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Abstract

Mouse telomeres have been suggested to resemble common fragile sites (CFS), showing disrupted
TTAGGG fluorescent in situ hybridization signals after aphidicolin treatment. This “fragile”
telomere phenotype is induced by deletion of TRF1, a shelterin protein that binds telomeric DNA
and promotes efficient replication of the telomeric ds[TTAGGG]n tracts. Here we show that the
chromosome-internal TTAGGG repeats present at human chromosome 2g14 form an aphidicolin-
induced CFS. TRF1 binds to and stabilizes CFS 2q14 but does not affect other CFS, establishing
2914 as the first CFS controlled by a sequence-specific DNA binding protein. The data show that
telomeric DNA is inherently fragile regardless of its genomic position and imply that CFS can be
caused by a specific DNA sequence.

Introduction

Common fragile sites (CFS) are non-random chromosomal loci known to be hotspots for
DNA breakage under conditions that induce replication stress (Sutherland et al. 1998). In
response to replication inhibitors, fragile sites become unstable, exhibit frequent sister
chromatid exchanges (Glover and Stein 1987; Feichtinger and Schmid 1989), are
preferential sites for DNA integration (Rassool et al. 1991; Wilke et al. 1996; Thorland et al.
2003; Matzner et al. 2003; Bester et al. 2006), and induce rearrangements, including
deletions, translocations (Glover and Stein 1988), and regional amplifications (Coquelle et
al. 1997; Ciullo et al. 2002; Hellman et al. 2002; Zimonjic et al. 2003; Miller et al. 2006;
Reshmi et al. 2007; Pelliccia et al. 2010). In precancerous lesions, aberrant stimulation of
cell proliferation can induce DNA replication stress that preferentially targets common
fragile sites (Bartkova et al. 2006; Gorgoulis et al. 2005; Di Micco et al. 2006; Tsantoulis et
al. 2008; Bignell et al. 2010; Dereli-Oz et al. 2011; Bester et al. 2011). Therefore, CFS are
thought to make an important contribution to the complex genomic rearrangements in
cancer.

Rare fragile sites are caused by an expansion of arrays of CGG or AT repeats beyond a
critical size, leading to impairment of DNA replication by non-B DNA structures or intra-
strand hairpins formed by the repeats (Schwartz et al. 2006). CFS, on the other hand,
generally lack such repeats but are often characterized by a high AT content and regions
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with high flexibility that might similarly interfere with DNA replication by forming stable
secondary structures (Mishmar et al. 1998; Zlotorynski et al. 2003). The idea that the DNA
sequence itself is a critical factor in CFS is consistent with the fragile nature of FRA3B
sequences placed at ectopic sites (Ragland et al. 2008). Moreover, within FRA16C,
replication fork stalling occurs at/near AT-rich sequences (Ozeri-Galai et al. 2011).

For both the common and rare fragile sites, impaired replication could result in incompletely
replicated and/or partially condensed regions, explaining the apparent breaks or gaps in
metaphase chromosomes. Consistent with replication playing a role in CFS stability, CFS
expression is exacerbated by deficiency in the ATR kinase and its effector kinase CHK1,
which function to respond to replication stress, and by diminished function of recombination
factors such as BRCA1, RAD51, and the Bloom’s syndrome RecQ helicase BLM, which
might facilitate the recovery of stalled replication forks or enable restart events (Durkin and
Glover 2007; Chu and Hickson 2009; Fundia et al. 1995).

However, the idea that most CFS are primarily caused by sequences whose secondary
structure hampers replication was recently challenged. Several CFS associated with very
long transcription units were shown to be due to the collision between transcription and
replication (Helmrich et al. 2011). Furthermore, FRA3B was found to be situated in a region
with a very low density of replication origins in lymphocytes, resulting in the late replication
of its core sequences and incomplete replication of FRA3B upon aphidicolin-induced fork
slowing (Letessier et al. 2011). The effects of large transcription units on DNA replication
and/or the local paucity of origins could explain why the expression levels of CFS can vary
in different cell types.

