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Introduction

The last decade has provided deeper knowledge on the stabil-
ity and maintenance of the repetitive telomeric repeat struc-
tures at the ends of human chromosomes in biological processes 
such as cellular senescence. Non-transformed cells derived from 
mitotic tissues have a limited proliferative capacity, known as the 
Hayflick limit,1 and will eventually become senescent. Senescent 
cells exit the cell cycle, start secreting specific proteins that affect 
the microenvironment and display a number of senescence-asso-
ciated markers, e.g., induction of cell cycle inhibitory proteins, 
senescence associated β-galactosidase (SA β-gal) and senescence 
associated heterochromatic foci (SAHF) formation.2 Cellular 

subtelomeres are patchworks of evolutionary conserved sequence blocks and harbor the transcriptional start sites for 
telomere repeat containing RNas (TERRa). Recent studies suggest that the interplay between telomeres and subtelomeric 
chromatin is required for maintaining telomere function. To further characterize chromatin remodeling of subtelomeres 
in relation to telomere shortening and cellular senescence, we systematically quantified histone modifications and DNa 
methylation at the subtelomeres of chromosomes 7q and 11q in primary human WI-38 fibroblasts. Upon senescence, 
both subtelomeres were characterized by a decrease in markers of constitutive heterochromatin, suggesting relative 
chromatin relaxation. however, we did not find increased levels of markers of euchromatin or derepression of the 7q VIPR2 
gene. The repressed state of the subtelomeres was maintained upon senescence, which could be attributed to a rise in 
levels of facultative heterochromatin markers at both subtelomeres. While senescence-induced subtelomeric chromatin 
remodeling was similar for both chromosomes, chromatin remodeling at TERRa promoters displayed chromosome-
specific patterns. at the 7q TERRa promoter, chromatin structure was co-regulated with the more proximal subtelomere. 
In contrast, the 11q TERRa promoter, which was previously shown to be bound by cccTc-binding factor cTcF, displayed 
lower levels of markers of constitutive heterochromatin that did not change upon senescence, whereas levels of markers 
of facultative heterochromatin decreased upon senescence. In line with the chromatin state data, transcription of 11q 
TERRa but not 7q TERRa was detected. Our study provides a detailed description of human subtelomeric chromatin 
dynamics and shows distinct regulation of the TERRa promoters of 7q and 11q upon cellular senescence.

Chromatin remodeling of human subtelomeres 
and TERRA promoters upon cellular senescence
Commonalities and differences between chromosomes

peter E. Thijssen,1,2 Elmar W. Tobi,2 Judit Balog,1 suzanne G. schouten,2 Dennis Kremer,2 Fatiha El Bouazzaoui,1  
peter henneman,1,† hein putter,3 p. Eline slagboom,2 Bastiaan T. heijmans2,4 and silvère M. van der Maarel1,*

1Department of human Genetics; Leiden University Medical center; Leiden, The Netherlands; 2Department of Molecular Epidemiology; Leiden University Medical center; 
Leiden, The Netherlands; 3Department of Medical statistics; Leiden University Medical center; Leiden, The Netherlands; 4Netherlands consortium for healthy ageing;  

Leiden University Medical center; Leiden, The Netherlands

†current affiliation: Department of clinical Genetics; academic Medical center; University of amsterdam; amsterdam, The Netherlands

Keywords: chromatin remodeling, subtelomere, senescence, cellular aging, TERRA transcripts, histone modifications

Abbreviations: TERRA, telomere repeat containing RNA; SA β-gal, senescence associated β-galactosidase; SAHF, senescence 
associated heterochromatic foci; MEFs, mouse embryonic fibroblasts; FSHD, facio scapulo humeral muscular dystrophy; TSS, 

transcriptional start site; HDACs, histone deacetylase complexes; TRF, terminal restriction fragment

senescence is considered an anti-tumorigenic mechanism which 
in vivo may be relevant especially at higher ages, since senescent 
cells accumulate with age in tissues with high cell turnover. In 
vitro, it has been shown that progressive shortening of telomeres 
is a potent trigger to induce cellular senescence.3-5

Telomeres constitute the terminal structures of eukaryotic 
chromosomes and form a protective barrier against the incom-
plete replication of linear DNA. In mammals, telomeres are 
comprised of simple (TTAGGG)n repeats folded into a het-
erochromatic loop structure, facilitated by the shelterin protein 
complex.6 Numerous reports on the inverse correlation of telo-
mere length in peripheral blood cells and donor age, age-related 
traits and the risk for various age-related diseases highlight the 
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and TERRA promoter regulation upon cellular senescence by 
physiological telomere shortening in a human system is lacking. 
Therefore, we systematically interrogated the chromatin state of 
subtelomeres in senescing primary human WI-38 fibroblasts. 
The chromatin state was assessed by quantifying markers for 
euchromatin (histone acetylation) and constitutive (CpG meth-
ylation, H3K9me3) and facultative (H3K27me3, H3K36me3) 
heterochromatin along the subtelomere. Together with chromo-
some specific analysis of TERRA promoters and transcripts, a 
complex picture of both common and chromosome specific epi-
genetic changes at human subtelomeres upon cellular senescence 
emerges.

