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While global chromatin conformation studies are emerging, very little is known about the chromatin
conformation of human telomeres. Most studies have focused on the role of telomeres as a tumor suppressor
mechanism. Here we describe how telomere length regulates gene expression long before telomeres become short
enough to produce a DNA damage response (senescence). We directly mapped the interactions adjacent to specific
telomere ends using a Hi-C (chromosome capture followed by high-throughput sequencing) technique modified to
enrich for specific genomic regions. We demonstrate that chromosome looping brings the telomere close to genes
up to 10 Mb away from the telomere when telomeres are long and that the same loci become separated when
telomeres are short. Furthermore, expression array analysis reveals that many loci, including noncoding RNAs,
may be regulated by telomere length. We report three genes (ISG15 [interferon-stimulated gene 15 kd], DSP
[Desmoplakin], and C1S [complement component 1s subcomplement]) located at three different subtelomeric
ends (1p, 6p, and 12p) whose expressions are altered with telomere length. Additionally, we confirmed by in situ
analysis (3D-FISH [three-dimensional fluorescence in situ hybridization]) that chromosomal looping occurs
between the loci of those genes and their respective telomere ends. We term this process TPE-OLD for ‘‘telomere
position effect over long distances.’’ Our results suggest a potential novel mechanism for how telomere shortening
could contribute to aging and disease initiation/progression in human cells long before the induction of a critical
DNA damage response.
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looping]
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Understanding genome organization and how chromatin
folds regulate gene transcription has been an emerging
area of investigation (The ENCODE Project Consortium
et al. 2012). Major technical improvements have allowed
an initial description of the global folding of the human
genome (de Wit and de Laat 2012). Using a combination of
high-end computer algorithms and newly developed chro-
matin techniques, recent studies have revealed a strikingly
well-organized network of three-dimensional (3D) struc-
tures (Dixon et al. 2012; Hou et al. 2012; Nora et al. 2012;
Giorgetti et al. 2014). Chromatin territories (or fractal
globules) separate DNA into multiple topologically asso-
ciated domains (TADs) (Lieberman-Aiden et al. 2009;

Dixon et al. 2012; Giorgetti et al. 2014). Chromatin loops
are restricted to one TAD, and current work focuses on
determining organizational mechanisms defining these
territories. Long-range intrachromosomal chromatin struc-
tures of hundreds of kilobases or interchromosomal in-
teractions involving p53 have been reported in Drosophila
(Link et al. 2013). In humans, with the exception of thewell-
known HS40 enhancer and a-globin gene (Zhou et al. 2006;
Vernimmen et al. 2007; Bau et al. 2011) forming a 500-kb
interaction domain on chromosome 16, precise DNA
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loops within TADs have been only rarely reported (Dixon
et al. 2012; Berlivet et al. 2013). There is growing appreciation
of the importance of chromatin organization (Giorgetti et al.
2014) for biological functions (i.e., gene expression).
However, investigations on chromatin organization of
the genome adjacent to chromosome ends (telomeres) are
lacking.
Telomeres [59-(TTAGGG)n-39] and associated proteins

form a unique DNA–protein structure located at the ends
of linear chromosomes (Blackburn 2001; de Lange 2005)
and are required for capping/protecting the chromosome
ends from being recognized as DNA double-strand
breaks. In the absence of compensatory mechanisms, cell
division leads to progressive telomere shortening due to
incomplete DNA replication (the end replication prob-
lem) (Harley et al. 1990), which eventually causes telo-
meres to generate a DNA damage signal that causes the
growth arrest called replicative senescence. In certain
cells, telomerase (a ribonucleoprotein enzyme complex)
adds telomeric repeats to the ends of chromosomes to
compensate for the end replication problem. Telomerase is
expressed in developing embryos, in reproductive cells
(proliferating germline), in activated immune cells, and
transiently in adult stem cells but is turned off in most
adult human tissues, initiating the process of telomere
shortening. Telomeres shorten in stem cells as a function
of age, and it is believed that stem cells express only
sufficient telomerase to slow but not prevent telomere
shortening (Shay and Wright 2010). Thus, it is generally
accepted that this constitutes an important tumor pro-
tection mechanism by limiting the number of divisions
during which oncogenic mutations can accumulate. How-
ever, premalignant cells that are blocked fromproliferating
by short telomeres can initially bypass this block, usually
by first developing defects in the cell cycle DNA damage
checkpoint machinery (e.g., p53). This extension of life
span is limited, and the premalignant cells go through
crisis and die unless they are able to up-regulate telome-
rase activity so that telomere length can be maintained.
The vast majority of research on telomere shortening

has focused on this tumor suppressor function. However,
telomere shortening can also alter gene expression (telo-
mere position effect [TPE]) (Gottschling et al. 1990), and
this consequence of telomere shortening has remained
largely unexplored. Classic TPE involves the spreading of
telomeric heterochromatin to silence nearby genes as
a function of length. In budding yeast, this can extend
a few kilobases toward the subtelomeres (Gottschling
et al. 1990; de Bruin et al. 2001). In some cases, yeast
telomeres can loop over longer distances (Bystricky et al.
2005;Miele et al. 2009) and repress genes up to 20 kb from
the end (Stavenhagen and Zakian 1998; Tham and Zakian
2002). However, the function of TPE in yeast remains
largely unexplored (Van de Vosse et al. 2013). Yeast
maintain telomere length through the constitutive ex-
pression of telomerase, and the biological context for
telomere length-dependent modulation of gene expres-
sion is lacking except in genetically altered cells.
In contrast to yeast, human telomeres shorten with age

