection/alteration than the two close ends in
the same locus leading to deletion .

Accuracy of NHEJ at the Repair Junctio n
Associated with DNA Rearrangements
The accuracy of NHEJ has been extensively studie d
using different systems : in vitro reactions in acellular
extracts, with episomal plasmids transfected into cells ,
or with intra-chromosomal substrate (Baumann and
West, 1998 ; Chen et al ., 2001 ; Feldmann et al ., 2000 ;
Liang et al ., 1998; Lin and Waldman, 2001 ; Roth an d
Wilson, 1986 ; Smith et al ., 2001 ; Verkaik et al ., 2002) . We
compared here the accuracy of NHEJ in a chromosoma l
context, in the course of DNA rearrangements, i .e ., dele -
tion, inversion, and insertional translocation . Our strat-
egy allows measurement of events resulting in loss o f
the excised fragment including accurate and inaccurat e
rejoining of the ends generated . As was previously de -
scribed for the re-sealing of two DNA ends (Liang et al . ,
1998; Lin and Waldman, 2001), small-scale mutageni c
events can be recorded at the repair junctions. DNA
capture, in site-specific DSB, of exogenous DNA (for
example the I-Scel expression vector) or endogenou s
sequences (retrotransposon or mitochondrial DNA) has
been described in yeast and in mammalian cells (Liang
et al ., 1998; Lin and Waldman, 2001 ; Moore and Haber,
1996; Ricchetti et al ., 1999) . Our data show that, in addi -
tion, in mammalian cells an intra-genomic piece of DN A
excised by two DSBs can be captured in a third on e
using processes similar to that for the rejoining of tw o
closely related ends .

Ku80-deficient cells show excess degradation of ex-
trachromosomal DNA (Liang and Jasin, 1996). We show
here that on an intrachromosomal DSB, absence o f
KU80 leads to mutagenic repair associated with large r
deletions, indicating a protective role of KU80 against
extensive exonucleolytic degradation of chromosoma l
sequences.

DNA rearrangements (deletion, inversion, insertiona l
translocation) can be associated with mutagenic events
at the junction itself . With non-cohesive ends, the major-
ity of the events can be explained by the pairing of tw o
complementary nucleotide pairs . These microhomology
alignments create mismatches, nucleotide gaps, and
flap structures. Interestingly, the resulting repair junc -
tions clearly identify a bias, favoring the excision an d
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repair of the last 3' nucleotide of the cleaved site: either
it was clipped off before annealing and then followin g
annealing polymerase adds the correct nucleotide ; or ,
following annealing, the mismatch is repaired with a
nick-bias .

KU80 Controls Accurate Repair but No t
Microhomology-Mediated Repai r
DNA-PK-dependent NHEJ has been shown to protec t
against genome instability, and NHEJ-deficient cell s
show increased genome rearrangements such as trans-
location (Difilippantonio et al ., 2000; Ferguson et al .,
2000) . In contrast, irradiation of cells to 80 Gy (40 DSBs /
Gy/genome) leads to DNA-PK-dependent aberrant DN A
migration in pulse-field electrophoresis, which was in-
terpreted as large genome rearrangements resulting
from simultaneous (40 x 80 = 3200) DSBs (Rothkamm
et al ., 2001) . In the present work, at a molecular leve l
and in conditions preserving cell viability, we show tha t
excision/deletion, inversion, and translocation can oc-
cur when as few as two or three DSBs are simultaneousl y
produced, in DNA-PK proficient cells . Indeed, a wort-
mannin-sensitive DNA-PK activity has been measure d
in the CHO-DRA10 cell line used here (Delacote et al . ,
2002) . On cohesive ends, defects in KU80 slightly affect
the efficiency of excision/deletion or strongly affect the
re-sealing pattern. Accurate repair of cohesive ends i s
almost totally abolished in KU80-defective cells . Sinc e
accurate repair represents 30% to 40% of the repai r
events in wild-type cells, the almost complete abolition
of accurate repair is consistent with the slight decrease
(32%, 72 hr, and 54%, 7 days posttransfection) in CD 4 +
cells frequencies in KU80-defective cells. In addition ,
we show here, in a mammalian chromosome context ,
that the defect in KU80 did not affect the use of microho -
mologies, leading to inaccurate repair . Since the KU8 0
defect results in strong radiation sensitivity, one may as k
why it only slightly affects the CD4 + cells' frequencies.
Deletions and inversions require one and two ligations ,
respectively, whereas radiation produced 40 DSB pe r
Gy. It is conceivable that the difference in DSB sensitivit y
between wild-type cells and KU-deficient cells increase s
with the number of DSBs. Moreover, since the defect
in KU80 results in efficient mutagenic DSB repair associ -
ated with deletions, mutations in essential genes coul d
be responsible for one part of the radiation sensitivity .

Using a similar strategy in yeast with two HO cut site s
either in direct (cohesive ends) or opposite (non-cohe-
sive ends) orientation, it has recently been shown tha t
the defect in KU affects joining efficiency of cohesiv e
ends but not of non-cohesive ends and that a KU-inde -
pendent pathway uses imperfect microhomology at th e
junctions (Ma et al ., 2003) . These result s - are consistent
with ours . Our data at a chromosome level in living mam-
malian cells are also supported by data measuring DS B
repair of plasmids in yeast and in vitro data in mamma-
lian cell extracts showing the importance of KU80 i n
accurate repair and the use of microhomologies for al-
ternative repair (Boulton and Jackson, 1996; Ma et al . ,
2003 ; Feldmann et al ., 2000) . Consistently, in the presen t
results KU80 did not affect the efficiency of joining o f
non-cohesive ends . Taken together, the results sugges t
that KU80 controls most accurate chromosomal DSB

repair events and that a KU-independent mechanis m
uses microhomology-mediated repair and mostly lead s
to inaccurate DSB repair events . Thus the accurate/
inaccurate repair ratio and the sizes of deletions at th e
resealed site could represent acute signatures of th e
implication of KU in DSB repair. In vitro DNA-PK activity
is much higher in human cell extract compared to roden t
cells (Finnie et al ., 1995) . Thus one could predict a
greater involvement of the DNA-PK pathway versus KU-
independent pathway for DSB repair . If this comes true,
the accurate/inaccurate repair ratio should be highe r
and the deletion shorter in human cells compared t o
rodent cells .

Since both the relative rates of accurate and inaccu-
rate repair and the sizes of deletions at the resealed sit e
remain identical in all the rearrangements studied her e
(excision/deletion, inversion, insertional translocation) ,
this indicates that both KU80-dependent and KU80-in-
deppendent pathways are involved in such rearrange-
ments, in the same proportions . This interpretation i s
supported by results in yeast, showing particularly tha t
DNA insertions at an HO cut site are KU80 dependent
(Yu and Gabriel, 2003) . Thus, even when as few as two
or three DSBs are simultaneously produced in chromo -
somes, NHEJ (KU-dependent and KU-independent) ca n
re-seal broken DNA by exchanging the non-homologou s
double-strand ends, resulting in genome rearrange-
ments : deletion, inversion, and translocation .

Relative Efficiency of NHEJ versus H R
In many studies, NHEJ has been estimated to be muc h
more efficient than HR for DSB repair in mammalia n
cells. Nevertheless, one study estimated HR to account
for a large proportion (30% to 50%) of DSB repair, so
that NHEJ would account for 50% to 70% of repai r
events (Liang et al ., 1998) . However, NHEJ was underes-
timated because the technique used measured only er -
ror-prone events. We show here that error-prone events
correspond to 60% of the measurable events, in th e
NHEJ substrate. Thus it can be extrapolated that tota l
NHEJ (accurate + inaccurate) events, measured on the
HR substrate, should represent 62 .5% to 79 .2%, an d
thus HR 20.8% to 37.5% of DSB repair events. Ac -
cording to this calculation, NHEJ would be 1 .7- to 3 .8 -
fold more frequent than HR .

More directly, the presence of both substrates allow s
measurement of HR and NHEJ in a given cell . In experi -
ments conducted in parallel, from the same I-Scel trans -
fections, HR and NHEJ show similar frequencies . How-
ever, the NHEJ values did not take into account th e
events that re-integrate the excised H2-Kd/CD8 frag-
ment in its original configuration and which are not
scored. Nevertheless, the frequency of HR (G418 resis-
tance) in a population having undergone NHEJ (CD4 +
cells) leads to the estimation that NHEJ is a minimu m
of 3 .3-fold more frequent than HR . This value is highly
consistent with the above calculation integrating fre-
quencies of accurate and inaccurate NHEJ repair wit h
the value published (Liang et al ., 1998) at the HR sub-
strate .

