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The telomeric noncoding RNA TERRA is a key component of telomeres and it is
widely expressed in normal as well as cancer cells. In the last 15 years, several
publications have shed light on the role of TERRA in telomere homeostasis and cell
survival in cancer cells. However, only few studies have investigated the regulation
or the functions of TERRA in normal tissues. A better understanding of the biology
of TERRA in non-cancer cells may provide unexpected insights into how these
lncRNAs are transcribed and operate in cells, and their potential role in
physiological processes, such as aging, age-related pathologies, inflammatory
processes and human genetic diseases. In this review we aim to discuss the
findings that have advanced our understanding of the biology of TERRA using non-
cancer mammalian cells as a model system.
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Introduction

Eukaryotic chromosomes have evolved specialized nucleoprotein structures termed
telomeres to protect their extremities. Mammalian telomeres are constituted by
telomeric DNA, telomere-binding proteins forming the shelterin protein complex, and
telomeric repeat-containing RNAs, known as TERRA (de Lange, 2009). The telomeric DNA
is an array of repetitive sequences that enables the recruitment of telomere binding proteins
which mediate telomere homeostasis. In vertebrates, the telomeric DNA sequence consists of
TTAGGG repeats (Moyzis et al., 1988) extending for 9–15 kb in humans (de Lange et al.,
1990). In several organisms the actual end of telomeres contains a 3′ G-rich overhang that
invades the upstream double-strand telomeric region, forming the t-loop structure (Griffith
et al., 1999; Doksani et al., 2013).

In mammals, both the double-stranded and the single-stranded telomeric DNA
sequences are bound by the shelterin complex which is essential for telomere function
and structure. A key role of the shelterin complex is to solve the “end protection problem”

that arises from the necessity of cells to discriminate the end of chromosomes from the
extremities of DNA double strand breaks (DSBs), occurring due to exogenous and
endogenous insults (de Lange, 2009; 2018). DSBs are quickly sensed by the DNA
damage response (DDR) that triggers a cell cycle arrest and activation of DNA repair
mechanisms (Harper and Elledge, 2007). The absence of shelterin proteins or unwinding of
the t-loop leads to telomere dysfunction, activation of DDR pathways at chromosome ends
and consequent cell cycle arrest (Sfeir and de Lange, 2012; Doksani et al., 2013). In the
absence of functional check-points, instigation of DDR signaling at telomeres results in the
activation of DNA repair processes with consequent deleterious outcomes, including
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chromosome end-to-end fusions and genomic instability (Denchi
and de Lange, 2007; Sfeir and de Lange, 2012; Doksani et al., 2013; Ly
et al., 2018).

Due to the inability of the DNA replication machinery to fully
duplicate the extremities of linear chromosomes (Watson, 1972;
Olovnikov, 1973), in the absence of maintenance mechanisms
telomeres erode during each cell division, a process known as the
“end replication problem” (Allsopp et al., 1992). In human cells,
telomere erosion ultimately triggers an irreversible cell cycle arrest
known as replicative senescence that limits the replicative capacity of
cells (Smith and Pereira-Smith, 1996; Braig et al., 2005). Telomere
attrition can be counteracted by the addition of telomeric repeats to
the 3′ overhang of chromosomes via the ribonucleoprotein
telomerase complex (Kim et al., 1994). The essential components
of telomerase are the catalytic subunit telomerase reverse
transcriptase (TERT) and the RNA subunit telomerase RNA
component (TERC or TR) (Greider and Blackburn, 1985; Greider
and Blackburn, 1989). In adult tissues, telomerase activity can be
detected in stem cells (Wright et al., 1996; Cong et al., 2002).
Furthermore, approximately 90% of human cancers upregulate
telomerase to overcome replicative senescence and attain
proliferative immortality (Kim et al., 1994). In humans,
telomerase is also active during early embryogenesis while it is
inactivated by the silencing of TERT in somatic cells from early
development (Wright et al., 1996). Thus, in most human tissues,
telomeres shorten with age (Demanelis et al., 2020). Furthermore,
senescent cells with damaged telomeres accumulate during aging in
various organisms (Krishnamurthy et al., 2004; Herbig et al., 2006;
Jeyapalan et al., 2007). Persistent activation of DDR pathways at
dysfunctional chromosome ends has been observed in aging post-
mitotic cells, including neurons and adipocytes, also independently
of telomere length (Fumagalli et al., 2012; Hewitt et al., 2012). In line
with these findings, telomere dysfunction is considered an important
contributor to organismal aging (Rossiello et al., 2022; López-Otín
et al., 2023).

