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Abstract: The epigenetic modifications of human telomeres play a relevant role in telomere functions
and cell proliferation. Therefore, their study is becoming an issue of major interest. These epigenetic
modifications are usually analyzed by microscopy or by chromatin immunoprecipitation (ChIP).
However, these analyses could be challenged by subtelomeres and/or interstitial telomeric sequences
(ITSs). Whereas telomeres and subtelomeres cannot be differentiated by microscopy techniques,
telomeres and ITSs might not be differentiated in ChIP analyses. In addition, ChIP analyses of
telomeres should be properly controlled. Hence, studies focusing on the epigenetic features of
human telomeres have to be carefully designed and interpreted. Here, we present a comprehensive
discussion on how subtelomeres and ITSs might influence studies of human telomere epigenetics.
We specially focus on the influence of ITSs and some experimental aspects of the ChIP technique
on ChIP analyses. In addition, we propose a specific pipeline to accurately perform these studies.
This pipeline is very simple and can be applied to a wide variety of cells, including cancer cells.
Since the epigenetic status of telomeres could influence cancer cells proliferation, this pipeline might
help design precise epigenetic treatments for specific cancer types.
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1. The Epigenetic Nature of Human Telomeres Has Remained Controversial

The length of telomeres and the chromatin organization of telomeric regions influence telomeres
function [1]. Two main kinds of chromatin organizations are found within the nucleus of eukaryotic cells:
euchromatin and heterochromatin. Euchromatin is usually associated with unique sequences that can
be transcriptionally active or inactive depending on their epigenetic landscape. Active euchromatin can
acquire a close and silenced conformation through the action of the polycomb complexes 1 and 2, which
add the repressive H2AK119ub and H3K27me3 epigenetic marks, respectively [2,3]. This polycomb
chromatin can be also referred to as facultative heterochromatin. In turn, constitutive heterochromatin,
hereinafter referred to as heterochromatin, usually associates with repetitive sequences that are
generally silenced [4,5]. Whereas subtelomeric regions in humans are clearly heterochromatic and
exhibit enhanced levels of H3K9me3, DNA methylation, and histones hypoacetylation, the epigenetic
nature of human telomeres has remained controversial [6–8]. This controversy might have been
influenced by experimental limitations of the techniques used to study telomere epigenetics. In addition,
different human cell lines can have distinct epigenetic marks at telomeres.

Here, we discuss how subtelomeres and interstitial telomeric sequences (ITSs) might influence
studies of human telomere epigenetics. We specially focus on the influence of ITSs and some
experimental aspects of the chromatin immunoprecipitation (ChIP) technique on ChIP analyses of
telomeres. In addition, we present a specific pipeline to assess the heterochromatic status of human
telomeres by ChIP followed by hybridization and sequencing. This pipeline can be applied to the study
of multiple epigenetic modifications in a wide variety of human cell types. Although mass spectrometry
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techniques can be used to analyze telomere epigenetics, to our knowledge, these techniques have not
been used to study the epigenetic features of human telomeres, and they are not discussed here [9–11].

2. Analysis of the Epigenetic Features of Human Telomeres by Microscopy

Since telomeres and subtelomeres cannot be differentiated by conventional microscopy techniques,
it is important to consider the influence of subtelomeric regions when the epigenetic features of
telomeres are analyzed by microscopy. Co-localization studies have been very useful to determine
that shelterin proteins such as TRF1 or TRF2 associate with human telomeres. The combined staining
of either of these telomeric proteins by immunofluorescence and of telomeric DNA by fluorescent in
situ hybridization (FISH) render high degrees of co-localization [12,13]. In contrast, the combined
staining of heterochromatic markers such as H3K9me3 or heterochromatin protein 1 and TRF1 or
TRF2 render low co-localization levels [14,15]. Low levels of heterochromatin co-localization with
telomeres might reflect transient telomeres heterochromatinization and/or heterochromatinization of
only a subset of telomeres. However, low co-localization levels could also be explained by the existence
of subtelomeric heterochromatin. In this context, it is worth noting that H3K9me3 mountains that
extend 20 to 200 Kbp in length have been described in about one third of the human embryonic stem
cell subtelomeres [8]. Thus, one third of the stem cells telomeres should be expected to co-localize with
subtelomeric H3K9me3 mountains. In addition, most telomeric regions in humans contain telomere
associated sequences (TASs), which are subtelomeric repetitive elements that can extend up to about
200 Kbp from telomeres [16]. If some of these elements were heterochromatic, their corresponding
telomeres should be also expected to co-localize with H3K9me3. Even more, since most TASs are longer
than telomeres, which extend about 10 Kbp in length, their epigenetic features might be confused
with those of telomeres under the microscope [17]. Consequently, microscopy analyses of telomere
epigenetics should be carefully interpreted and reinforced with additional studies.

3. The Chromatin Immunoprecipitation Technique

The ChIP technique involves the immunoprecipitation of chromatin with specific antibodies and
the additional analysis of the immunoprecipitated DNA [18–20]. DNA sequences immunoprecipitated
with a specific antibody are thought to be associated in vivo with the chromatin feature that it
recognizes. These sequences become enriched in the immunoprecipitated DNA samples with regard to
the input—not immunoprecipitated DNA samples. Since immunoprecipitation efficiencies, recoveries,
and other experimental variables of the ChIP procedure can vary across experiments, it is highly
recommended to express enrichment levels as values relative to a specific sequence or to the whole
genome if genome-wide ChIP experiments are performed. In both cases, enrichment levels are
relative measurements.

Special care should be taken when repetitive sequences are studied by ChIP because their chromatin
features might vary at different genomic loci. ChIP analyses of repetitive sequences are usually
performed by hybridization (ChIP-hyb) or sequencing (ChIP-seq). When telomeres are studied,
the telomeric ChIP-hyb or ChIP-seq analyses should not be influenced by ITSs. In ChIP-hyb experiments,
ITSs might contribute to the signal obtained after hybridization with a telomeric probe. In turn,
ITSs might render significant amounts of reads containing telomeric sequences in ChIP-seq experiments.
Hence, the influence of ITSs on these analyses should be estimated and, if possible, minimized.
Fortunately, the different sequence organizations of telomeres and ITSs can be exploited to minimize
ITSs influence [21–24]. Whereas telomeres are essentially composed of tandem arrays of perfect
telomeric repeats, ITSs usually contain short stretches of perfect telomeric repeats interspersed with
degenerate repeats. In fact, it is uncommon for ITSs to contain more than four perfect tandem telomeric
repeats in organisms such as humans or Arabidopsis thaliana [22,24].

