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Telomeres are nucleoprotein structures at the ends of eukaryotic chromosomes that protect them from degradation,
end-to-end fusions, and fragility. In mammals, telomeres are composed of TTAGGG tandem repeats bound by a protein
complex called shelterin, which has fundamental roles in the regulation of telomere protection and length. The
telomeric repeat binding factor 1 (TERF1 or TRF1) is one of the components of shelterin and has been shown to be
essential for telomere protection. Telomeric repeats can also be found throughout the genome, as Internal or Interstitial
Telomeric Sequences (ITSs). Some of the components of shelterin have been described to bind to ITSs as well as other
extra-telomeric regions, which in the case of RAP1 exert a key role in transcriptional regulation. Here, we set to address
whether TRF1 can be found at extra-telomeric sites both under normal conditions and upon induction of telomere
shortening. In particular, we performed a ChIP-sequencing technique to map TRF1 binding sites in MEFs wild-type and
deficient for the telomerase RNA component (Terc¡/¡), with increasingly short telomeres. Our findings indicate that
TRF1 is exclusively located at telomeres both under normal conditions, as well as under extreme telomere shortening.
These results indicate that in mice not all members of shelterin have extra-telomeric roles as it was described for RAP1.

Introduction

Telomeres are nucleoprotein structures at the end of the chro-
mosomes that protect them from being detected as double-strand
breaks, preventing fusions, recombination and degradation.1,2

Mammalian telomeres consist of tandem repeats of the
TTAGGG sequence bound by a complex of proteins called telo-
some or shelterin, which has essential roles in the protection of
chromosome ends and the regulation of telomere length. Telo-
meric repeats can be also found at internal chromosomal sites,
forming the so-called Interstitial Telomeric Sequences (ITSs).3

Two classes of ITSs exist in mammals: long blocks of mainly
pericentromeric, heterochromatic ITSs (het-ITSs), present only
in some species, for instance the Chinese Hamster, and short
ITSs, present at chromosome arms in ostensibly all vertebrates
genomes. Some of these short ITSs are part of the subtelomeric
(S) regions, the 3 Mbp regions adjacent to telomeres. In humans
and mice, 83 and 244 non-subtelomeric short ITSs have been
described, respectively,4 however, no het-ITSs have been found
in these 2 species. ITSs in rodents are longer than in primates.4,5

The origin of ITSs seems to be related with chromosome fusions

or telomeric hexamers insertions in the genomes during the
repair of DNA double-strand breaks.6 However, their biological
role still remains unknown.

The shelterin complex is composed of 6 core proteins: TRF1,
TRF2, POT1, TPP1, TIN2 and RAP1.2 Only 3 of these proteins
bind directly to DNA: TRF1 and TRF2, which bind to double-
stranded DNA, and POT1, which binds to the single-stranded 30

overhangs. TPP1 interacts with POT1 and TIN2. TIN2 is
recruited to the telomere through binding to TRF1 and TRF2
via independent domains and is able to recruit the TPP1-POT1
complex, constituting the bridge among the different shelterin
components.7-9 RAP1 is not able to directly bind DNA and its
recruitment to telomeres is dependent on its interaction with
TRF2.10,11

Aside from their fundamental role in telomere biology, recent
evidence suggests a role of some shelterins independent of their
binding to telomeric repeats. In particular, the ortholog of
mammalian RAP1 in budding yeast, scRap1, binds not only telo-
meric but also extra-telomeric DNA, acting as a transcription
factor.12,13 By analysis of in vivo RAP1 binding to chromatin
using chromatin immunoprecipitation linked to sequencing
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(ChiP-seq), we recently described that this extra-telomeric func-
tion of RAP1 is conserved in mammals. In particular, mouse
RAP1 is able to bind to inter-genic and intra-genic extra-telo-
meric sites, and also shows enrichment at subtelomeric regions,
where RAP1 binding induces gene silencing.14 RAP1 and TRF2
also bind to ITSs outside subtelomeres.14 Similarly, a recent
study in humans described that TRF2 and RAP1 proteins occupy
a limited number of interstitial regions throughout the genome
and also regulate gene expression.15 Interestingly, in yeast telo-
meric alterations can lead to delocalization from telomeres of
Rap1-associated heterochromatin factors that are able to operate
at interstitial genomic sites.16,17 It is also known that gradual
reduction in the telomere length associated to aging is linked to
global deregulation of the transcriptome and loss of maintenance
of epigenetic silencing mechanisms.18

