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The telomere structure in the Iberian shrew Sorex granarius is characterized by unique, striking features, with short arms of ac-
rocentric chromosomes carrying extremely long telomeres (up to 300 kb) with interspersed ribosomal DNA (rDNA) repeat
blocks. In this work, we investigated the telomere physiology of S. granarius fibroblast cells and found that telomere repeats are
transcribed on both strands and that there is no telomere-dependent senescence mechanism. Although telomerase activity is
detectable throughout cell culture and appears to act on both short and long telomeres, we also discovered that signatures of a
recombinogenic activity are omnipresent, including telomere-sister chromatid exchanges, formation of alternative lengthening
of telomeres (ALT)-associated PML-like bodies, production of telomere circles, and a high frequency of telomeres carrying
marks of a DNA damage response. Our results suggest that recombination participates in the maintenance of the very long telo-
meres in normal S. granarius fibroblasts. We discuss the possible interplay between the interspersed telomere and rDNA repeats

in the stabilization of the very long telomeres in this organism.

Telomeres are nucleoprotein structures that protect chromo-
some ends from degradation and end-to-end fusions (1).
Telomeres also play a major role in tumorigenesis, cell senescence,
and apoptosis (2). Telomere length, which is an important indi-
cator of telomere function, is the result of the equilibrium between
shortening events and lengthening activities (3). To neutralize
telomere erosion, which occurs with every cell division, the ma-
jority of immortal cells, as well as germ line cells, use telomerase, a
dedicated ribonucleoprotein enzyme that is able to add telomere
repeats to the 3" ends of chromosomes (1). However, the majority
of human somatic cells express telomerase at very low levels, and
as a result, telomeres progressively shorten (2). The sustained loss
of telomeric DNA eventually triggers cell senescence, thus limiting
the proliferation capacity of somatic cells. This proliferation bar-
rier in humans is deemed to play a fundamental role in tumor
suppression (2). It was shown recently that in the case of telomer-
ase-mediated telomere lengthening in the human male germ line
and in phytohemagglutinin (PHA)-stimulated leukocytes, an ad-
ditional mechanism of telomere length control operates, leading
to telomere shortening through rapid deletions (telomere trim-
ming) (4). This is a homologous recombination-based excision of
the T loop, a structure formed by the folding back of the telomere
and invasion of the double-stranded portion by the 3" telomere
overhang (5). The resolution of these T loops results in the pro-
duction of extrachromosomal T circles (6). The production of T
loops is also a characteristic feature of alternative lengthening of
telomeres (ALT), a telomere maintenance mechanism based on
homologous recombination, found in some telomerase-negative
immortal cell lines and primary cancers (7).

Despite the fact that both telomere structure and function are
largely conserved from budding yeast to humans, evolutionary
approaches to telomere biology in mammalian species have
shown that repression of telomerase in somatic tissues as a way to
control cell proliferation is not universal. In fact, it appears that
most of the species with telomeres whose lengths exceed 25 kb do
not use replicative aging (8). What determines this limit and how
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this feature is related to genome and karyotype evolution among
species are not clear.

We showed in previous works that the closely related species
Sorex granarius and Sorex araneus, while exhibiting karyotypes
composed of almost identical chromosomal arms, forming either
acrocentric or metacentric chromosomes (9), display telomeres
with strikingly different architectures (10, 11). For instance, all the
chromosome arms found in S. araneus carry relatively short telo-
mere lengths (6.8 to 15.2 kb) (12). In contrast, the short arms of S.
granarius acrocentric chromosomes have extremely long telo-
meres (average of 213 kb), while telomeres on the long chromo-
some arms are 3.8 kb long, on average (10). Furthermore, a struc-
tural analysis of the very long telomeres in S. granarius showed
that at least some of them have a discontinuous arrangement, with
interspersions of telomeric DNA with ribosomal DNA (rDNA)
repeats (11).

In the present work, we investigated the physiology of telo-
meres in primary S. granarius fibroblast cells. We show that S.
granarius fibroblasts cultured in vitro express telomerase and do
not display replicative senescence or telomere crisis and that both
short and long telomeres appear to remain functional after ex-
tended periods of in vitro passages. Moreover, along with active
telomerase, we found signs of active recombination at telomeres
(including a high frequency of telomere-sister chromatid ex-
changes [T-SCEs], the presence of T circles, and elevated levels of
DNA damage response-positive [DDR™] telomeres), suggesting
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that recombination mechanisms participate in the maintenance
of the very long telomeres of S. granarius cells.

MATERIALS AND METHODS

Cells. The primary culture of S. granarius fibroblasts was established from
pieces of intercostal muscles. Tissue pieces were kindly provided by V.
Volobouev. A number of small pieces were placed on the surfaces of 25-ml
flasks with a small volume of a culture medium mixture of Igla and F10
media (Biosciences), supplemented with 10% calf embryonic serum
(Gibco). Five milliliters of culture medium was carefully added after 1 h.
After a few days, fibroblasts formed a confluent monolayer and were
passed into a larger flask. Passaging of fibroblasts was then performed
every 3 to 4 days. Most experiments were performed with subconfluent
cultures containing actively dividing cells.

For chromosome-oriented fluorescence in situ hybridization (CO-
FISH), cells were cultures in the presence of 10 uM bromodeoxyuridine
(BrdU) and 3.3 pM bromodeoxycytosine (BrdC) for 21 h.

For experiments where expression of ICP0* was examined, cells were
transfected with the plasmid pAL119::ECFP-ICP0*, encoding an N-ter-
minal enhanced cyan fluorescent protein (ECFP) fusion to the ICPO ring
finger deletion (13, 14). Fifteen million cells were transfected with 40 pg
PAL119 by use of Lipofectamine 2000 (Invitrogen) according to the man-
ufacturer’s instructions.

For chronic telomerase inhibition, cells were treated with dimethyl
sulfoxide (DMSO) or BIBR1532 (10 wM) for 60 days. Cell cultures were
maintained at subconfluent levels, and medium containing the solvent or
the drug was replaced every 2 days.

Preparation of slides for karyotyping, immunofluorescence (IF),
and FISH procedures. For chromosome preparation, cells were treated
with 20 ng/ml colcemid (Gibco) for 1 1/2 h prior to hypotonic shock with
0.075 mM (0.56%) KCl for 20 min at 37°C and fixation in a mixture of
ethanol (or methanol) and acetic acid (3:1) (13). For routine karyotype
analysis, chromosomes were stained with DAPI (4',6-diamidino-2-phe-
nylindole). FISH and CO-FISH procedures were carried out as described
previously (13, 15, 16).

For IF experiments and assays of telomere-induced foci in metaphase
spreads (meta-TIF assays), cells or chromosome material was prepared by
cytospin centrifugation as described previously (13). Briefly, suspensions
of cells or metaphase chromosomes were spread onto slides by centrifu-
gation using a Cytopro 7620 cytocentrifuge (Wescor) at 1,500 rpm for 10
min and then fixed at room temperature for 10 min in freshly prepared
4% (wt/vol) paraformaldehyde in phosphate-buffered saline (PBS) at pH
7.2. After a quick wash in distilled water, cells were permeabilized with
0.1% Triton X-100 in PBS for 10 min at room temperature and used
immediately for IF or immuno-FISH experiments.