Conclusion
We show here that even in DNA-PK-proficient cells, ex -
change of non-homologous broken ends can lead to



Molecular Cel l
62 2

deletion, inversion, or translocation, even with few si-
multaneous DSBs produced . Since NHEJ (KU-depen-
dent plus KU-independent) is an efficient DSB repai r
pathway (in comparison with HR), it should represent
prominent processes for generating profound genom e
rearrangements induced by DSBs, in mammalian cells .
However, KU80 appears to protect against mutagenesi s
and extensive degradation at the resealing site, thu s
limiting the potential deleterious impacts of genome re-
arrangements .

Experimental Procedures

DNA Manipulations
All DNA manipulations were performed as described (Ausubel et al . ,
1999) . Mouse H-2Kd, CD8, and CD4 cDNA were inserted sequen-
tially into the same pcDNA-6N5-his C vector (InVitrogen), respec-
tively, at sites BamHl, Xhol, and BstBl . The final vector is schema-
tized in Figure 1A. In order to avoid any homologous sequences ,
we used polyA sequences from different genes : SV40 for H-2Kd ,
TK for CD8, and BHG for CD4 . One I-Scel site was inserted into the
Nhel site and the second I-Scel site into the BstEll of the vecto r
described above .

Cells and Transfectio n
CHO-DRA10, Co, and Iv cell lines were cultured in DMEM and CHO -
K1, xrs6, and derivatives in a-MEM, supplemented with 10% feta l
calf serum (FCS), 2 mM glutamine,and 200 IU/ml penicillin, at 37° C
with 5% CO,. Linearized NHEJ vectors were electroporated int o
cells and blasticidin (5 µg/ml) was added 48 hr after electroporation .
Southern blots were performed on genomic DNA to confirm th e
single copy at a single locus . Expression of the meganuclease I-Sce l
in the cell lines was achieved by transient transfection of the expres -
sion plasmid pCMV-I-Scel (Liang et al ., 1998), using Jet-PEI, unde r
conditions specified by the manufacturer (Q-BlOgene, Illkirch,
France) .

PCR Primers
Locations are shown in the figures. For detection of deletion (CD4+ ),
the primers were "CMV-1 " : 5'-TGGCCCGCCTGGCATTATGCC
CAG-3' or "CMV-3" : 5'GTACGGTGGGAGGTCTATA3' and "CD4 -
int" : 5'-GCTGCCCCAGAATCTTCCTCT-3' . For detection of inver-
sion (CD8+ ), the primers were "CMV-2": 5'-ATATATGGAGTTCCGC
GTTACAT-3' and "CD8-int" : 5'-GAGCCAAGAGCATCCTTGCGA-3' .
For detection of insertional translocation (Neo-H2), the primers were
"Neo" 5'-CTGTCCGGTGCCCTGAATGAA-3' and "H2K-int": 5'-TC G
TCCACGTAGCCGACAGCG-3' . For detection of insertional translo-
cation (Neo-CD8), the primers were "Neo" 5'-CTGTCCGGTGCC
CTGAATGAA-3' and "CD8-int" : 5'-GAGCCAAGAGCATCCTTGCGA-3' .

Immunofluorescenc e
First antibodies were anti-H-2Kd (mouse isotype, SF1-1 .1, Phar-
mingen), anti-CD4 (rat isotype, RM4-5, Pharmingen), and anti-CD 8
(rat isotype, 53-6 .7, Pharmingen) . Mouse anti-HA antibody was
MMS-101 R, clone16B12 from BabCO . Donkey-anti-mouse IgG-Cy5
was from Jackson Immunoresearch .
Microscope Analysis
Cells were washed in PBS and fixed in PBS/2% PAF for 15 min at
room temperature. Cells were stained with either H-2Kd-PE 1/500
and CD4-FITC 1/500 or CD8-PE 1/100 for 30 min at room tempera -
ture in PBS/0.5% BSA. For HA staining cells were fixed, permeabil -
ized by incubation for 10 min in PBS/0 .5% saponin, and washed i n
PBS/0 .1 % saponin-Staining was done in PBS/0 .1 % saponin with
HA-antibody (1/250) and anti Cy-5 conjugated anti-mouse Ig G
(1 /100) for 30 min at room temperature.
FACS Analysis
Cells were dissociated with PBS/50 mM EDTA and washed and
fixed in PBS/2% PAF for 15 min at room temperature . Staining was
done on 106 cells .

Enrichment of CD4+ - or CD8+-Expressing Cells by MACS
Cells were dissociated with PBS/50 mM EDTA and washed wit h
PBS (without Ca t+ , Mg t+ )/0 .5% BSA/2 mM EDTA . 10' cells were
stained for 15 min with 1 .5 µg of anti-CD4-FITC or with 1 of anti -
CD8-PE at room temperature . Cells were then incubated with 20 µl
of beads of goat anti-rat IgG (Miltenyi Biotec) in 80 µl PBS/0 .5 %
BSA/2 mM EDTA for 15 min at room temperature . After washing ,
the positively stained cells were separated onto miniMACS columns ,
and enriched of about 80% .

Junction Sequence Analysi s
PCR products were cloned in pGEM-T (Promega), which allows
isolation of individual clones, and sequenced .

Fluorescence In Situ Hybridization
Cells for metaphase preparations were harvested using standard
protocols. In brief, cell cultures were incubated with colcemid for 1
hr at 37°C, cells were dislodged with trypsin-EDTA, transferred int o
centrifuge tubes, centrifuged at 1400 rpm for 7 min, and the superna-
tant was discarded . Pre-warmed hypotonic solution (0.013 M KCI ,
human serum in distilled water) was added to the cell pellet, gentl y
mixed by pipetting, and incubated for 20 min at 37°C . After 7 min
of centrifugation at 1400 rpm, cells were re-suspended by vortexing
and fixed twice in methanol:acetic acid 3 :1 . The cell suspension
was dropped onto cold, wet slides to make chromosome prepara-
tions. The slides were air-dried overnight .

FISH experiments were performed as previously described (Des -
maze and Aurias,1995) . The DNA probes were labeled either with
digoxigenin-11-dUTP (Roche) or biotin-11-dUTP (Sigma) using a
nick translation kit (Roche) . Hybridized metaphases were captured
with a CCD camera (Zeiss) coupled to a Zeiss Axioplan microscope
and were processed with ISIS software (MetaSystems, GmbH) .

Homologous Recombination
This assay was performed as previously described (Liang et al . ,
1998) ; recombinant colonies were selected in 750 µg/ml of G418 .
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Abstract . Telomeres are distinctive structures, composed
of a repetitive DNA sequence and associated proteins ,
which enable cells to distinguish chromosome ends fro m
DNA double-strand breaks . Telomere alterations, caused
by replication-mediated shortening, direct damage or de -
fective telomere-associated proteins, usually generat e
chromosomal instability, which is observed in senescence
and during the immortalization process . In cancer cells ,
this chromosome instability could be extended by thei r
ability to `repair' chromosomes and terminate in break-fu -

sion-bridge cycles . Dysfunctional telomeres can be healed
by activation of telomerase or by the `alternative mecha-
nism' of telomere lengthening . Activation of such telom-
ere maintenance mechanisms may help to preserve the
integrity of chromosomes even if they play a role in chro -
mosomal instability. This review focuses on molecular
processes involved in telomere maintenance and chromo -
somal instability associated with dysfunctional telomere s
in mammalian cells .

Key words . Telomere ; chromosomal instability ; telomere-associated proteins ; alternative lengthening of telomeres ;
tumorigenesis.