In line with extra-telomeric roles for shelterin proteins, Taz1,
the fission yeast ortholog of mammalian TRF1 and TRF2, is also
involved in telomere protection and recruitment of Rap1 to telo-
meres19,20 and was recently described to bind to the internal telo-
meric repeats and play an essential role in the “replication timing
control” (RTC), with about half of late origins and almost all
origins in subtelomeric regions being regulated by the Taz1-medi-
ated mechanism.21 In agreement with this, a recent study reported
restricted abilities of TRF1 and TRF2 proteins in binding extra-
telomeric sites of the genome in human tumor cell lines, most of
them ITSs. In particular, 38% of the TRF1 and TRF2 common
binding sites were located in S regions.22 In addition, human
TRF1 can stabilize common fragile sites.23 Furthermore, in Chi-
nese hamster cells, which contain long blocks of het-ITSs that rep-
resent about the 5% of the genome,24 TRF1 is involved in
protection of these internal non-telomeric (TTAGGG)n repeats
from double-strand breaks and chromosome rearrangements.25,26

Together, these data suggest that TRF1 could bind extra-telomeric
sites and have important roles in genome stability.

Here, we set to address in vivo binding of mouse TRF1 to
extra-telomeric sites by using genome-wide Chip-seq analysis of
mouse embryonic fibroblasts (MEF) wild-type or deficient for
Trf1 as negative control. In addition, we hypothesized that upon
telomere shortening, TRF1 could delocalize from telomeres to
other regions of the genome, having additional functions inde-
pendent from telomere biology and contributing to the gene
expression changes associated with aging. To address this, we
have generated MEFs deficient for the telomerase RNA compo-
nent or Terc for successive mouse generations.27

Our results indicate that TRF1 does not show any significant
binding to regions outside telomeric repeats, showing only bind-
ing to telomeres both in conditions of normal telomere length or
when telomeres are critically short.

Results

Identification of TRF1 binding sites in MEFs by ChIP-
sequencing analysis

To address the in vivo TRF1 binding to telomeric and extra-
telomeric regions we performed a whole-genome ChIP

sequencing analysis. To this end we used Trf1C/C p53 ¡/¡-Cre
MEFs as well as Trf1-deficient Trf1D/D p53¡/¡-Cre MEFs as a
negative control for TRF1 peak specificity.28 Trf1 excision in
Trf1D/D p53¡/¡-Cre MEFs was confirmed both by PCR
(Fig. 1A) and Western blot (Fig. 1B). We next tested our
home-made anti-TRF1 polyclonal antibody for its ability to
pull down TRF1 protein in MEFs by using dot-blot analysis.
Shown in Fig. 1C, the antibody was able to specifically immu-
noprecipitate TRF1, which was bound to telomeric DNA but
not centromeric DNA. Upon chromatin immunoprecipitation
with the TRF1 antibody and before alignment of the immuno-
precipitated sequences with the mouse genome, we found a
strong over-representation of raw 40-base-pair (bp) sequences
containing the telomeric (TTAGGG)5 or the complementary
(CCCTAA)5 repeats in Trf1C/C p53 ¡/¡-Cre MEFs ChIP-seq
compared with that in Trf1-null control (Trf1D/D p53¡/¡-Cre
MEFs) and the input DNA (input pool 1), which corresponds
to the sheared chromatin before incubation with the anti-TRF1
antibody (Fig. 2A). The enrichment in reads containing 2, 3, 4
and 6 repeats of the TTAGGG or CCCTAA sequences was
also noticeable in the Trf1C/C p53 ¡/¡-Cre sample (Table S1).
These results demonstrate in vivo binding of TRF1 to telomeric
repeats.