Results

Late passage WI-38 fibroblasts display a senescent phenotype. 
To study subtelomere chromatin dynamics upon cellular senes-
cence, we cultured WI-38 fibroblasts until they reached a senes-
cent phenotype. Upon senescence, we observed overall telomere 
shortening evidenced by a shift in the smear in a TRF analysis 
(Fig. 1A). Subsequent qPCR analysis revealed a 65% reduction 
in telomere copy number comparing early passage cycling cells 
to late passage senescent cells (E vs. L, Fig. 1B). Upon cellular 
senescence, expression of the cell cycle inhibitory protein p16 
was induced approximately 2 fold (Fig. 1C and D). Moreover, 
we observed that late passage cells display high levels of SAβ-gal 
activity in more than 95% of the cells, whereas in early passage 
only sporadic cells show staining (Fig. S1). Taken together, late 
passage WI-38 fibroblasts underwent replication induced telo-
mere shortening and showed a senescent phenotype, in contrast 
to early passage cells.

Decrease in markers of constitutive heterochromatin at sub-
telomeres upon senescence. The subtelomeres of human chro-
mosome arms 7q and 11q are consisting of a single copy sequence 
which facilitates a chromosome specific analysis of histone mod-
ification levels at multiple loci with increasing distance to the 
telomere (Fig. 2A). We assessed H3K9me3 levels at six loci on 
both subtelomeres and observed a variable 2–3 fold decrease of 
this modification at all loci upon cellular senescence (Fig. 2B  
and C). The decrease of H3K9me3 was not detected at the 
repressed, non-subtelomeric CT47 macrosatellite repeat array,30 
arguing against a general loss at heterochromatic loci (Fig. S2A). 
At the promoter of the actively transcribed GAPDH gene, no 
change in the low level of H3K9me3 was observed upon cellular 
senescence (Fig. S2B).

Mean methylation levels of sporadic CpGs at the regions 
under study showed variable levels at different loci, but at 
4 out of 5 tested loci a significant decrease of 8–17% upon 
senescence (p < 0.05) was observed (Fig. 2D and E). The 5th 
locus, at 10 kb from the 11q telomere, showed a similar trend  
(p = 0.08). Analysis of individual CpGs supported this observation  
(Fig. S3). Analysis per chromosome, by calculating the mean 
methylation level over multiple amplicons, revealed a signifi-
cant average decrease of ~10% at 7q and ~6% at 11q (p < 0.05,  
Fig. 2F). Overall, we observed a reduction in markers of con-
stitutive heterochromatin at two human subtelomeres upon 

potential relevance of telomere regulation.7-11 It is as yet not clear, 
however, whether telomere shortening causally contributes to 
these traits or represents a marker of cell division and senescence.

Although most studies on the relationship between telomere 
shortening and senescence focused on its potential direct con-
sequences on chromosome stability, it may have downstream 
consequences, particularly on the subtelomere, that may in 
turn affect telomere function.12,13 Subtelomeres, the first non-
TTAGGG sequences directly adjacent to the telomere repeat, 
are evolutionary conserved chromosome domains consisting of 
patchworks of sequence blocks with high inter- and intrachro-
mosomal similarity.14,15 Subtelomeres are packed into constitu-
tive heterochromatin, characterized by high levels of histone 3 
lysine 9 trimethylation (H3K9me3) and CpG methylation.13 A 
steep decrease of both markers is seen at subtelomeres upon dras-
tic telomere shortening in mouse embryonic fibroblasts (MEFs) 
isolated from telomerase deficient mice, concomitant with an 
increase of markers for euchromatin (histone acetylation). This 
indicates a relative opening of the chromatin template at subtelo-
meres upon telomere shortening.12,13

Several human studies focusing on aging, as well as age related 
disease like Parkinson and Alzheimer disease, showed that telo-
mere length correlates with CpG methylation at subtelomeres 
and that the direction of this correlation is dependent on the 
disease conditions.16-18 A recent study in dyskeratosis congenita 
suggested an interaction between the proper maintenance of telo-
meres and the chromatin state of subtelomeres.19 A more causal 
relation between dysregulation of subtelomeric chromatin and 
human disease is seen in the progressive muscular dystrophy 
facioscapulohumeral muscular dystrophy (FSHD). In FSHD, 
decreased chromatin compaction by reduced levels of CpG meth-
ylation and H3K9me3 at the subtelomeric D4Z4 repeat, encod-
ing the toxic DUX4 protein, leads to its aberrant transcription in 
muscle.20-22