Introduction

	

eral interacting proteins . Components of the nonhomolo-
gous end joining (NHEJ) DNA repair system may also be

Telomeres are specialized DNA-protein structures located implicated in telomere protection . The loss of chromoso-
at the ends of linear chromosomes . In mammalian cells, mal integrity is attributed either to a functionally `un-
the telomeric sequence is a repetition of a hexanucleotide capped' state of the telomeres or when telomeres reach a
motif, TTAGGG, which serves multiple functions, in- threshold length in the absence of telomerase activity [2 ]
cluding prevention of fusion or degradation of chromo- and lead to the formation of chromosomal abnormalitie s
somes and facilitating chromosome segregation. In (CAs), a general characteristic of cancer [3] . Active telom-
normal somatic human cells, the telomere length pro- erase, which adds TTAGGG repeats, plays a role in al-
gressively shortens, and the cell population eventually lowing cell proliferation in most human cancer cells, bu t
undergoes senescence . At this stage, chromosomal insta- an alternative mechanism (ALT) of telomere lengthening ,
bility is maximal and characterized by great number of probably via homologous recombination and copy switch -
telomeric fusions . Although most cells die, the rare cells ing, also seems to be involved [4] .
that have bypassed senescence are generally aneuploid ,
express telomerase activity, have a stable telomere length
[1] and can potentially divide indefinitely . The protection Proteins and telomere maintenanc e
and maintenance of human chromosome ends require th e
function of two related factors, TRF1 and TRF2, and sev- Telomeric DNA and telomere-specific binding protein s

both play an essential role in stabilizing chromosome end s
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by forming a cap structure which protects chromosome s
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from degradation and terminal fusions [5] . In mammals ,
telomeric DNA located at the extremity of chromosome s
exhibits a 3' overhang . This single-strand DNA has been
shown to form a T -loop structure by invading the double -
stranded region of the telomeric DNA [6] . The T -loop
model provides the sequestration of the G-strand over -
hang, which could otherwise activate DNA damage
checkpoints and DNA repair enzymes . Formation and sta-
bilization of this structure are dependent on telomeric pro-
teins such as TRF1 and TRF2 and, as more recently de -
scribed, on proteins implicated in the general repai r
machinery (table 1) . Disruption of telomere function re-
sults in formation of dicentric chromosomes and other ab -
normalities created through end-to-end fusions [7] . In
senescent and in tumor cells, dicentric chromosomes,
rings and sister chromatid fusions are correlated with crit-
ically short telomeres [8] . Much evidence suggests that
the status of the telomeric complex, as well as the lengt h
of telomeric sequence, is crucial for chromosomal stabil-
ity [2] .

Telomerase
In most eukaryotes replenishment of telomeres is carrie d
out by a nuclear ribonucleoprotein called telomeras e
which adds simple telomeric sequences onto preexistin g
3' overhangs [9, 10] . In human cells, this reverse tran-
scriptase is constituted by a catalytic component (hTERT )
associated with an RNA subunit h(TR) . The hTR subunit
is ubiquitously expressed, whereas hTERT is only ex -
pressed in embryonic stem (ES) cells and germ cells . The
observation that 90% of tumors exhibit telomerase activ-
ity emphasizes that the lengthening of telomeres by telom -
erase is the process preferentially used to maintain the
proliferative potential of cells . Some evidence, however,
points to a role of telomerase in chromosome end protec-
tion which is independent of its ability to effect telomere
elongation. Human fibroblasts and endothelial cells ec-
topically expressing telomerase reverse transcriptase can
bypass replicative senescence despite a lack of telomere
elongation [11, 12] . Recent experiments, using a new
telomerase antibody, report for the first time that hTER T
is active in normal human fibroblasts during their transit
through S phase [13] . This hTERT activity suggests that
telomerase and telomere structure are dynamically regu-

Table 1 . Telomere-associated proteins identified in mammalian cells .

Name

	

Localization/interaction

	

Functions at telomeres

	

Gene localization

	

Reference s

telomere elongation
telomere-length maintenanc e
telomere protection
negative regulator of telomere length
(dependent on telomerase)
negative regulator of telomere length
(independent on telomerase )
chromosomal integrity maintanc e
TRF1 ribosylatio n
positive regulator of telomere length
positive regulator of telomere length
telomere length regulator

potent telomerase inhibitor

negative regulator of telomere length
role in telomere cappin g
capping and putative postreplicative
telomeres processing role
putative role in T -loop stabilization

putative role in telomere maintance b y
HR in ALT cell s
telomere structure maintance by

putative role in telomere structure
maintenance apoptosis signalin g
pathway
signaling of telomere-mediate d
function
telomere chromatinstructure

Specific telomeric protein s

Telomerase

	

direct interaction with TTAGGG overhan g
Pott

	

binds specifically to the G-rich strand of
telomeric DNA

TRF1

	

present in T loops and in APB s
double-stranded TTAGGG repeats bindin g

TRF2

	

present in T loops and in APB s
double-stranded TTAGGG repeats bindin g

TANK1/2

	

putative localizaation at telomeres
through its interaction with TRF 1

TIN2

	

TRF1 -binding protein
RAP 1

	

TRF2-binding protein
associated with APBs

PINXI

	

TRF 1 /Pin2-interacting protei n

Nonspecific telomeric proteins

Ku70/Ku86

	

found associated to telomeric repeats

DNA-PKcs

	

direct or indirect telomeric DNA association

Rad5O/

	

DNA-repair complex that binds TRF2
NSB/MRE1 1 associated with APB s
Rad51

	

APB localization in ALT cells

WRN/BLM binds 3' overhang
physically interacts with TRF2

P53

	

single-strand overhang binding T -loop
junction in vitro

ATM

	

TRF1 -interacting protein

5p15 .33 69
7 70

8q13 71, 7 2

16822 .1 6, 44, 73

8p23 .1/1 0q23 .3

	

28, 29

14gl 1 .2 24, 74
16 7 5

8p23 2 2

2g35/22g11-q-q13 76—7 8

8g11 57, 7 9

5g31 /8821 .3/11 q21 49, 80—8 3

15815 .1 84, 8 5

8p12-pl 1 .2/15826 .1 86, 8 7

17p13 .1 88, 8 9

l 1 q22-3 90, 9 1
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lated . Therefore, telomerase binding at telomeres, rather
than bulk telomere elongation per se, might protect ver y
short telomeres from recognition as damaged DNA .

TRF1 and associated proteins
In mammalian telomeres, two TTAGGG repeat bindin g
factors, TRF1 and TRF2, have been discovered [14, 15] . In
vitro, both TRF proteins bind to double-stranded telomeri c
DNA through a conserved myb domain located in thei r
carboxy-terminal domains, but they differ in their N ter -
mini rich in either acidic residues (TRF 1) or basi c
residues (TRF2). TRF1 and TRF2 negatively regulate
telomere length. Overexpression of TRF 1 or TRF2 in viv o
induces a gradual decline in telomere length [16, 17] . The
formation of the T loop was proposed to involve both
TRF1 and TRF2 . TRF1 has the ability to induce bindin g
and pairing of duplex telomeric DNA [18], wherea s
TRF2 induces the invasion of the 3' overhang into duplex
telomeric DNA [6] . Thus, the T -loop-based mechanism for
telomere protection would predict that both TRF1 an d
TRF2 are crucial for length homoeostasis of human
telomeres.
TRF1 prevents access of telomerase to the telomeres . Ex-
pression of a dominant-negative allele of TRF1 leads t o
telomere elongation [16] . In this system, TRF1 does not
affect telomerase activity, and according to the current
model, a large amount of telomeric protein would be re-
cruited on long telomeres, blocking telomerase-mediate d
elongation and thus leading to a decrease in telomere
length. A similar model has been proposed for telomer e
length homeostasis in yeast [19] . Recent chromatin im-
munoprecipitation (ChIP) experiments showed tha t
TRF1 interacts with a single-strand telomeric DNA-bind-
ing protein : POT1 (protection of telomeres 1). A mutant
form of POT1 abrogates TRF 1-mediated control of telom -
ere length and induces rapid and extensive telomere elon-
gation . TRF1 binding at telomeres increases the
POT1 binding on single-stranded DNA, which could se-
quester telomere terminus and thus block telomerase fro m
elongating the telomeric DNA . Alternatively, POT1 can
interact with the base of the T loop and could stabilize
telomeres in a closed conformation [20] . However, an-
other group showed that overexpression of different vari-
ants of POT1 leads to telomere elongation by telomeras e
[21] . They propose that POT1 could displace the T loo p
and might allow telomerase access to the 3' ends of huma n
telomeres . A TRF 1/Pin2 interacting factor is PinXl ,
which has been shown to interact with hTERT and mod-
ulate its activity directly [22] . Pint is the 20-amino acid-
deleted isoform of TRF1 and is more abundant than
TRF1 in the cell [23] . PinXl represents a novel class o f
proteins that can regulate telomerase activity . Indeed,
overexpression of PinXl inhibits telomerase activity ,
shortens telomeres and induces crisis . Moreover, depletion