In addition to ITSs, the subtelomeric sequences adjacent to telomeres could also influence
ChIP-hyb or ChIP-seq analyses of telomeres. In a scenario where telomeres are not heterochromatic but
subtelomeres are, the telomere–subtelomere boundaries could be immunoprecipitated by antibodies
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against heterochromatin. Therefore, telomere analyses could be influenced by this boundary effect.
Its magnitude should depend on the lengths of the telomeres and of the immunoprecipitated
chromatin fragments.

4. Analysis of the Epigenetic Features of Human Telomeres by ChIP-Hyb

When ChIP-hyb experiments are performed, it is important to know the contribution of ITSs to the
hybridization signal obtained. In the case of Arabidopsis, this contribution has been estimated in about
70% [25,26]. Hence, in Arabidopsis, ChIP-hyb experiments would reveal the mixed epigenetic features
of both telomeres and ITSs. This problem was previously addressed by digesting the ChIP samples
with Tru9I, a frequently cutting restriction enzyme that recognizes the sequence TTAA. Tru9I readily
digests the degenerated repeats of ITSs but not the perfect telomeric repeats of Arabidopsis telomeres,
which have the sequence TTTAGGG. Thus, after digesting the ChIP samples with Tru9I, telomeres and
ITSs can be easily separated by Southern blot. Then, the telomeric signals can be specifically displayed
by hybridization with a telomeric probe, as previously reported [21,25].

In humans, the contribution of ITSs to the signal generated after performing ChIP-hyb experiments
has not been estimated. However, this contribution should be low for several reasons. First, FISH
studies performed with peptide nucleic acid (PNA) telomere probes display the end of human
metaphase chromosomes but not internal ITSs [12]. Although these studies support the validity of
ChIP-hyb analyses of human telomeres, they should be carefully considered because ChIP-hyb studies
are usually performed with DNA probes. Since PNA probes bind more stably to DNA and are more
sensitive to mismatches than DNA probes, the telomeres/ITS hybridization ratio displayed by PNA
probes is higher than the ratio displayed by DNA probes [27]. Therefore, PNA probes display telomeres
more efficiently than ITSs due to the degenerated nature of ITSs. In the case of Arabidopsis, ITSs do not
to interfere with the analysis of telomere length by FISH in interphase cells when a telomeric PNA probe
is used for hybridization [28]. However, Arabidopsis ITSs are efficiently detected in FISH and Southern
blot experiments using telomeric DNA probes [25,29,30]. Indeed, as mentioned above, Arabidopsis ITSs
interfere with the detection of telomeres by DNA probes in ChIP-hyb experiments [21,25].

Besides FISH experiments, additional experimental evidence supports that the contribution of
ITSs to human ChIP-hyb studies of telomeres should be low. On the one hand, in silico genomic
analyses show that ITSs are not very abundant in the human genome, although they can be found
in most human subtelomeric regions [16,24,26]. On the other hand, micrococcal nuclease (MNase)
digestion experiments reveal that human telomeres have the short nucleosomal spacing characteristic of
eukaryotic telomeres [31–33]. MNase preferentially cuts the linker internucleosomal DNA. Thus, when
bulk chromatin is partially digested with this enzyme and the resulting DNA fragments are resolved on
an agarose gel, a nucleosome ladder can be observed after staining with ethidium bromide. This ladder
reflects the bulk nucleosomal spacing of the genome. However, if human nucleosome ladders are
hybridized with a telomeric DNA probe, the resulting steps of the ladders shorten. Considering
that human ITSs are not expected to be associated with short nucleosomes, as previously found in
Arabidopsis [25], this result supports that ChIP-hyb experiments hybridized with a telomeric DNA
probe should mostly reveal the chromatin organization of bona fide human telomeres. Nevertheless,
the specific contribution of ITSs could be determined as previously reported [25].

When the epigenetic features of human telomeres are analyzed by ChIP-hyb, the telomeric
hybridization signal should be compared with a control signal to estimate relative enrichments values.
If the objective is to study whether telomeres are heterochromatic in a specific cell type, repetitive
elements such as the α-satellite or the satellites II and III could be hybridized as controls, since these
elements have been found to associate with heterochromatic marks [24,34–38]. However, the specific
control probes to be used should be carefully selected and validated.

α-satellite monomers have a length of 171 bp and can exhibit a significant degree of sequence
divergence. Tandem arrays of these monomers distribute along centromeres and pericentromeric
regions, where they have different chromatin organizations. The α-satellite sequences that localize at
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centromeres fold into a non-heterochromatic chromatin that contains the histone H3 variant CENP-A
and drives kinetochores formation. In turn, the pericentromeric α-satellite monomers organize as
heterochromatin domains that can influence centromeres function [35,39]. Precise combinations of
α-satellite monomers lead to the formation of higher order repeats (HOR) units. These units iterate in
tandem hundreds to thousands of times, are characterized by the number of monomers and their order,
and localize at specific chromosomes. Considering that the same α-satellite monomers can be found
at centromeres and pericentromeric regions, in principle, it is difficult to select the sequences to be
used as heterochromatic controls in ChIP-hyb experiments. However, some α-satellite sequences have
been found to associate preferentially with pericentromeric heterochromatin. This is the case of the
sequences present in the D1Z5 HOR. These sequences hybridize specifically with the pericentromeric
region of human chromosome 1 and associate with H3K9me3 in DLD-1 cells [36,40].