Chromatin alterations at subtelomeres may have other direct 
transcriptional consequences, as they harbor transcriptional start 
sites (TSS) for telomeric repeat containing RNAs (TERRA).23 
The transcription of these long non-coding RNAs is influenced 
by subtelomeric CpG methylation and myeloid/lymphoid or 
mixed lineage leukemia (MLL) mediated H3K4me3.24,25 More 
recently, a role for CTCF and cohesin was established in con-
trolling telomeric transcription.26 Telomere elongation by ectopic 
expression of telomerase, represses TERRA transcript levels and 
leads to increased levels of telomeric H3K9me3 without a con-
comitant change in the subtelomeric chromatin state.27 In yeast, 
recent data shows that inducing TERRA expression leads to 
accelerated telomere shortening, by facilitating exonuclease activ-
ity at transcribed chromosome ends.28,29

From the currently available data a feedback model is emerg-
ing in which telomere length regulates the epigenetic structure 
of subtelomeres, thereby possibly affecting TERRA expression 
levels, which in turn have an effect on telomere length, induc-
tion of senescence and chromatin state. The data supporting this 
model were obtained in diverse model systems, using ectopic telo-
mere length modulation or TERRA regulation. However, chro-
mosome-specific data on subtelomeric chromatin remodeling 
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facultative and constitutive heterochromatin regions in mouse.31 
At the subtelomeres of 7q and 11q, we detected H3K36me3 with 
an increase of at least 2 fold upon senescence at both subtelomeres 
(Fig. 3E and F). All subtelomeric loci displayed higher levels of 
this marker, but the largest increase was again detected within 
VIPR2. Increased H3K36me3 was not restricted to subtelomeres, 
as similar increases were detected at the GAPDH promoter and 
CT47 macrosattelite repeat array (Fig. S2). Taken together, these 
data suggest a relative opening by reduction of constitutive het-
erochromatin markers is accompanied by increased levels of two 
heterochromatin markers associated with different repressive 

cellular senescence, indicating a relative open-
ing of the chromatin template.

No increased levels of euchromatin 
markers at subtelomeres upon senescence. 
In Terc−/− mice MEFs, the decrease of mark-
ers of constitutive heterochromatin with 
drastic telomere shortening is accompanied 
by increased histone acetylation levels.12 In 
our human cell system, H3K9ac was vir-
tually absent at subtelomeres both in the 
early passage and upon cellular senescence  
(Fig. S4). In contrast, H4K16ac was detected, 
but a decrease of at least 2 fold (Fig. 3A  
and B) was observed upon senescence. The 
latter was however not restricted to subtelo-
meres, as we observed a comparable decrease 
of this modification at the heterochromatic 
CT47 macrosatellite repeat array (Fig. S2A). 
In the context of the promoter of the actively 
transcribed GAPDH locus a relatively small 
increase of H4K16ac was observed (Fig. S1B). 
Altogether, we did not find evidence that the 
decreased levels of constitutive heterochroma-
tin markers at subtelomeres upon senescence 
are accompanied by increased levels of mark-
ers of euchromatin.

Increased levels of H3K27me3 and 
H3K36me3 may compensate for loss of 
markers of constitutive heterochromatin. We 
wondered why the decrease of markers of con-
stitutive heterochromatin marks did not go 
together with an increased level of euchroma-
tin marks. Therefore, we tested whether chro-
matin repression was actually maintained, by 
involvement of different repressive mecha-
nisms instead. As the Polycomb mediated 
H3K27me3 is considered a marker for both 
facultative and constitutive heterochromatin, 
we assessed its levels at the subtelomeres upon 
senescence. H3K27me3 was indeed detected 
at subtelomeres in early passage cells and we 
observed an up to 2 fold increase of this modi-
fication upon cellular senescence at 7 out of 
12 loci on 7q and 11q (Fig. 3C and D). This 
suggests that a Polycomb-enforced chroma-
tin repression occurs at these loci upon cellular senescence. The 
increase of H3K27me3 was most pronounced at 250 kb from the 
telomere on chromosome 7q, which is located in the fourth intron 
of the VIPR2 gene. Transcripts emanating from this gene were 
not detected in both passages (data not shown), again indicat-
ing the repressed chromatin state is indeed preserved in senescing 
cells. At the heterochromatic CT47 macrosatellite repeat array 
and the euchromatic GAPDH promoter we did not see increased 
levels of H3K27me3 (Fig. S2).

Recently it was shown that H3K36me3, a marker associated 
with actively transcribed gene bodies, is associated with both 

Figure 1. Late passage WI-38 fibroblasts underwent telomere shortening and display a se-
nescent phenotype. (A) TRF analysis on genomic DNa isolated from early (E) passage and late 
(L) passage cells. DNa was digested with RsaI and aluI and reduction of the average telomere 
length is seen by the shift in the smear of the undigested telomeric DNa. (B) Normalized rela-
tive quantification of telomeric copy number in E and L passage cells. Telomeric copy number 
was quantified by qpcR, relative to the 36B4 single copy locus and normalized to E passage 
cells. Error bars indicate sEM of a triplicate measurement. (C) Western blot analysis in of p16 
and actin expression in E and L passage cells followed by (D) relative quantification, showed 
increased expression of p16 in L passage cells. Error bars indicate stdev of two biological 
replicates, asterisks indicate a p-value < 0.05 based on a student’s t-test.
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This showed that the described chromatin remodeling occurs 
on other subtelomeres as well, as we observed similar changes 
upon senescence compared with the subtelomeres of 7q and 11q  
(Fig. S5).