of PinX 1 increases tumorigenicity in nude mice, suggest-
ing that PinXl is a putative tumor suppressor [22] .
TRF1 function is regulated by TIN2 and two homologou s
proteins, TANK1 and TANK2 . Binding of TRF1 to telom-
eric repeat sequences is enhanced by TIN2 . A mutation i n
TIN2 protein leads to telomere elongation, suggesting that
TIN2 is a negative regulator of telomere length [24] .
TANK1 and TANK2 have a poly(ADP-ribose) polymeras e
(PARP) catalytic domain. These modifications inhibit
TRF1 binding to telomeric sequences [25], and overex-
pression of TANK1 in tumor cell lines causes telomere
elongation [26] . Thus, TANKI might inhibit TRF1 bind-
ing and might be a positive regulator of telomere elonga-
tion . Recent data show that TANK1 overexpression lead s
to TRF-1 degradation by the proteasome . This degradation
is required to keep TRF1 off the telomere and is dependent
on TANK1-PARP activity. This is the first telomeric pro-
tein shown to be targeted by the ubiquitin-proteasome
pathway [27] . Like TANK1, overexpression of TANK2 i n
the nucleus releases TRF 1 from telomeres, suggesting that
in vivo TANK2 could play a role at telomeres [28] . Nev-
ertheless, overexpression of TANK2, but not TANK1 ,
causes rapid cell death by necrosis [29] . Different data
show that TANK2 associates and colocalizes with
TANK1 ; thus, both tankyrases might function as a com-
plex and probably mediate overlapping functions [30] .
Controversial studies concerning the role of PARP in con-
trolling telomere length have been carried out [31, 32] .
PARP1 deficient mice developed by Wang et al . were
found to have dramatically shorter telomeres and an in -
creased chromosome fusion frequency and aneuploidy
[33] . However, PARP1 knockout mice from De Murcia' s
laboratory displayed normal telomere length and a slight
increase in end-to end fusions compared with wild-type
mice [34] . Such discrepancy could be attributed to the dif-
ference in genetics background of these PARPI-deficient
mice . PARP1 deficiency in P53-'- genetic backgroun d
results in heterogeneity of telomere length [35] . Together
with recent finding that PARP1 interacts with telomerase
[36], these observations suggest involvement of PARP1 i n
the telomere length regulation .
Ataxia teleangectasia (AT) is an autosomal recessive dis -
order, and cells derived from AT patients show an accel-
erated loss of telomeres and elevated spontaneous fre-
quencies of chromosomal aberrations, including end
associations [37] . The gene responsible for AT, ATM [38] ,
a master controller of cellular pathways orchestrating the
response to DNA damage, has been reported to interact
and phosphorylate TRF1 [39] . A mutation in the ATM
gene increases the fraction of telomeres bound to the nu -
clear matrix . This may be the reason why AT cells have a
higher frequency of end-to-end associations [40] . Inhibi-
tion of Pin2/TRF1 in AT cells by stable expression of mu -
tants increases telomere length as shown in other cells .
Surprisingly, Pin2/TRF1 mutants reduce radiosensitivity
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and complement G(2)/M checkpoint defects [41] . These
results demonstrate a critical role for Pin2/TRF1 in th e
ATM-dependent regulation of telomere and DNA damag e
response . Protein level and subcellular localization of
Pin2/TRF 1 are tightly regulated during the cell cycle . I n
addition, overexpression of Pin2/TRF1 induced abortive
mitosis and apoptosis in cells containing short telomere s
[39] . These results, together with the demonstration of
Pin2/TRF1 interaction with microtubules, indicate tha t
Pin2/TRF1 also played an important role in mitoti c
progression [42] . The telomeric role of ATM was further
analyzed using ATM and telomerase double knock -
outs [43] . These mutants showed increased telomer e
erosion and genomic instability. However, the incidence of
T cell lymphomas associated with ATM deficienc y
was reduced . A general proliferation defect was evident in
all cell types and tissues examined, and this defect ex -
tended to tissue stem/progenitor cell compadlnents pro -
vides a basis for accelerated aging and premature death o f
the compound mice. Thus, ATM deficiency and telomer e
dysfunction act together to impair cellular and whole-or-
ganism viability, supporting the view that aspects of AT
pathophysiology are linked to the functional state o f
telomeres and the impairment of stem/progenitor cell re -
serves [43] .

TRF2 and associated proteins
The major known function of TRF2 at telomeres is to sta-
bilize G-strand overhang and thus to protect chromosome s
from end-to-end fusions [44] . Although TRF2 protein is
able to induce by itself the formation of the T loop in vitro
[6], it is likely that its role at telomeres in vivo require s
other factors . When TRF2 is inhibited, 15 % of telomeres
are fused, and telomeric DNA persists at the site of fusion ,
demonstrating that the TTAGGG repeat is not sufficien t
for telomere integrity [44] . Molecular analyses suggest
that the telomeres are ligated together by a DNA ligase I V
dependent NHEJ mechanism [45] . Indeed, it was demon-
strated that G-overhang loss precedes ligation [44] .
Telomere fusions can occur before and after DNA repli -
cation, resulting in dicentric chromosomes and chromati d
dicentrics, respectively [44] . Bailey et al . using chromati d
orientation fluorescent in situ hybridization (CO-FISH )
determined that it is usually the telomere created by lead-
ing strand DNA synthesis which is implicated in di-
centrics [46] . One possible explanation for preferential fu-
sion would be that the DNA synthesis of the leading
strand, unlike for the lagging strand, generates an appro-
priate blunt end substrate for NHEJ ligation . Thus, in th e
absence of TRF2, the cell fails to regenerate 3' overhang ,
and chromosome extremities remain unprotected due t o
their inability to be processed into the T loop . In a subset
of human cell types, TRF2 inhibition results in P53- an d
ATM-dependent apoptosis rather than senescence . These

results suggest that telomeres lacking TRF2 molecules are
recognized as damaged DNA [47] .
Recent experiments reported that overexpression of
TRF2 protein induces telomere shortening without accel-
erating senescence . Thus, TRF2 protects critically short
telomeres from end-to-end fusion and delays senescence
entry. It seems that the protected status of telomeres, in ad -
dition to the telomere loss, is important for entry int o
senescence [48] .
The complex Rad50/MRE 11 /NB Sl is a binding partner of
TRF2 [49] . The presence of this complex with a nuclease
activity at telomeres is particularly interesting with regar d
to the formation of the 3' overhang [50] . However, mam-
malian cells lacking the MRE1 1 complex are not viabl e
[51], conditional deletion would be required to determin e
the contribution of this complex at telomeres .
In human cells, WRN [the protein which is deleted in
Werner syndrome (WS)] physically interacts with TRF 2
[52]. In vitro, TRF2 also demonstrates a high affinity fo r
BLM (the protein deleted in Bloom syndrome) protein
[53].TRF2 interaction with either WRN or BLM results i n
stimulation of their helicase activities . The premature
senescent phenotype observed in WS cells does not seem
to be induced by abnormally short telomeres but may stil l
be related to telomere dysfunction [54] . The molecular
role of these proteins at the telomeres needs to be eluci-
dated, but they are likely involved in the cellular respons e
to dysfunctional telomeres .

DNA repair protein s
The fact that DNA repair proteins implicated in NHEJ or
in the homologous recombination (HR) process are lo-
cated at telomeres would suggest an involvement of thes e
proteins in structure and telomere length maintenance .
The role of proteins specific to HR will be detailed below .
The DNA-PK complex consists of a heterotrimeric sub -
unit which carries the catalytic activity (DNA-PKcs) an d
DNA-binding proteins called Ku (Ku70 and Ku86) . Th e
Ku proteins bind to double-strand breaks (DSBs) and re-
cruit DNA-PKcs to the break, whereas XRCC4 and ligas e
IV are involved in the final ligation step. Studies per -
formed on mouse embryo fibroblasts (MEFs) from
DNA-PK-4- mice showed telomeric DNA fusions wit h
normal telomere length, anaphase bridge and normal G -
strand overhang [55-58] . Recently, by generating mic e
doubly deficient in DNA-PKcs and in telomerase ,
Blasco's group showed accelerated telomere shortening .
In addition, DNA-PKcs is required for apoptosis inductio n
by critically short telomeres [58] . These results suggest
that DNA-PKcs interacts with telomerase to maintai n
telomere length, as well as to signal short telomeres as
DNA damage, triggering apoptosis and facilitating end -
to-end fusions of short telomeres . Experiments performed
in the hamster cellular system showed that the lack of
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DNA-PKcs also increases the gene amplification phe-
nomenon [59] .
In yeast, Ku has an essential role at telomeres . Ku defi-
ciency leads to telomere shortening, loss of telomere clus -
tering, loss of telomere silencing and deregulation of
telomeric G overhang [60, 61] . Furthermore, yeast Ku
moves from the telomere to the DSB upon induction o f
damage, suggesting a link between DNA repair and th e
telomeres [62, 63] . In mammals, Ku associates with
telomeric repeats [57] and can interact with TRF1 an d
TRF2 [64, 65] . Recent studies, carried out on late-gener-
ation telomerase-deficient and Ku86-deficient mice ,
point to a role of Ku86 in mediating chromosomal fusion s
and apoptosis induction in cells with critically shor t
telomeres, although it does not induce telomere shorten-
ing or deregulation of G overhang as shown by the analy -
sis of Ku86-deficient mice [66, 67] . All these results sug-
gest that Ku86 could contribute to render telomeres les s
accessible to telomerase or DNA repair activities .
Studies in mice demonstrate that the loss of single copy of
lig4 promotes development of soft tissue sarcomas that
possess clonal amplifications, deletions and transloca-
tions. These results demonstrate that reduced activity of
the NHEJ system gives rise to chromosomal aberration s
that drive non-lymphoid tumorigenesis [68] .