Recent studies have uncovered a striking similarity between fragile sites and telomeres, the
elements that protect chromosome ends from the DNA damage response (de Lange 2009).
Mammalian telomeric DNA consists of a long array of duplex TTAGGG repeats that
challenge the DNA replication machinery. In cells treated with aphidicolin, telomeres
display aberrant structures in metaphase chromosomes, referred to as fragile telomeres,
which resemble those of aphidicolin-induced common fragile sites (Sfeir et al. 2009;
Martinez et al. 2009). The fragile telomere phenotype may be due to secondary structures
formed by the G-rich repeats, including the G-quartet structures (G4 DNA), that are
reminiscent of the secondary structures invoked as the culprit at some common fragile sites
(Sfeir et al. 2009; Vannier et al. 2012; Salvati et al. 2010). Efficient replication of telomeric
DNA is promoted by TRF1, a double-stranded TTAGGG repeat binding protein that is part
of the telomeric shelterin complex (Palm and de Lange 2008).When TRF1 is deleted from
mouse cells, the fragile telomere phenotype is strongly enhanced both in the presence and
absence of aphidicolin. TRF1 was shown to act in conjunction with two helicases, BLM and
RTEL1, which are implicated in the removal of G4 DNA (Sfeir et al. 2009; Vannier et al.
2012). While these data indicated that telomeres resemble CFS, it was not clarified whether
this attribute is due to the terminal position of the telomeric DNA or due to the nature of the
TTAGGG repeats per se. Indeed, while it was suggested that internal telomeric sequence
might cause chromosomal breakage (Hastie and Allshire 1989; Ashley and Ward 1993; Day
et al. 1998; Bertoni et al. 1994; Slijepcevic et al. 1996), no direct evidence has linked
interstitial telomeric repeats to fragile site behavior.

In order to determine whether telomeric DNASs can cause a CFS at a chromosome-internal
site, we focused on human chromosome 2q14, which contains two stretches of TTAGGG
repeats in inverted orientation. These internal telomeric repeat sequences are the remnant of
a telomere—telomere fusion of two ancestral ape chromosomes (1Jdo et al. 1991). We
document that this locus behaves as a common fragile site that is sensitive to aphidicolin and
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requires TRF1 for its stability. These findings reveal that telomeric DNA can induce a CFS
and argue for a sequence-dependent component in the expression of this CFS.

Identification of a novel common fragile site at 2914

The relevant region in 2q14 is a 1-kb segment which contains exact copies of the telomeric
TTAGGG repeats and TTAGGG repeat permutations interspersed with TTAGGG-related
repeats (Fig. S1). To test whether this sequence is associated with a fragile site, we used two
BAC-derived fluorescent in situ hybridization (FISH) probes (RP11-339F22 and
RP11-475116) residing approximately 0.5 Mb on either side of the 2q14 telomeric repeats
locus (Fig. 1a—f). When SV40-transformed, telomerase-immortalized human BJ fibroblasts
(BJ/nNTERT/SV40) were treated with aphidicolin to induce replication stress, the fluorescent
signals of the two BAC probes flanked a chromosome break in 2.4 % of the meta-phases
(Fig. 1b, f; Fig. S2). This fragile region was also observed in HPV-E6/E7 transformed
human IMR90 fibroblast (IMR9O0/EGE7) treated with aphidicolin (Fig. 1c, f). IMRO0/EGE7
and BJ/hTERT/SV40 showed approximately the same frequency of breakage (Fig. 1f),
whereas the primary human retinal pigment epithelial (RPE) cell line and the Epstein—-Barr
virus transformed lymphoblastoid IM-9 cell line (IM-9/EBV) showed aphidicolin-induced
breakage at 2q14 at a higher frequency (4.5 and 3.2 %, respectively) (Fig. 1d—f). These data
identify a new aphidicolin-inducible CFS near the chromosome-internal telomeric repeats in
2q14.