Specific chromatin regulation of 7q and 11q TERRA pro-
moters upon senescence. The distal ends of subtelomeres harbor 
the TSS of TERRA transcripts. Recent data showed the involve-
ment of the insulator protein CTCF at the TERRA promoter of 

mechanisms, which may maintain the repressed subtelomeric 
chromatin state upon senescence.

Since both model subtelomeres under study are of single copy 
nature, we wondered to what extent the observed effects would 
apply to other, more repetitive subtelomeric loci. To that end, we 
measured relative abundance of histone modifications at D4Z4, 
a subtelomeric repeat structure present at chromosomes 4q and 
10q, that has been extensively studied in the context of FSHD.21 

Figure 2. Decreased levels of markers of constitutive heterochromatin at subtelomeres upon senescence. (A) Location of the generated primer pairs 
along the subtelomeres of chromosome 7q and 11q. (B) Relative quantification using chIp-qpcR of h3K9me3 along the subtelomeres of 7q and  
(C) 11q shows a decrease at all loci upon senescence. h3K9me3 levels are corrected for IgG background and normalized to the relative amount of h3: 
(ctIgG − cth3K9me3)/(ctIgG − cth3). Error bars indicate sEM of at least duplicate qpcR measurements, asterisks indicate a p-value < 0.05 based on a student’s 
t-test. (D) EpiTYpER based quantification of cpG methylation along the subtelomere of 7q and (E) 11q showed a decreased DNa methylation at all sites 
measured. The mean methylation of multiple cpGs within the indicated probes is displayed. (F) combined mean methylation levels of all subtelomeric 
probes at 7q and 11q showed a decreased DNa methylation along both subtelomeres. DNa methylation was quantified in triplicate, p-values are 
indicated and * indicates a p-value < 0.05 based on UNIaNOVa analysis.
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senescent cells we detected 11q TERRA transcripts, however, we 
could not detect TERRA transcripts emanating from 7q in both 
cell passages (Fig. 4A). Previously identified Xq transcripts24 were 
detected in both early and late passage cells and served as a con-
trol (Fig. 4A).

11q, but not at 7q.26 Indeed, querying the WI-38 CTCF ChIP-
seq tracks available from the UCSC genome browser, revealed 
CTCF binding just proximal to the TERRA promoter site at 11q, 
but not at 7q. We sought evidence for transcriptional activity of 
7q and 11q TERRA in our cell system. Both in early passage and 

Figure 3. Relative quantification of subtelomeric h4K16ac, h3K27me3 and h3K36me3 upon senescence. Relative quantification using chIp-qpcR of 
h4K16ac (A and B), h3K27me3 (C and D) and h3K36me3 (E and F) at increasing distance from the telomere at the subtelomeres of 7q (A, C and E) and 
11q (B, D and F). h4K16ac is decreased at all loci and h3K36me3 shows an increase at both subtelomeres. h3K27me3 shows a more varied pattern; an 
increase is observed at 7 out of 12 loci. all values are corrected for IgG background and normalized to the relative amount of h3 [(ctIgG − ctmodification)/
(ctIgG − cth3)], error bars indicate sEM of duplicate qpcR measurements, asterisks indicate a p-value < 0.05 based on a student’s t-test.
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levels at both 7q and 11q. 7q pTERRA displayed similar chroma-
tin dynamics upon senescence as the more proximal 7q subtelo-
mere: reduced H3K9me3 and H4K16ac levels with an increase 
of H3K36me3 upon senescence. H3K27me3 showed a small 
decrease, however the described increase of this mark was mostly 
seen at greater distance to the telomere (Fig. 5A–D).

In contrast, at 11q, bound by CTCF, we observed differen-
tial regulation of pTERRA compared with the proximal subtelo-
mere. In early passage cells, the relative amount of H3K9me3 at 
pTERRA (1.04) was lower compared with more proximal sites 
(~1.44 on average), but we did not observe a decrease upon senes-
cence (Fig. 5A). Strikingly, H3K27me3 showed a 2-fold decrease 
upon senescence, contrary to the more proximal subtelomere, 
where a change in opposite direction was observed (Fig. 5C). 
H4K16ac and H3K36me3 levels at pTERRA are comparable 
to the more proximal sites, although the levels of both markers 
remained higher upon senescence (Fig. 5B and D). Altogether, 
we observed that upon senescence, the chromatin remodeling 
of the 7q TERRA promoter is similar to the proximal subtelo-
mere. The TERRA promoter at 11q however, showed a distinct 
chromatin remodeling upon senescence when compared with the 
proximal 11q subtelomere.