Our ChIP-seq experiment yielded >11 £ 106 uniquely
mapped short reads for Trf1C/C p53¡/¡-Cre, >32 £ 106 for
Trf1D/D p53¡/¡-Cre and almost 20 £ 106 for input pool 1
(Table 1). Significantly read-enriched peaks were detected using
the MACS v1.4 software with a P value cut-off of 1 £ 10¡5. To
define extra-telomeric TRF1 binding sites, we retained only
peaks that were present in Trf1C/C p53¡/¡-Cre sample but
not in Trf1-null sample (Trf1C/C p53¡/¡-Cre vs Trf1D/D

p53¡/¡-Cre). In the comparisons with the controls, the statistical
significance of enriched sites is measured by empirical FDR,
which is the expected proportion of incorrectly identified sites
among those found to be significant. A False Discovery Rate
(FDR) of 10 was applied for this software. 1,165 peaks
were found in the comparison Trf1C/C p53¡/¡-Cre vs Trf1D/D

p53¡/¡-Cre. We also did the comparison Trf1C/C p53¡/¡-Cre vs
input pool 1, in this case obtaining 1,288 peaks. Out of the
1,165 peaks from the comparison with the Trf1-null control,
290 were discarded in the comparison with the input. Unfortu-
nately, all the 875 remaining peaks showed a FDR of 100%,
meaning that TRF1 specific peaks did not have enough statistical
support in the comparison with Trf1-null sample.

Contrary to what was reported for mouse RAP114 and human
RAP1, TRF2 and TRF1,15,22 mouse TRF1 peaks were not
enriched in subtelomeric regions (Fig. S1), as we only found
29 peaks (2.36% from the total of peaks) in S regions. If the
same analysis was done randomly, the expected enrichment
would be that 2.27% of the peaks would be subtelomeres, so
there is no enrichment of peaks in subtelomeric regions. In chro-
mosomes 4 and 8 there is a slight enrichment of 6% and 5.4%
respectively. Besides, most of them were not associated with
genes, as mapped in regions at more than 10 kb from genes tran-
scription start sites (TSS), with just 13% of the peaks (117 peaks
out of 875) at less than 10 kb from genes TSS (Fig. S2A). From
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the peaks that mapped
inside a gene, 90% of
them were intronic
(Fig. S2B). Taking all
these results together, we
conclude that mouse
TRF1 does not bind to
chromosomal regions
other than the telomeres
in wild-type MEFs.

Identification of TRF1
binding sites upon
telomere shortening by
ChIP-sequencing

In order to elucidate
whether telomere shorten-
ing could result in redis-
tribution of TRF1
binding from telomeres to
chromosome arms, we
performed a second
ChIP-seq experiment in
Trf1C/C MEFs TercC/C

(wild-type), and Terc¡/¡

of the first (Terc¡/¡ G1)
and third (Terc¡/¡ G3)
generation, which display
progressively shorter
telomeres.