TRF1 and other shelterin proteins reside at 2q14

The 2914 region is highly enriched for the telomeric sequences that are recognized by the
shelterin protein TRF1. It contains 27 copies of the sequence 5 -TAGGGTT-3” binding site
for the TRF1 Myb/SANT DNA binding domain in either the G-strand or C-strand
orientation within 1 kb (Fig. S1a). Although 2q14 lacks the long arrays of tandem TTAGGG
repeats found at telomeres, the presence of multiple 5'-TAGGGTT-3" sequences is
predicted to allow binding of TRF1 which binds DNA as a flexible dimer, engaging two 5’-
TAGGGTT-3’ sites at variable distance and orientation (Bianchi et al. 1997, 1999). To test
whether TRF1 and other shelterin components are indeed bound to this region, we
performed ChIP for TRF1 and its interacting partner TIN2 as well as for a second telomeric
DNA binding protein in shelterin, TRF2, and its binding partner Rapl. Quantitative PCR
(gPCR) was used to evaluate the recovery of the 2q14 fusion site in the ChlPs, while a
chromosome-internal region lacking TTAGGG repeats (part of the Rapl gene; Fig. S1b)
was used as a negative control. For both loci, ChIPs for histone H3 were used as a positive
control and for normalization. The results showed an enrichment of the 2q14 region in the
ChlIPs for the shelterin proteins TRF1, TRF2, Rapl, and TIN2 (Fig. 2a). In contrast, ChIPs
for these shelterin proteins did not show an enrichment at the Rap1 gene control locus (Fig.
2a). The specificity of the ChlIPs with shelterin proteins was confirmed by hybridization to a
TTAGGG repeat probe (Fig. 2b), whereas pre-immune sera and an antibody for Rb failed to
bring down the 2q14 region or telomeric DNA (Fig. 2a, b). These results indicate that the
telomeric repeats at 2q14 associate with TRF1, TRF2, and their interacting factors, in
agreement with previous reports of the association of TRF1 and TRF2 with chromosome-
internal telomeric sequences (Simonet et al. 2011; Yang et al. 2011).

TRF1, BLM, and ATR affect the stability of the CFS at 2q14

To determine whether TRF1 affects the breakage at 2q14, we measured the expression of
this fragile site in metaphase spreads from BJ/hTERT/SV40 cells treated with two TRF1
shRNAs. Suppression of TRF1 was confirmed by immunoblotting (Fig. 3a), IF analysis for
TRF1 IF signals, induction of telomere dysfunction-induced foci, and induction of fragile

Chromosoma. Author manuscript; available in PMC 2013 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bosco and de Lange

Page 4

telomeres (Fig. S3a—c). Importantly, the reduction in TRF1 levels resulted in a 1.5-2-fold
increase in the frequency of aphidicolin-induced breaks at 2q14 (Fig. 3b, Suppl. Table 1),
whereas repression of TRF2 with an shRNA had no effect (Fig. 3c, d, Suppl. Table 2). Even
in the absence of aphidicolin-induced replication stress, the break at 2q14 was observed at
significant frequencies when TRF1 was suppressed (Fig. 3b, Suppl. Table 1). We assume
that the breakage at CFS 2q14 is less frequent than the fragile telomere phenotype because
of the much lower density and copy number of the telomeric sequences at the internal site.

TRF1 suppression did not affect several non-telomeric common fragile sites (FRA3B,
FRATH, and FRA16D) or a region on human chromosome 2 known to be not fragile
(NFRA; Pelliccia et al. 2008) (Fig. 3e—i, Suppl. Table 1). As expected, the ShRNA to TRF2
also did not affect telomere fragility or the breakage at FRA3B, FRA7H, and FRA16D (Fig.
S3d, Fig. 3j, Suppl. Table 2).