Satellites II and III are short-repetitive elements that contain the sequence TCCATT. These elements
distribute in tandem along the pericentromeric regions of specific human chromosomes. Therefore,
they associate with heterochromatic marks and could be used as heterochromatic controls in ChIP-hyb
experiments [24,34,37,38]. In addition, other repetitive elements such as the interspersed transposons
could also be used as heterochromatic controls in ChIP-hyb experiments. However, these transposons
should be carefully selected because they can lack of specific heterochromatic marks in distinct cell
types. Some long terminal repeats (LTR) retrotransposons, such as certain classes of endogenous
retroviruses, rely more on H3K9me3 than on DNA methylation for silencing in mouse stem cells [5].
Besides, some non-LTR retrotransposons such as the AluS repeats do not show H3K9me3 enrichment
in HL-60 cells [41].

We recommend validating the repetitive elements to be used as heterochromatic controls in
human ChIP-hyb studies of telomeres. Their heterochromatic nature could be verified by microscopy,
by digestion with methylation-sensitive restriction enzymes, and by ChIP-seq (see below) [24,36,38].

5. Analysis of the Epigenetic Features of Human Telomeres by ChIP-Seq

When ChIP-seq experiments are performed to analyze the epigenetic features of telomeres,
it is important to minimize the contribution of ITSs to the total number of telomeric reads counted.
In this case, the different sequence organizations of telomeres and ITSs can also be exploited. We were
previously able to study the epigenetic modifications of human and Arabidopsis telomeres independently
of ITSs by analyzing multiple genome-wide ChIP-seq experiments. Since ITSs in both organisms
usually contain short arrays of perfect telomeric repeats interspersed with degenerated repeats, the
reads originated from ITSs do not contain many perfect telomeric repeats organized in tandem.
Therefore, we could identify as telomeric reads those that contained four or more perfect tandem
telomeric repeats [22–24]. When analyzing human telomeres, we considered telomeric reads as those
containing five or more tandem repeats [24]. In addition—and for comparison—we determined the
number of reads arising from satellites II and III using their consensus sequences [37]. In this way,
we were able to analyze multiple ChIP-seq experiments that addressed the genome-wide distribution
of 10 epigenetic marks, including H3K9me3, in different cell lines [4].

Our ChIP-seq studies revealed that telomeres are not enriched in the heterochromatic H3K9me3
mark in multiple telomerase-positive human cell lines, including embryonic stem cells. Instead, they
exhibit increased levels of euchromatic marks such as H4K20me1 and H3K27ac. In turn, we found that
satellites II and III are enriched in H3K9me3 but not in H4K20me1 or H3K27ac. Interestingly, another
ChIP-seq analysis using a different set of data also showed that human telomeres are not enriched in
H3K9me3 in CD4+ cells [42]. However, the sequence used to identify telomeric reads in this study was
not indicated.

Our ChIP-seq analyses also revealed that telomeres in U2OS and LAN6 cancer cells have
heterochromatic levels of H3K9me3, similar to those associated with satellites II and III [24,43]. These
cells elongate their telomeres by alternative lengthening of telomeres (ALT), which is a recombinational
mechanism that involves changes in the DNA sequence and the protein composition of telomeres [44].



Cells 2019, 8, 1050 5 of 10

Interestingly, the histone methyltransferase SETDB1 was recently found to deposit H3K9me3 in ALT
telomeres and to stimulate the ALT phenotype [45]. Therefore, it will be interesting to ascertain whether
heterochromatic telomeres are a hallmark of ALT cancer cells.

6. Determining the Heterochromatic Status of Telomeres in Specific Human Cell Lines

In the following section, we describe a specific pipeline to address the heterochromatic status of
human telomeres by ChIP (Figure 1). This pipeline is simple and can be easily applied to a wide variety
of human cells. First, ChIP experiments should be performed using antibodies against H3K9me3. Then,
these experiments should be analyzed by sequencing and hybridization. ChIP-seq analyses should
be performed as previously reported [24]. The frequency of telomeric and satellites II and III reads
should be calculated by dividing their counts between the total number of mapped reads, thus making
frequency values relative to the whole genome. In addition, the frequency of telomeric reads with
regard to satellite reads should be also estimated. Then, enrichment values should be calculated
by dividing the immunoprecipitate frequencies between the frequencies of the corresponding input
samples. Finally, statistical levels of significance should be determined.

Figure 1. Schematic representation of the experimental pipeline proposed to assess the heterochromatic
status of human telomeres by ChIP. ChIP experiments should be performed using antibodies against
H3K9me3. At least three independent biological replicates are recommended, thus statistical
analyses of enrichments can be performed. Since the consensus sequences of satellites II and III
are [(atTCCATTcg)2 + (atg)1–2]n and [(ATTCC)7–13 + (ATTcgggttg)1]n, respectively, the sequences
indicated in the figure could be used to monitor satellites reads in the chromatin immunoprecipitation
sequencing (ChIP-seq) experiments [37]. Satellite sequences could also be used as heterochromatic
controls in the ChIP-hybridization (ChIP-hyb) studies once they were validated by ChIP-seq. Antibodies
against alternative heterochromatic marks such as H4K20me3 or DNA methylation could be used to
assess the heterochromatic status of human telomeres. However, our ChIP-seq analyses reveal low (but
significant) levels of H4K20me3 enrichment at satellites II and III (our unpublished results), which seems
to be in agreement with previously reported analyses of mouse pericentromeric heterochromatin [5,10].
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We recommend proceeding with the ChIP-hyb analyses once the heterochromatic nature of satellite
sequences has been verified by ChIP-seq (Figure 1). Considering that human ITSs are not expected to
influence ChIP-hyb analyses of telomeres, the ChIP-hyb experiments could be achieved by dot-blot
followed by hybridization. Dot-blots should be first hybridized with a telomeric probe. Then, they
could be stripped and re-hybridized with a satellite probe. For example, an end-labeled satellite III DNA
fragment containing the sequence (ATTCCATTCC)3 could be used for hybridization. At that point,
relative enrichment values of telomeres versus satellite sequences should be calculated by dividing
the intensities of the input-normalized telomeric hybridization signals between the intensities of the
corresponding satellite signals. These values, which are expected to be similar to those determined by
ChIP-seq, should be used to perform statistical analyses.