Discussion

In this study, we systematically interrogated the changes in chro-
matin structure of human subtelomeres upon cellular senescence. 
Previous studies, in which ectopic telomere length modulation 
resulted in a large contrast in telomere length, reported opposing 
data on the effect of telomere length, a known trigger for cellular 
senescence, and subtelomeric chromatin state.12,27 In our model, 
using primary human fibroblasts, we observed a senescence-asso-
ciated reduction of constitutive heterochromatin markers, which 
is accompanied by a gain of facultative repressive marks. Our 
data indicate that the repressed state is preserved during senes-
cence as we found no increased levels of markers of euchromatin 
or evidence for derepression of the only annotated gene in the 
studied region. Furthermore, we observed distinct regulation of 
two TERRA promoter sites at subtelomeres of 7q and 11q. These 
data complement with recent data showing the involvement of 
CTCF and cohesin in chromosome-specific epigenetic regulation 
of TERRA.26

Upon cellular senescence, we observed a decrease in two 
markers of constitutive heterochromatin, H3K9me3 and CpG 
methylation, suggesting a relative relaxation of the chromatin 
structure. Reduced levels of these markers at subtelomeres were 
previously reported upon drastic telomere shortening in MEFs 
of a telomerase deficient mouse model.12 In contrast, telomere 
elongation by ectopic telomerase expression in human cell lines 
did not result in subtelomeric epigenetic changes.27 However, the 
contrast in telomere length by ectopic telomerase expression is 
small, which may better reflect human physiological conditions, 
compared with telomerase deficient mice. Although the exact 
nature of the mechanism by which telomere length controls sub-
telomeric heterochromatin formation remains enigmatic, our 
data show that physiological telomere shortening and senescence 

In line with this, the mean DNA methylation in senescent 
cells at the CpG dense TERRA promoter of 7q showed a sig-
nificantly (p < 0.05) higher methylation level than its 11q 
counterpart (~81% at 7q vs. ~75% at 11q). Although not sig-
nificant, we observed a similar trend in early passage cells  
(Fig. 4B). Moreover, promoter-associated H3K4me3 levels, 
previously shown to be involved in TERRA regulation,25 were 
40–60% lower at 7q compared with 11q (Fig. 4C). Global 
TERRA levels are reported to decrease upon senescence,25 which 
is in line with lower abundance of H3K4me3 at both 7q and 11q 
(Fig. 4C). CpG methylation levels did not change upon senes-
cence, although some individual CpGs changed in both direc-
tions (Fig. S6).

To further determine the chromatin regulation of the TERRA 
promoters upon senescence, we quantified histone modification 

Figure 4. TERRa promoter analysis reflects transcriptional activity at 7q 
and 11q irrespective of senescence. (A) RT-pcR analysis of 7q, 11q and Xq 
specific TERRa transcripts allowed detection of 11q, but not 7q specific 
transcripts. Xq serves as an internal control. –RT: cDNa synthesis in the 
absence of reverse transcriptase to control for DNa background. gDNa: 
positive control for the pcR on a WI-38 genomic DNa extract. (B) Epityp-
er based quantification of TERRa promoter cpG methylation at 7q and 
11q showed higher levels of methylation at 7q pTERRa compared with 
11q pTERRa. The mean methylation of multiple cpGs within the indicat-
ed probes is displayed. Upon senescence TERRa promoter methylation 
at both 7q and 11q does not change. Indicated p-values (* < 0.05) were 
obtained using an UNIaNOVa analysis of triplicate measurements. (C) 
Relative quantification by chIp-qpcR of h3K4me3, marking active pro-
moters, showed higher levels at 11q pTERRa compared with 7q pTERRa, 
irrespective of senescence. all values are corrected for IgG background 
and are normalized to the relative amount of h3 (ctIgG − cth3K4me3)/(ctIgG − 
cth3). Error bars indicate sEM of duplicate qpcR measurements, asterisks 
indicate a p-value < 0.05 based on a student’s t-test.
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diseases and aging. Throughout these studies, a positive correla-
tion between telomere length and subtelomeric CpG methylation 
was observed, which was depended on different disease states 
and integrity of the telomere maintenance pathway.16-19 Indeed, 
with reduced telomere length and induction of senescence we 
observed reduced levels of CpG methylation at subtelomere. In 
the progressive muscular dystrophy FSHD, the subtelomeric 
D4Z4 repeat array is characterized by reduced CpG methylation 
and H3K9me3 levels, compared with controls.20-22 In FSHD cell 

signaling result in decreased levels of constitutive het-
erochromatin marks at subtelomeres.

Upon reduced H3K9me3 and CpG methylation, a 
concomitant increase of markers of euchromatin (his-
tone acetylation) is seen with drastic telomere shorten-
ing in Terc−/− MEFs.12 In our model, we did not observe 
a similar effect upon senescence. H3K9ac levels were 
low in both passages and we observed decreased levels 
of H4K16ac upon cellular senescence. Subtelomeric 
H4K16ac was previously shown to be higher upon 
aging in yeast, as a consequence of reduced Sir2 expres-
sion.32 Global H4K16 deacetylation, on the contrary, 
was shown to be involved in the DNA damage response 
and associates with cellular senescence of MEFs in a 
mouse model for the Hutchinson Gilford premature 
aging syndrome.33 Our data show that the reduced lev-
els of H4K16ac are not restricted to subtelomeres and 
are likely to be a genome-wide phenomenon, in concor-
dance with its role in the DNA damage response and 
senescence.