The Bloom’s syndrome helicase (BLM) was shown to act downstream of TRF1 to prevent
telomere fragility (Sfeir et al. 2009). We therefore analyzed the effect of BLM on CFS 2q14
using a BLM shRNA that reduced BLM protein levels (Fig. 4a), induced sister chromatid
exchanges (SCEs, Fig. 4b, c), and increased the frequency of telomere fragility (Fig. 4d).
BLM suppression increased the frequency of common fragile sites as well as the breakage at
2q14 either in the presence or absence of aphidicolin (Fig. 4e, f, Suppl. Tables 3 and 4).
Moreover, when cells were treated with sShRNAs to both TRF1 and BLM, the breakage at
2g14 was similar to that observed with either shRNA alone (Fig. 4e, Suppl. Table 3). As
expected from the lack of effect of TRF1 on the non-telomeric common fragile sites, dual
suppression of TRF1 and BLM had no further effect on FRA3B, FRA7H, and FRA16D
compared to suppression of BLM alone (Fig. 4f, Suppl. Table 4). Thus, the effect of TRF1
and BLM is epistatic at CFS 2q14 as it is at telomeres. This result is consistent with TRF1
promoting the function of BLM at sites containing telomeric repeats.

In addition to BLM, ATR affects the expression of the fragile telomere phenotype (Sfeir et
al. 2009). To determine the effect of ATR on the CFS 2q14, we reduced the expression of
the ATR kinase with an ShRNA in BJ/hTERT/SV40 fibroblasts or deleted of ATR from
ATRfoX'~ HCT116 cells with Cre recombinase (Cortez et al. 2001). In both settings,
reduction of ATR proteins level (Fig. 5a, e) resulted in the expected increase in the
frequency of fragile telomeres (Fig. 5b) and the expression of FRA3B and FRA16D (Fig. 5c,
f, Suppl. Tables 5 and 6). Importantly, inhibition of ATR also affected the expression of
CFS 2q14 (Fig. 5d, g, Suppl. Tables 5 and 6), indicating that CFS 2g14 behaves like the
other CFS in this regard. Due to lack of appropriate reagents to diminish the level of human
RTEL1, we were unable to test the effect of this helicase on CFS 2q14.

Discussion

These data identify a previously unrecognized aphidicolin-inducible common fragile site at
chromosome 2q14 (CFS 2qg14). Conventional cytogenetic techniques have not detected CFS
2q14 probably due to its low expression (Le Tallec et al. 2011) although one report noted
this site (Mrasek et al. 2010). A detailed analysis of the CFS in the long arm of chromosome
2 reported a novel CFS at 2q12-14 (Brueckner et al. 2012) as the third most frequently
expressed fragile site on chromosome arm 2q which could be due to two different CFS
residing at this site: the CFS at 2913 (Sutherland and Mattei 1987) and the less frequently
expressed CFS 2q14.

CFS 2q14 is expressed at very low levels because under normal conditions this fragile site is

repressed by TRF1. However, when TRF1 levels are diminished, the aphidicolin-induced
expression of CFS 2q14 is significantly increased and on par with FRA7H. The dependence
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of CFS 2914 on TRFL1 strongly argues that the telomeric sequences in the 2q14 locus are the
cause of breakage in this region. Removal of TRF1 from mouse telomeres leads to
replication fork pausing, activation of the ATR kinase, and fragile telomeres, suggesting that
replication problems originating from the nature of the TTAGGG repeats, including their
ability to form G4 DNA, are causing the fragile phenotype of the telomeres (Sfeir et al.
2009; Martinez et al. 2009; Salvati et al. 2010; Vannier et al. 2012). TRF1 was proposed to
facilitate the replication of telomeric DNA through the recruitment of BLM and thereby
prevent the occurrence of fragile telomeres (Sfeir et al. 2009). Similarly, we propose that at
CFS 2q14, the telomeric and other G-rich repeats hinder replication fork progression, most
likely by forming G4 DNA, and that TRF1 facilitates the replication of 2q14, in part by
promoting the action of BLM and possibly RTEL1 although we were unable to test the
involvement of RTEL1 in this study.