For the preparation of three-dimensionally (3D) preserved cell nuclei,
15 thousand cells were seeded in 4-well cell culture coverslips (VWR).
Preparations were preextracted in 50 mM Tris, pH 8, 150 mM NaCl, 5
mM MgCl,, 300 mM sucrose, and 0.5% Triton X-100 (solution T) for 5
min, fixed in 3% formaldehyde in PBS for 10 min, and permeabilized with
solution T for 10 min, all at room temperature.

FISH probes. For telomere FISH, a C-rich peptide nucleic acid (PNA)
telomeric probe (CCCTAA); labeled with Cy3 (TelPNA-C-rich-Cy3)
(Applied Biosystems) was used. In addition, for the CO-FISH experiment,
a telomeric G-rich locked nucleic acid (LNA) probe (TelLNA-G-rich-
FAM) (custom-made; Exiqon) was used.

rDNA sequences were detected using a 3.2-kb fragment of human 18S
rDNA cloned into pHrl3 (rDNA-probe) and labeled with biotin-16-
dUTP by use of a nick translation kit (Life Technologies). The biotin-
rDNA-labeled probe was visualized with avidin conjugated to fluorescein
isothiocyanate (FITC; Molecular Probes).

For telomeric repeat-containing RNA (TERRA) detection on chromo-
somes and interphase nuclei, single-stranded telomere-specific probes
recognizing either G-rich or C-rich RNA strands (Telo A probes) were
generated as described by Azzalin et al. (17), using PCR and the oligonu-
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cleotides (TTAGGG)5 and (CCCTAA); (18). The PCR product was la-
beled by PCR amplification with biotin-16-dUTP (Roche Applied Sci-
ence) in a deoxynucleoside triphosphate (ANTP) mix either without
dCTP (for detection of CCCUAA RNA strands) or without dGTP (for
detection of UUAGGG RNA strands). Avidin conjugated to FITC was
used for detection (Molecular Probes).

Antibodies. The primary antibodies used were mouse anti-y-H2AX
(613402; Biolegend), with Alexa Fluor 488—goat anti-mouse antibody
(R37120; Life Technologies) for detection; rabbit anti-RAP1 anti-
body (ab4181; Abcam), with Alexa Fluor 488 —donkey anti-rabbit anti-
body (A21206; Life Technologies) for detection; and mouse anti-UBF
(sc-13125; Santa Cruz), with Alexa Fluor 488—goat anti-mouse antibody
(R37120; Life Technologies) for detection. For the delineation of centro-
meric regions, a patient serum containing human anti-centromere-pro-
tein antibody, also known as CREST serum, was used (15-235-0001;
Antibodies Incorporated), with FITC-donkey anti-human antibody
(109-097-003; Jackson ImmunoResearch) for detection.

FISH. FISH on metaphase spreads or interphase nuclei, using rDNA
and a telomeric PNA probe, was performed as described previously (13,
15, 16). Images were acquired by confocal microscopy (LSM 710; Zeiss).

Quantitative FISH (Q-FISH) and CO-FISH were performed accord-
ing to established protocols, using strand-specific telomeric PNA (C-rich)
and LNA (G-rich) telomeric probes (19).

For Q-FISH analysis, 10 metaphase spreads from both primary (pas-
sage 7) and long-term (passage 116) S. granarius fibroblast cultures were
used for comparative analysis of long and short telomere intensities. All
manipulations, including hybridization with the PNA probe, were per-
formed simultaneously for both cultures. Registration of all signals was
made in a single photo session with identical acquisition settings. Telo-
meric signal intensities were quantified using Isis 5 imaging software
(MetaSystems). The real intensity of a telomere signal was calculated as
the difference between the signal intensity from a telomere region and the
mean background signal for three background regions equal in size to a
telomere region chosen in proximity to each analyzed telomere. Statistics
were performed using the Mann-Whitney U test in Statistica 10.

Meta-TIF assay. The meta-TIF assay for detection of telomere-in-
duced foci (TIF) in metaphase spreads was performed as described previ-
ously (13). Briefly, metaphase spreads prepared by centrifugation were
fixed with formaldehyde and subjected to immunofluorescence (IF).
Slides were washed once with PBS and treated with RNase A (0.1 mg/ml)
in ABDIL buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 2% bovine serum
albumin [BSA], 0.1% Triton X-100, 0.2% fish gelatin [Sigma]) for 30 min
at 37°C in a humidified chamber. After three washes in PBS, slides were
incubated with anti-y-H2AX antibody (1:1,000) followed by the second-
ary antibody. Antibodies were diluted in ABDIL bulffer, all incubation
steps were done in a humidified incubator at 37°C for 1 h, and after each
incubation with antibodies, slides were washed in PBST (0.1% Tween 20
in PBS) three times for 5 min each. For subsequent FISH experiments, IF
slides were fixed with 4% (wt/vol) paraformaldehyde in PBS for 10 min,
rinsed in PBS once, and dehydrated in a 70%, 80%, 90%, and 100% eth-
anol series. FISH with the TelPNA-C-rich probe was performed as de-
scribed above. Slides were either stained with DAPI (50 ng/ml) diluted in
2X SSC (1X SSCis 0.15 M NaCl plus 0.015 M sodium citrate), air dried,
and mounted in Vectashield (H-1000; Vector) or directly mounted in
Vectashield containing 0.2 wg/ml DAPIL In certain cases, IF and FISH
experiments were performed sequentially (two-step protocol), with sep-
arate imaging after immunostaining and FISH (for anti-centromere
CREST serum and anti-yH2AX antibodies).

TERRA-FISH. TERRA-FISH on metaphase spreads and on interphase
nuclei was carried out as described previously (17). Briefly, cells grown on
slides were permeabilized with freshly made CSK buffer [100 mM NaCl,
300 mM sucrose, 3 mM MgCl,, 10 mM piperazine-N,N'-bis(2-ethanesul-
fonic acid) (PIPES), pH 7, 0.5% Triton X-100, 1 mM EGTA] containing
10 mM vanadyl ribonucleoside complex (Sigma) for 10 min at 4°C. Slides
were rinsed in PBS, fixed for 10 min in freshly made 4% paraformaldehyde
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in PBS, and rinsed in 70% ethanol, all at room temperature. Preparations
were then dehydrated through an ethanol series (70%, 90%, and 100%; 3
min each at room temperature) and air dried. For the RNase treatment,
slides were incubated with RNase A (Sigma) (10 mg/ml) for 1 hat 37°Cin
a humidified chamber before the application of the probe. Telo A probes
(see above) were dissolved in 10 pl deionized formamide, denatured at
74°C for 7 min, and chilled on ice. Ten microliters of hybridization buffer,
containing 4X SSC, 4 pg/pl BSA, 20% dextran sulfate, and 20 mM vana-
dyl ribonucleoside complex, was added to the probe, mixed well, and
applied to slides. Hybridization was carried out for 16 h in a humidified
chamber at 37°C. After hybridization, slides were washed in 50% form-
amide—2X SSC, 3 times for 5 min each, and then in 2 X SSC buffer, 3 times
for 5 min each, at 37°C. Slides were dehydrated through an ethanol series
(70%, 90%, and 100%; 2 min each at room temperature), counterstained
with DAPI, and mounted in Vectashield.