7. Concluding Remarks

The epigenetic modifications of telomeres are usually studied by microscopy or ChIP. However,
these studies might be challenged by subtelomeres and/or ITSs. Whereas telomeres and subtelomeres
cannot be differentiated by microscopy techniques, telomeres and ITSs might not be differentiated in
ChIP analyses. Hence, studies focusing on the epigenetic features of telomeres should be carefully
designed and interpreted. It is important to consider the influence of subtelomeric heterochromatin
when the heterochromatic status of human telomeres is analyzed under the microscope. In general,
these analyses should be reinforced with additional studies. In addition, when the heterochromatic
status of human telomeres is analyzed by ChIP followed by hybridization or sequencing, the influence of
ITSs should be minimized, and telomeres should be compared with heterochromatic control sequences.
Taking into account these considerations, we propose a specific pipeline to assess the heterochromatic
status of human telomeres by ChIP (Figure 1). This pipeline is simple and can be easily applied to a
wide variety of epigenetic features and human cells.

Current experimental evidence does not support the presence of heterochromatic marks at
telomeres in most commonly studied human cell lines (Table 1). However, unlike different types of
telomerase-positive cancer cells, certain cancer cells that undergo ALT have enriched levels of telomeric
heterochromatin [24,43,45,46]. Even more, telomeric heterochromatin has been reported to stimulate
ALT features [45]. Therefore, considering that about 15% of the human cancers undergo ALT, it will be
interesting to ascertain whether heterochromatic telomeres are a hallmark of ALT cancer cells, which
could be addressed following the pipeline described here.

In order to sustain continuous proliferation, cancer cells need to maintain their telomeres
either by the action of telomerase or by ALT [13,47]. Hence, interfering with any of these two
maintenance mechanisms can compromise cancer cells growth and oncogenic processes. It has been
proposed that telomeres maintenance mechanisms could be differentially impaired by epigenetic
drugs targeting heterochromatin, which are currently being used or tested in a wide variety of cancer
treatments [24,43,45,48]. In this context, it is worth mentioning that ALT-positive cancer cells are
more sensitive than telomerase-positive cancer cells to trabectedin, an anti-tumor drug that causes
R-loop-dependent DNA damage and leads to replication impairment and genome instability [49,50].
R-loops are three-stranded nucleic acid structures in which RNA invades double stranded DNA,
generating a DNA:RNA hybrid and the associated single-stranded DNA. These structures can be
formed at telomeric regions by telomeric repeats containing RNAs (TERRA), which are transcribed
from subtelomeric promoters towards telomeres. Thus, considering that telomeric heterochromatin
has been reported to stimulate ALT features including high levels of TERRA, that TERRA contributes
to the formation of telomeric heterochromatin, that the levels of TERRA are indeed increased in ALT
cells relative to telomerase-positive cancer cells, and that TERRA transcripts can form R-loops in
telomeric regions, the aforementioned differential effect of trabectedin could be related to the epigenetic
status of telomeres [45,46,51–56]. In ALT cancer cells, telomeric heterochromatin could stimulate
the formation of R-loops containing TERRA, which in turn would make ALT cells more sensitive to
trabectedin than telomerase-positive cancer cells. In addition, since subtelomeric DNA methylation
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can repress TERRA expression and R-loop formation at telomeric regions, the loss of subtelomeric
DNA methylation previously reported in ALT cells could also stimulate trabectedin sensitivity [6,43,51].
Therefore, the heterochromatic status of both telomeres and subtelomeres might influence the output
of trabectedin on cancer cells proliferation. In this scenario, the experimental pipeline described here
could help design precise epigenetic treatments for specific cancer types.

Table 1. Experimental evidence supporting that telomeres are not heterochromatic in most commonly
studied [non-alternative lengthening of telomeres (ALT)] human cell lines.

Evidence Ref.

1
Immunofluorescence microscopy studies reveal low co-localization levels of the
H3K9me3 or the HP1 heterochromatic marks with telomeres, which could be
explained by the presence of H3K9me3 and HP1 in subtelomeric heterochromatin.

[8,14–16]

2 ChIP-hyb experiments reveal low levels of H3K9me3 at telomeric repeats as
compared with subtelomeric sequences. [57]

3
ChIP-seq experiments show that telomeres are not enriched in H3K9me3 but have
enhanced levels of the H3K27ac and H4K20me1 euchromatic marks. In contrast,
satellites II and III are enriched in H3K9me3 but not in H3K27ac or H4K20me1.

[24,42]

4

Human telomeres should not be methylated because the human telomeric sequence
is TTAGGG, and DNA methylation in mammals mainly circumscribe to the CG
context. In agreement with this assumption, DNA methylation is completely absent
from Arabidopsis telomeres. However, the Arabidopsis telomeric sequence, which is
TTTAGGG, is methylated by the CHH methylation machinery (where H is A, C, or T)
when it is present in interstitial telomeric sequences (ITSs).

[58,59]

5

Super-resolution microscopy shows that the disruption of shelterin proteins can lead
to an increase in telomeres volume that has been related to telomeres decompaction
and to a 53BP1-dependent telomere clustering. However, telomeres volume is not
affected in human cells treated with inhibitors of heterochromatin formation.
Therefore, heterochromatin does not seem to affect the protective structure of
telomeres as shelterins do.

[60–62]

6 Telomeric nucleosomes are shorter and more sensitive to overall micrococcal nuclease
digestion than the heterochromatic nucleosomes associated with chromocenters. [31,63–65]

Author Contributions: Both authors co-wrote the manuscript and co-designed/drew the figures.