We hypothesized that further chromatin activation 
upon decreased levels of markers of constitutive hetero-
chromatin may be prevented by increased levels of the 
Polycomb-dependent repressive H3K27me3 modifica-
tion. Both H3K9me3 and H3K27me3 were previously 
reported to change globally upon cellular senescence in 
human primary fibroblasts.34 O’Sullivan et al. describe 
decreased H3K9me3 and increased H3K27me3 levels, 
which is in accordance with our observations at sub-
telomeres. Recent data, showing that the genome wide 
distribution of these markers does not change with RAS 
induced cellular senescence in human fibroblasts, sug-
gest a different effect of oncogene induced compared 
with replicative senescence.35

H3K36me3 is mostly studied in the context of 
actively transcribed genes, but was recently suggested 
to be enriched in constitutive and facultative hetero-
chromatin in mouse cells.31 Indeed, we find consider-
able levels of this marker at both subtelomeres and at 
the silenced CT47 locus. In yeast, H3K36me3 recruits 
histone deacetylase complexes (HDACs) and thereby 
ensures repression of intragenic cryptic promoters.36-38 
It may be speculated that a similar mechanism exists 
in which subtelomeric sites become transcription-
ally derepressed upon decreased levels of constitutive 
heterochromatin, eventually leading to deposition of 
H3K36me3 and recruitment of HDACs. In this sce-
nario, higher levels of H3K36me3 have a repressive effect on 
the chromatin, maintaining the silenced state upon a decrease 
in H3K9me3 and CpG methylation. However, the increased 
H3K36me3 levels were not specific for subtelomeres and in our 
model we cannot disentangle the order of events to prove this 
concept. More understanding of the context dependent function-
ality of the H3K36me3 mark is therefore desired.

Subtelomere CpG methylation and histone modification lev-
els have been subject of study in the context of several human 

Figure 5. Distinct chromatin remodeling at TERRa promoters of 7q and 11q upon 
senescence. TERRa promoter analysis showed distinct regulation of (A) h3K9me3, 
(B) h4K16ac, (C) h3K27me3 and (D) h3K36me3 between 7q and 11q. The changes 
at the 7q TERRa promoter reflect the more proximal subtelomere, whereas the 11q 
TERRa promoter regulation is distinct from the more proximal subtelomere. all 
values are corrected for IgG background and are normalized to the relative amount 
of h3 [(ctIgG − ctmodification)/(ctIgG − cth3)]. Error bars indicate sEM of duplicate qpcR 
measurements, asterisks indicate a p-value < 0.05 based on a student’s t-test.
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structure of subtelomeres, which would ensure proper regulation 
of TERRA transcription.

In conclusion, we show that human subtelomeres undergo 
extensive chromatin remodeling upon cellular senescence. A 
decrease in markers of constitutive heterochromatin does not lead 
to subtelomeric derepression but is accompanied by increased 
levels of transcriptional repressive modifications. We observed a 
strong overlap between the two subtelomeres under study, how-
ever, with respect to TERRA promoters, we showed chromosome 
specific remodeling occurs.

Materials and Methods

Cell culture and β-galactosidase assay. WI-38 human fetal lung 
fibroblasts at two different population doublings (15, early and 
34, late) were obtained from Corriell (Corriell Cell Repositories). 
Early passage cells were expanded for 3–4 passages in DMEM 
F12 (31331) supplemented with 20% heat inactivated Fetal Calf 
Serum, 1% pen-strep, 1% sodium pyruvate and 1% HEPES (all 
Invitrogen Life Technologies) at 37°C, 5% CO

2
. Senescent cells 

were obtained by expanding PDL 34 cells until a non-prolifera-
tive state was reached. Cells were then kept in culture for an addi-
tional period of 2–3 weeks and to confirm senescence, activation 
of β-galactosidase was assessed as described.40 DNA, RNA, chro-
matin and protein were isolated in parallel. Both early passage 
and late passage cells were expanded, harvested and examined 
n three independent experiments of which one complete set is 
shown.

Protein isolation, western blot and quantification of p16. 
Cells were washed twice in 1 × PBS and after removal cells were 
lysed in RIPA buffer: 20 mM TEA, 0.14 M NaCl, 0.1% DOC, 
0.1% SDS, 0.1% triton X-100, 1 × Complete EDTA free pro-
tease inhibitor cocktail and 1x Phosstop phosphatase inhibitor 
cocktail (both Roche) and sheared by passing through a 29G 
needle. Soluble protein content was measured by standard Pierce 
BCA analysis (Thermo Scientific) and 15 μg protein was loaded 
on a standard 15% SDS PAGE. After protein transfer, mem-
branes were blocked and incubated o/n at 4°C with antibodies 
against p16 (1:500, sc-56330, Santa Cruz Biotechnology) and 
actin (1:1000, A2066, Sigma). Detection and relative quanti-
fication were done using the Odyssey system (V3.0, LI-COR 
Biosciences).