Image acquisition and analysis. IF and FISH images were acquired
using either a confocal microscope (LSM510 Meta; Zeiss) or an Axioplan
2 imaging microscope (Zeiss) equipped with a charge-coupled device
(CCD) camera (CoolCube 1; Meta Sistems), a Chroma filter set, and Isis 3
software at the Center for Joint Ownership for Microscopic Analysis SB
RAS (ICG SB RAS, Novosibirsk, Russia). For 3D analysis, images were
taken with a 3D deconvolution microscope (Leica model DM6000 B or
Nikon model Ni80) using MetaMorph software. Final images are com-
posed of arithmetic stacks of 20 to 30 deconvolved images, each with a
depth of 0.2 pm.

Northern blot analysis of TERRA. Total RNA was extracted with an
RNeasy minikit (Qiagen) according to the manufacturer’s instructions.
Remaining traces of DNA were digested with DNase I (Qiagen). Ten or 20
g of total RNA was separated by alkaline electrophoresis in a 1% aga-
rose—1.3% formaldehyde gel and transferred to a Biodyne B positively
charged membrane (VWR). Blots were blocked with modified Church
buffer (500 mM Na,HPO,, 7% SDS, 1 mM EDTA) and hybridized over-
night at 42°C in modified Church buffer with a digoxigenin-labeled telo-
meric C-rich LNA probe (custom-made; Exiqon) to reveal TERRA (G-
rich). Blots were then washed twice for 5 min each with 2X SSC-0.1%
SDS, washed for 2 min with 0.2X SSC-0.1% SDS, and rinsed in 2X SSC.
The C-rich probe was revealed using antidigoxigenin—alkaline phospha-
tase antibodies and a CDP-Star detection kit (both from Roche) according
to the manufacturer’s instructions. The blot was then stripped (incuba-
tion twice for 15 min each time in 0.5% SDS at 60°C and twice for 15 min
each time in 0.2 N NaOH-0.1% SDS at 37°C) and revealed again, using
the antidigoxigenin Roche detection protocol, to ascertain the efficiency
of stripping. The stripped membrane was hybridized with a telomeric
G-rich oligonucleotide probe [(TTAGGG),TTA] 3'-end labeled with
digoxigenin (Roche Applied Science) to detect C-rich RNA transcripts.
Hybridization washes and detection steps were performed as described
above for the telomeric C-rich LNA probe hybridization.

TRAP. Telomerase activity was revealed according to the regular telo-
meric repeat amplification protocol (TRAP), as recommended previously
(20), or using semiquantitative TRAP (qQTRAP), also as described previ-
ously (21). Gel density analysis for regular TRAP was performed with
Image Quant TL 1D gel analysis software. Total densities of all bands in a
line with the minimum profile background subtraction were quantified.

2D gel electrophoresis. For detection of T circles, DNA was purified
from S. granarius cells by use of phenol. Mbol-digested restriction frag-
ments were first separated by size in 0.4% Ultrapure agarose (Invitrogen)
in 1 X Tris-borate-EDTA (TBE) at ~1 V/cm overnight and then by shape
in the second dimension, using 1% agarose in 1X TBE containing 0.1
pg/ml ethidium bromide. Gels were blotted onto Biodyne B positively
charged membranes (VWR) and probed with a digoxigenin-labeled telo-
meric LNA probe (custom-made; Exiqon). Hybridization was carried out
overnight at 42°C in modified Church buffer. Hybridization washes were
performed in 100 mM Na,HPO, and 2% SDS. The digoxigenin-labeled
probe was detected using antidigoxigenin—alkaline phosphatase antibod-
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ies and a CDP-Star detection kit (both from Roche) following the manu-
facturer’s instructions.

C-circle detection. For the detection of C circles, cells were collected
by trypsinization, resuspended in 300 wl PBS, and lysed with an equal
volume of either 2X Hirt buffer (20 mM Tris, pH 7.5, 200 mM NaCl, 20
mM EDTA, 01% SDS) or 2 X buffer T (20 mM Tris, pH 7.5, 20 mM NaCl,
20 mM EDTA, 1% sarcosyl). Lysates were treated with RNase A for 1 h at
37°C and with proteinase K at 55°C overnight and then extracted with
phenol-chloroform-isoamyl alcohol (Invitrogen) followed by chloro-
form-isoamyl alcohol (Sigma), using 5 Prime PhaseLock gel (Fischer).
DNA was precipitated using 2 volumes of ethanol containing a 1/10 vol-
ume of sodium acetate for 1 h at —80°C and then centrifuged at 16,000 X
¢ for 30 min at 4°C. Ethanol-washed pellets were dried with a SpeedVac
(no heat) and resuspended in 10 mM Tris, pH 7.5, to prevent the acid
hydrolysis of DNA. Five micrograms of genomic DNA was digested over-
night with Hinfl and Rsal (40 U each). In the morning, an additional 10 U
of each enzyme was added, and the digestion was continued for another 2
h before precipitation of DNA with ethanol-sodium acetate. For C-circle
amplification, 500 ng of digested genomic DNA was incubated with Phi 29
polymerase (Fermentas) in the presence of the buffer provided by the
manufacturer and 2 mM (each) dATP, dGTP, and dTTP at 30°C for 12 h.
DNA or Phi polymerase was omitted from the reaction mixture as a neg-
ative control. In addition, the C-circle amplification was executed in the
presence of all 4 nucleotides to facilitate the amplification of circles con-
taining variant telomeric repeats. The reaction was stopped by heating
samples to 65°C for 20 min. Samples complemented with 6X loading
buffer (300 mM NaOH, 6 mM EDTA, 15% Ficoll 400, 0.25% xylene cya-
nol FF) were separated in a 0.8% alkaline agarose gel (50 mM NaOH, 1
mM EDTA) for 20 h at 1 V/cm in a cold room. After neutralization in 0.7
M Tris, pH 7.6, 300 mM NaCl, the gel was stained with ethidium bromide
for visualization of the molecular weight standard. After depurination in
0.25 M HCl for 10 min and neutralization in an alkaline transfer buffer
(0.4 M NaOH, 1.5 M NaCl), the gel was transferred by capillary transfer
onto a Biodyne B positively charged membrane (VWR). Products ampli-
fied by the rolling circle amplification of C circles were detected by hy-
bridization to a digoxigenin-labeled C-rich telomeric oligonucleotide
[TAA(CCCTAA),]. The signal was revealed using a digoxigenin detection
kit (Roche) and the CDP-Star reagent.

RESULTS

The short arms of Sorex granarius chromosomes are truly acro-
centric. We previously showed that at least some of the long telo-
meres in S. granarius short chromosome arms present a discon-
tinuous primary structure, with interspersions containing large
blocks of 18S rDNA repeats (11). To gather information about the
functional and structural organization of these short arms, we
explored the possibility that functional centromeres are actually
positioned close to both the rDNA and telomere sequences. Using
ANA-CREST antibodies and two-color FISH, with specific probes
against telomeres or 185 rDNA, we showed that centromeres are
either adjacent to or overlap signals from both telomeric DNA and
rDNA (Fig. 1A). This indicates that unique centromere structures
are formed close to the tip of every short arm of acrocentric chro-
mosomes, therefore supporting the notion that S. granarius car-
ries true acrocentric chromosomes.

