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We recently identified CpG island 
promoters driving transcription of 

human telomeric repeat-containing RNA 
(TERRA). This discovery has shaped a 
new concept in telomere biology, where 
TERRA promoters and downstream telo-
meric sequences constitute autonomous 
genic units.

Telomeres are the heterochromatic nucleo-
protein complexes located at the termini 
of linear eukaryotic chromosomes. They 
allow cells to distinguish between natu-
ral chromosome ends and DNA double-
stranded breaks.1,2 Telomeres also set 
the lifespan of human somatic cells by 
triggering cellular senescence when they 
become “critically short” in the absence of 
lengthening mechanisms upon successive 
cell division cycles.1-3 In vertebrates, the 
DNA component of telomeres comprises 
variably long tracts of 5'-TTAGGG-3'/3'-
AATCCC-5' tandem repeats, with the 
G-rich strand extending beyond its com-
plement to form a 3' overhang, termed the 
G-overhang (Fig. 1A).1,2 The core protein 
component of mammalian telomeres is 
referred to as shelterin, and in humans 
it comprises the six polypeptides TRF1, 
TRF2, POT1, TPP1, TIN2 and hRap1. 
Shelterin proteins regulate telomere cap-
ping and telomere-length homeostasis.1,2

The longstanding dogma that telo-
meres are transcriptionally silent genomic 
loci was overturned by the discovery that 
long non-coding (nc) RNA molecules 
named TERRA emanate from chromo-
some ends in several eukaryotes, including 
yeasts, birds, fishes, plants and mam-
mals.4-8 Mammalian TERRA comprises 
telomeric UUAGGG repeats, and ranges 
in length from approximately 100 bases up 
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to more than 9 kilobases (kb). Moreover, 
mammalian TERRA localizes preferen-
tially to telomeres throughout the entire 
cell cycle, suggesting the existence of post-
transcriptional mechanisms that regulate 
the positioning of TERRA at telomeres.4,5 
Indeed, depletion of the human proteins 
UPF1, hEST1A/SMG6 and SMG1, 
which are effectors of the nonsense medi-
ated mRNA decay (NMD) pathway,9 
causes accumulation of telomere-bound 
TERRA without affecting its half-life or 
steady-state levels, implying that these fac-
tors actively displace TERRA from telo-
meres. Depletion of the same proteins also 
leads to stochastic loss of entire telomeric 
tracts.4 These observations suggest that an 
excess of chromatin-bound TERRA may 
compromise telomere integrity or that the 
telomeric DNA-damage induced by SMG 
protein depletions might increase TERRA 
binding to telomeres.4,10 In addition, 
recent studies show that the shelterin com-
ponent TRF2 and several heterogeneous 
ribonucleoproteins (hnRNPs) interact 
with endogenous TERRA in mammalian 
protein extracts and promote TERRA 
association to telomeric heterochromatin 
in vivo.11,12

While TERRA-associated functions 
continue to elude researchers, discovery 
has progressed in TERRA biogenesis. 
The DNA-dependent RNA polymerase 
II (RNAPII) uses the C-rich telomeric 
strand as template to produce TERRA, as 
demonstrated by substantially decreased 
TERRA steady-state levels measured in 
mammalian cells treated with RNAPII 
inhibitors or in RNAPII-deficient yeast 
mutants.5,6,13 In addition, RNAPII was 
found to physically associate with mam-
malian telomeres in vivo, as well as with 



www.landesbioscience.com	 Transcription	 141

 POINT-OF-VIEW POINT-OF-VIEW

repeat elements alone are sufficient to 
drive reporter gene expression. In addi-
tion, 61-29-37 repeats are bound in vivo 
by phosphorylation-activated RNAPII. 
Finally, we found that most XqYq TERRA 
transcription start sites (TSSs) are located 
27 nucleotides downstream of the last  
37 bp repeat and about 250 bp upstream 
of the telomeric tract (Fig. 1A).16 
Considering that TERRA molecules are 
up to more than 9 kb long, we concluded 
that at least some TERRA transcripts are 
mainly composed of UUA GGG RNA 
repeats and that transcription can proceed 
for several kb through the telomeric tract.