Funding: This research was funded by the Spanish Agency of Research and the European Fund for Regional
Development, grant number BIO2016-78955-P (AEI/FEDER, UE).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Blasco, M.A. The epigenetic regulation of mammalian telomeres. Nat. Rev. Genet. 2007, 8, 299–309. [CrossRef]
[PubMed]

2. Connelly, K.E.; Dykhuizen, E.C. Compositional and functional diversity of canonical PRC1 complexes in
mammals. Biochim. Biophys. Acta Gene Regul. Mech. 2017, 1860, 233–245. [CrossRef] [PubMed]

3. Holoch, D.; Margueron, R. Mechanisms Regulating PRC2 Recruitment and Enzymatic Activity. Trends Biochem.
Sci. 2017, 42, 531–542. [CrossRef] [PubMed]

4. Ernst, J.; Kheradpour, P.; Mikkelsen, T.S.; Shoresh, N.; Ward, L.D.; Epstein, C.B.; Zhang, X.; Wang, L.; Issner, R.;
Coyne, M.; et al. Mapping and analysis of chromatin state dynamics in nine human cell types. Nature 2011,
473, 43–49. [CrossRef] [PubMed]

5. Nishibuchi, G.; Dejardin, J. The molecular basis of the organization of repetitive DNA-containing constitutive
heterochromatin in mammals. Chromosome Res. 2017, 25, 77–87. [CrossRef] [PubMed]

6. Ng, L.J.; Cropley, J.E.; Pickett, H.A.; Reddel, R.R.; Suter, C.M. Telomerase activity is associated with an increase
in DNA methylation at the proximal subtelomere and a reduction in telomeric transcription. Nucleic Acids Res.
2009, 37, 1152–1159. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nrg2047
http://www.ncbi.nlm.nih.gov/pubmed/17363977
http://dx.doi.org/10.1016/j.bbagrm.2016.12.006
http://www.ncbi.nlm.nih.gov/pubmed/28007606
http://dx.doi.org/10.1016/j.tibs.2017.04.003
http://www.ncbi.nlm.nih.gov/pubmed/28483375
http://dx.doi.org/10.1038/nature09906
http://www.ncbi.nlm.nih.gov/pubmed/21441907
http://dx.doi.org/10.1007/s10577-016-9547-3
http://www.ncbi.nlm.nih.gov/pubmed/28078514
http://dx.doi.org/10.1093/nar/gkn1030
http://www.ncbi.nlm.nih.gov/pubmed/19129228


Cells 2019, 8, 1050 8 of 10

7. Brock, G.J.; Charlton, J.; Bird, A. Densely methylated sequences that are preferentially localized at
telomere-proximal regions of human chromosomes. Gene 1999, 240, 269–277. [CrossRef]

8. Zhang, W.; Li, J.; Suzuki, K.; Qu, J.; Wang, P.; Zhou, J.; Liu, X.; Ren, R.; Xu, X.; Ocampo, A.; et al. A Werner
syndrome stem cell model unveils heterochromatin alterations as a driver of human aging. Science 2015, 348,
1160–1163. [CrossRef]

9. Dejardin, J.; Kingston, R.E. Purification of proteins associated with specific genomic Loci. Cell 2009, 136,
175–186. [CrossRef]

10. Saksouk, N.; Barth, T.K.; Ziegler-Birling, C.; Olova, N.; Nowak, A.; Rey, E.; Mateos-Langerak, J.; Urbach, S.;
Reik, W.; Torres-Padilla, M.E.; et al. Redundant mechanisms to form silent chromatin at pericentromeric
regions rely on BEND3 and DNA methylation. Mol. Cell 2014, 56, 580–594. [CrossRef]

11. Grolimund, L.; Aeby, E.; Hamelin, R.; Armand, F.; Chiappe, D.; Moniatte, M.; Lingner, J. A quantitative
telomeric chromatin isolation protocol identifies different telomeric states. Nat. Commun. 2013, 4, 2848.
[CrossRef] [PubMed]

12. Frescas, D.; de Lange, T. Binding of TPP1 protein to TIN2 protein is required for POT1a,b protein-mediated
telomere protection. J. Biol. Chem. 2014, 289, 24180–24187. [CrossRef] [PubMed]

13. De Lange, T. Shelterin-mediated telomere protection. Annu. Rev. Genet. 2018, 52, 223–247. [CrossRef]
[PubMed]

14. Arnoult, N.; Van Beneden, A.; Decottignies, A. Telomere length regulates TERRA levels through increased
trimethylation of telomeric H3K9 and HP1alpha. Nat. Struct. Mol. Biol. 2012, 19, 948–956. [CrossRef]
[PubMed]

15. Zeng, S.; Liu, L.; Sun, Y.; Xie, P.; Hu, L.; Yuan, D.; Chen, D.; Ouyang, Q.; Lin, G.; Lu, G. Telomerase-mediated
telomere elongation from human blastocysts to embryonic stem cells. J. Cell Sci. 2014, 127, 752–762. [CrossRef]

16. Stong, N.; Deng, Z.; Gupta, R.; Hu, S.; Paul, S.; Weiner, A.K.; Eichler, E.E.; Graves, T.; Fronick, C.C.;
Courtney, L.; et al. Subtelomeric CTCF and cohesin binding site organization using improved subtelomere
assemblies and a novel annotation pipeline. Genome Res. 2014, 24, 1039–1050. [CrossRef] [PubMed]

17. Samassekou, O.; Gadji, M.; Drouin, R.; Yan, J. Sizing the ends: Normal length of human telomeres. Ann. Anat.
2010, 192, 284–291. [CrossRef]

18. Braunstein, M.; Rose, A.B.; Holmes, S.G.; Allis, C.D.; Broach, J.R. Transcriptional silencing in yeast is
associated with reduced nucleosome acetylation. Genes Dev. 1993, 7, 592–604. [CrossRef]

19. Hecht, A.; Strahl-Bolsinger, S.; Grunstein, M. Spreading of transcriptional repressor SIR3 from telomeric
heterochromatin. Nature 1996, 383, 92–96. [CrossRef]

20. Orlando, V.; Paro, R. Mapping Polycomb-repressed domains in the bithorax complex using in vivo
formaldehyde cross-linked chromatin. Cell 1993, 75, 1187–1198. [CrossRef]

21. Vaquero-Sedas, M.I.; Gamez-Arjona, F.M.; Vega-Palas, M.A. Arabidopsis thaliana telomeres exhibit euchromatic
features. Nucleic Acids Res. 2011, 39, 2007–2017. [CrossRef] [PubMed]

22. Vaquero-Sedas, M.I.; Luo, C.; Vega-Palas, M.A. Analysis of the epigenetic status of telomeres by using
ChIP-seq data. Nucleic Acids Res. 2012, 40, e163. [CrossRef] [PubMed]

23. Vaquero-Sedas, M.I.; Vega-Palas, M.A. Differential association of Arabidopsis telomeres and centromeres
with histone H3 variants. Sci. Rep. 2013, 3, 1202. [CrossRef] [PubMed]