Again, we first con-
firmed the enrichment in
telomeric repeats before

Figure 1. (A) Trf1 deletion in Trf1D/D p53¡/¡ Cre-infected MEFs was confirmed by PCR. (B) Western blot analysis dem-
onstrating the decrease in TRF1 upon infection with retroviral Cre recombinase. (C) ChIP experiment with TRF1 anti-
body immunoprecipitation. The co-precipitated DNA was analyzed by dot-blotting with a telomere probe to detect
telomeric sequences. The same blot was hybridized with a probe against centromeric DNA (major satellite) to test the
ChIP specificity, as TRF1 is bound to telomeres but not centromeres. “No ab” corresponds to the same cross-linked
DNA incubated with the pre-immune TRF1 antibody serum. “Input” corresponds to the chromatin fraction before incu-
bation with the antibody.
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Figure 2. Enrichment of telomere sequences bound to TRF1 in ChIP-seq experiments. The percentage of 40 or 42-bp raw reads before alignment with
mouse genome containing perfect (TTAGGG)5 or (CCCTAA)5 repeats is shown for the different samples. In the first experiment, input pool 1 is a combina-
tion of equal amounts of input DNA (total DNA before immunoprecipitation) from Trf1C/C p53¡/¡-Cre and Trf1D/D p53¡/¡-Cre samples (A). In the second
experiment, input pool 2 is a combination of input DNA from wild-type, Terc¡/¡ G1 and Terc¡/¡ G3 samples (B).
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sequence alignment with the mouse genome in wild-type,
Terc¡/¡ G1 and Terc¡/¡ G3 MEFs compared with their corre-
sponding input DNA (input pool 2). In agreement with shorter
telomeres owing to telomerase deficiency, Terc¡/¡ G1 and G3
samples showed gradual decrease in the percentage of reads con-
taining perfect telomeric repeats (Fig. 2B). A similar enrichment
was seen for 2, 3, 4 and 6 repeats of the TTAGGG or CCCTAA
sequences (Table S2).

This ChIP-seq experiment yielded >14 £ 106 uniquely
mapped short reads for wild-type, >16 £ 106 for Terc¡/¡ G1,
>15 £ 106 for Terc¡/¡ G3 and >21 £ 106 for input pool 2
(Table 1). Peak detection and statistical analysis was done
as described above. We compared Terc¡/¡ G3 vs wild-type,
Terc¡/¡ G1 vs wild-type and Terc¡/¡ G3 vs Terc¡/¡ G1, so as to
obtain new TRF1 binding sites to the genome while telomeres
get shorter. We obtained 2,179 peaks in the comparison Terc¡/¡

G3 vs wild-type, 2,207 peaks in the comparison Terc¡/¡ G1 vs
wild-type and 2,524 peaks in the comparison Terc¡/¡ G3 vs
Terc¡/¡ G1. However, none of these peaks were of statistical sig-
nificance and were discarded from the analysis. Once again,
we did not see any enrichment in S regions in the comparison
Terc¡/¡ G3 vs wild-type (1.93% compared to 2.27% of the ran-
dom average) (Fig. S3), suggesting that telomeric shortening and
the subsequently decreased binding of TRF1 to the telomere
does not induce TRF1 interaction with other regions of the
genome.

Overlapping with mouse RAP1 ChIP-seq
To further analyze whether TRF1 binding to chromatin is

restricted to telomeres in mice, we compared our TRF1 ChIP-
seq data with that previously obtained by us for RAP114 and
sought peaks that overlapped in both experiments. Just a few

TRF1 regions (14 sites, 1.6% of the 875 peaks from the compari-
son Trf1C/C p53¡/¡-Cre vs Trf1D/D p53¡/¡-Cre) were found to
overlap with RAP1 binding sites and only 5 of them contained
telomeric (TTAGGG)n�2 tracks (Table 2). While dozens of
peaks associated to ITSs were found in RAP1 ChIP-seq, in TRF1
ChIP-seq we only detected a few peaks in ITSs and with no statit-
istical significance. In this comparison, we also noticed that peaks
obtained in TRF1 ChIP-seq are much longer than RAP1 peaks
(RAP1 peaks had an average width of 75 bp, while TRF1 peaks
are 576 bp on average). This distribution in broad peaks suggests
that peaks obtained in this experiment are peaks associated with
background instead of peaks showing real binding of TRF1.
Lastly, RAP1 ChIP-seq showed a much higher number of RAP1
binding peaks (30,000 peaks) compared to only 1,165 TRF1
binding peaks.