The telomere-associated rDNA loci in S. granarius are not
always expressed. We previously demonstrated a tight association
between the very long telomeres of S. granarius and potentially
active nucleolar organizing regions (NORs), as suggested by anti-
gen staining (11). Since formation of active nucleoli actually re-
quires the binding of UBF1 (upstream binding factor 1), a tran-
scriptional factor that binds to rDNA promoters, thus favoring the
recruitment of RNA polymerase I (Pol I) (22), we wished to de-
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A Centromeres Telomeres 18S rDNA

B Telomeres UBF

FIG 1 Position of centromeres and nucleolar relationship of acrocentric chro-
mosomes in primary S. granarius fibroblasts. (A) Centromere position on S.
granarius acrocentric chromosomes. A two-step experiment was performed,
including immunofluorescence assay with ANA-CREST antibodies to detect
centromeric proteins (green) and subsequent two-color FISH with a C-rich
telomeric PNA probe (Cy3; red) and an 18S rDNA probe (pseudocolored
blue). Chromosomes were counterstained with DAPI (pseudocolored white).
Centromeres are generally found adjacent to or overlapping signals from telo-
meric and rDNA probes. (B) Visualization of transcriptionally active nucleoli
in primary S. granarius fibroblasts by use of anti-UBF1 antibodies (red). Telo-
meres were subsequently visualized through PNA FISH (green). In the optical
slice at left, arrows indicate close contacts between telomeres and nucleoli. The
mean number of nuclear telomere foci (* SEM) was 13.7 * 2.8 (range, 9 to
26), with 65% = 2.6% of them being in association with UBF1 signals (n = 90
nuclei). Bar, 10 pm.

termine the frequency with which UBF1 is found close to long
telomeres in interphase nuclei (Fig. 1B). We found large UBF1
spots, corresponding to active nucleoli, associated with 65% of all
telomeric foci visible in the interphase nuclei of primary S. grana-
rius fibroblasts. Although part of this less-than-perfect colocaliza-
tion of large telomeric foci with UBF1 could be explained by the
previously described cell cycle-related variation of transcriptional
activity of 45S rRNA genes by RNA Pol I (23), it also suggests that
not all rDNA clusters associated with telomeres or interspersed
with telomere repeats are expressed in S. granarius.

S. granarius fibroblasts maintain telomere function after
prolonged in vitro culture. S. granarius cells were isolated from
an intercostal muscle biopsy specimen, cultured, and amplified
for 10 to 12 passages as primary fibroblasts. We also maintained a
long-term cell culture in order to evaluate proliferation capacity
and telomere stability. Fibroblasts were able to proliferate for
about 2 years, with no signs of growth crisis between early and late
passages. In fact, the population doubling times for primary fibro-
blasts and long-term-culture fibroblasts were not very different
(24 = 2.3 h and 20.9 £ 1.8 h, respectively). Karyotypic analyses
did not reveal major chromosomal structural rearrangements in
long-term-culture fibroblasts (Fig. 2A). However, we observed
aneuploidy in long-term cell cultures, with the appearance of ad-
ditional acrocentric chromosomes similar in size and banding to
the small acrocentric chromosomes of the S. granarius karyotype.
After 2 years of cell culture, only 4% of fibroblasts contained a
normal diploid chromosome set (36 chromosomes), whereas 27%
carried one additional chromosome and the majority (69%) car-
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ried two additional chromosomes (Fig. 2B). Monosomes were
observed at a very low frequency. The mechanisms leading to an-
euploidy were not explored here but may be related to partial
endoreduplications and/or to nondisjunctions. Similar to those
from primary fibroblasts, chromosomes from long-term-culture
fibroblasts carried both long and short telomeres, exclusively as-
sociated with short and long arms of acrocentric chromosomes,
respectively (Fig. 2C). Q-FISH analysis showed that intensities of
telomeric signals on short and long arms slightly, although signif-
icantly (P < 0.05), decreased with prolonged passages (Fig. 2D
and Table 1). While long telomeres remained heterogeneous,
short telomeres appeared to be distributed more homogeneously
at late passages (Fig. 2D). Despite this relatively limited shorten-
ing, we did not detect any signs of karyotypic rearrangements that
could arise from telomere fusions, which strongly suggests that
telomeres remained functional throughout cell growth and, in
particular, successfully suppressed all nonhomologous end-join-
ing (NHE]) repair activities directed against chromosome ends.

S. granarius fibroblasts are telomerase positive. In many
species, maintenance of telomere lengths during long-term in
vitro growth of somatic cells is usually associated with the pres-
ence of telomerase, the reverse transcriptase able to elongate
telomeres and to counteract replication-related telomere
losses. We tested whether telomerase activity was detectable in
S. granarius primary and long-term-culture fibroblasts. Exper-
iments using both conventional TRAP assay (Fig. 3A and B)
and real-time TRAP assay (Fig. 3C) revealed the presence of
active telomerase in both primary and long-term-culture fibro-
blasts. Telomerase activity appeared to be increased slightly in
long-term-culture fibroblasts compared to primary fibroblasts
(Fig. 3A and B). Although this apparent increase in telomerase
activity did not prevent telomere shortening (see above), it may
account for the relative homogenization of telomere length
distribution at late passages (16).

S. granarius fibroblasts display ALT-associated PML-like
bodies. Telomere lengths can be maintained independently of tel-
omerase, through recombination by alternative lengthening of
telomeres (ALT) (24). Given that telomeres in S. granarius are
largely heterogeneous between chromosome arms, which is a
characteristic of ALT (25), we looked for the presence of other
ALT hallmarks in these cells (7). We first looked for the presence
of ALT-associated PML bodies (APBs). In ALT cells exclusively,
telomeres form aggregates that associate with PML bodies (26).
Such interactions most likely facilitate the telomeric recombina-
tion reactions (13). It has been shown before that telomeres in S.
granarius tend to aggregate in interphase nuclei and that some of
these aggregates colocalize with nucleolar markers (27), as also
shown here (Fig. 1B). We now tested the possibility that some of
these aggregates also contain the PML protein, the major compo-
nent of PML nuclear bodies (PML NBs). To do this, we used the
available antibodies against human PML and SP100, another con-
served protein found in these bodies. Unfortunately, none of the
tested antibodies revealed specific foci in S. granarius fibroblast
nuclei.

We therefore tried an alternative approach based on the fact that
the ICPO protein of the human herpes simplex virus can very specif-
ically interact with PML (28). Specifically, a mutated version of the
ICPO protein (ICP0*) is able to bind PML without inducing its deg-
radation, and thus strongly accumulates in PML NBs or in APBs,
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FIG 2 Chromosome stability in long-term-culture S. granarius fibroblast cells. (A) Representative karyotype of S. granarius fibroblasts in long-term
culture (passage 132; approximately 1 1/2 years). The diploid chromosome complement in female S. granarius is 36, with 32 acrocentric chromosomes and
4 metacentric chromosomes. Arrow, additional chromosome “r.” (B) Chromosome number variation in late-passage fibroblasts (passage 132). Two
hundred metaphase spreads were analyzed. (C) Representative images of telomere length analysis by Q-FISH on metaphase chromosomes from primary
(passage 7; p7) and long-term (passage 116; p116) fibroblast cultures. The telomeric PNA C-rich probe (Cy3; red) was used, and chromosomes were
counterstained with DAPI. The telomere length inequality reported previously for primary fibroblasts (long telomeres on short arms of acrocentric
chromosomes versus very short telomeres on all other extremities [10]) was preserved in long-term cultures. Bars, 10 pm. (D) Quantification of Q-FISH

telomere intensities for long and short telomeres. See Table 1 for more details.