(Harley et al. 1990; Daniali et al. 2013). We explored the

concept that telomere shortening could be used as a timing
mechanism to adjust physiological changes in very long-
lived organisms to optimize fitness in an age-appropriate
fashion. Initially, we demonstrated that TPE existed on an
artificial chromosome end that included a reporter in
a chromosome-healing vector in human cells (Baur et al.
2001). However, until recently, we were able to identify
only a single gene, ISG15 (interferon-stimulated gene 15
kd; located 1 Mb from the end of chromosome 1p), whose
expression changed as a function of telomere length in
human fibroblasts (Lou et al. 2009). Many genes between
ISG15 and the telomere did not exhibit any telomere
length-dependent regulation. Although ISG15 expression
increased when telomeres became short, it was unclear
whether this was a direct effect or reflected trans-acting
changes occurring elsewhere as a function of telomere
shortening.
Additional studies of artificial sequences inserted near

telomeres showed that expression could be detected in
embryonic stem (ES) cells. However, TPE repressed
expression upon the induction of ES cell differentiation
(Pedram et al. 2006). In a more recent analysis of a com-
plex age-associated disease, FSHD (facioscapulohumeral
muscular dystrophy), we showed that TPE extended at
least 100 kb into the subtelomeric region of chromosome
4q (the locus linked to the disease), much further than
anticipated from model organism studies (Stadler et al.
2013). In turn, this mechanism directly regulates the
expression of DUX4, encoding a toxic double-homeobox
protein that is a current candidate for the molecular
pathogenesis of this complex disease.
In the present studies, we investigated whether long-

range chromosome looping involving telomeres could
influence gene expression over much larger distances. We
report here that TPE-OLD (TPEs over long distances) is a
general phenomenon occurring on different human chro-
mosome ends and that it produces widespread changes in
gene regulation long before telomeres become short
enough to produce DNA damage signals.

Results

Isogenic clonal analysis

Telomere length in primary cultures is highly variable.
Within one cell, the ends of each human chromosome can
differ greatly in size. Consequently, there is variation in
telomere length between individuals (Barbieri et al. 2009).
Primary cultures are formed from tissues containing up
to many millions of cells, each with a different pro-
liferative history prior to culture. Clonal succession is a
well-established phenomenon in primary cultures, in
which individual clones dominate the population only
to decline and be replaced in turn by a different clone as
the culture is passaged (Martin et al. 1974; Martin 1993).
These problems together with multiple other confound-
ing factors make simple comparisons between young and
old cells extremely difficult to interpret as a consequence
of telomere length. In order to avoid these difficulties and
establish a system in which telomere length could be
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unambiguously controlled, we reversibly immortalized
a series of cells using a TERT (telomerase reverse tran-
scriptase) cDNA flanked by LoxP sites (Stadler et al.
2013). The cells could then be cloned, and TERT could
be excised at different times to produce isogenic clones in
which the only significant difference was the length of
the telomeres at the time of TERT excision. These cells
could then be cultured for varying periods of time in order
to produce cells with intermediate telomere lengths.
Figure 1A illustrates the strategy applied to myoblast
and fibroblast cell lines.
An additional advantage of this strategy is that it

normalizes telomere length between different chromo-
some ends (Londono-Vallejo et al. 2001; Arnoult et al.
2010), thereby reducing the effects of different telomere
lengths on different alleles (Bodnar et al. 1998). Telome-
rase is preferentially recruited to elongate the shortest
telomeres (Fakhoury et al. 2010; Cusanelli et al. 2013) so
that initially particularly short ends are elongated, while
longer telomeres are largely ignored until a uniform elon-
gation of all telomeres takes over. Following the homog-
enization of telomere length by telomerase and TERT
excision, telomere shortening occurs (Fig. 1C). Shortening
rates of telomeres may then vary slightly from one chro-
mosome end to another. However, this potential disparity
was not detectable in our Southern blot analysis (Fig. 1C).
All experiments were performed before replicative senes-
cence (Fig. 1B) and before any DNA damage was detected
(Fig. 1D). This strategy thus permits the specific examina-
tion of telomere length on gene expression.

Higher-order chromatin organization

We developed a high-resolution technique to identify spe-
cific genomic locations at which interactions involving
subtelomeric domains occur. Hi-C (chromosome capture
followed by high-throughput sequencing) (van Berkum
et al. 2010) is an unbiased chromosome conformation
capture (3C) technique that can identify chromosome
looping interactions at a low resolution (tens of kilobases
scale). We modified this approach to produce a high-
resolution map of the interactions occurring at human
chromosome 6p (Fig. 2). 6p was chosen because it usually
harbors one of the shortest telomeres within a cell (Zou
et al. 2004; Meier et al. 2007). We used 80,000 digitally
synthesized 120-mers covering the distal 10 Mb of 6p
(MYcroarray). The 120-mers were cleaved from the slide
and amplified using a primer containing a T4 promoter.
Biotinylated RNA probes transcribed from these tem-
plates were used to specifically retrieve human chro-
mosome 6p sequences from a global Hi-C preparation,
yielding 6p-specific sequences that were then prepared for
paired-end high-throughput sequencing (Illumina) (Fig.
2A). Primary myoblasts and fibroblasts (BJs) were trans-
duced with a floxed hTERT, yielding isogenic subclones
with experimentally manipulated telomere length (long
15 kb and short 6 kb for myoblasts; long 11 kb and short 5
kb for BJs) (Fig. 1; Stadler et al. 2013). Myoblasts with long
telomeres were then analyzed by high-resolution Hi-C.
Most of the sequences recovered contained at least one
end from 6p (Supplemental Fig. S1). A circular plot
(Circos) (Fig. 2B) revealed many long-range looping