Chromosomal Instability in Replicative Senescenc e

In most human primary cells, telomeres shorten after each
replication round . When the telomeres reach a critical
length, cells stop dividing and enter senescence . Hayflick
first suggested that diploid fibroblasts undergo a limite d
number of divisions in culture, after which they stop pro -
liferating [92] . Primary cells undergo a finite number o f
divisions, arrest the cell cycle and reach mortality stage 1
(Ml) [93] . The replicative potential of primary cells ca n
be extended by viral oncogene (e .g . AgTsvao) transforma -
tion, despite the dangerous shortening of telomeres . Cell s
presenting critically short telomeres would cease to divid e
and enter crisis (mortality stage 2, M2) . Senescent cell s
can persist in culture for months to several years, remain -
ing metabolically active, but unable to synthesize DNA .
They also undergo morphological changes such as cell en -
largement, flattening and the expression of /3-galactosi-
dase activity at pH 6 [94] .
Replicative senescence seems to be a genetically domi-
nant phenotype as shown by a large number of somati c
cell fusion studies in which proliferating normal cell s
were fused with immortal tumor-derived cells . To estab-
lish how many distinct genes play a part in cellular senes -
cence, several immortal cell lines were fused with each
other [95] . The ability of some, but not all, fusion pairs t o
produce hybrid cells that are not immortal has led to the
identification of four complementation groups of replica -

tive immortality, indicating that at least four genes are re -
quired for the induction of senescence . These findings are
confirmed by chromosome transfer studies identifyin g
different genes that induce a senescent-like phenotype i n
immortal cell lines [96-99] .
In cultured human fibroblasts, the frequency of chromo -
somal abnormalities involving telomeric regions, espe-
cially dicentric chromosomes, rises dramatically as cell s
approach replicative senescence [7, 100-102] . Telomere
length has been found to be a good indicator of the po-
tential replicative capacity of cultured human fibroblast s
[103] and a correlation between the frequency of dicentric
chromosomes and telomere length in senescent huma n
cells has been demonstrated [7] . The frequency of di-
centrics increases, and cells enter Ml . Both events appear
to be triggered when telomere length reaches its minimu m
size of approximately 1 .5 kb . Thus, it might be suggeste d
that dicentric formation occurs through a direct end-to -
end fusion when telomeres erode sufficiently .
Senescent fibroblast karyotypes present abnormalities .
Telomere fusions occur as shown by the genesis of dicen -
tric chromosomes. In senescent cells, dicentric chromo-
some number rises far more than the number of othe r
chromosome aberrations such as fragments, gaps and
breaks [101] . Moreover, abnormal mitosis occurs during
colony expansion and is characterized by dicentric and un-
balanced translocations . Both the frequency of mitosi s
carrying telomeric associations and the number of telom -
eric associations per mitosis have been shown to increas e
with culture passages [104] . Finally, cytogenetic analysi s
of cultured fibroblasts obtained from centenarians (that i s
from individuals very close to the maximum expected life
span) does not reveal any peculiar structural chromosom e
anomaly, but some telomeric associations arose in cell s
approaching senescence [105] . In some studied cell lines ,
particular chromosomes seem to be preferentially in -
volved, indicating that dicentric formation is a result o f
changes specific to those chromosomes, rather than in -
volving general factors in the cell [101] . Also, in human
dermal fibroblasts, certain chromosomes are more impli -
cated than others in rearrangements involving specifi c
telomeric regions at late passages after irradiation with
heavy ions [106] .
The causal factor that drives a primary cell to ente r
replicative senescence is connected with telomere attrition
and telomerase absence . In this context, telomeres shorten
and lose their end stabilization function . In mTERC-'
p53 mutant mice, loss of telomeric function has bee n
shown to cause breakage-fusion-bridge cycles [107 ,
108], which result in the loss of chromosomal materia l
and chromosomal instability.
Primary MEF from the mTERC-t mouse strain were use d
to investigate whether dysfunctional telomeres, either du e
to telomere shortening to a critical length and/or loss o f
their end-capping function, lead to a senescence-like



6

	

N. Mathieu et al .

	

Telomeres and chromosomal instability

arrest in mouse primary cells [109] . This mouse strai n
lacks telomerase due to a targeted deletion of the gene en-
coding the telomerase template RNA [110] . Actually, af-
ter four to six generations in the absence of telomerase ,
the telomeres of these mice are as short as those in human
cells before senescence . mTERC-'- MEFs with short
telomeres have a reduced proliferative capacity as well a s
a reduced ability to immortalize spontaneously in culture.
These results indicate that telomere shortening limits th e
proliferative potential of cultured mouse fibroblasts .
Not only the telomerase, but also other telomeric proteins ,
such as TRF2, seem to be implicated in the induction, o r
in the prevention, of replicative senescence. Overexpres-
sion of TRF2 in human fibroblasts results in accelerate d
telomere shortening, without promoting premature senes-
cence [48] . TRF2 accelerates telomere shortening in sev-
eral fibroblast strains regardless of the status of p53 or th e
p l6-RB pathways . TRF2 also accelerates the entry int o
crisis in SV40 large T and HPV16-E6 and E7 cultures ,
probably by an earlier induction of the excessive genome
damage responsible for crisis . But its overexpression in
human fibroblasts lacking p53 and RB function (that grow
beyond normal senescence setpoint and continue to lose
telomeric DNA, resulting in frequent chromosome end fu -
sion and other chromosomal damage) creates a measur-
able reduction in chromosome end fusion and associate d
chromosomal damage . All these data suggest that overex-
pression of TRF2 can protect very short telomeres, an d
this would be the mechanism by which TRF2 can extend
the lifespan and alter the senescence setpoint of huma n
primary cells . Collectively, these data argue that replica-
tive senescence is caused by a change in the status of the
telomeric complex rather than by a complete loss of
telomeric sequences . One possibility is that critically shor t
telomeres in senescent human cells no longer bind suffi-
cient TRF2 to achieve a protective state. Alternatively,
binding of TRF2 may facilitate the recruitment of othe r
proteins required for telomere protection and suppressio n
of senescence .
Inhibition ofTRF2 was used to examine how mammalian
cells enter senescence in response to telomere dys-
function . A dominant-negative TRF2 allele expression
induces a premature senescence indistinguishable fro m
replicative senescence in primary fibroblasts [111] . Thi s
finding, together with the demonstration that over -
expression of TRF2 can delay senescence, suggests that
the initiating signal for the induction of senescence em-
anates from chromosome ends lacking sufficient
TRF2 protection.
As mentioned above, cells from AT patients exhibit ele-
vated frequencies of spontaneous chromosomal aberra-
tions, including end associations [37] . Altered telomere
interactions could influence the senescence signalin g
mechanism, since AT cells undergo premature senescence .
In addition, AT cells show telomere loss . Telomere length

reduction has been linked with chromosome end associa-
tions. It could be a consequence of a breakage not repaire d
near or within the telomere while chromosomes migrate i n
opposite directions . The expression of hTERT in AT fi-
broblasts extends their life span without changing the fre-
quency of telomeric end associations as well as the occa-
sional appearance of SA-3-Gal+cells [112] . The presence
of end-to-end associations in hTERT transformed AT cell s
suggests that these cells could still have altered telomere
nuclear matrix interaction, and that may influence the pre-
mature entry in senescence.
Since abnormalities in the replication and/or chromati d
separation of telomeric regions may affect the integrity o f
chromosomal ends, the behavior of several telomeres i n
cultured human fibroblasts during early and late cell pas-
sages was studied using fluoroscence in situ hybridizatio n
(FISH) experiments [113] . The results show that delay i n
replication and/or separation of several human telomeric
regions occur in primary fibroblast cells as they approac h
replicative senescence . Incomplete DNA replication, fail-
ure to separate sister chromatids, or improper condensa-
tion at telomeric regions would all be expected to com-
promise chromosomal integrity, if these cells progress t o
anaphase . Since a high percentage of dicentric chromo-
some and other chromosome abnormalities have been ob-
served in senescent cells, these findings provide a poten-
tial mechanistic model to explain these observations .
Moreover, the inactive X chromosome, which replicate s
late, shows an accelerated shortening of telomeric repeat s
[114] . Since the rate of aneuploidy in cultured lympho-
cytes increases with advancing age, with an extreme over-
involvement of the X chromosome in women [115], thi s
observation is also consistent with a potential causative
role of telomere shortening in the X chromosome aneu-
ploidy in aging women .