provoking the enlargement of these bodies to the point that associ-
ated structures, such as chromosome ends in the case of APBs, are
individualized (13). We reasoned that if ICPO* can target the S. gra-
TABLE 1 Telomere lengths in primary and long-term-culture S. narius PML protein, it will be able to recognize nuclear structures

granarius fibroblasts” equivalent to PML NBs in this species, thus allowing us to verify

whether or not telomeres are associated with these structures. Indeed,

No. of telomeres Mean fluorescence

Telomeres and passage analyzed intensity = SEM when primary S. granarius fibroblasts were transfected with a con-
Long struct expressing a fluorescent version of ICP0, the protein formed
7 333 88,392.5 + 1,200.7 large nuclear foci (between 7 and 24 foci [mean * standard error of
116 342 81,593.8 = 2,613.9°  the mean {SEM}, 18 * 1.94 foci] per transfected nucleus; n = 220)
(Fig. 4A). The shape and number of these foci are not very different
Short from those of the PML NBs in other species (29), suggesting, albeit
7 785 2,718.7 £ 69.1 . v .
116 704 14943 + 111.2" not proving, that the structures revealed by ICP0* in S. granarius

fibroblasts were bona fide PML NBs. Despite this caveat, we decided

“ Telomere lengths were measured by Q-FISH after short- and long-term culture of

primary S. granarius fibroblasts. Limited (but significant) reductions in telomere length
were recorded for both long and short telomeres. *, P < 0.05 by Mann-Whitney U test.
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to test whether ICP0* " NBs were associated with telomere sequences.
As shown in Fig. 4B and C, many strong telomeric foci were in close
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FIG 3 Fibroblasts of S. granarius contain active telomerase. (A and B) Conventional TRAP analysis of S. granarius fibroblast cells revealed telomerase activity in
primary and long-term-culture cells. (A) DNA PAGE gel after conventional TRAP using protein extracts from S. granarius fibroblasts at different passages. A
protein extract from PHA-stimulated human leukocytes was used as a positive control. (B) Densitometric analysis of conventional TRAP results. (C) A real-time
semiquantitative TRAP assay was performed on cell extracts prepared from early-passage S. granarius cells (passage 9) and compared to the activity found in an
equal number of human HelLa cells. Serial dilutions of S. granarius whole-cell extracts (3,000, 1,000, and 300 cell equivalents) resulted in a decreased TRAP
activity. Treatment with RNase A and omission of the cell extract served as negative controls.

association with ICPO** NBs (12 to 43% of telomeric foci; mean *+ To further ascertain the association of telomeric structures
SEM, 23% = 3.1%; n = 160). Furthermore, telomeric signals of low  with ICP0* ™ NBs, we tested the presence of shelterin proteins in
intensity were also frequently seen on the periphery of numerous these bodies. As for PML and SP100, most antibodies directed
ICP0* " NBs (Fig. 4B and C). against human shelterin components failed to show any specific IF

A ECFP-ICPO* (PML NB marker)

B DAPI ECFP-ICPO* RAP1 Telomeres Merge

FIG 4 S. granarius fibroblasts carry APB-like structures. (A) S. granarius primary fibroblasts (passage 7) were transfected with a plasmid expressing an ECFP-ICP0*
fusion to reveal putative PML nuclear bodies. The native fluorescence of the ECFP-ICP0* fusion in three transfected nuclei is shown. ICP0* formed 7 to 24 (18 = 1.94
[mean * SEM]) large nuclear foci per transfected nucleus (n = 150 nuclei). (B) Cells expressing ECFP-ICP0* were costained with antibodies against the human shelterin
protein RAP1 (green) and with a telomeric C-rich PNA probe (Cy3; red) and mounted in Vectashield with DAPI. Maximum-intensity projections are presented for all
color channels. The arrows point to close contacts between RAP1, telomeres, and ICP0* (readily visible in the merged image on the far right), suggesting that they are part
of the same APB-like structure. (C) 3D reconstitution of the images in panel B. (D) Immuno-FISH on S. granarius metaphase chromosomes, combining antibodies to
human RAP1 (green) and a telomeric PNA probe (Cy3; red); chromosomes are stained with DAPI. Bars, 10 pm.
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FIG 5 Recombination at telomeres in S. granarius. (A) CO-FISH approach to reveal T-SCEs. After the removal of newly synthesized strands, a C-rich probe will
exclusively detect the parental G-rich strand (one-color CO-FISH). If an exchange has taken place after replication, two signals instead of one will be detected at
the chromosome extremity. In two-color CO-FISH, strand-specific C-rich and G-rich telomeric probes are used, and T-SCEs are detected as mixed red-green
signals. (B) CO-FISH using two strand-specific telomeric probes: TelPNA-C-rich-Cy3 (red) and Tel-LNA-G-rich-FAM (green). Chromosomes were counter-
stained with DAPI (blue). Only long telomeres present on short acrocentric arms were analyzed. Most extremities show one single green or red robust signal per
chromatid. The box indicates a chromosome with mixed signals, indicating a T-SCE. Affected chromosomes varied from metaphase to metaphase. Quantifica-
tions of different experiments using one- or two-color CO-FISH are presented in panel E and Table 2. (C) Examples of T-SCEs detected in S. granarius
early-passage fibroblasts (p15). (D) Signal enhancement allows the detection of potential highly asymmetric exchanges (very weak green signals colocalizing with
the strong red signal, and vice versa [arrowheads]). Enlarged examples are presented. The segregated CO-FISH analysis presented in Fig. 6 indicates that such
colocalizations correspond to bona fide T-SCEs. Bars, 10 pm. (E) Quantification of T-SCEs in S. granarius early-passage (S. gr p15) fibroblasts relative to
U20S/ALT and HT1080/TEL" human cancer cell lines (n = 30 metaphase spreads for each condition). The frequency of metaphase chromosomes carrying
T-SCEs when only “robust” fluorescence signals are taken into account appears to be low in S. granarius fibroblasts. However, when T-SCEs are searched upon

enhancement of signals, the frequency is much higher. The fact that these are bone fide T-SCEs was confirmed by segregated CO-FISH analysis (Fig. 6).

signal in interphase nuclei of S. granarius. However, we found that
antibodies against human RAP1 revealed intranuclear foci that
partially overlapped the telomeric signals (Fig. 4B and C). The fact
that these antibodies recognized telomere-associated structures
was further confirmed in IF experiments using metaphase chro-
mosomes from S. granarius, since the anti-RAP1 antibodies
yielded fluorescent spots that perfectly colocalized with telomere
signals revealed by a PNA probe (Fig. 4D). In interphase nuclei, on
the other hand, strong RAP1 foci were in close contact both with
ICPO* and with telomere foci (Fig. 4B and C). Together, these
observations strongly suggest that at least some of the telomere
aggregates detected in S. granarius nuclei are in close contact with
(or part of) NBs containing an ICP0* target, most likely the PML
protein. Thus, such nuclear bodies display some similarity to the
APBs found in human ALT cells (13).