24. Cubiles, M.; Barroso, S.; Enguix, A.; Vaquero-Sedas, M.I.; Aguilera, A.; Vega-Palas, M.A. Epigenetic features
of human telomeres. Nucleic Acids Res. 2018, 46, 2347–2355. [CrossRef] [PubMed]

25. Gámez-Arjona, F.M.; López-López, C.; Vaquero-Sedas, M.I.; Vega-Palas, M.A. On the organization of the
nucleosomes associated with telomeric sequences. Biochim. Biophys. Acta 2010, 1803, 1058–1061. [CrossRef]
[PubMed]

26. Vaquero-Sedas, M.I.; Vega-Palas, M.A. On the chromatin structure of eukaryotic telomeres. Epigenetics 2011,
6, 1055–1058. [CrossRef]

27. Fontenete, S.; Barros, J.; Madureira, P.; Figueiredo, C.; Wengel, J.; Azevedo, N.F. Mismatch discrimination in
fluorescent in situ hybridization using different types of nucleic acids. Appl. Microbiol. Biotechnol. 2015, 99,
3961–3969. [CrossRef] [PubMed]

28. González-García, M.P.; Pavelescu, I.; Canela, A.; Sevillano, X.; Leehy, K.A.; Nelson, A.D.; Ibanes, M.;
Shippen, D.E.; Blasco, M.A.; Cano-Delgado, A.I. Single-cell telomere-length quantification couples telomere
length to meristem activity and stem cell development in Arabidopsis. Cell Rep. 2015, 11, 977–989. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/S0378-1119(99)00442-4
http://dx.doi.org/10.1126/science.aaa1356
http://dx.doi.org/10.1016/j.cell.2008.11.045
http://dx.doi.org/10.1016/j.molcel.2014.10.001
http://dx.doi.org/10.1038/ncomms3848
http://www.ncbi.nlm.nih.gov/pubmed/24270157
http://dx.doi.org/10.1074/jbc.M114.592592
http://www.ncbi.nlm.nih.gov/pubmed/25056954
http://dx.doi.org/10.1146/annurev-genet-032918-021921
http://www.ncbi.nlm.nih.gov/pubmed/30208292
http://dx.doi.org/10.1038/nsmb.2364
http://www.ncbi.nlm.nih.gov/pubmed/22922742
http://dx.doi.org/10.1242/jcs.131433
http://dx.doi.org/10.1101/gr.166983.113
http://www.ncbi.nlm.nih.gov/pubmed/24676094
http://dx.doi.org/10.1016/j.aanat.2010.07.005
http://dx.doi.org/10.1101/gad.7.4.592
http://dx.doi.org/10.1038/383092a0
http://dx.doi.org/10.1016/0092-8674(93)90328-N
http://dx.doi.org/10.1093/nar/gkq1119
http://www.ncbi.nlm.nih.gov/pubmed/21071395
http://dx.doi.org/10.1093/nar/gks730
http://www.ncbi.nlm.nih.gov/pubmed/22855559
http://dx.doi.org/10.1038/srep01202
http://www.ncbi.nlm.nih.gov/pubmed/23383372
http://dx.doi.org/10.1093/nar/gky006
http://www.ncbi.nlm.nih.gov/pubmed/29361030
http://dx.doi.org/10.1016/j.bbamcr.2010.03.021
http://www.ncbi.nlm.nih.gov/pubmed/20381544
http://dx.doi.org/10.4161/epi.6.9.16845
http://dx.doi.org/10.1007/s00253-015-6568-3
http://www.ncbi.nlm.nih.gov/pubmed/25846338
http://dx.doi.org/10.1016/j.celrep.2015.04.013
http://www.ncbi.nlm.nih.gov/pubmed/25937286


Cells 2019, 8, 1050 9 of 10

29. Armstrong, S.J.; Franklin, F.C.; Jones, G.H. Nucleolus-associated telomere clustering and pairing precede
meiotic chromosome synapsis in Arabidopsis thaliana. J. Cell Sci. 2001, 114, 4207–4217.

30. Armstrong, S.J.; Jones, G.H. Meiotic cytology and chromosome behaviour in wild-type Arabidopsis thaliana.
J. Exp. Bot. 2003, 54, 1–10. [CrossRef]

31. Tommerup, H.; Dousmanis, A.; de Lange, T. Unusual chromatin in human telomeres. Mol. Cell. Biol. 1994,
14, 5777–5785. [CrossRef] [PubMed]

32. Ichikawa, Y.; Nishimura, Y.; Kurumizaka, H.; Shimizu, M. Nucleosome organization and chromatin dynamics
in telomeres. Biomol. Concepts 2015, 6, 67–75. [CrossRef] [PubMed]

33. Pisano, S.; Galati, A.; Cacchione, S. Telomeric nucleosomes: Forgotten players at chromosome ends. Cell. Mol.
Life Sci. 2008, 65, 3553–3563. [CrossRef] [PubMed]

34. Negishi, Y.; Kawaji, H.; Minoda, A.; Usui, K. Identification of chromatin marks at TERRA promoter and
encoding region. Biochem. Biophys. Res. Commun. 2015, 467, 1052–1057. [CrossRef] [PubMed]

35. Schueler, M.G.; Sullivan, B.A. Structural and functional dynamics of human centromeric chromatin. Annu. Rev.
Genomics Hum. Genet. 2006, 7, 301–313. [CrossRef] [PubMed]

36. Johnson, W.L.; Yewdell, W.T.; Bell, J.C.; McNulty, S.M.; Duda, Z.; O’Neill, R.J.; Sullivan, B.A.; Straight, A.F.
RNA-dependent stabilization of SUV39H1 at constitutive heterochromatin. Elife 2017, 6, e25299. [CrossRef]

37. Capurso, D.; Xiong, H.; Segal, M.R. A histone arginine methylation localizes to nucleosomes in satellite II
and III DNA sequences in the human genome. BMC Genomics 2012, 13, 630. [CrossRef]