Chromosome aberration s

The first specific chromosomal aberration observed in a
tumor was the Philadelphia chromosome in chronic myel-
ogeneous leukemia (CML), in 1960 . Previously, abnormal
chromosomes had already been observed in tumor cells ,
but the relationship with the tumoral phenotype was only '
admitted in the late 1970s . The presence of chromosoma l
abnormalities is well known as a fundamental feature o f
tumor progression [3] . However, cytogenetic analysis ha s
revealed that the pattern of CA is largely different fro m
one type of tumor to another, with aberrations which are
specific or common to several tumors [116-118] . In gen-
eral, these chromosome changes are translocations, gene
amplifications, losses and gains of whole chromosomes or
large portions of chromosomes, leading to fusion genes,
modification of gene copy number or deregulation of th e
expression of various oncogenes .
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Chromosomal abnormalities in tumors
The number and type of chromosome changes might de -
pend on their temporal occurrence and on the probabilit y
of promoting neoplastic transformation . Mutations pro-
moting growth stimulation induce tumors most of tim e
when secondary events provide a selective advantage
[119] . This introduced the primary and secondary change s
concept, which is well developed in hematological malig-
nancies [120] . In general, primary changes are balanced,
recurrent and most of time the sole abnormality, but the y
represent an essential step in tumorigenesis . Secondary
changes are numerous, unspecific and give advantage s
during tumor progression . However, this `two-steps' view
of tumorigenesis depends on the affected cell [121, 122] .
On the one hand, hematological neoplasms and some bon e
and soft tissue tumors typically arise through balance d
translocations which are directly involved in the tumora l
phenotype . Characteristic illustrations are the t(9 ;22)
translocation in the CML or the t(11 ;22) in the Ewing sar-
coma [123, 124] . On the other hand, the vast majority o f
cancers occurring in human adults are carcinomas of ep-
ithelial origin . These tumors present highly rearrange d
karyotypes with perpetuating modifications during tumor
progression, so that high-grade solid tumors exhibit a
higher number of CA and no chromosomal change can b e
regarded as a common primary event [125] . However, th e
repeated occurrence of several changes favors the hy-
pothesis of two karyotypic evolutionary processes . For
example, in most colorectal tumors, monosomy 17p and
18 were found, and the karyotypic evolution involved
mainly several additional monosomies due to unbalanced
rearrangements or losses, as well as gains of chromo-
somes and amplifications . In this group of tumors, th e
mean number of chromosomes remains close to 46 and i s
called the monosomic type . In the other tumors, either a
monosomy 17 or a monosomy 18 was found. The kary-
otypic evolution involved essentially trisomies resulting
from gains and leading to the trisomic type with the mean
chromosome number close to 51 [126, 127] . Thus, chro-
mosomal variability in malignant cells may be due to an
inherent genetic instability caused by the dysfunction of
genes controlling cell division or cell death, includin g
DNA repair [128-133], and also by the founder cell effect .
Recent studies have strengthened the proposal that muta-
tional alterations conferring instability occur early during
tumor formation, then influencing the karyotypic evolu-
tion [134, 135] .

Telomere-driven chromosomal instability
in cancer cells
The shortening of telomeres or mutation of telomeric se-
quences can lead to the formation of telomeric fusions be-
tween chromosome arms [136-141] . Experiments carrie d
out on Tetrahymena showed a role of telomeres in chro -

mosome separation during mitosis . Expression of a telom-
erase RNA with an altered template sequence causes a se -
vere delay or block in completing mitotic anaphase . Al -
though the sister chromatids begin to separate and are
pulled apart as anaphase progresses, they are unable t o
segregate to daughter poles that lead to cell death . Mutant
telomeres could be inaccessible to factors that normall y
act to separate sister chromatids [141] .
In some cancer cells, loss of telomeric repeats may occur
at a high rate, leading to high frequencies of telomere as-
sociations. These fusions lead to anaphase bridges at th e
next cell division and then promote the breakage-fusion-
bridge (BFB) cycle mechanism generating numerou s
chromosome aberrations [142] . During mitosis, the two
centromeres of a dicentric chromosome are frequentl y
pulled towards opposite spindle poles, producing a break .
Broken ends, corresponding to chromosomes lacking on e
telomere, remain unstable until they are capped [143] :
either by fusion resulting in a novel chromosomal re-
arrangement or by capture of a telomere associated wit h
a nonreciprocal translocation of another chromosom e
fragment as described in tumor epithelial cells and mouse
fibroblasts [143-145] . These new fusions could generate
new unstable chromosome structures, perpetuating th e
BFB cycle and chromosomal instability. This BFB cycl e
triggered by telomere dysfunction has been shown to play
an important role in epithelial carcinogenesis in mic e
[107, 146] and in human tumors [108, 147], where a neg -
ative correlation has been established between the lengt h
of telomeres and their involvement in chromosome aber -
rations . Anaphase bridges can also cause whole chromo -
some losses or the collapse of the cytokinetic process ,
leading to numerical chromosome aberrations . Many o f
the characteristic genetic abnormalities in tumor cells, in-
cluding gene amplification, aneuploidy and loss of het-
erozygosity can be explained by the chromatid BFB cycl e
model [148] . This telomere-driven chromosomal instabil-
ity seems to occur early in the tumorigenesis since CA in-
volving telomeric regions are widely seen in tumors o f
low grade or in young people [108, 136, 149, 150] .
As mentioned above, the BFB cycle could generate
amplification (fig . 1) . Gene amplification is a commo n
consequence of genome instability in tumor cells and ca n
be the basis of oncogene activation and drug resistance
[151-154] . Several groups have provided evidence that
DNA breakages play an important role in the initiation o f
gene amplification [155, 156] . In fact, chromosom e
breaks might result in a global change in DNA com-
paction [157] . Moreover, amplification rates can be in -
creased by the proximity of chromosome fragile sites
[158]and by a delay in mitotic chromosome condensation
[159]that is sometimes induced by the phosphorylation o f
histone H3 [160, 161] . Gene amplification mostly con-
cerns the genes located close to the chromosome break -
point . The high level of amplification indicates the repet-
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Figure 1 . Gene amplification: consequence of telomere loss (from [162] . The human cell line was transfected with plasmids containin g
telomeric repeat sequences that `seed' new telomeres when integrated on the end of a ` marker' chromosome (chromosome 16) . Cells pre -
senting one lost telomere were subcloned . Fusions of sister chromatids and BFB cycles occur where the telomere is lost. To investigate th e
localized amplification, metaphase spreads were hybridized simultaneously with the fluoroscein-labeled cosmid RT99 (green) adjacent t o
the integration site, as well as an additional rhodamine-labeled cosmid 317H7 (red) that is located 1 Mb from the integration site . The chro-
mosomes were stretched to detect the hybridization signals generated by the two probes . Most hybridization signals involved the proximal
sequences, with only occasional signals involving sequences located at more than 1 Mb from the initial telomere loss .

itive occurrence of BFB cycles in the same location, pre-
dicting that these regions may be hot spots for chromo-
some breakage [162] . Even if the mechanisms promoting
translocations remain unknown, several studies have
pointed out the role of the recombination of specific site s
like Alu sequences [163], immunoglobulin genes [164 ,
165] or enzyme recognition sites [166] . All these data
strongly suggest that the chromatin structure, the sequence
and the chromosome condensation of particular chromo -
some regions are closely related to their involvement i n
formation of chromosome aberrations .
It was demonstrated that cells with mitotically unstabl e
chromosomes are eliminated rapidly [167] . In addition ,
critically short telomeres can induce cellular senescenc e
[168] . These responses to cellular damage are largely de -
pendent on the p53 protein implicated in the maintenanc e
of cell cycle arrest and in the activation of the differen t
proteins of the machinery of DNA repair . Recent analysis
carried out on telomerase knockout mice submitted to ra-
diation emphasizes the role of telomere length on radia-
tion-induced chromosomal instability. Short telomere s
fused with radiation-induced breaks causing the increase d
chromosomal instability observed in this mouse [169] .
When the mutations are too great in number or in conse-
quences, cell death or a program of apoptosis occurs . The
elimination of unstable cells plays a key role in tumor sup -

pression, avoiding the growth of cells with a proliferativ e
advantage [170] . On the one hand, telomere shortening in-
duces cell death and can lead to tumor suppression, whil e
on the other hand, it could initiate chromosome instabil-
ity and promote tumorigenesis . Thus, telomere shortening
can have two outcomes with opposite predicted effects o n
tumorigenesis.