Chip-seq validation by qRT-PCR
Even though none of the TRF1 peaks obtained by ChiP-seq

passed the statistical significance threshold, we decided to further
study those TRF1 peaks that overlapped with the RAP1 ChIP-
seq peaks and that corresponded to ITS or subtelomeric regions
to be certain that TRF1 does not show significant binding out-
side of telomeres. We tested the 5 peaks associated to TTAGGG
repeats that overlapped with RAP1: peak 603 (chr2: 28,039,717-
28,040,535), peak 620 (chr2: 57,481,892-57,482,277), peak
874 (chr6: 52,133,777-52,134,592), peak 980 (chr8:
73,956,797-73,957,467) and peak 1073 (chr9: 95,326,167-
95,326,779) (Table 2). In addition, we also selected for valida-
tion peaks in the subtelomeric regions of chromosome 4 and 8,
which were the chromosomes that showed a slight enrichment in
peaks in the S regions: peak 804 (chr4: 153,217,553-
153,218,190), peak 805 (chr4: 154,765,741-154,766,224), peak

Table 1. Summary of ChIP-seq experiments. Overall reads and length obtained in ChIP-seq experiments. % of alignment (PF) is the percentage of filtered
reads that were uniquely aligned to the reference. In the first experiment, read length of 40 bp, in the second, 42 bp

Sample ID
Raw sequenced

reads
Size of raw sequenced

reads (bp)
% of

alignment (PF)
Uniquely mapped

reads
Size of uniquely mapped

reads (bp)

Trf1C/C p53¡/¡-Cre 21,493,914 859,756,560 58.36 11,170,552 446,822,080
Trf1D/D p53¡/¡-Cre 52,426,641 2,097,065,640 91.51 32,673,672 1,306,946,880
Input Pool 1 37,408,510 1,496,340,400 71.53 19,932,267 797,290,680
Wildtype 29,609,663 1,243,605,846 58.54 14,498,028 608,917,176
Terc¡/¡ G1 31,473,982 1,321,907,244 63.43 16,542,830 694,798,860
Terc¡/¡ G3 30,741,283 1,291,133,886 59.88 15,476,230 650,001,660
Input Pool 2 35,229,238 1,479,627,996 73.78 21,381,218 898,011,156

Table 2. Peaks that overlap with RAP1 ChIP-seq in the Trf1C/C p53¡/¡-Cre vs Trf1D/D p53¡/¡-Cre comparison and that contain tracks with (TTAGGG)n � 2
repeats

Chr RAP1 Peak number Start End TRF1 Peak number Start End FDR (%)

2 4 28,040,118 28,040,149 603 28,039,717 28,040,535 100
2 1 57,482,074 57,482,124 620 57,481,892 57,482,277 100
6 2027 4,873,918 4,873,946 874 4,873,501 4,874,305 100
8 2 73,957,000 73,957,029 980 73,956,797 73,957,467 100
9 7 95,326,334 95,326,363 1073 95,326,167 95,326,779 100
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806 (chr4: 155,161,073-155,161,670),
peak 807 (chr4: 155,334,959-
155,335,528), peak 1014 (chr8:
128,849,051-128,849,629), peak 1015
(chr8: 129,108,238-129,108,707) and
peak 1016 (chr8: 129,423,259-129,
423,839) (Table 3).

To study TRF1 binding to these
peaks, we carried out independent
ChIP experiments with the TRF1 anti-
body in 2 independent MEFs per geno-
type: Trf1C/C p53¡/¡-Cre MEFs and
Trf1D/D p53¡/¡-Cre MEFs deficient
for Trf1 as negative control for peak
specificity, followed by qPCR analysis
with primers for the extra-telomeric
regions mentioned above (see primer
sequences in Table S3). We failed to
detect TRF1 binding to the indicated
ITSs (Fig. 3A) or to subtelomeric
regions (Fig. 3B), thus confirming that
the peaks obtained in the ChIP-seq
were false positives in agreement with
the FDR indicator.