S. granarius telomeres show active recombination. We next
looked for signs of telomere recombination in primary S. grana-
rius fibroblasts by using the CO-FISH technique (Fig. 5A). Using
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this technique, it has been shown that telomere-sister chromatid
exchanges (T-SCEs) are very rare or totally absent in human pri-
mary or immortal cells that do not use ALT for telomere elonga-
tion (7, 15). CO-FISH experiments using S. granarius fibroblasts,
on the other hand, revealed the presence of T-SCEs (Fig. 5B to D
and Table 2). The frequency of metaphase chromosomes carrying
T-SCEs was not very high compared to that for the human cancer
ALT cell line U20S when only robust fluorescence signals were
taken into account (Fig. 5E). However, when enhanced images
were examined, T-SCEs could be observed at many chromosome
extremities with both one-color (not shown) and two-color CO-
FISH (Fig. 5D), thus suggesting that these reactions transferred
limited material from one sister chromatid to the other. One ma-
jor technical concern in CO-FISH experiments is the partial deg-
radation of the newly synthesized strand by Exolll (due to the
partial incorporation of BrdU/C), which typically yields highly
asymmetric doublets, very similar to what we observed in S. gra-
narius. In an attempt to determine whether the high level of asym-
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TABLE 2 Frequencies of T-SCEs in primary S. granarius fibroblast cells ~ metric doublets corresponded to true exchanges or to a technical

(passages 4 to 8)° artifact, we examined cells after two rounds of replication in the
No.of  No.of No. of metaphase presence of BrdU/C, a procedure we named segregated CO-FISH
metaphase extremities gpreads with: % of metaphase  (Fig, 6). Chromosome segregation following the first mitosis will

Culture type - spreads - with long spreads with separate the sister chromatids bearing unsubstituted telomere

and exptno.  analyzed  telomeres 1T-SCE >1T-SCE T-SCEs (+SEM) p 1ster L . g unsu l.u A T

Asynchronous strands, such that chromosomes in the second mitosis will show

B 86 2,738 40 5 50.3 only one of the labels on one of the sister chromatids (Fig. 6A). In
2 90 2,870 43 7 55.6 the absence of T-SCE, no signal should be detected on the other
3 70 2,216 37 4 58.6 . . : .

Total 246 7824 150 16 555 (+3.8) s%ster chromat{d. Ifa T‘ SCE occurred be‘fore the ﬁr.st division, Fhe

sister chromatid carrying both unsubstituted G-rich and C-rich

Synchronous sequences would yield, during the second mitotic phase, a chro-

é égo ;é?é g ; [512.2 mosome carrying a sister chromatid with unsubstituted G-rich
Total 190 6,063 85 15 52.3 (*£4.8) sequences and another with unsubstituted C-rich sequences that

@ T-SCEs in primary S. granarius fibroblasts were detected using one-color CO-FISH. WIH resist strand d'egradatlon and WIH be detected by the prObeS

Chromosome material was prepared from both asynchronous (three independent (Flg. 6B). Unsubstituted strands originating from partlal BrdU/C

experiments) and synchronized (serum starvation; two independent experiments) cell incorporation during the first cell cycle will also Yleld a similar
cultures.

no T-SCE T-SCE
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FIG 6 (A) BrdU/C incorporation during two cell cycles prior to the CO-FISH procedure, using strand-specific telomeric probes, results in segregation of the
unsubstituted G- and C-rich strands into different chromosomes, such that during the second M phase, every chromosome extremity will be stained, after
the CO-FISH procedure, with only one probe, either red (TelPNA-C-rich-Cy3) or green (TelLNA-G-rich-FAM). (B) Ifa T-SCE occurs during the first cell cycle,
the two unsubstituted strands will cosegregate during the first mitosis and will be detected on different sister chromatids of the same chromosome during the
second M phase. The CO-FISH procedure will then reveal one red and one green signal on the same chromosome extremity (marked 1). Ifa T-SCE occurs during
the second cell cycle, this exchange will result in same-color doublets, either red or green (marked 2). However, if a second exchange affects an extremity that had
already undergone T-SCE during the first cell cycle, doublets will be of both colors (marked 1&2). (C) Two-color segregated CO-FISH in S. granarius. Highly
asymmetric two-color doublets are frequently detected in S. granarius fibroblasts (p15). Examples of such T-SCEs are enlarged and color decomposed on the
right. The TelPNA-C-rich-Cy3 probe is more efficient than the TelLNA-G-rich-FAM probe for detecting small doublets. Chromosomes were counterstained
with DAPI (blue). Bar, 10 pm.
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U20S/ALT

S. granarius p13 B

FIG 7 Telomeric circles are detected in primary S. granarius fibroblasts. Ten
micrograms of genomic DNA from S. granarius early-passage (p13) fibroblasts
(A) and 20 g genomic DNA from the human ALT cancer cell line U20S (B)
were digested with Mbol, separated by 2D gel electrophoresis, transferred onto
N+ nylon membranes, and hybridized with a digoxigenin-labeled telomeric
C-rich oligonucleotide. Arrow 1, single-stranded linear DNA; arrow 2, double-
stranded linear DNA; arrow 3, circular DNA.

result, so this approach is unable to distinguish between bona fide
T-SCEs and spurious signals. However, since cells were in contact
with BrdU/C during the totality of the second cell cycle, partial
incorporation during the second round of replication can be ex-
cluded, and therefore any presence of G-rich or C-rich doublets
indicates a bona fide transfer of unsubstituted material to the
other sister chromatid, i.e., a T-SCE. Using this approach, we re-
vealed the presence of highly asymmetric doublets, very often co-
localizing with small signals revealing the complementary strand
(Fig. 6C). These observations are in agreement with the presence
of a high level of T-SCEs affecting the long telomeres of S. grana-
rius. In contrast, we did not detect exchanges on the short telo-
meres on the long arms (Fig. 5D and 6C), although the lack of
sensitivity of CO-FISH and segregated CO-FISH may at least par-
tially account for this failure.

Another feature related to the presence of a higher recombina-
tion activity at telomeres is the presence of T circles (30). Using a
2D gel electrophoresis approach to separate telomere restriction
fragments (TRF) and extrachromosomal telomere material both
by size and by shape, we detected T circles in both early- and
late-passage S. granarius fibroblasts, further supporting the idea
that telomere homologous recombination is derepressed in these
cells (Fig. 7). We also detect extrachromosomal linear telomeric
DNAs, another characteristic of ALT cells, most likely the by-
products of telomere recombination and repair reactions (4). In
contrast, C circles, one of the features most specifically related to
ALT in human cells (31), were not detected in either early- or
late-passage S. granarius fibroblasts (not shown).

S. granarius telomeres bear marks of DNA damage. It was
recently shown that ALT cells are also characterized by the presence of
“uncapped” telomeres able to elicit a DNA damage response (DDR)
that does not lead to chromosome-chromosome fusions (32). We
therefore studied the status of telomere capping in primary fibro-
blasts of S. granarius by detecting the accumulation of y-H2AX at
telomeres (DDR ™) from metaphase chromosomes (Fig. 8). We con-
firmed by Western blot analysis that the available antibodies against
v-H2AX were specific in S. granarius cells, since they detected a signal
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of the molecular weight predicted for y-H2AX, which was robustly
induced by a short exposure to UVC rays (not shown).

We first performed a classic immuno-FISH experiment in
which both telomeric DNA and y-H2AX are detected simultane-
ously (one-step protocol) (32). In this experiment, strong <y-
H2AX signals were almost exclusively associated with the long
telomeres of acrocentric chromosomes, and, on average, 21% of
chromosome ends were DDR™ (Fig. 8A and Table 3). While most
of these colocalizations between telomeric repeats and y-H2AX
signals were almost perfect, some ends showed y-H2AX signals
spread into subtelomeric positions (Fig. 8A and B). The meaning
of these subtelomeric DDR signals remains unknown, but the pos-
sibility that they correspond to short (undetectable) interstitial
telomere repeats cannot be excluded.