Telomerase and tumorigenesi s

In 85–90 % of tumors, telomerase is involved in the se-
lective process of the tumorigenesis [7, 171, 172] . On the
one hand, TERT expression is associated with nontelom-
eric functions . Indeed, ectopic expression of telomeras e
could enhance cell survival in the face of proapoptotic cel -
lular stress [173] and regulate the transcription of a set of
genes implicated in cell growth and in the DNA repai r
system [174-176] . Recently telomerase was shown to in -
crease tumorigenic potential in mice, without any influ-
ence on telomere length [177, 178], and in human fi-
broblasts high expression of telomerase elicits senescence
growth arrest [179] . These findings support the notion that
telomerase might have novel and telomere-independent
functions . On the other hand, the most recognized function
of telomerase concerns maintenance of the telomeres . The
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acquisition of telomerase activity and the rescue of telom-
ere integrity also have two contradictory effects : stabiliz-
ing chromosome ends reduces genomic instability, [180] ;
conversely, bypassing the M2 limit confers immorta l
growth properties on tumor cells [181, 182] .
Activated telomerase produces a dynamic balance be-
tween elongation and shortening and tends to result in ho-
mogeneous telomere length . The resultant stabilization o f
telomere length promotes chromosome stability . In
hTERT immortalized cells, telomeres are usually shorter
than those in the normal cells from which they were de -
rived [183-185], and in some cases they continue t o
shorten further than the telomeres of transformed but non-
immortal cells that entered crisis . This suggests tha t
telomerase may protect chromosomes from end-to-en d
fusions, not only by lengthening the telomere but also by
a capping function [11, 173, 186, 187] .
Genetic instability, leading to the malignancy of cells b y
the disruption of genes controlling the cell cycle, can oc-
cur in telomerase-positive cells, such as immature or
hematological cells . In this case, the stabilization of bro-
ken chromosomes by telomerase is an early event, occur -
ring before the critical shortening of the telomeres caus-
ing the chromosome instability. The resulting karyotype is
often quite normal, with few anomalies and without over -
involvement of telomeric regions . Conversely, in rathe r
differentiated cells, numerous mutations have been accu-
mulated, and telomeres are short enough to induce end-to -
end fusions, leading to the BFB cycle mechanisms an d
maintaining chromosome instability . In this case, telom-
erase activation occurs late in tumorigenesis, after the ini-
tiation of the genetic instability [102, 143, 181, 182, 188 ,
189], and tumors may display complex karyotypes with
numerous and nonrecurrent chromosome abnormalitie s
[107, 122] . This category is the most represented i n
tumors of epithelial origin, the vast majority of huma n
cancers .

Chromosomal instability and ALT phenotype

Human cells possess at least one additional mechanis m
for telomere maintenance, alternative lengthening o f
telomeres (ALT), which is independent of telomerase and
relies on homologous recombination and copy switching
[190-192] . The large majority of human tumor cells ac -
quire immortality through expression of the catalytic sub-
unit of telomerase (hTERT) [193], whereas fewer cells ac-
tivate this alternative lengthening mechanism of telomere
maintenance [194] .
The ALT pathway in human cells is associated wit h
marked variability in telomere length, rapid telomere
lengthening or deletion of several kilobases, and the pres-
ence of specific nucleoprotein structures called ALT-as-
sociated PML bodies or APBs (fig . 2) [191] . All human

A
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C

Figure 2 . Telomeres heterogeneity in primary fibroblast (A), senes-
cent fibroblast (B) and ALT tumoral fibroblast (C) .

ALT+ cancers and cell lines analyzed to date have a ver y
wide telomere length distribution. Some chromosom e
ends have telomeres that are undetectable by FISH, whil e
others within the same cell have very long telomeric se-
quences [173, 190, 195, 196] .
Scheel et al . demonstrated that ALT cells present an in -
creased number of complex nonreciprocal chromosoma l
rearrangements compared with telomerase-positive cell
lines, suggesting that in ALT cells the occurrence of elon -
gated and shortened telomeres and signal-free chromo -
some ends could give rise to chromosomal end-to-end as-
sociations and BFB cycles [4, 197, 198] . ALT+ cell s
present a high frequency of drastic telomere length
changes . Some chromosomes with telomere sequence s
less than 200 bp showed a rapid and heterogeneous in -
crease of up to 50 kb, correlating with the occurrence of
increased chromosomal instability, and especially chro-
mosome fusion. In a telomerase-negative human cell line
with a tagged telomere [190], a correlation was found be-
tween the rapid changes in telomere lengths and the fre-
quency of chromosome fusions. Intertelomeric recombi-
nation events in human ALT cells were evidenced by
targeting a DNA tag into the telomeric region [192] . Up to
five tagged telomeres in one cell were observed by FIS H
analysis after 63 population doublings . This phenomenon
was not seen when the tag was located in the subtelomeri c
region. Taken together, these results focus on the recom-
bination-based pathway for telomere maintenance in ALT
cells . Moreover, Saccharomyces cerevisiae knockout for
the telomerase RNA gene displays telomere shortening ,
and the cells eventually die . Survivors were found t o
maintain their telomeres by a mechanism that was depen-
dent on RAD52, which encodes a protein that is involve d
in homologous recombination. Further analyses identifie d
two classes of telomerase-null survivors . Type I survivors
undergo amplification of a subtelomeric sequence (calle d
Y') and type II survivors have telomeres with lengths that
are very heterogeneous, but are increased overall
[199-201] . Both survivor types required RAD52 ; how-
ever, RAD51, RAD54 and RAD57 are required in type I
survivor, whereas RAD50, RAD59 and SGS 1 are neede d

HETEROGENEITY
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for type II [202-204] . The existence of a type I analogue
ALT mechanism in human cancers remains to be eluci-
dated, whereas type II analogue human cells have bee n
characterized [205] . Telomeres of the yeast type II cell s
therefore resemble those of human ALT cells . After im-
mortalization of ALT cells, the subtelomeric regions o f
specific chromosome ends were sequenced by polymerase
chain reaction. The results underscore the involvement of
a sequence from a donor, which is copied to a recipien t
telomere . A class of complex telomere mutations, de-
scribed only in ALT+ cells, are defined by replacement o f
the progenitor telomere at a discrete point, called fusio n
point, with a different repeat array [205] . No such com-
plex mutations have been retrieved in normal, precrisis o r
telomerase-positive cell lines, confirming that these mu-
tations are specific to ALT+ cells . A high frequency of
simple intraallelic telomere mutations in ALT+ cells ha s
been observed, indicating that such mutations contribut e
to telomere instability, putatively through a reduction i n
mismatch repair. Studies on yeast have suggested that a
defect in mismatch repair may remove a barrier to ho-
mologous recombination between telomeres and therefore
contribute to the ALT pathway for telomere maintenanc e
[206] .
However, the precise role played by recombination in AL T
lengthening of telomeres is still unknown. Both break-in-
duced replication and rolling circle amplification hav e
been proposed as mechanisms through which telomere s
are elongated in yeast . In human cells, four mechanisms
have been proposed so far : intertelomeric replication, T
loop, rolling circle and linear extrachromosomal telomeri c
repeat (ECTR) homologous recombination [196] . In in-
tertelomeric replication, the single-stranded overhan g
DNA at the end of one telomere invades double-stranded
DNA of another telomere and uses it as a copy template
[207] . T loop could contribute to telomere length variatio n
in ALT cells in several ways : a telomere can be lengthene d
by using itself as a copy template in the T loop . In the case
of cross-over events, ECTRs can be formed after loop-me -
diated excision, as circular or linear forms, leading t o
telomere shortening which could account for the rapid re -
duction in telomere length seen in ALT cells [190] and i n
hybrid cells in which ALT is repressed [195] . Moreover,
the resulting ECTR is involved as copy template for ho-
mologous recombination at the ends of other chromo-
somes resulting in continuous telomere length fluctuations
[196] . These mechanisms might have different efficien-
cies in maintaining telomere integrity and in chromosome
stability. Thus, ALT cells maintain their telomeres vi a
striking length variations, whereas activated telomerase
produces a dynamic balance between elongation an d
shortening and tends to result in telomeres of somewha t
homogeneous length .
Further indirect evidence that the ALT mechanism might
involve homologous recombination came from the par -