Figure 1. Establishment of isogenic clones
with long and short telomeres. Isogenic clones
with long and short telomeres were produced
as described (Stadler et al. 2013). (A) CDK4 is
required for myoblasts to prevent growth arrest
due to inadequate culture conditions. Telome-
rase expression preferentially elongates the
shortest telomeres so that all telomeres within
one cell become normalized to have approxi-
mately the same length. Thus, the confounding
effects of inheritance (whether a long or short
telomere was inherited from one parent) are
eliminated, and the specific effects of telomere
length can be directly analyzed. An early exci-
sion of hTERT produced the ‘‘short’’ telomere
subclones, and later excisions yielded sub-
clones with long telomeres. The population
doublings for both were similar at the time of
experiments. (B) One example of growth curves
of isogenic clones. No differences in growth
rates were detectable at the time points chosen
for the analysis. (C) Telomere length was mea-
sured by TRF. The TRF shown has a series of
relatively early time points for the long telo-
mere clone and includes several samples from
a short telomere clone when cells are entering
senescence (cells were used for in situ or

expression analysis at least 30 population doublings prior to senescence, when the growth rate had not begun to slow). (D) gH2AX
staining. We report the number of events (DNA damage) per nucleus in cells with long and short telomeres along with cells subjected to
UV radiation (positive control). No increase in DNA damage was seen in the short telomere cells.
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interactions at the 6p locus in cells with long telomeres.
The map in Figure 2B provides only qualitative infor-
mation about what interactions can occur but does not
provide quantitative information about the differences
between cells under different conditions. Using this qual-
itative circular plot, we identified specific interactions
that were then quantitated using 3D fluorescence in situ
hybridization (3D-FISH) (Fig. 2C) and 3C (Supplemental
Fig. S2). 3C is an established technique (de Laat andDekker
2012) for testing whether a hypothesized chromatin in-
teraction is present above background levels. 3C valida-
tions were performed to test a three-point interaction

revealed by Hi-C (subtelomeres–FARS2 [phenylalanyl-
TRNA synthetase 2]–DSP [Desmoplakin]) (Fig. 2B; Supple-
mental Fig. S2) for an overall loop distance of 7.5 Mb. The
loop was tested by assessing separately an interaction
between the subtelomere and the FARS2 gene (5.5 Mb)
(Fig. 2B, blue line) and a second interaction between the
subtelomere and theDSP gene (7.5 Mb) (Fig. 2B, blue line).
Subsequent 3D-FISH experiments confirmed this loop and
its telomere length dependence. As telomeres shorten, the
particular loop is lost (73% adjacent probes in isogenic
clones with long telomeres; 16% adjacent probes in iso-
genic clones with short telomeres) (Fig. 2C).

Figure 2. Telomere shortening causes a change of chromatin organization involving a 7-Mb loop in myoblasts. (A) Schematic of high-
resolution Hi-C: A chromatin looping interaction brings two distant parts of a chromosome (brown and blue lines, respectively) close
together (colored circles represent proteins). After cross-linking, restriction digest, and fill-in incorporation of biotin, ligation under
dilute conditions will connect the two distant DNA fragments (brown and blue lines). The incorporation of biotin during the ligation
step allows these interactions to be purified. Because short-range (enhancer/repressor) interactions are very abundant, in global Hi-C,
they dominate the paired-end sequencing results, and long-range interactions cannot be identified. In the modified approach, PCR
amplification removes the biotin used in global Hi-C. This then allows biotinylated probes specific to the 6p terminus to enrich for
interactions involving 6p. (B) Organization of the 6p locus in myoblasts with long telomeres, shown as a Circos representation of the
6p-specific Hi-C experiment. The first 20 Mb of chromosome 6p is shown as a circle, and the locations of known genes are shown as
segments in a purple inner circle. Interactions are color-coded ([red] P < 0.05; [green] P < 0.01; [blue] P < 0.001); areas involved in
interactions confirmed through further experiments are marked with an asterisk. (C) In situ validation. Confocal images of 3D-FISH
([green] fosmid targeting the gene DSP 7.5 Mb from the telomere of 6p; [red] BAC targeting subtelomeric 6p 200 kb from the telomere of
6p) were processed with IMARIS. n = ;50 nuclei. Adjacent (A) and separated (S) events are labeled. Isogenic clones with progressively
shorter telomeres, corresponding to the four lanes of the 12UB myoblast in Figure 4, were tested. Myoblasts with short telomeres show
significant looping differences (independent test between all conditions for binary choice, P < 10 3 �7; t-test of the mean distance
between centers, P = 0.01).
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Global analysis of TPE-OLD