To exclude the possibility that y-H2AX also frequently accu-
mulated on short telomeres but the signals were destroyed during
the hybridization phase of the one-step protocol, we undertook a
two-step analysis in which anti-y-H2AX staining was recorded
before the hybridization step with the telomeric probe. In contrast
to the immuno-FISH one-step experiment, the two-step approach
allowed us to detect y-H2AX signals on both the long and short
telomeres (Fig. 8C). With this protocol, 44% of all chromosome
ends showed y-H2AX signals, and among those, two-thirds were
on long telomeres (Table 3). We could distinguish two patterns of
colocalization: associations with both chromatids (chromosome-
type TIF) and association with only one chromatid (chromatid-
type TIF) (Fig. 7D and Table 3). Distinguishing between the two
provides information about the moment when the DNA damage
occurred. Chromosome-type TIF suggest the presence of DNA
damage prior to replication, while chromatid-type TIF are sup-
posed to emerge after replication (33). This observation suggests
that most spontaneous DDR at telomeres in early-passage S. gra-
narius fibroblasts arises prereplicatively.

Interestingly, in interphase nuclei, y-H2AX signals were fre-
quently associated with large foci of telomeric DNA (Fig. 8E),
suggesting that partially uncapped, DDR™ telomeres associate to
form APB-like structures.

Very short telomeres accumulate upon antitelomerase treat-
ment of S. granarius fibroblasts. The presence of telomere re-
combination signatures in S. granarius fibroblasts opens the pos-
sibility that telomeres are maintained by ALT. However, telomeres
on the long arms are kept homogenously short, even at advanced
passages, suggesting that if ALT is at work in these cells, then these
extremities are not the preferred substrates for interchromosome
recombination. Thus, since it is likely that these telomeres are
maintained by telomerase, we wondered whether inhibition of
this enzymatic activity could trigger recombination at short telo-
meres, which should result in conspicuous length fluctuations
measurable by Q-FISH (34). We treated S. granarius cells with
BIBR1532, a nonnucleoside inhibitor of telomerase that is able to
induce senescence in human cancer cells (35). After 2 months of
treatment, we detected the accumulation of ultrashort telomeres
on the long arms of treated cells (not shown). However, we could
not detect any long arms carrying a long telomere. On the other
hand, long telomeres, while remaining heterogeneous, also dis-
played shortening (not shown), indicating that telomerase con-
tributed to the maintenance of telomere length on S. granarius
acrocentric extremities.

S. granarius telomeres are transcribed. It has been shown that
telomeres in most organisms are not transcriptionally silent (36).

Molecular and Cellular Biology


http://mcb.asm.org

Recombinogenic Telomeres in Mammalian Cells

Telomeres Merge

YH2AX

Meta-TIF (one-step)

Telomeres

Meta-TIF (two-step)

Chromatid type

Chromosome type

ImmunoFISH

vYH2AX Telomeres

FIG 8 Spontaneous telomere dysfunction in primary S. granarius fibroblasts. (A) Meta-TIF analysis of S. granarius fibroblasts (one-step protocol). Metaphase
chromosomes were first stained with anti-yH2AX antibodies (green) and subsequently stained with a telomeric PNA probe (red) for detection of telomere-
induced foci (TIF). Chromosomes were counterstained with DAPI (blue). (B) Relative green and red fluorescence intensities of particular chromosomes from the
metaphase spread shown in panel A, illustrating either perfect colocalization of red and green signals or the spread of green signals toward the interstitial region.
(C) Meta-TIF analysis of S. granarius fibroblasts by a two-step protocol involving immunofluorescence assay with anti-yH2AX antibodies, with image acquisi-
tion (green; left panel), as well as hybridization with a telomeric PNA probe, with visualization (red; middle panel). The right panel show the merge of the two
visualization steps. (D) Illustration of chromosome- and chromatid-type TIF detected in a two-step experiment. The images show staining with anti-yH2AX
antibodies (green) and a telomeric PNA probe (red). A quantification of these experiments is presented in Table 3. (E) Detection of TIF in S. granarius interphase
nucleus by a one-step protocol. The image shows staining with anti-yH2AX antibodies (green) and a telomeric PNA probe (red). Bars, 10 pm.

We explored whether this is the case for S. granarius telomeres. meres (Fig. 9A and B). Interestingly, the same experiment using a

Indeed, RNA FISH using a C-rich telomeric probe showed RNase-
sensitive telomeric foci on nondenatured metaphase prepara-
tions, indicating the accumulation of TERRA at S. granarius telo-

G-rich probe also showed accumulation of RNase-sensitive sig-
nals at telomeres, indicating that the C-rich strand was also tran-
scribed. Both types of telomeric RNA were frequently detected as

TABLE 3 Frequencies of DDR™ telomeres in primary S. granarius fibroblast cells (passages 3 to 7)*

.of A .of
No.o V8 10- 0 Avg no. of DDR™ telomeres per metaphase spread (=SEM)
No. of metaphase chromosomes chromosomes per
Expt (n) spreads analyzed  analyzed metaphase spread  Long telomeres Short telomeres
One-step expt (2) 100 3,588 35.9 14.95 (+3.05) NA
Two-step expt (1) 62 2,228 35.9 22 (*£2.32), among which 16.3 (£4.5) 10 (*1.67), among which 7.3 (*1.8)

were of the chromosome type were of the chromosome type

“ The presence of a DNA damage response (DDR) at telomeres was assessed in early-passage S. granarius fibroblasts. Two different protocols were employed. The two-step protocol
was more sensitive and also allowed the detection of DDR on short telomeres. Around 44% of all chromosome ends were positive for DDR, with a great majority being of the
chromosome type (both sister chromatids are labeled). NA, not available (short telomeres were often undetectable under these experimental conditions).
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FIG 9 Both G-rich and C-rich telomere strands are expressed in S. granarius cells. (A) RNA FISH experiments with strand-specific probes on S. granarius
interphase nuclei. The C-rich probe detected either the UUAGGG or TTAGGG sequence, and the G-rich probe detected either CCCUAA or CCCTAA,
depending on whether the hybridization was done on native or denatured nuclei, respectively. Signals were visible with both probes under native conditions
without RNase treatment, albeit at lower intensity when the probe was G-rich. The signal was completely lost when native preparations were treated with RNase.
Both probes detected telomeres equally efficiently under denaturing conditions. Nuclei are stained with DAPI (blue). (B) Similar RNA FISH experiment on
metaphase chromosome preparations obtained by cytospin centrifugation under native or denatured conditions and treated or not treated with RNase. Once
again, the C-rich probe yielded stronger signals than the G-rich probe, only on native, RNase-untreated chromosomes. Bars, 10 pm. (C) Northern blot analysis
of S. granarius telomeric RNA transcripts in cells at different passages (p). (Left) Visualization of total RNA in the gel by ethidium bromide (EtBr) staining before
transfer onto a membrane. (Second panel) Hybridization with a C-rich telomere probe labeled with digoxigenin. (Third panel) Verification of the stripping
efficiency. (Right) Hybridization with a G-rich probe labeled with digoxigenin.

multiple foci associated with the same chromosome extremity.
Northern blot analysis confirmed the presence of both G-rich and
C-rich RNA species in S. granarius early- and late-passage fibro-
blasts (Fig. 9C).