CFS 2q14 is the first common fragile site known to depend on a sequence-specific DNA
binding protein. This finding indicates that this particular common fragile site and possibly
others is indeed due to the nature of the local sequence impeding replication fork
progression. At telomeres, it was shown that G4 stabilizing ligands induce the fragile
telomere phenotype (Salvati et al. 2010; VVannier et al. 2012), providing direct evidence for a
secondary structure-based impairment of replication. Furthermore, in the telomeric setting,
TRF1 acts together with BLM and RTEL1 (Sfeir et al. 2009; Vannier et al. 2012), most
likely preventing the occurrence of replication fork stalling events due to these structures.
Indeed, when TRF1 is removed from telomeres, fork stalling is strongly induced (Sfeir et al.
2009). It is reasonable to assume that these molecular principles, worked out at telomeres,
also hold for CFS 2g14. Other models, such as effects on the local density of replication
origins or the size of transcription units, which explain the behavior of other CFS, are
unlikely to come into play at CFS 2q14, since TRF1 is not known to affect either.

Many vertebrates, including hamster, chicken, and reptiles, have large blocks of TTAGGG-
like sequences often associated with the pericentric heterochromatin. As in the case of 2q14,
the interstitial telomeric DNA in hamster cells is associated with TRF1 (Smogorzewska et
al. 2000; Krutilina et al. 2001). Our data predict that these clusters would have the tendency
to break, especially when TRF1 becomes limiting. Indeed, cytogenetic analysis has
implicated the chromosome-internal telomeric repeat regions in hamster cells in spontaneous
and induced breakage (Alvarez et al. 1993; Fernandez et al. 1995; Slijepcevic et al. 1996;
Kilburn et al. 2001). Why are these fragile sequences maintained although they can easily be
removed by unequal sister chromatid exchange? We have previously argued that the fragile
nature of telomeres might lure transposable elements and other invasive DNA to telomeres
where their insertion is relatively harmless (Sfeir et al. 2009). Similarly, the chromosome-
internal blocks of fragile TTAGGG repeats might form a safe sink for mobile DNA, placing
them in a setting where they are not disruptive and are likely to become repressed by their
heterochromatic environment. In this manner, TTAGGG repeats may not only protect the
ends of the chromosomes but also safeguard chromosome-internal sequences.

Materials and methods

Cell culture

SV40-transformed, hTERT immortalized BJ fibroblasts (BJ/hTERT/SV40) cells were
cultured in complete DMEM-containing 199 medium (4:1) with 10 % bovine calf serum.
HPV EG6/E7 transformed IMR90 fibroblasts (IMR90/EGE7) and primary RPE cells were
cultured in DMEM with 10 % bovine calf serum. EBV immortalized IM-9 lymphoblastoid
cells were grown in RPMI11640 with 10 % FBS. HCT116 and HCT1161°%/~ cells (Cortez et
al. 2001) were grown in McCoy's 5a Medium with 10 % bovine calf serum. Cre
recombinase was introduced in HCT1161°%/~ cells with Hit&Run-Cre to allow Cre-lox
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removal of the remaining ATR allele and cells were harvested 3 days post-infection.
Aphidicolin (Sigma) was added (0.3 umol/I) for 20 h before fixing. Colchicine (1074 mM,
Roche) was added 2 h before metaphase was prepared using standard procedures.

ChIP and dot blot analysis were performed as previously described (Loayza and de Lange
2003) with the following sera: TRF1 (#371, crude rabbit polyclonal); TRF2 (#647, crude
rabbit polyclonal); TIN2 (#865, crude rabbit polyclonal); Rapl (#765, crude rabbit
polyclonal); Rb (#554136, BD Pharmingen); and H3 (ab1791, Abcam). For gPCR, samples
were amplified by quantitative real-time PCR (ABI PRISM 7700 Sequence Detection
System) using specific primers for Chr2 (Chr2-F 5'-GCATTCCCCTAAGCACAGAG-3’
and Chr2-R 5-TCACCCTCACCCTGCAAT-3") and Rapl (Rapl-F 5-AGCTGC
CATTAAGATCATTCGGCAG-3 and Rap1-R 5'-CGAAATTCAATCCTCCGAGC-3").
PCR products were run on agarose gel to check for correct amplification fragment size.