After showing that telomere shortening induces 3D
restructuring of the chromatin, we tested whether this
results in transcriptional changes and was a general
phenomenon involving multiple chromosome ends af-
fecting many different genes. We took an unbiased global
approach, analyzing gene expression of myoblasts with
long (15-kb) and short (6-kb) telomeres by microarray (in
triplicate). The number of significant changes in the level
of transcripts (mRNA and lincRNA [long noncoding
RNA]) within 10 Mb of the telomeres varied from
a minimum of 144 transcripts using eBayes’ moderated
t-statistic (Smyth 2005) to 1423 using a standard t-statistic
with Benjamin and Hotchberg adjustment (Supplemental
Fig. S3; Pollard et al. 2005; http://www.bioconductor.org/
packages/release/bioc/html/multtest.html). Figure 3A re-
capitulates the changes that were observed. The number
of transcripts affected by changes in telomere length is
likely to be underestimated. Microarrays are informative
but poorly sensitive, and subtelomeric transcripts are un-
derrepresented (average of 50% coverage). Consequently,
genes previously identified as sensitive to telomere length
(such as ISG15) (Supplemental Fig. S4; Lou et al. 2009;
Tennen et al. 2011) were not detected as significantly

modified in this series of experiments. Irrespectively, some
chromosome ends showed no changes (eight of 47), and
many showed very few changes (27 of 47), while others
exhibited large numbers of transcripts with altered expres-
sion (12 of 47). Among the latter, the 6p telomere region
showed a total of six modulated transcripts with a 45%
array coverage of the 10-Mb region. These microarray
results support the concept that telomere length-dependent
chromosome conformationmay influence the transcription
of subtelomeric genes. We called this phenomenon TPE-
OLD. TPE-OLD describes the alteration of gene transcrip-
tion that correlates with telomere length and a change in
the chromatin conformation over long distances. We pur-
sued the validation of the array by first using chromosome
12p because it showed >10 changes between short and long
telomere mRNA.
Droplet digital PCR (ddPCR) is a nucleic-acid-counting

technique that gives an absolute number of molecules per
input (in this case, per 25 ng of RNA used in the RT
reaction) and does not need to be normalized to an
arbitrary set of housekeeping genes that can vary signif-
icantly between cell types and experimental conditions
(Supplemental Fig. S5; Loven et al. 2012). We selected six
genes on 12p that were differentially expressed according
to the microarray data and confirmed these differences

Figure 3. Telomere shortening causes a change in
transcription of genes located up to 10 Mb from
a telomere in myoblasts. (A) Microarray results com-
paring transcription in myoblasts with long versus
short telomeres. Changes in expression of genes 0–10
Mb from each telomere are grouped by chromosome
ends. A microarray was performed using a biological
triplicate. (B) ddPCR validation of six of the microarray
hits at chromosome 12p and six genes not on the array
within the same 10-Mb region. Expression in myoblasts
with long telomeres (gray) is compared with an isogenic
clone with short telomeres (black). Results are ex-
pressed as the number of molecules detected in a 25-ng
RT input. P-values indicate significance of the differ-
ence for assays done in duplicate using biological
triplicates (total of six measurements). All six array
genes were validated as significant, and all additional
genes tested showed significant differences (P < 0.05,
and two-thirds of these showed a >50% change in
expression). Many subtelomeric genes were not on the
microarray; thus, the table in A provides a significant
underestimate of the number of genes whose expres-
sion is influenced by telomere length.
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with ddPCR (Fig. 3B; Supplemental Table S1) and six
other 12p genes that were not on the array but in the same
10-Mb region. All of these additional genes also showed
differential expression patterns with ddPCR (Fig. 3B). As
expected from the behavior of chromosome looping in-
volving enhancers and repressors elsewhere in the genome,
we hypothesized that TPE-OLD could alter expression by
either increasing or decreasing the level of transcripts when
telomeres became short. Transcript levels of all candidates
were modified (P-values < 0.05), with changes ranging from
a threefold increase (complement component 1s subcomple-
ment [C1S], P = 0.004; Cyclin D2 -[CCND2], P = 0.013) to
a 1.3-fold decrease (Forkhead box M1 [FoxM1], P = 0.03).
We next analyzed multiple genes from 12p, 6p, and 1p

in a series of additional isogenic subclones. As described
previously, hTERTwas excised at different time points in
order to obtain clones with a panel of different telomere
lengths and identical time in culture. For myoblasts, two
series were produced arising from two different immortal-
ized clones: 11UB1, 11UB2, and 11UB3 (18 kb, 15 kb, and 9
kb, respectively) and 12UB1, 12UB2, 12UB3, 12UB4, and
12UB5 (15 kb, 12 kb, 6 kb, 5 kb, and 4 kb, respectively).
Another series from fibroblasts was reported as BJ1, BJ2,

BJ3, BJ4, and BJ5 (11 kb, 6.2 kb, 5.4 kb, 4.3 kb, and 2.7 kb,

respectively) (Fig. 4). The two sets of myoblast clones and

the series of fibroblast clones were used to test 14 genes

(Figs. 4, 5; Supplemental Fig S4––S6). At the 12p ends, we

observed a clear increase inC1S expression (12-fold between

BJ cells with long and short telomeres and ninefold for the

myoblast), unlike the Tubby-like protein 3 (TULP3), where

no significant changes between any conditions were
seen (Fig. 4). At the 6p telomere, the Werner helicase-
interacting protein 1 (WRNIP1), the Exocyst complex com-
ponent 2 (ExoC2), and the GDP-mannose 4,6-dehydratase
(GMDS) gene expressions do not appear to be regulated
by TPE-OLD (Fig. 5). The FoxC1 and the Neutrin 1
(NRN1) gene expression show changes in fibroblasts but
not in myoblasts. The bone morphogenetic protein 6
(BMP6) and DSP gene exhibit changes in their transcrip-
tion in both fibroblasts and myoblasts (e.g., DSP 3000-
fold increase in BJs and threefold increase in myoblasts).
TPE-OLD regulation is thus variable depending on the
specific cell type, suggesting that additional complex
mechanisms are in play in a cell-specific manner. Finally,
we analyzed two genes at 1p, including ISG15 (Supple-
mental Figs. S4, S6). As reported in previous studies, ISG15