38. Fanelli, M.; Caprodossi, S.; Ricci-Vitiani, L.; Porcellini, A.; Tomassoni-Ardori, F.; Amatori, S.; Andreoni, F.;
Magnani, M.; De Maria, R.; Santoni, A.; et al. Loss of pericentromeric DNA methylation pattern in human
glioblastoma is associated with altered DNA methyltransferases expression and involves the stem cell
compartment. Oncogene 2008, 27, 358–365. [CrossRef]

39. McNulty, S.M.; Sullivan, B.A. Alpha satellite DNA biology: Finding function in the recesses of the genome.
Chromosome Res. 2018, 26, 115–138. [CrossRef]

40. Waye, J.S.; Durfy, S.J.; Pinkel, D.; Kenwrick, S.; Patterson, M.; Davies, K.E.; Willard, H.F. Chromosome-specific
alpha satellite DNA from human chromosome 1: Hierarchical structure and genomic organization of a
polymorphic domain spanning several hundred kilobase pairs of centromeric DNA. Genomics 1987, 1, 43–51.
[CrossRef]

41. Olins, A.L.; Ishaque, N.; Chotewutmontri, S.; Langowski, J.; Olins, D.E. Retrotransposon Alu is enriched in
the epichromatin of HL-60 cells. Nucleus 2014, 5, 237–246. [CrossRef] [PubMed]

42. Rosenfeld, J.A.; Wang, Z.; Schones, D.E.; Zhao, K.; DeSalle, R.; Zhang, M.Q. Determination of enriched
histone modifications in non-genic portions of the human genome. BMC Genomics 2009, 10, 143. [CrossRef]
[PubMed]

43. Vaquero-Sedas, M.I.; Vega-Palas, M.A. Targeting cancer through the epigenetic features of telomeric regions.
Trends Cell Biol. 2019, 29, 281–290. [CrossRef] [PubMed]

44. O′Sullivan, R.J.; Almouzni, G. Assembly of telomeric chromatin to create ALTernative endings. Trends Cell Biol.
2014, 24, 675–685. [CrossRef] [PubMed]

45. Gauchier, M.; Kan, S.; Barral, A.; Sauzet, S.; Agirre, E.; Bonnell, E.; Saksouk, N.; Barth, T.K.; Ide, S.;
Urbach, S.; et al. SETDB1-dependent heterochromatin stimulates alternative lengthening of telomeres.
Sci. Adv. 2019, 5, eaav3673. [CrossRef] [PubMed]

46. Montero, J.J.; Lopez-Silanes, I.; Megias, D.; Fraga, M.F.; Castells-Garcia, A.; Blasco, M.A. TERRA recruitment
of polycomb to telomeres is essential for histone trymethylation marks at telomeric heterochromatin.
Nat. Commun. 2018, 9, 1548. [CrossRef]

47. Blackburn, E.H. Telomeres and telomerase: The means to the end (Nobel lecture). Angew. Chem. Int. Ed. Engl.
2010, 49, 7405–7421. [CrossRef]

48. Loo Yau, H.; Ettayebi, I.; De Carvalho, D.D. The Cancer Epigenome: Exploiting Its Vulnerabilities for
Immunotherapy. Trends Cell Biol. 2019, 29, 31–43. [CrossRef]

49. Pompili, L.; Leonetti, C.; Biroccio, A.; Salvati, E. Diagnosis and treatment of ALT tumors: Is Trabectedin a
new therapeutic option? J. Exp. Clin. Cancer Res. 2017, 36, 189. [CrossRef]

50. Tumini, E.; Herrera-Moyano, E.; San Martin-Alonso, M.; Barroso, S.; Galmarini, C.M.; Aguilera, A.
The antitumor drugs trabectedin and lurbinectedin induce transcription-dependent replication stress
and genome instability. Mol. Cancer Res. 2019, 17, 773–782. [CrossRef]

http://dx.doi.org/10.1093/jxb/erg034
http://dx.doi.org/10.1128/MCB.14.9.5777
http://www.ncbi.nlm.nih.gov/pubmed/8065312
http://dx.doi.org/10.1515/bmc-2014-0035
http://www.ncbi.nlm.nih.gov/pubmed/25720088
http://dx.doi.org/10.1007/s00018-008-8307-8
http://www.ncbi.nlm.nih.gov/pubmed/18636225
http://dx.doi.org/10.1016/j.bbrc.2015.09.176
http://www.ncbi.nlm.nih.gov/pubmed/26449455
http://dx.doi.org/10.1146/annurev.genom.7.080505.115613
http://www.ncbi.nlm.nih.gov/pubmed/16756479
http://dx.doi.org/10.7554/eLife.25299
http://dx.doi.org/10.1186/1471-2164-13-630
http://dx.doi.org/10.1038/sj.onc.1210642
http://dx.doi.org/10.1007/s10577-018-9582-3
http://dx.doi.org/10.1016/0888-7543(87)90103-0
http://dx.doi.org/10.4161/nucl.29141
http://www.ncbi.nlm.nih.gov/pubmed/24824428
http://dx.doi.org/10.1186/1471-2164-10-143
http://www.ncbi.nlm.nih.gov/pubmed/19335899
http://dx.doi.org/10.1016/j.tcb.2018.12.006
http://www.ncbi.nlm.nih.gov/pubmed/30660503
http://dx.doi.org/10.1016/j.tcb.2014.07.007
http://www.ncbi.nlm.nih.gov/pubmed/25172551
http://dx.doi.org/10.1126/sciadv.aav3673
http://www.ncbi.nlm.nih.gov/pubmed/31086817
http://dx.doi.org/10.1038/s41467-018-03916-3
http://dx.doi.org/10.1002/anie.201002387
http://dx.doi.org/10.1016/j.tcb.2018.07.006
http://dx.doi.org/10.1186/s13046-017-0657-3
http://dx.doi.org/10.1158/1541-7786.MCR-18-0575


Cells 2019, 8, 1050 10 of 10

51. Sagie, S.; Toubiana, S.; Hartono, S.R.; Katzir, H.; Tzur-Gilat, A.; Havazelet, S.; Francastel, C.; Velasco, G.;
Chedin, F.; Selig, S. Telomeres in ICF syndrome cells are vulnerable to DNA damage due to elevated
DNA:RNA hybrids. Nat. Commun. 2017, 8, 14015. [CrossRef] [PubMed]