Discussion

The aim of this study was to estab-
lish the genome-wide DNA binding
patterns of the telomeric protein TRF1
in MEFs and find out whether telo-
mere shortening could induce delocali-
zation of TRF1 from telomeres and
binding to other regions in the
genome. When we analyzed TRF1 spe-
cific binding sites by ChIP sequencing,
however, none of them had enough sta-
tistical significance and were statisti-
cally considered false positives. In agreement with this, we could
not validate the TRF1 peaks by ChIP-qPCR, further indicating
that mouse TRF1 binding to chromatin is restricted to telo-
meres, at least in MEFs. This is in apparent conflict with what

was previously observed in a work done in humans, where they
identified a limited number of extra-telomeric TRF1 binding
sites that largely comprised ITSs in human tumor cell lines.22

Nevertheless, we have to take into consideration that not only
protein binding profiles but also ITSs structure and length differ
between humans and mice, which may explain the differences in
TRF1 binding observed in both species. The fact that the human
studies were performed in transformed cell lines, while we stud-
ied TRF1 binding to chromatin in normal primary cells, may
also account for the different results, as the specific cellular con-
text may have an effect on TRF1 levels and its binding to chro-
matin. It has also been reported that TRF1 binds to ITSs in
immortalized Chinese hamster cells, where it is involved in the
stability of these repeated sequences.25,26 Unlike mouse cells,
however, the Chinese hamster cells contain large blocks of cyto-
logically detectable het-ITSs that correspond to the 5% of their
genome, which probably have completely different stabilization

Table 3. Peaks from subtelomeres of chromosomes 4 and 8, which are the
chromosomes that showed higher enrichment of peaks in S regions in the
comparison Trf1C/C p53¡/¡-Cre vs Trf1D/D p53¡/¡-Cre

Chr Peak number Start End FDR (%)

4 804 153,217,553 153,218,190 100
4 805 154,765,741 154,766,224 100
4 806 155,161,073 155,161,670 100
4 807 155,334,959 155,335,528 100
8 1014 128,849,051 128,849,629 100
8 1015 129,108,238 129,108,707 100
8 1016 129,423,259 129,423,839 100
8 1017 131,239,943 131,240,518 100
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Figure 3. Validation of TRF1-binding peaks by ChIP with anti-TRF1 antibody followed by qPCR. The
peak ranks of the regions tested are indicated on the x axis. (A) Validation of peaks that overlapped
with RAP1 ChIP-seq and contain (TTAGGG)n�2 repeats. (B) Validation of peaks from subtelomeric
regions of chromosomes 4 and 8. The results were normalized to the input and relativized to wild-type
levels. No decrease in TRF1 binding was detected in Trf1-null MEFs. n D number of independent MEFs
analyzed. Error bars: s.e.m. P values were calculated by Student’s t test.
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and protection mechanisms, and this may also explain the differ-
ence with our study.

Finally, we found very few TRF1 peaks associated with ITSs
in MEFs when compared with an analogous RAP1 ChIP-seq also
in MEFs and we could not validate them by ChIP-RT-PCR, sug-
gesting that indeed those putative TRF1 peaks may be artifacts of
the sequencing technique owing to erroneous alignment of telo-
meres to ITSs rather than bona fide TRF1 binding sites. When
studying genome-wide DNA binding profiles, protein concentra-
tion can be critical in the identification of statistically significant
peaks. In fact, in a ChIP-seq experiment done with anti-TRF2
and anti-RAP1 antibodies in humans, they demonstrated that
TRF2 concentration could considerably influence this protein’s
binding to ITSs.15 Even so, we previously published a TRF1
ChIP-seq done in induced Pluripotent Stem (iPS) cells, which
display high TRF1 levels, showing no significant TRF1 binding
to putative regulatory regions nor intragenic binding of this pro-
tein outside telomeric regions.29

Given our negative findings with TRF1, it would be interest-
ing to study the genome-wide DNA binding profiles for TRF2,
other shelterin that binds to double-stranded DNA and recruits
RAP1 to telomeres. In fact, we previously demonstrated that
TRF2 binds to TTAGGG-rich extra-telomeric RAP1 binding
sites.14

Telomere shortening is accompanied by a change in the archi-
tecture of telomeric and subtelomeric chromatin leading to a
more “open” chromatin state. However, this loss of telomeric
repeats in G2 and G5 Terc¡/¡ MEFs has no effect on TRF1 den-
sity at telomeres, inferring that no alterations of TRF1 binding
to telomeres are associated with telomere shortening.30 Besides, it
is known that TRF1 protein levels are significantly reduced in
late generation Terc¡/¡ mice.31 These 2 data together with our
results suggest that TRF1 expression and degradation are highly
regulated in mice and that telomeric shortening induces a
decrease in TRF1 levels rather than a relocalization of this protein
to other regions in the genome. Further studies of the extra-telo-
meric binding of other shelterins in a context of telomere short-
ening and other pathological conditions are needed. Besides, a
deeper knowledge of the structure, function and stability of these
ITSs in the different species will help us to understand the dis-
similar binding of shelterins to these regions.