transcription was found to be up-regulated with telomere
shortening (900-fold between BJ cells with long and short
telomeres and sevenfold for the myoblasts). Interestingly,
the sterile a motif domain-containing 11 (SAMD11) gene,
located in between ISG15 and the 1p telomere, was not
regulated by telomere shortening. To determine the nature
of the relationship between telomere length and TPE-OLD
gene expression, we reintroduced hTERT (Fig. 6). Telo-
merase activity reversed the expression of TPE-OLD
genes, a finding that corroborates observations made in
a recent study of senescent-related gene expression
(Lackner et al. 2014).
We examined chromosome reorganization in TPE-OLD

on 12p and 1p by 3D-FISH. For 12p, we used C1S (Fig. 7,

Figure 4. TPE-OLD at chromosome 12p.
The same procedure described for myoblasts
in Figure 1 was used for four isogenic fibro-
blast clones (BJ1, BJ2, BJ3, and BJ4, each
indicated by a different shade of gray) and
two series of isogenic myoblast clones (11UB
and 12UB). All clones were analyzed during
logarithmic growth at least 30 population
doublings prior to senescence. The location
of each gene is shown in A in a schematic
representation of the short arm (p) of chro-
mosome 12 and different genes present in the
10-Mb subtelomeric region. (B) TRF analysis
of fibroblast isogenic clones. (C) Expression in
fibroblasts with long telomeres (light gray) is
compared with those with shorter telomeres
(grayscale). ddPCR analysis of four genes on
chromosome 12p. Results are expressed as
the number of molecules detected in a 25-ng
RT input. (D) TRF analysis of myoblast iso-
genic clones. (E) The same genes in the
myoblasts are changing as were seen in fibro-
blast (C1S and TEAD4). This region contains
three genes with observed changes (TEAD4,
CCND2, and C1S), a housekeeping gene
(GAPDH) (Supplemental Fig. S6), and a gene
with no changes (TULP3). Each assay was
performed in biological triplicate and techni-
cal duplicate.
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7.5 Mb from the 12p end, green) and a subtelomeric 12p
probe (Fig. 7, 200 kb from the end of 12p, red). For 1p, we
used an ISG15 probe (Fig. 7, 1 Mb from the 1p36 end,
green) along with a subtelomeric 1p probe (Fig. 7, 20 kb
from the 1p36 end, red). Figure 7 demonstrates a dramatic
change in the distribution of the two loci in cells with
long versus short telomere lengths. In both cases, the two
probes are adjacent in cells with long telomeres (12p, 92%
of the signals are adjacent; 1p, 85% of the signals are
adjacent). The situation shifts in cells with short telo-
meres where probes are separated (12p, 96% separated;
1p, 76% separated). Strikingly, the two 12p probes are
separated by a distance of up to 7 mm in cells with short
telomeres, suggesting that shortening of the 12p telomere
induces a major reorganization of the distal chromosomal
region. A simplified model of how this may be occurring
is illustrated at the bottom of Figure 7.

TPE-OLD and chromatin structure

Next, using chromatin immunoprecipitation (ChIP), we
investigated whether changes in the higher-order orga-
nization of TPE-OLD-sensitive subtelomeres correlate
with epigenetics modifications. First, we tested whether
TPE-OLD affects whole-chromatin compaction. Using

two probes far from the telomeres of chromosome 1,
we observed that telomere length did not induce any
changes in the global compaction of chromatin (Supple-
mental Fig. S8). Next, we focused on three different
TPE-OLD genes (ISG15, DSP, and C1S) from three differ-
ent chromosome ends (1p, 6p, and 12p) to query their
chromatin states. This set of experiments led to a dual
observation. First, after immunoprecipitation using anti-
bodies against the shelterin telomeric repeat-binding
factor 2 (TRF2) protein, a major component of telomere
chromatin (Smogorzewska et al. 2000), we observed TRF2
enrichment at the promoter sequences of our target genes
in cells with long telomeres (Fig. 8). For each subtelomere,
we complemented our ChIP analysis by including internal
controls by designing primers for different genes (respec-
tively, SAMD11, WRNIP1, and TULP3) located between
the telomeres and the TPE-OLD-sensitive genes. Expres-
sion of these genes is not modulated by telomere length.
With the exception of a moderate 0.7-fold enrichment
increase for TULP3 after TRF2 ChIP in myoblasts with
short telomeres, no enrichment was detected for control
genes. Thus, TRF2 association at specific promoters sug-
gests a gene-specific effect rather than a global spreading
of the shelterin marks toward the entire subtelomeric
region. In addition, the decreased H3K9me3 (histone H3