Telomere length analysis by Southern blot and qPCR. 
Genomic DNA was isolated using a standard salting out method. 
Southern blot based telomere length analysis was done as 
described before.41 In brief, 3 μg genomic DNA was o/n digested 
with RsaI and AluI (Thermo Scientific) at 37°C and size sepa-
rated on a 0.9% TAE agarose gel. DNA was denatured by incu-
bating the gel in 0.4 M NaOH, 0.6 M NaCl for 30 min, nicked 
and crosslinked by UV light and subsequently transferred to a 
Hybond XL membrane (GE Healthcare). The membrane was 
hybridized, washed, scanned with a Storm 820 phosphorim-
ager (GE Healthcare) and analyzed using imagequant software 
(v2003.03. GE Healthcare). qPCR analysis of telomeric copy 
number was done as described before42 on the CFX96™ thermal 
cycler using iQ SYBR Green Supermix (both Bio-rad). Relative 

cultures, telomere length or senescence markers have not been 
studied. Our data may have implications for studying the epigen-
etic regulation of D4Z4, as we show that the replicative history of 
cell cultures can affect the chromatin structure of subtelomeres, 
also of the subtelomeric D4Z4 repeat array.

Since subtelomeres predominantly consist of repetitive 
sequences and subtelomeres of different chromosomes share 
highly homologous sequence blocks,14,15 we selected the single 
copy subtelomeres of 7q and 11q as a model. This allowed us 
to systematically screen the subtelomere at increasing distance to 
the telomere to identify possible position effects. However, we 
did not find a clear relation between the distance to the telo-
mere and the changes in subtelomeric chromatin structure. The 
observed chromatin changes at the subtelomeres of chromosomes 
7q and 11q and the D4Z4 repeat array at 4q and 10q were highly 
similar and possibly reflect a general phenomenon of subtelomeric 
chromatin remodeling upon senescence. We cannot, however, 
rule out specific chromatin regulation at other subtelomeres or 
at different locations at the subtelomeres under study. Moreover, 
we have only studied the effect of senescence in a single model 
system for cellular senescence. To assess whether our observa-
tions are in general associated with senescence, additional models 
should be studied.

A striking exception to the commonalities between the stud-
ied chromosomes was the distinct regulation of the TERRA pro-
moter at the subtelomeres of 7q and 11q. TERRA expression is 
regulated by specific CpG island motifs which have been identi-
fied on at least 20 different chromosome arms.24 This specific 
CpG island is absent at both 7q and 11q, however CpG dense 
sequences are present just proximal to the telomere of both chro-
mosomes. We demonstrated that DNA methylation at these 
CpG islands does not change upon senescence, in spite the fact 
that TERRA transcripts were shown to be downregulated upon 
senescence.25 The H3K4 methyltransferase MLL has been shown 
to associate with telomeres and regulate TERRA transcription.25 
Low but detectable levels of H3K4me3 were detected at the 
TERRA promoters of 7q and 11q and we detected higher levels at 
11q than at 7q, irrespective of senescence. Both CpG methylation 
and H3K4me3 levels are reflected in transcriptional activity, as 
we only could detect 11q transcripts. As TERRA has been shown 
to regulate telomere length, chromosome specific differences in 
TERRA regulation could offer an explanation for the observed 
allelic variation of telomere length in senescent human cells.39

Our data again emphasize that a chromosome arm specific 
analysis is needed considering the regulation of TERRA.26 We 
showed that the 11q TERRA promoter is differentially regulated 
compared with the more proximal subtelomere, in contrast to the 
TERRA promoter of 7q. This is in line with recently published 
data, where involvement of CTCF and cohesin in TERRA regu-
lation was shown at 11q, but not at 7q.26 Next to its described 
role in TERRA transcription, our data suggests that the bind-
ing of CTCF proximal to the TERRA promoter results in the 
insulation and specific chromatin regulation of the TERRA 
promoter upon senescence. It may be hypothesized that TERRA 
promoters bound by CTCF, are be protected from the effects of 
telomere shortening and senescence signaling on the chromatin 
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CpG methylation analysis. CpG islands at TERRA promot-
ers were identified using the CpGplot tool available at www.
ebi.ac.uk/Tools/emboss/cpgplot. CpG methylation levels were 
determined using mass spectrometry based Epityper assays 
(Sequenom) as described before.45 In short, DNA is converted 
with bisulfite and PCR amplified, transcribed to RNA, cleaved 
by RNaseA and the resulting methylated and unmethylated frag-
ments were quantified by mass spectrometry. All measurements 
were performed in triplicate. Subtelomeric probe sequences are 
listed in Table S1. The DNA methylation was entered as the 
dependent to an UNIANOVA (SPSS 18.0), as it accounts for the 
correlated nature of adjacent CpG sites. Variables defining the 
cell passage (early and late), the CpG site, the individual tripli-
cates and the genomic location were entered as fixed effects. Data 
are shown for a single culture experiment; all p-values reported 
are two-tailed. For Figures 2D–F and 4B, the mean methylation 
level of multiple CpGs within a probe and, for Figure 2F, mul-
tiple probes per chromosome is displayed.