Methylation of cytosines within CpG 
dinucleotides, the only known methyla-
tion-based DNA modification occurring 
in the human genome, influences gene 
expression and nuclear architecture.17 CpG 
methylation is established and maintained 
by DNA-methyltransferases (DNMTs), 
and generally leads to transcriptional 
silencing of genes located within the 

(originally named TelBam3.4 and 
TelSau2.0, respectively).14 These sub-
telomeres share a conserved repetitive 
region that comprises, in a centromere 
to telomere direction, a 61 bp repeat ele-
ment, a 29 bp repeat element and a 37 bp 
repeat element, altogether referred to as 
61-29-37 repeats.14,16 The 29 bp and the 
37 bp repeats form a DNA island rich 
in CpG dinucleotides (CpG in Fig. 1A), 
a feature associated with many mam-
malian RNAPII promoter sequences.15 
Bioinformatics analysis combined with 
in situ hybridization experiments showed 
that at least 20 human chromosome ends 
share 61-29-37 repeats, although different 
numbers of tandem repeats are present at 
different subtelomeres.14,16

We developed green fluorescent protein 
(GFP)-based promoter reporter assays 
using plasmids comprising progressive 5' 
deletions of a 61-29-37 repeat-containing 
genomic tract from chromosome XqYq 
and found that the 29 bp and the 37 bp 

the shelterin component TRF1.5 Finally, 
at least a fraction of mammalian and yeast 
TERRA is 3'-end polyadenylated, as are 
the majority of RNAPII products.5,6,13 
In budding yeast, the poly-A polymerase 
Pap1p promotes TERRA polyadenylation 
and pap1-deficient strains show mark-
edly reduced TERRA levels, implying 
that poly-A tails could stabilize TERRA 
molecules.6

Discovery of Human  
TERRA Promoters

When analyzed, individual human 
TERRA transcripts contained both 
a telomeric and a subtelomeric RNA 
tract,4 suggesting the exciting possibil-
ity that TERRA transcription start sites 
and putative promoters could lie within 
subtelomeres. With this speculation in 
mind, we were intrigued by the peculiar 
sequence organization of the human sub-
telomeres of chromosomes Xq/Yq and 10q  

Figure 1. (A) Cartoon sketching of a telomeric genic unit composed of a subtelomeric promoter (61-29-37 repeats) and telomeric repeats. The arrow 
indicates the TERRA transcription start site. The yellow stars represent methyl groups added to promoter cytosines through concerted action of 
DNMT1 and DNMT3b. In these settings, telomere extension is favored. (B) Lack of DNMT1 and DNMT3b methyl transferase activities leads to increased 
telomere transcription, appearance of alternative TERRA start sites and telomere shortening. (C) Genomic DNA from HCT116 and DKO cells was 
digested with HinfI and RsaI, electrophoresed in 0.7% agarose gels and hybridized to radio-labeled telomeric probes according to standard protocols. 
Molecular weights are indicated on the left. Note that telomeres in DKO cells are shorter than in parental HCT116 cells.
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the case in budding yeast mutants lacking 
Rat1p RNA exonuclease activity.6 Also, 
the identification of TERRA promoters 
in non-human organisms will clarify how 
extensively TERRA biogenesis pathways 
are conserved throughout evolution.

Another major challenge is the char-
acterization of TERRA-associated func-
tions. Increasing evidence indicates 
that the vast repertoire of nc transcripts 
produced by a cell might be involved in 
regulating epigenetic memory, dosage 
compensation, heterochromatin forma-
tion and gene expression.27 Indeed, trans-
fection of short interfering RNA (siRNA) 
molecules directed against the UUAGGG 
repetitive TERRA sequence into human 
cancer cells induced downregulation of 
TERRA steady-state levels, diminished 
density at telomeres of di- and tri-meth-
ylated histone H3 lysine 9 (H3K9), telo-
meric DNA damage and cell cycle arrest.12 
It is therefore tempting to speculate that 
TERRA plays fundamental roles in assur-
ing telomere integrity by depositing and/
or maintaining telomeric heterochroma-
tin. Nevertheless, it remains to be care-
fully evaluated to which extent the scored 
phenotypes derive from TERRA down-
regulation rather than from DNA damage 
induced at telomeres by transfection of 
telomeric siRNA sequences.

As above mentioned, TERRA might 
also act as a negative regulator of telomere 
lengthening mechanisms, as suggested by 
correlative evidence derived from mam-
malian and yeast systems, including the 
telomere shortening observed in cells defi-
cient for DNMTs (Fig. 1C and refs. 5, 6, 
20 and 21). TERRA-like short RNA oli-
gonucleotides are able to inhibit telomer-
ase activity in vitro, by base-pairing with 
the template region of telomerase RNA 
moiety.5,28 Therefore, TERRA might 
repress telomerase-mediated extension of 
telomeres in vivo. It is also possible that 
the physical action of transcription of telo-
meres could influence telomere length, 
both in telomerase-positive and -negative 
cells, by stripping telomere length regula-
tors off the telomeric sequence.

We believe that a mechanistic char-
acterization of the regulatory circuits 
governing transcription from TERRA 
promoters will expand our understand-
ing of TERRA functions and clarify if 

cells derived from wild-type animals.5,22 It 
seems thus conceivable that DNMTs and 
CpG methylation might regulate TERRA 
and telomere length differently in mouse 
and human cells. It should also be pointed 
out that TERRA promoters have not yet 
been identified in mouse cells, leaving 
open the possibility that murine TERRA 
promoters are not regulated through CpG 
methylation.