Figure 5. TPE-OLD at chromosome 6p. Gene
expression of four isogenic fibroblast clones (BJ1,
BJ2, BJ3, and BJ4, each indicated by a different
shade of gray) and two series of isogenic myo-
blast clones (11UB and 12UB). All clones were
analyzed during logarithmic growth at least 30
population doublings prior to senescence. The
location of each gene is shown in A in a sche-
matic representation of the short arm (p) of
chromosome 6 and different genes present in
the 10-Mb subtelomeric region. Nine genes lo-
cated within the first 10 Mb of chromosome 6
were examined in fibroblasts (B) and myoblasts
(C). Expression with long telomeres is compared
with a series of isogenic clones with shorter
telomeres. Results are expressed as the number
of molecules detected in a 25-ng RT input. Each
assay was performed in biological triplicate and
technical duplicate.
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Lys9 trimethylation)/H3 ratio in cells with short telomeres
suggests that modulation of TPE-OLD gene expression
correlates with local chromatin decompaction and a de-
crease in heterochromatin marks (Fig. 8C).
Enrichment in the H3K9me3 heterochromatin mark is

often associated with the presence of the heterochroma-
tin protein 1 (HP1) proteins at telomeres and centromeres
that is believed to contribute to the maintenance of
a heterochromatin state (Sharma et al. 2003; Prasanth
et al. 2010). Immunoprecipitation analysis using anti-
HP1a antibodies suggests that this protein is not involved
in TPE-OLD. Indeed, we only observed a significant de-
crease in HP1a enrichment between cells with long and
short telomeres for the ISG15 promoter (chromosome 1p;
2.9-fold decrease) in fibroblasts and the BMP6 promoter
(chromosome 12p; threefold decrease) in myoblasts. This
led us to conclude that HP1a is not a central player in the
TPE-OLD phenomenon.

Discussion

We show here that telomere length influences the for-
mation of chromatin loops at a distance of up to 10 Mb

from the chromosome ends. We identified 15 endogenous
genes regulated by telomere length in fibroblasts and
myoblasts. We named this phenomenon TPE-OLD in refer-
ence to the previously described classic TPEs (Stavenhagen
and Zakian 1998; Doheny et al. 2008; Ottaviani et al. 2008).
Transcriptional changes correlated with chromatin decom-
paction and modification of the higher-order chromatin
organization. Long telomeres bring TPE-OLD genes in
direct proximity of the telomere in a loop structure that
can extend at least 10 Mb from the chromosome end.
However, upon telomere shortening, looping diminishes,
separating the TPE-OLD genes from the telomere and its
heterochromatic signature. In turn, this phenomenon is
associated with increased TPE-OLD gene expression.
Loop disruption occurs long before telomere shortening
induces DNA damage response.
Previously, telomere shortening and cellular senes-

cence have been studied mainly in diseases or during
the aging process. Most of these studies have focused on
understanding the link between critically short telomeres
and induction of DNA damage signals (d’Adda di Fagagna
et al. 2004; Zou et al. 2004; Shay and Wright 2011).
Telomere shortening as a tumor suppressor pathway
and the role of telomerase and telomere maintenance in
cancer are of obvious importance and have justifiably
stimulated major efforts to understand the mechanistic
details of and develop therapeutics targeting telomerase
activity in proliferative tumor cells. However, in a phys-
iological context, telomere shortening occurs in different
cell types throughout the human life span and could also
be responsible for additional levels of regulation. Our
results demonstrate that the expression of a subset of
subtelomeric genes is dependent on the length of telo-
meres and that widespread changes in gene expression are
induced by telomere shortening long before telomeres
become rate-limiting for division or before short telomeres
initiate DNA damage signaling. These changes include up-
regulation and down-regulation of gene expression levels.

TPE-OLD: mechanism

It remains unknown at the present time how telomere–
chromatin loops are formed in human cells. However,
partial mechanisms of chromosome looping within and
between chromosomes have been described in a large
number of model systems (Murrell et al. 2004; Spilianakis
et al. 2005; Ling et al. 2006; Lomvardas et al. 2006; Zhao
et al. 2006; Apostolou and Thanos 2008; Hu et al. 2008).
Many protein factors have been identified that influence
general chromosomal looping, and many of the same
factors are almost certainly involved in the general
chromosome movements used by TPE-OLD. For exam-
ple, nuclear myosin-I (NMI) (Chuang et al. 2006; Hu et al.
2008) and dynein light chain-1 (DLCI) (Hu et al. 2008)
have both been implicated in interchromosomal interac-
tions. Oligomerized G-actin is present in many transcrip-
tional complexes (Rizk andWalczak 2005; Hofmann and de
Lanerolle 2006; Percipalle and Visa 2006; Hofmann 2009;
Percipalle 2013), and the demonstration that NMI can be
required for chromosome looping suggests that oligomer-