RNA isolation, TERRA cDNA synthesis and PCR detection. 
Cells were lysed in QIAzol lysis reagent and subsequently RNA 
was isolated using the RNeasy mini kit according to manufac-
turer’s instructions (both Qiagen). RNA integrity was confirmed 
(RIN > 9) by RNA 6000 Nano lab on chip analysis (Agilent 
technologies) and 2 μg of total RNA was used for TERRA spe-
cific cDNA synthesis as described,23 using the the SuperScript® 
III First-Strand Synthesis System (Life Technologies). PCR 
analysis was performed using Phusion® High Fidelity DNA poly-
merase according to manufacturer’s conditions. PCR conditions: 
initial denaturing: 95°C, 3' followed by 40 cycles of 30’’ 95°C, 
30’’ 60°C (11q, Xq)/61°C (7q), 30’’ 72°C and a final extension 
step of 10’ 72°C. Primer sequences are indicated in Table S1. 
PCR products where analyzed by standard 1.5–2% TBE agarose 
gel electrophoresis and visualized using the OptiGo 750 imaging 
system with Proxima AQ-4 software (both Isogen life science).
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telomere length was calculated using the single copy 36B4 locus 
as a reference and subsequently normalized using the CFX soft-
ware (v2.0, Bio-rad).

Chromatin immunoprecipitation. ChIP experiments were 
based on the protocol described by Nelson et al. with some modi-
fications.43 In brief, cells were crosslinked in 1% formaldehyde 
(Merck-Milllipore) for 10 min and the reaction was quenched 
for five minutes in 125 mM glycine. Cross linked cells were 
lysed and chromatin was sheared in a sonicator bath (Bioruptor 
UCD-20, Diagenode) for four consecutive rounds of 10 min at 
maximum output and 15 sec on/off cycles. Shearing was ana-
lyzed by phenol-choloroform extraction of DNA and agarose gel 
electrophoresis. All chromatin samples had a DNA size range 
between 200–2,000 bp. Three μg (DNA amount) chromatin 
was precleared with blocked sepharose A beads (GE Healthcare) 
and incubated overnight at 4° with antibodies: rαH3 (ab1791,  
2 μl/rxn), rαH3K9me3 (39161, 5 μl/rxn, Active Motif, La Hulpe, 
Belgium) rαH3K27me3 (#17-622, 5 μl/rxn, Merck-Millipore) 
rαH4K16ac (39167, 4 μl/rxn, Active Motif), rαH3K36me3 
(2 μl/rxn, pAb-058–050, Diagenode), rαH3K4me3 (#17-614, 
3 μl/rxn, Merck-Millipore) and total IgG (5 μl/rxn, Merck-
Millipore). IP was done with 20 μl blocked sepharose A beads/
rxn for 90–120 min at 4°C. Beads were washed according to 
the online available Millipore ChIP protocol (www.millipore.
com/techpublications/tech1/mcproto407). DNA was isolated 
using Chelex 100 resin (Bio-rad) and diluted 1:1 for Q-PCR  
analysis.

(q)PCR analysis of human subtelomeres. To circumvent 
potential PCR problems posed by the duplicated and repetitive 
nature of subtelomeres, we exploited the single copy nature of 
the subtelomeres of chromosomes 7q and 11q. To quantify his-
tone modifications, we generated primer pairs using Primer3Plus 
using qPCR settings44 on both chromosome arms ranging from as 
close as < 1 kb from the telomere, up to 250 kb from the telomere 
(Fig. 2A). All primer pairs were tested for chromosome specificity 
using a monochromosomal DNA panel (Coriell). We succeeded 
to generate specific primers ranging from directly adjacent to the 
telomere up to 250 kb from the telomere on both the subtelo-
meres of 7q and 11q. Primer sequences are listed in Table S1 and 
annealing temperatures are indicated. q-PCR analysis was done 
in duplicate using iQ SYBR Green Supermix (Bio-Rad) on the 
MyIQ thermal cycler or the CFX96tm real time PCR detection 
system (Bio-Rad) using 4 μl 1:1 diluted ChIP DNA per reac-
tion. Relative quantities of histone modifications were calculated 
by taking the fold enrichment relative to the IgG background,  
normalized to input or H3 enrichment: (Ct

IgG
 − Ct

modification
)/

(Ct
IgG

 − Ct
H3

). Representative data of 1 of the three culture rep-
licates is shown and error bars indicate SEM of the normalized 
duplicate q-PCR values.
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