TRF1 (shTRF1-1 5"-CCCAGCAACAAGACCTTAATA-3" and shTRF1-25’-
CCCTTGATGCACAGTTTGAAA-3"), BLM (5-GCCTTTATTCAATACCCATTT-3"),
and ATR (5"-CTGTGGTTGTATCTGTTCAAT-3") shRNAs in pLKo.1 were introduced
using three infections at 12 h intervals with supernatant from transfected 293 T cells. For
TRF2 analysis (ShTRF2 5'-TCACAGGAGCATGGTTCCTAATA-3"), the shRNA in
pSUPERIOR was introduced with four retroviral infections at 12 h intervals with
supernatant from transfected PhoenixA cells.

Immunoblotting

Immunoblots were performed on whole cell lysates as described previously (Takai et al.
2010) using the following antibodies: TRF1 (#371, purified rabbit polyclonal); TRF2 (#647,
purified rabbit polyclonal); BLM (#ab2179, Abcam); y-tubulin (clone GTU88, Sigma); and
ATR (N-19, goat polyclonal, Santa-Cruz).

BAC probes and FISH

IF-FISH

BAC clones (Children’s Hospital Oakland Research Institute, Oakland, CA, USA) used
were: 2q14, RPCI-11 339F22 (AC016724), and RPCI-11 475116 (AC010982); FRA3B,
RPCI-11 94D19 (AC AC096917); FRA7H, RPCI-11 36B6 (AC016831); FRA16D, RPCI-11
264L1 (AC046158); and non-fragile control, BAC RPCI-11 284E18, lying approximately 1
Mb from the fragile site FRA2G (AC008065). Probes were labeled by nick-translation with
biotin-16-dUTP or digoxigenin-11-dUTP (Roche). RNase-treated slides were dehydrated
with 5 min washes in 70, 95, and 100 % ethanol and allowed to air dry. Slides were
incubated with hybridization solution containing 200 ng of each labeled BAC probe, mixed
with 8 g of Cot-1 DNA (Invitrogen), 10 % dextran sulfate, 50%formamide, and 2x SSC
(pH 7.0). Slides were denatured at 80 °C for 2 min, hybridized at 37 °C for 18 h, and washed
in 2x SSC at 65 °C, and signals were detected with Cy3-conjugated avidin and FITC-
conjugated antidigoxigenin antibodies. Telomeric FISH was performed using a FITC-OO-
(CCCTAA)3 PNA probe (Applied Biosystems) according to the manufacturer’s instructions.
Digital images were captured with a Zeiss Axioplan 1l microscope with a Hamamatsu
C4742-95 camera using Improvision OpenLab software for merging the images.

Telomeric DNA FISH was combined with IF using a rabbit polyclonal 53BP1 antibody
(100-304, Novus Biological) or TRF1 (Ab 371) as previously described (Takai et al. 2010).
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Subconfluent cells were incubated with BrdU (20 pM) for 48 h before preparation of
metaphase spreads. Slides were rehydrated in PBS and incubated in 2x SSC, Hoechst 33258
(25 ug/ml) in the dark for 30 min and exposed to UV light (10 min at 5.4x103 J/m?). Slides
were washed in PBS; dehydrated in 70, 95, and 100 % ethanol; and counterstained with
DAPI in anti-fade embedding medium (ProLong Gold, Invitrogen). Digital images were
captured as above.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

A newly identified common fragile site at human chromosome 2q14. a Ideogram of the
human chromosome 2 with the physical map of the 2q13-q14.1 region enlarged. The BAC
clones used for the FISH analysis (RP11-339F22 and the RP11-475116 highlighted in green
and red, respectively), the RP11-395L14 harboring the telomeric DNA, and same markers
are shown. b—d FISH of the RP11-339F22 (green) and RP11-475116 (red) probes on human
chromosome 2 expressing the fragile site at 2q14 (arrow head) in aphidicolin-induced BJ/
hTERT/SV40 (b), IMRI0/E6E7 (c), RPE cells (d), and IM-9/EBV (e). f Frequency of the
expression of the breakage at 2914 in the analyzed cell lines after aphidicolin treatment. nis
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the number of chromatids analyzed by FISH, % breakage refers to the percentage of
chromatids that showed a gap/break between the two probes
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Internal telomeric repeats associate with TRF1 and other shelterin proteins. a Quantification
of the recovery of the 2q14 fusions site (2914 locus) and Rapl control region (Rapl gene) in
the ChIPs using the indicated antibodies or pre-immune serum (PI) by gPCR in BJ/hTERT/
SV40 cells. Ct values collected from each qPCR analysis performed in triplicate were
normalized to H3. Ct values were than corrected for the averaged Ct values obtained with
the pre-immune antibodies that yielded background signals (Pl TRF1, PI TRF2, Pl TIN2).
Bars represent mean values of three independent experiments with SD. Brackets with
asterisks indicate p values below 0.05 (Student’s ftest). b Dot blots monitoring the
specificity of ChIP with antibodies to shelterin proteins and control sera by hybridization