DISCUSSION

S. granarius has a particular telomere structure among mammals.
Telomeric and rDNA (18S rDNA) repeats are found together, either
interspersed or in tandem, on the short arms of all 32 acrocentric at
chromosomes. It is worth noting that this is the only placental mam-
mal in which a telomere structure composed of discontinuous telo-
mere repeats interspersed with rDNA has been found (8). Our studies
now indicate that at least some of these rDNA loci are transcribed. On
the other hand, given the interspersed nature of S. granarius telomere
repeats and their conserved strand specificity (as ascertained by CO-
FISH analysis), it was possible that blocks of interstitial telomere re-
peats could be transcribed on both strands. Indeed, we detected the
accumulation of transcripts containing either G-rich or C-rich se-
quences. In mammals, telomeric RNA strands containing G-rich te-
lomeric repeats are transcribed from the subtelomeric region (17). In
Schizosaccharomyces pombe, however, some proportion of telo-
meric RNAs are C-rich, suggesting that the C-rich strand is tran-
scribed from promoter sites within the telomere repeats (36). It is
therefore possible that the C-rich RNA species found in S. grana-
rius are transcribed from promoters located not only in the inter-
spersed nontelomeric sequences but also in the repeated telomere
sequence itself.
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Our studies indicate that S. granarius telomeres do not mediate
replicative senescence. The presence of telomerase activity and
signs of telomere recombination from the earliest passages of S.
granarius fibroblasts, as well as the rather limited telomere short-
ening after numerous passages, together with the absence of gross
structural chromosome rearrangements, indicate that telomere
length is actively maintained and telomeres remain functional.
Note that it has been suggested that oxidative stress is a major
source of telomere damage in mammalian species with a small
body size and whose cells do not use replicative senescence when
cultured in vitro (8). This may very well be the case for S. granarius
fibroblasts, which mostly present persistent prereplicative, chro-
mosome-type telomere damage. It is also possible that DDR™
telomeres in primary S. granarius fibroblasts are more related to
the use of recombination-based mechanisms for telomere main-
tenance. Interestingly, S. granarius fibroblasts appear to be totally
devoid of C circles, which are considered the most specific hall-
mark of ALT in human tumor cells (31). The origin of C circles
remains unknown but may be related to replication-related pro-
cesses, as they are triggered, along with all other ALT hallmarks, by
suppression of the histone chaperone ASF1 (37). Alternatively,
although C circles are highly specific, they may not be present in all
ALT tumors, especially tumors in which telomerase activity is also
detected (38). Furthermore, it has been suggested that expression
of telomerase suppresses the presence of C circles without affect-
ing other ALT hallmarks (38). Thus, the absence of C circles in S.
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granarius fibroblasts may be explained by the presence of telome-
rase activity, which was found to also target long telomeres.

Indeed, in human cells, the reactivation of telomerase activity
in ALT cells most often leads to the maintenance of telomere
length by both mechanisms, indicating that they are compatible
(39-41). The natural coexistence of both mechanisms may occur
in vivo, as recently indicated by the discovery of ALT-like interte-
lomeric recombination in mouse somatic tissues (42). Strikingly,
although the recombination-based telomere elongation mecha-
nism may in principle act on every chromosome end, we found
that in S. granarius cells, the shortest telomeres, always associated
with the long arms of acrocentric chromosomes, were kept homo-
geneously short even after more than 100 passages. This observa-
tion suggests that these extremities are excluded from recombina-
tion and, rather, maintained by telomerase. While telomerase may
preferentially work on short telomeres (16, 43), it is not clear why
the relatively short telomeres of S. granarius are prevented from
participating in recombination reactions. Even when telomerase
activity was (at least partially) inhibited and very short telomeres
accumulated at those extremities, we did not detect abrupt elon-
gation events, as expected if ALT takes over telomere length main-
tenance (34). One possibility is that recombination is initiated on
flanking interspersed sequences that are otherwise completely ab-
sent on the short telomeres. Another, nonexclusive possibility is
that short telomeres are never recruited to recombination centers,
likely represented here by the APB-like structures formed by the
long telomeres.

The origin of the unusual S. granarius chromosome structure is
not clear, and we can only speculate on whether or not there is any
relationship between the emergence/maintenance of such a structure
and the presence of rampant telomere recombination in this organ-
ism. It has been proposed that the ancestor for all sibling species of the
Sorex araneus group, including S. granarius, had a pattern of telo-
meric and rDNA distribution similar to the modern pattern of S.
araneus race Cordon, that is, extremities bearing a few rDNA loci
located near telomeres (11). During the evolution of the S. granarius
karyotype, the fission of metacentric chromosomes and the telomer-
ization of the newly created short arms could have provoked an over-
all reorganization of chromosome ends. The shuffling of large telom-
ere-repeat-containing blocks, through inter- and intrachromosomal
homologous recombination involving the adjacent rDNA loci, but
perhaps with the contribution of break-induced replication mecha-
nisms that are thought be at play in ALT and that can copy large
domains of DNA until the tip of the chromosome arm is reached
(44-47), could lead to the duplication and amplification of both te-
lomeric and ribosomal DNAs on the short arms of all acrocentric
chromosomes in S. granarius. The recombinogenic telomeres present
in this organism nowadays may constitute a mechanistic vestige of
such duplication events in evolution. Duplication, translocation, and
amplification of subtelomeric sequences are quite frequent phenom-
ena during karyotype evolution, as illustrated by the spectacular evo-
lution of the heterochromatic caps in the great apes and the evolution
of juxtatelomeric sequences in humans (48-51). Interestingly, large
domains of telomere repeats are absent from these duplicated, ampli-
fied sequences most of the time, suggesting either that they do not
often participate in (or, perhaps, do suppress) such events or that
telomere repeats are eliminated most of the time in the course of
evolution. In striking contrast, large telomere-like repeat sequences
are associated with a subset of subtelomeric heterochromatic caps in
gorilla chromosomes (52). However, these are not canonical telo-
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mere repeats, suggesting that a certain degree of degeneration was
necessary to tolerate large telomeric repeat domains at subtelomeric
positions (52). In S. granarius, telomere tandem repeats are theoreti-
cally mostly canonical (that is, efficiently recognized by PNA probes),
suggesting that sequence conservation at interstitial locations was im-
portant in this case. The CO-FISH data suggest that sister chromatid
exchanges most often involve short stretches of telomere repeats and,
therefore, that such limited exchanges may be akin to gene conver-
sion events (53), which may have contributed to the sequence con-
servation in S. granarius large telomeres. How crossovers leading to
exchange of large segments are most of the time prevented remains
unknown, but the presence of interspersed rDNA might influence
recombination processes between telomere repeats. Moreover,
rDNA interspersion may have helped to stabilize the large stretches of
telomere repeats on the long arms of S. granarius, thus conferring an
advantage to the whole structure. Conversely, interspersed telomere
repeats may have an impact on rDNA biology, perhaps through rep-
lication processes, which could be facilitated by the presence of shel-
terin-like components (54). Finally, the S. granarius acrocentric ex-
tremities may represent an extreme example of the impact that
telomere physiology has on nucleolar stability and structural integrity
of acrocentric chromosomes, a relationship that has just started to be
unveiled in human cells (55). More work is necessary to address these
questions, provided that specific tools for research in S. granarius are
developed.
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