Another example linking DNA methy-
lation, TERRA expression and telomere 
stability is represented by the human ATRX 
(alpha thalassemia/mental retardation syn-
drome X-linked) protein, which belongs 
to the SWI2/SNF2 family of chromatin 
remodeling factors.23 Mutations in ATRX 
give rise to complex trait syndromes, at 
least in part due to impairment of ATRX-
associated functions in gene transcription 
regulation.23 ATRX mutations also lead 
to changes in the CpG methylation pat-
tern of several classes of highly repeated 
sequences, including subtelomeric repeats 
corresponding to TelBam3.4 sequences.24 
Independent studies have shown that 
ATRX deficiencies induce accumulation 
of DNA damage markers at telomeres, 
as well as increased TERRA steady-state 
levels. Nevertheless, no obvious effect was 
observed on telomere length, possibly due 
to the short experimental time-courses 
used by the authors.25,26

Conclusions  
and Future Directions

The existence of regulated promoters dedi-
cated to the transcription of TERRA from 
independent chromosome ends defines a 
novel scenario in telomere biology, where 
subtelomeric TERRA promoters, together 
with downstream telomeric tracts, consti-
tute autonomous genic units (Fig. 1A).

The identified TERRA promoters 
could only be mapped to approximately 
half of the human subtelomeres, while 
TERRA transcription from chromosome 
ends apparently devoid of such promot-
ers (for example Xp/Yp and 11q) has been 
previously documented.4 It will be essen-
tial to test whether TERRA transcription 
from 61-29-37 promoter-less chromosome 
ends is mediated by alternative promoter 
types, or rather by run-on transcription 
of telomeres from upstream genes as is 

methylated loci.17 Southern blot-based 
methylation analysis of genomic DNA 
from different cancerous and primary 
human cells revealed that 61-29-37 repeats 
are embedded within heavily methylated 
genomic loci, with telomerase-positive 
cancer cell lines displaying higher degrees 
of methylation as compared to telomerase-
negative cancer cell lines and primary 
fibroblasts.16

We then used human colon carcinoma 
HCT116 cell lines knocked-out for either 
DNMT1 or DNMT3b alone or concomi-
tantly deleted for both enzymes (double 
KO; DKO).18,19 While a single DNMT 
gene deletion did not substantially affect 
the methylation state of TERRA pro-
moters, hypomethylation was observed 
in DKO cells. This was accompanied by 
a dramatic increase in cellular TERRA 
levels, by augmented binding of active 
RNAPII to TERRA promoter and telo-
meric DNA, and by appearance of alter-
native transcription start sites as compared 
to parental cells (Fig. 1B).16 These data 
strongly suggest that the methylation 
of 61-29-37 repeats represses RNAPII-
dependent transcription of telomeres and 
that DNMT1 and DNMT3b coopera-
tively maintain TERRA promoter methy-
lation and TERRA transcription start site 
usage, at least in HCT116 cells.

Interestingly, DKO cells have over-
all shorter telomeres than parental cells  
(Fig. 1C), indicating that loss of methyla-
tion at subtelomeric 61-29-37 promoters 
and increased TERRA cellular levels might 
inhibit telomere elongation. Similarly, 
it has been reported that DNMT3b-
deficient cells derived from human 
patients affected by ICF (immunodefi-
ciency, centromere instability and facial 
abnormalities type I) syndrome display 
markedly diminished subtelomeric CpG 
methylation, shorter telomeres and higher 
TERRA levels as compared to control cells 
from healthy individuals.20,21 An apparent 
contradiction to the effects exerted by 
DNMTs on TERRA and telomere length 
homeostasis in human cells is posed by the 
observations that mouse embryonic stem 
(ES) cells deficient for DNMT1 or for 
both DNMT3a and DNMT3b, although 
displaying hypomethylated subtelomeric 
CpG islands, have lower TERRA levels 
and longer telomeres as compared to ES 
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and how TERRA contributes to hetero-
chromatin establishment and telomere 
integrity. One first effort to be undertaken 
is a comprehensive isolation of transcrip-
tion factors (TFs) that specifically regu-
late TERRA transcription through direct 
binding to 61-29-37 repeats. Experimental 
functional impairment of such TFs 
will help to unravel TERRA-associated 
functions.

Landing on “TERRA,” the Latin noun 
for planet Earth, has marked the begin-
ning of a new era in telomere biology. New 
avenues are now open towards the char-
acterization of the complex connection 
between telomeres and crucial aspects of 
human biology such as cellular senescence, 
organismal aging and cancer development. 
In addition, TERRA de-regulation might 
at least in part contribute to the develop-
ment of syndromes such as ICF and alpha 
thalassemia/mental retardation X-linked. 
Understanding how TERRA integrates 
into these phenomena might, in the long 
term, pave the way for the development of 
new therapeutic approaches.
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