Figure 6. Reverted expression of TPE-OLD genes by telome-
rase. (A) TRF analysis of isogenic myoblast clones with long
(11UBL), re-elongated (11UBS+hTERT), and short (11UBS) telo-
meres. (B) hTERT overexpression was assessed by measuring
telomerase activity, as reported by the ddTRAP assay. Results
are expressed as average telomerase extension products per cell
from biological duplicates and technical triplicates. (NTC) Non-
template control. (C) Gene expression analysis of TPE-OLD
genes in myoblasts from A. All clones were analyzed during
logarithmic growth at least 30 population doublings prior to
senescence. Results are expressed as the number of molecules
detected in a 25-ng RT input. Each assay was performed in
biological duplicate and technical duplicate.
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ized nuclear G-actin may also be involved. Latruculin
(Rizk and Walczak 2005) blocks actin polymerization,
jasplakinolide inhibits actin depolymerization (Holzinger
2009), and both have been found to inhibit chromosome
looping (Hu et al. 2008). The chromatin-modifying factor
BAF5331 and a variety of coactivators are involved in
estrogen receptor a (ERa)-mediated looping interactions
(CBP/p300 and the p160 coactivator SRC1/pCIP) (Hu et al.
2008). Knockdown of any of these factors has been shown
to block interchromosomal interactions. Histone lysine
demethylase-1 (LSD1) did not inhibit ERa-mediated looping
but did inhibit the association of the looped genes with
nuclear speckles, which are sites of RNA splicing. Thus,
due to the overwhelming possible factors involved in the
TPE-OLD mechanism and the level of analysis required to
decipher between the causes and consequences of chroma-
tin modifications, we chose to focus our study on known
telomeric chromatin markers.
In addition to the general mechanisms regulating chro-

matin domains, chromatin movement and enhancer/
repressor interactions might be involved at the telomere
sequences and influence TPE-OLD. To gain further in-
sights into such a mechanism, we performed ChIP assays
with telomeric factors such as TRF2 or histone hetero-
chromatic markers such as H3K9me3 or HP1a enriched
at the subtelomeres and telomere regions (Garcia-Cao
et al. 2004; Mikkelsen et al. 2007). Remarkably, loss of
heterochromatin marks at the chromosome ends results
in telomere dysfunction, increased telomere length, and
chromosomal instability (Schoeftner and Blasco 2009;
Palacios et al. 2010). In humans, when telomeres shorten,
a decrease in TRF1, TRF2, and, surprisingly, H3 bindingwas
observedwith a decrease in heterochromatinmarks such as

H3K9me3, H3K20me3, and H3K27me3 (O’Sullivan et al.
2010; Ernst et al. 2011). In contrast, we observed no
differences between H3 and H3K9me3 binding (Fig. 8;
Supplemental Fig. S9). These differing results can be due
to cell/tissue-specific effects, length of telomeres (i.e.,
telomeres so short as to initiate DNA damage signaling),
and the subtelomeric region chosen to normalize results.
The phenomenon that we describe here at specific ends

might be chromosome-specific and depend on the com-
position of the subtelomeric sequences. Chromosome
ends that exhibit no expression changes with telomere
length might be protected by elements (such as CTCF or
insulators) preventing the ends from forming contacts
with subtelomeric regions. Alternatively, insulators or
matrix attachment sites might maintain those contacts
regardless of telomere length. By high-resolution Hi-C
(Fig. 2), we identified many TPE-OLD sites of contact.
These contacts are present in the same cell at the same
time and might be maintained in a cooperative manner.
Alternatively, some interactions may be weaker and lost,
while others are preserved but disappear upon further
telomere shortening. It is reasonable to invoke the shel-
terin complex as an important participant, but this multi-
functional complex is present at all telomeres, and it is
clear that all telomeres do not behave in the same fashion.
TERRA (telomere repeat-containing RNA) (Azzalin et al.
2007; Caslini et al. 2009; Nergadze et al. 2009; Deng et al.
2012) is an RNA transcribed from the telomeric sequence
that has been hypothesized to regulate telomere replica-
tion and is possibly involved in silencing effects. It is
thought that TERRA is primarily produced fromvery short
telomeres, and its cis versus trans effects on other telo-
meres are complex and not yet understood. The number of

Figure 7. Telomere shortening causes
a change of chromatin organization. Confo-
cal images of 3D-FISH after IMARIS pro-
cessing. (Top) Telomere shortening causes
a change in chromatin organization at chro-
mosome 12p. A Bac containing the C1S
probe (7.5 Mb from the telomere; green)
and a fosmid containing the most unique
subtelomeric region of 12p (~200 kb from
the telomeres; red) showed a dramatic
change from >90% within 2 mm of each
other to >95% separated by almost 7 mm.
The loop identified by 3D-FISH is 7.5 Mb
long. (Bottom) Chromatin organization at
chromosome 1p using a fosmid ISG15 probe
(1 Mb from the telomere; green) and another
(~20 kb from the telomere; red) containing
the most unique subtelomeric region of
chromosome 1p. An average of 30 nuclear
z-stacks per condition were processed. Adja-
cent (A) and separated (S) are labeled. A test
of independence confirms the binary obser-
vation based on the distance associated (P <

0.00001). No significant differences were
seen in the amount of separation with telo-
mere length, only in the fraction of adjacent
or separated locations. A schematic represen-
tation of the loop is attached.
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possibilities is large, and much more needs to be discov-
ered about TPE-OLD before deciphering the telomere-
specific regulatory mechanisms from our initial work.
In summary, TPE-OLD as described in this study

establishes a new paradigm for the mechanism by which
telomere shortening could influence human biology, in-
cluding aging and cancer. Length-regulated long-range
(megabases) telomere chromatin conformation changes
may alter gene expression to optimize fitness in long-
lived species such as humans and may profoundly affect
human physiology, aging, life span, and disease

Materials and methods

Cells and reversible immortalization

CD56-positive myoblasts from primary muscle biopsies were
infected with retroviral constructs containing CDK4 and a flox-
able human TERT as described (Stadler et al. 2013). Individual
clones were then treated with Cre-recombinase at different
times and cultivated for approximately the same number of
population doublings to generate isogenic subclones with differ-
ent telomere lengths (Fig. 1).