Experimental Procedures

Cell culture and retroviral infections
Cells were cultured in complete standard DMEM medium

(Gibco) supplemented with 10% of FBS (Gibco) and antibiotic-
antimicotic solution (Gibco). MEFs were isolated from Trf1lox/lox

p53¡/¡, Trf1C/C p53¡/¡, wild-type, first and third generation of
telomerase null (Terc¡/¡ G1 and G3) embryos at day 13.5 as
described.27 Retroviral supernatants were produced in
HEK293T cells (12.5 £ 106 cells per 150 mm diameter dish)
transfected with the ecotropic packaging plasmid and pBabe-Cre.
Trf1lox/lox p53¡/¡ and Trf1C/C p53¡/¡ MEFs were seeded the fol-
lowing day (2 £ 106 cells per 150 mm diameter dish) and

infected after 24 hours with the diluted retroviral supernatants
(2/5). Infected cells were selected by addition of puromycin
(2 mg/ml) after 48 hours. The removal of exon 1 of Trf1 in
Trf1lox/lox MEFs upon retroviral infection with Cre recombinase
was confirmed by PCR with E1-Popout (Forward, 50-ATAGT-
GATCAAAATGTGGTCCTGGG-30) and SAR1 (Reverse, 50-
GCTTGCCAAATTGGGTTGG-30) primers as previously
described.28

Western blotting
Nuclear protein extracts prepared as described32,28 were used

for Western blot analysis. Protein concentration was determined
using the Bradford assay (Sigma). 30 mg of protein per extract
were loaded in a NuPAGE 4–12% Bis-Tris gel 1.0 mm (Invitro-
gen) and electrophoresed in MES SDS Running Buffer (Invitro-
gen) before Western blotting. The following antibodies were
used: for TRF1, Abcam, ab-10579 (1:1000) and for b-actin,
Sigma, a2228 (1:10,000).

Chromatin immunoprecipitation assays and telomere
dot-blots

ChIP assays were carried out essentially as described previ-
ously,33 with some modifications. Briefly, we cross-linked and
sonicated each sample for 50 minutes using the Bioruptor sonica-
tion system (Diagenode). Chromatin from 4£ 106 cells was used
per immunoprecipitation. We pre-cleared each immunoprecipi-
tation with 50 ml of protein A/G Plus agarose beads (Santa Cruz
Biotechnology, sc-2003) and incubated with 4 ml of rabbit poly-
clonal anti-mouse TRF1 serum antibody (generated in our labo-
ratory)33 or preimmune serum. Inputs correspond to the total
DNA sample, 1:10 dilution of the amount of lysate used in the
immunoprecipitation. The precipitated DNA was eluted and
transferred to a HybondC membrane by dot-blotting. The mem-
brane was then hybridized with either a telomeric probe recogniz-
ing TTAGGG repeats or a probe recognizing major satellite
sequences, characteristic of pericentric heterochromatin.