with a TTAGGG repeats probe
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Fig. 3.

TRF1 modulation of the common fragile site at 2q14. a Immunoblot monitoring the
reduction of TRF1 upon shRNA treatment (2 days after infection). -y-Tubulin was used as
loading control. LE£ long exposure. b Quantification of the breakage at 2914 observed after
inhibition of TRF1, with or without aphidicolin treatment. Bars represent mean values of
three independent experiments with SD (see Suppl. Table 1). ¢ Immunoblot showing
shRNA-mediated repression of TRF2. y-Tubulin is used as loading control. LElong
exposure. d Frequency of breakage at CFS 2q14 after inhibition of TRF2, with or without
aphidicolin treatment. Bars represent mean values of three independent experiments with SD
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(see Suppl. Table 2). e-h FISH signals showing, in order, the non-fragile NFRA control
region, FRA3B, FRA7H, and FRA16D in BJ/hTERT/SV40 after aphidicolin treatment. i, |
Quantification of the breakage observed at NFRA, FRA3B, FRA7H, and FRA16D, after
inhibition of TRF1 (i) and TRF2 (j), with or without aphidicolin treatment. Bars represent
mean values of three independent experiments with SD (see Suppl. Tables 1 and 2).
Brackets with asterisks indicate p values below 0.05 (Student’s ftest)
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Fig. 4.

TRF1 and BLM affect stability of the common fragile site at 2914. a Immunoblot
monitoring sShRNA-mediated repression of BLM and TRF1 (day 2 post-infection). y-
Tubulin was used as loading control. b Example of SCEs in control (/eft panel) and shBLM-
treated cells (right panel) and c quantification of SCEs after BLM loss. d Frequency of
fragile telomeres after repression of BLM, TRF1, or both. e Quantification of the breakage
at 2q14 and f frequency of breakage at NFRA, FRA3B, FRA7H, and FRA16D after
repression of BLM, TRF1, or both with or without aphidicolin treatment. In all panels, bars
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represent mean values of three independent experiments with SD (see Suppl. Tables 3 and
4). Brackets with asterisks indicate p values below 0.05 (Student’s #test)
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Fig. 5.

ATR regulates CFS 2q14 stability. a Immunoblot monitoring repression of ATR at day 2
after sShRNA infection of BJ/"TERT/SV40 cells. y-Tubulin was used as loading control. b
Frequency of fragile telomeres after repression of ATR in BJ/hTERT/SV40 cells. ¢
Quantification of the breakage at FRA3B and FRA16D and d at 2914 after repression of
ATR in BJhTERT/SV40 cells. Barsrepresent mean values of three independent
experiments with SD (see Suppl. Table 5). Brackets with asterisks indicate p values below
0.05 (Student’s ttest). e Immunoblot monitoring repression of ATR in HCT116 and
HCT116 ATRIoX/~ cells with Cre recombinase (day 3). y-Tubulin was used as loading
control. f Quantification of the breakage at FRA3B and FRA16D and g at 2q14 in HCT116
and HCT116 ATRI9X/~ cells. Barsrepresent mean values of two independent experiments
with SEM (see Suppl. Table 6). Brackets with asterisks indicate p values below 0.05
(Wilcoxon rank sum test)
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