Chromatin organization

The unbiased Hi-C technique to determine looping interactions
was modified by enriching interactions involving chromosome
6p (van Berkum et al. 2010) with synthesized specific biotinyl-
ated RNA baits. The results were validated using 3C and 3D-
FISH (de Laat and Dekker 2012).

Probes

Probes for FISH were produced following the manufacturer’s
instructions (nick translation kit, Abbott Molecular). Good nick
translation reactions occurred when the DNA smear ranged
;300 bp. The purified probe was resuspended in a 50-mLmixture
of hybridization solution B (Cytocell). Templates were chosen
with the University of California at Santa Cruz Genome Browser
and ordered from the CHORI Institute (ISG15, G248P88202G4;
subtelomeric 1p, G248P8237G10; DSP, RP11-1078C15; subtelo-
meric 6p, RP11-116D13; C1S, RP11-434L20; and subtelomeric
12p, RP11-945G3). BACS and fosmids were verified by PCR and/
or metaphase spreads.

3D-FISH

Slide preparation Eight-thousand cells were plated in four-
chamber well slides (VWR) previously coated with 0.1% gelatin
1 d earlier. The next day, cells were washed once in 13 PBS,
chambers were removed, and the slides were incubated for 5 min
in 13 PBS at room temperature and fixed in a 4% freshly made
PFA for 10 min at room temperature under a fume hood. After
three 5-min washes with 13 PBS, nuclei were permeabilized
in 0.5% Triton X-100 in PBS for 20 min at room temperature. A
first incubation in 20% glycerol and PBS for 30 min at room
temperature was done prior to six cycles of successive incuba-
tions between liquid nitrogen and glycerol. Following six cycles,
slides were again incubated for 1 min in 20% glycerol at room
temperature followed by three 5-min washes with 13 PBS and
a 0.1MHCl incubation for 10min. Finally, slides were incubated
for 5 min in 23 SSC and stored at 4°C in 50% formamide (pH 7)
in 23 SSC in a Coplin jar wrapped in aluminum foil.

Figure 8. Effect of telomere shortening on his-
tone modifications and TRF2. Antibodies against
H3, trimethylated H3K9, HP1a, and TRF2 were
used in ChIP. Immunoprecipitated DNA was ana-
lyzed by ddPCR using primers designed against the
promoter region of TPE-OLD genes (ISG15, C1S,
BMP6, and DSP) of three chromosome ends (1p,
6p, and 12p). For each chromosome end, a control
gene (located in between the telomere and the
TPE-OLD gene: SAMD11 for 1p, WRNIP1 for 6p,
and TULP3 for 12p) whose expression was not
affected by telomere length was assayed. An ex-
ternal gene located far from the telomeres was
added as an additional control (KDM2A; 70 Mb
away from 11q); no telomere length-dependent
variation in the control genes was observed. Each
assay was performed in biological duplicate and
technical triplicate. (A,B) A decrease of TRF2
enrichment was seen in cells with short telomeres
(loss of the loop). HP1 showed little change,
suggesting that this marker of constitutive hetero-
chromatin may not be involved in TPE-OLD. (C)
Effect of telomere length on the heterochromatic
signature of TPE-OLD genes. TPE-OLD genes
exhibit a significant decrease of H3K9me3 in cells
with short telomeres, underlying a loss of this
repressive transcription marker.
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Slide hybridization After a minimum of 5 d of storage at 4°C in
formamide, slides were used for hybridization. Excess solution
was removed from the slide, and a 10-mL mixture of 3 mL of each
probe (6 mL total) + 4 mL of hybridization solution B (Cytocell)
was used for each well. The slides were covered with a coverglass
(FisherBrand) and sealed with rubber cement. The slides were
then codenatured (with the probe mix) for 5 min at 80°C in
a hybridization oven prior to an overnight incubation at 37°C in
a humidification chamber. The next day, the rubber cement was
removed, and the slides were incubated for 5 min at 70°C in 0.53
SSC and 0.1% SDS. Slides were then sequentially washed in
0.001% PBS-Tween20 for 5 min at room temperature and then
in 13 PBS for 10 min at room temperature. Excess solution
was removed, and a 10-mL DAPI (0.125 mg/mL in VectaShield)
solution was dropped onto each slide.

Image processing

Images were acquired with a confocal scanning laser system
(LSM 780 from Zeiss). A 403 plan-apochromat oil immersion
objective was used to capture optical sections at intervals of
0.24 mm. The pinhole was set to 1 airy unit with optical slices in
all wavelengths with identical thickness. Images were then
generated into .lsm files and processed through Imaris software
(Bitplane). After 3D reconstruction, at least 30 nuclei were
examined per condition, and the volume of the probes and the
distance between their gravity centers (distance between the
closest probes of each target) were determined and used for
statistical analysis. Cells with more or less than four signals,
irregular DAPI staining (e.g., mitotic cells), and abnormal shape
were excluded from the analysis.

ChIP

ChIP for TRF2 (NB110-57130, Novus), HP1 (109028, AbCam),
H3 (17-10254, Milipore), and H3K9me3 (17-10242, Milipore)
was performed according to the manufacturer’s instructions
(TruChIP, Covaris; and Magna ChIPA/G, Milipore). A series of
controls (i.e., IgG, RabSe, no cross-linking condition) was run for
each preparation (Supplemental Fig. S8). Primers were designed
against the promoter region of each chosen gene.
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