ticular composition ofAPBs . PML bodies are constitute d
by protein accumulations in the nuclei of most norma l
cells . These proteins are involved in a wide variety o f
functions such as tumor suppression, cell cycle regulation,
senescence and apoptosis [208] . In all human ALT cel l
lines examined to date, APBs are distinguished from other
PMLs by the presence of telomeric DNA, telomeric bind-
ing proteins such as TRF1and TRF2 [85], and a wid e
range of proteins involved in DNA recombination an d
replication, such as RAD51, RAD52, RPA, MRE11 ,
RAD50, NBS1, BLM and WRN [71, 209] ; reviewed i n
[196] . There is a temporal correlation between the im-
mortalization event and the occurrence of APBs [85] .
Conversely, when ALT is repressed in somatic cell hy-
brids, APBs eventually disappear [195] . Moreover, a tight
correlation between the presence of APBs and ALT phe-
notype has been pointed out [85] . The telomeric DNA i n
APBs may be a subset of the total ECTRs that have bee n
detected in various types of cells [210, 211] . In general ,
ECTRs are not detectable in telomerase-positive cell line s
or in normal human cells [210] . Several proteins hav e
been identified as associated with APBs, but whether the y
are required for the human ALT pathway or not still needs
to be elucidated. It seems possible that the function o f
APBs is to repair or to eliminate telomeric DNA which i s
recognized as genomic damage by the cell . A recent study
identified BLM as involved in telomeric DNA synthesis
via a functional helicase domain, exclusively in ALT cells .
These results strongly suggest that BLM could facilitate
recombination-driven amplification of telomeres in ALT
cells [53] .
Thus the presence of these recombination-involved pro -
teins within APBs emphasizes recombination-base d
telomere lengthening in ALT+ cells . The specific genetic
requirements that promote the ALT pathway are not so fa r
elucidated due to difficulties in genetic analyses of huma n
cells . An inducible ALT system, where intermediate path-
ways steps could be analyzed, still needs to be established .
Telomerase and ALT telomere maintenance mechanism s
are equivalent in terms of immortalization and full tu-
morigenesis capability. However, their efficiency in tu-
morigenesis as well as chromosome stability may be quit e
different. Despite their long mean telomere length, most
ALT cells contain some very short telomeres, which are
more prone to end-to-end fusion events than telomerase -
maintained telomeres and so might be a source of chro-
mosome instability.
Emerging studies emphasize that activation of telomer e
maintenance strategies is not an obligatory step for tu-
morigenesis in human cells . Rudolph et al . reported that
acquisition of a telomere maintenance mechanism is no t
strictly required for early stage carcinogenesis in huma n
fibroblasts but may occur as a later event, restoring ge-
nomic stability to a permissive level for tumor progres-
sion. This hypothesis may be supported by the observation
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that one patient with osteosarcoma showed metastasi s
telomerase-/ALT + when primary tumor was telom-
erase-/ALT- [212] .
Unexpectedly, the absence of detectable telomere mainte-
nance mechanisms was observed both in a subset of os-
teosarcoma [212] and in a clone derived from ALT cell s
that express a mutant form of hTERT incapable of elon-
gating telomeres in vivo [M. A. Cerone et al., personal
communication] . This clone shows suppression of the
ALT pathway, absence of telomere shortening and no am-
plification of the subtelomeric regions . This could suggest
that telomere maintenance mechanisms in human cell s
could be more diverse than previously thought .

Conclusio n

As is now well documented: the telomeres in normal hu -
man cells shorten progressively during successive cellula r
divisions . This telomere erosion has been attributed to th e
inability of the general DNA replication machinery to
replicate completely the very ends of the chromosomes .
Thus, telomeres may be lost completely or shortened to
such an extent that they no longer protect the ends o f
chromosomes. The protecting function of these nucleo-
protein elements requires not only a minimum size bu t
also an adequate structure, which involves numerous pro -
teins . In addition to telomeric proteins, a growing number
of proteins involved in DNA repair machinery have been
demonstrated to interact with telomeres . When telomere
function is altered, cells stop dividing and develop a senes-
cent phenotype which has the characteristic of a high fre-
quency of telomere associations. This telomere dysfunc-
tion is necessary for the initiation of carcinogenesis, as i t
induces chromosomal instability. The chromosomal in -
stability remaining during tumor progression is balanced
by the activation of telomere maintenance mechanisms . It
was first thought that telomere length was maintained b y
the telomerase activity in cancer cells . A second mecha-
nism defined as ALT was then described and seems to in -
volve homologous recombination. Recent publication s
point to the possibility of immortalization without th e
involvement of any detected telomere maintenance mech-
anism.
Understanding these complex telomere maintenanc e
mechanisms and the resulting chromosomal instability i s
primordial in designing new drugs and in overcoming th e
inefficiency of anti-telomerase-based therapeutics . Inves-
tigation of the potential correlation between telomer e
maintenance mechanisms and chromosomal instabilit y
may aid definition of additional biomarkers helpful for tu-
mor-type classification and then development of appro-
priate therapeutic protocols .
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SUMMARY

As telomeres are crucial for chromosome integrity ; we investigated the role played by telomeric

sequences in the formation and in the transmission of radio-induced chromosome rearrangements i n

human cells . Starting from interstitial telomeric sequences (ITS) as putative region of breakage, we

showed that the radiation sensitivity is not equally distributed along chromosomes and. is not

affected by ITS. On the contrary, plasmid integration sites are prone to radio-induced breaks ,

suggesting a possible integration at sites already characterized by fragility . However plasmids do

not preferentially insert at radio-induced breaks in human cells immortalized by telomerase . These

cells showed remarkable karyotype stability even after irradiation, suggesting a role of telomeras e

in the genome maintenance despite functional telomeres . Finally, we showed that the presence of

more breaks in a cell favors the repair, leading to an increase of transmissible rearrangements .



Résumé

Les télomères sont les extrémités des chromosomes linéaires, formées de courte s
séquences répétées associées à des protéines spécifiques . Ils ont un rôle majeur dans l e
maintien de l'intégrité chromosomique . Dans beaucoup d'espèces, les répétitions
télomériques se localisent aussi au niveau de sites chromosomiques internes (Interstitia l
Telomeric Sequences, ITS) . Les ITS peuvent être des "points chauds" de cassure et de
recombinaison et, dans les cellules de Hamster Chinois, sont impliqués dans l'instabilité
chromosomique après irradiation . Chez l'homme, l'implication des ITS dans des points chaud s
de cassure et de recombinaison ou dans la formation et la transmission de remaniements radi o
induits n'est pas clairement démontrée .

Le but de ce travail est de rechercher une implication éventuelle des ITS humaine s
dans les remaniements chromosomiques radio-induits, même si les ITS ne montrent pas
d'instabilité spontanée . L'étude des ITS est rendue difficile par le faible nombre d e
répétitions, associé à la dégradation des séquences télomériques . En conséquence, nous avons
utilisé une lignée transfectée par un plasmide contenant 800pb de séquences télomériques ,
intégré dans une région interstitielle d'un chromosome humain pour étudier l'implication d e
cette ITS artificielle dans les réarrangements chromosomiques radio-induits. Les résultats de
FISH ne montrent pas de différence significative entre les sites d'intégrations des plasmide s
avec ou sans séquences télomériques, mais au niveau de ces régions, le nombre des cassure s
observées est plus élevé qu'attendu . Ce résultat indique que les sites d'intégration pourraien t
eux mêmes être enclin aux cassures radio induites . Cette observation peut expliquer
l'insertion du plasmide à ces endroits, il serait alors possible d'utiliser cette méthode pour
"marquer" les cassures radio induites et suivre la formation des remaniement s
chromosomiques radio induits . Dans ce but, nous avions mis en place un modèle cellulair e
mais les résultats obtenus ont montré que le nombre de sites d'insertions n'était pas différent
entre cellules irradiées et non irradiées, suggérant que le nombre de plasmides intégrés n'est
pas directement corrélé au nombre de cassures radio induites . Ce modèle devait aussi nous
permettre d'étudier le rôle de séquences télomériques dans l'apparition ,de délétions, en
stabilisant les extrémités d'un chromosome cassé après irradiation. Nous avons donc établi
des clones stables, en transfectant les cellules, après irradiation, avec un plasmide contenant
ou non des séquences télomériques . La comparaison entre clones transfectés avec ou san s
séquences télomériques, irradiés et non-irradiés nous a permis de montrer que, dans notr e
modèle cellulaire, les séquences télomériques ne stabilisent pas les cassures en créant u n
nouveau télomère . Nous avons effectué cette étude sur une lignée de fibroblastes humains
immortalisés par la sous unité catalytique de la télomérase . Les résultats obtenus montrent que
la télomérase de ces cellules est exprimée et active in vitro, mais n'agit pas au niveau de s
séquences télomériques portées par le plasmide . Ces résultats suggèrent un rôle de la
télomerase, peut être indépendant de son activité au niveau des télomères, dans la stabilit é
caryotypique, même après exposition aux rayons y .
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