52. Arora, R.; Lee, Y.; Wischnewski, H.; Brun, C.M.; Schwarz, T.; Azzalin, C.M. RNaseH1 regulates
TERRA-telomeric DNA hybrids and telomere maintenance in ALT tumour cells. Nat. Commun. 2014, 5, 5220.
[CrossRef] [PubMed]

53. Santos-Pereira, J.M.; Aguilera, A. R loops: New modulators of genome dynamics and function. Nat. Rev. Genet.
2015, 16, 583–597. [CrossRef] [PubMed]

54. Deng, Z.; Norseen, J.; Wiedmer, A.; Riethman, H.; Lieberman, P.M. TERRA RNA binding to TRF2 facilitates
heterochromatin formation and ORC recruitment at telomeres. Mol. Cell 2009, 35, 403–413. [CrossRef]
[PubMed]

55. Graf, M.; Bonetti, D.; Lockhart, A.; Serhal, K.; Kellner, V.; Maicher, A.; Jolivet, P.; Teixeira, M.T.; Luke, B.
Telomere Length Determines TERRA and R-Loop Regulation through the Cell Cycle. Cell 2017, 170, 72–85.e14.
[CrossRef] [PubMed]

56. Balk, B.; Maicher, A.; Dees, M.; Klermund, J.; Luke-Glaser, S.; Bender, K.; Luke, B. Telomeric RNA-DNA
hybrids affect telomere-length dynamics and senescence. Nat. Struct. Mol. Biol. 2013, 20, 1199–1205.
[CrossRef] [PubMed]

57. O′Sullivan, R.J.; Kubicek, S.; Schreiber, S.L.; Karlseder, J. Reduced histone biosynthesis and chromatin
changes arising from a damage signal at telomeres. Nat. Struct. Mol. Biol. 2010, 17, 1218–1225. [CrossRef]
[PubMed]

58. Du, J.; Johnson, L.M.; Jacobsen, S.E.; Patel, D.J. DNA methylation pathways and their crosstalk with histone
methylation. Nat. Rev. Mol. Cell. Biol. 2015, 16, 519–532. [CrossRef]

59. Vega-Vaquero, A.; Bonora, G.; Morselli, M.; Vaquero-Sedas, M.I.; Rubbi, L.; Pellegrini, M.; Vega-Palas, M.A.
Novel features of telomere biology revealed by the absence of telomeric DNA methylation. Genome Res. 2016,
26, 1047–1056. [CrossRef]

60. Vancevska, A.; Douglass, K.M.; Pfeiffer, V.; Manley, S.; Lingner, J. The telomeric DNA damage response
occurs in the absence of chromatin decompaction. Genes Dev. 2017, 31, 567–577. [CrossRef]

61. Timashev, L.A.; Babcock, H.; Zhuang, X.; de Lange, T. The DDR at telomeres lacking intact shelterin does not
require substantial chromatin decompaction. Genes Dev. 2017, 31, 578–589. [CrossRef] [PubMed]

62. Bandaria, J.N.; Qin, P.; Berk, V.; Chu, S.; Yildiz, A. Shelterin protects chromosome ends by compacting
telomeric chromatin. Cell 2016, 164, 735–746. [CrossRef] [PubMed]

63. Makarov, V.L.; Lejnine, S.; Bedoyan, J.; Langmore, J.P. Nucleosomal organization of telomere-specific
chromatin in rat. Cell 1993, 73, 775–787. [CrossRef]

64. Yan, J.; Xu, L.; Crawford, G.; Wang, Z.; Burgess, S.M. The forkhead transcription factor FoxI1 remains bound
to condensed mitotic chromosomes and stably remodels chromatin structure. Mol. Cell. Biol. 2006, 26,
155–168. [CrossRef] [PubMed]

65. Inoue, A.; Hyle, J.; Lechner, M.S.; Lahti, J.M. Mammalian ChlR1 has a role in heterochromatin organization.
Exp. Cell Res. 2011, 317, 2522–2535. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/ncomms14015
http://www.ncbi.nlm.nih.gov/pubmed/28117327
http://dx.doi.org/10.1038/ncomms6220
http://www.ncbi.nlm.nih.gov/pubmed/25330849
http://dx.doi.org/10.1038/nrg3961
http://www.ncbi.nlm.nih.gov/pubmed/26370899
http://dx.doi.org/10.1016/j.molcel.2009.06.025
http://www.ncbi.nlm.nih.gov/pubmed/19716786
http://dx.doi.org/10.1016/j.cell.2017.06.006
http://www.ncbi.nlm.nih.gov/pubmed/28666126
http://dx.doi.org/10.1038/nsmb.2662
http://www.ncbi.nlm.nih.gov/pubmed/24013207
http://dx.doi.org/10.1038/nsmb.1897
http://www.ncbi.nlm.nih.gov/pubmed/20890289
http://dx.doi.org/10.1038/nrm4043
http://dx.doi.org/10.1101/gr.202465.115
http://dx.doi.org/10.1101/gad.294082.116
http://dx.doi.org/10.1101/gad.294108.116
http://www.ncbi.nlm.nih.gov/pubmed/28381412
http://dx.doi.org/10.1016/j.cell.2016.01.036
http://www.ncbi.nlm.nih.gov/pubmed/26871633
http://dx.doi.org/10.1016/0092-8674(93)90256-P
http://dx.doi.org/10.1128/MCB.26.1.155-168.2006
http://www.ncbi.nlm.nih.gov/pubmed/16354687
http://dx.doi.org/10.1016/j.yexcr.2011.08.006
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	The Epigenetic Nature of Human Telomeres Has Remained Controversial 
	Analysis of the Epigenetic Features of Human Telomeres by Microscopy 
	The Chromatin Immunoprecipitation Technique 
	Analysis of the Epigenetic Features of Human Telomeres by ChIP-Hyb 
	Analysis of the Epigenetic Features of Human Telomeres by ChIP-Seq 
	Determining the Heterochromatic Status of Telomeres in Specific Human Cell Lines 
	Concluding Remarks 
	References