ChIP-sequencing
For each sample we used around 100 £ 106 cells. Each sample

was independently processed into sequencing libraries with a
ChIP-Seq sample preparation kit (Illumina) in accordance with
the manufacturer’s instructions.34 Inputs samples from Trf1C/C

p53¡/¡-Cre and Trf1D/D p53¡/¡-Cre were pooled in a single
library (input pool 1) and inputs from wild-type, Terc¡/¡ G1
and Terc¡/¡ G3 MEFs in another library (input pool 2). 29, 37,
40, 16, 15, 26 and 40 ng of DNA (as quantitated by PicoGreen
Fluorometry) were respectively used for Trf1C/C p53¡/¡-Cre,
Trf1D/D p53¡/¡-Cre, input pool 1, wild-type, Terc¡/¡ G1,
Terc¡/¡ G3 and input pool 2 samples. Each sample was electro-
phoresed on agarose gel and a fraction of 100–150 bp was taken.
Extracted DNA was processed through subsequent enzymatic
treatments of end-repair, dA-tailing, and ligation to adapters as
in Illumina’s “ChIP Sequencing Sample Prep Guide” (part #
11257047 Rev. A), with the exception that no further gel extrac-
tion was performed. Adapter-ligated library was PCR amplified
with Illumina PE primers. The resulting purified DNA libraries
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were applied to an Illumina flow cell for cluster generation and
sequenced on a Genome Analyzer IIx (GA2) by following man-
ufacturer’s protocol and using 40 (first ChIP-seq experiment) or
42 (second experiment)-base read run.

Data analysis
Image analysis was performed with Illumina Real Time Anal-

ysis software (RTA1.8 for Trf1D/D p53¡/¡-Cre, Trf1C/C p53¡/¡

-Cre and input pool 1 samples and RTA1.6 for wild-type,
Terc¡/¡ G1, Terc¡/¡ G3 and input pool 2 samples). Sequence
alignment to the reference genome (NCBI m37/mm9 mouse
assembly, April 2007, strain C57BL/6J) was made with
Illumina’s ELANDv2 algorithm on its “eland_extended” mode
from within CASAVA-1.7 package. ELANDv2 performs multi-
seed alignment with consecutive read substrings of 16 to 32 bases
separately. The seeds are aligned to multiple candidate positions
in the reference genome, with a maximum of 2 mismatches
allowed per 32 bases seed; then they are extended to the full read
using gapped alignment, allowing for any number of mismatches
and potential gaps (indels) of up to 20 bases. The best alignment
among the multiple candidate positions is chosen based on
quality scores. Uniquely aligned 40 or 42-bp-length reads were
pooled into 7 datasets: Trf1C/C p53¡/¡-Cre, Trf1D/D p53¡/¡-Cre,
input pool 1, wild-type, Terc¡/¡ G1 and Terc¡/¡ G3 and input
pool 2. Peak detection was performed with MACS version 1.4
software (p valueD 1£ 10¡5; FDRD 10%; 300-bp window).

Validation of ChIP-seq results by real-time qPCR
For ChIP-seq validation, real-time qPCR was performed

using an ABI PRISM 7700 thermocycler (Applied Biosystems)
and the Power SYBR Green PCR Master mix (Life technologies)
according to the manufacturer’s protocol. Immunoprecipitated
and input DNA from independent ChIP experiments in Trf1C/C

p53¡/¡-Cre and Trf1D/D p53¡/¡-Cre samples were quantified by
qPCR with oligos designed to amplify DNA fragments corre-
sponding to the following peaks: peak 603 (chr2: 28,039,717-

28,040,535), peak 620 (chr2: 57,481,892-57,482,277), peak
874 (chr6: 52,133,777- 52,134,592), peak 980 (chr8:
73,956,797- 73,957,467), peak 1073 (chr9: 95,326,167-
95,326,779), peak 804 (chr4: 153,217,553- 153,218,190), peak
805 (chr4: 154,765,741- 154,766,224), peak 806 (chr4:
155,161,073- 155,161,670), peak 807 (chr4: 155,334,959-
155,335,528), peak 1014 (chr8: 128,849,051-128,849,629),
peak 1015 (chr8: 129,108,238- 129,108,707) and peak 1016
(chr8: 129,423,259- 129, 423,839). The primers sequences are
listed in Supplementary Table S3. The results were normalized
to the value obtained in the input DNA, by calculating de DCt

values between the levels obtained in input DNA and that of the
precipitated DNA. The results were relativized to wild-type lev-
els. All values were obtained in triplicates.
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