Increasing evidence indicates that telomere homeostasis is
regulated by the telomeric repeat-containing RNA TERRA, long
noncoding RNAs transcribed from chromosome ends that associate
with telomeres (Feuerhahn et al., 2010). TERRA functions at
chromosome ends by base-pairing with telomeric repeats,
forming RNA:DNA hybrids (R-loops), and by interacting with
telomere binding proteins to regulate telomeric chromatin,
telomeric DNA replication, telomere mobility, telomere
protection and telomere elongation (Flynn et al., 2011; de Silanes
et al., 2014; Azzalin and Lingner, 2015; Chu et al., 2017a; Niehrs and
Luke, 2020). TERRA also acts in trans, regulating gene expression as
well as participating in extranuclear processes (Chu et al., 2017a;
Bettin et al., 2019). Most studies on TERRA have been performed
using cancer cell lines. These studies indicated TERRA as a key
player of telomere biology and genome integrity (Cusanelli and
Chartrand, 2015). Furthermore, TERRA deregulation was found to
impact cancer cell survival pointing to TERRA as an attractive
therapeutic target (Azzalin and Lingner, 2015). In addition to these
findings, TERRA expression has been reported in normal
mammalian cells, including fibroblasts, embryonic stem cells and
germ cells (Azzalin et al., 2007; Schoeftner and Blasco, 2008; Reig-
Viader et al., 2013; Reig-Viader et al., 2014b; de Silanes et al., 2014;
Sagie et al., 2014; Chu et al., 2017a; Kordowitzki et al., 2020).

Furthermore, TERRA has been detected in human post-mitotic
cells (Diman et al., 2016). Studying TERRA in non-cancer
settings will be important to help delineate its involvement in
genetic pathologies, as well as physiological processes including
aging and in age-related diseases (Maicher et al., 2012; Aguado
et al., 2020).

In this minireview, we first provide an overview of the current
knowledge on TERRA biogenesis in mammalian cells. We then
discuss the main findings on the regulation and functions of TERRA
obtained in non-cancer cells. In accordance with the topic of this
special issue, we lastly report and discuss the evidence on TERRA
biology in mammalian germ cells.

Overview of TERRA biogenesis

In mammalian cells, TERRA molecules are generated by RNA
polymerase II from the telomeric C-rich strand, with transcription
starting from subtelomeres and proceeding toward chromosome
ends (Azzalin et al., 2007; Schoeftner and Blasco, 2008). TERRA
transcripts contain a 5′ sequence derived from subtelomeres,
followed by tracts of telomeric repeats at their 3′ end (UUAGGG
in vertebrates) (Azzalin et al., 2007; Schoeftner and Blasco, 2008;
Porro et al., 2010; Diman and Decottignies, 2018) (Figure 1A).
TERRA molecules range from 100 nt to 9 kb in length in mammals,
and contain a canonical 7-methylguanosine (m7G) 5′ cap (Porro
et al., 2010). 7% of the total human TERRA population presents a 3′
polyadenylated tail (Figure 1A), which determines the stability and
localization of the transcripts (Azzalin and Lingner, 2008;
Schoeftner and Blasco, 2008; Porro et al., 2010). While the
mechanism of TERRA polyadenylation remains to be elucidated,
it has been recently observed in different cancer cell lines that
polyadenylation occurs on TERRA transcripts expressed from
specific telomeres, indicating that this process can be regulated in
a telomere-specific manner (Savoca et al., 2023). Indeed, the hnRNP
RALY and the poly(A) binding protein PABPN1 interact with
TERRA in HeLa cells and regulate its stability through
mechanisms that are defined by the presence of the poly(A) tail.
A previous study supported the role of other hnRNPs, such as
hnRNP F, in TERRA stability in mouse cells (de Silanes et al., 2014).
Which RNA decay enzymes target TERRA in human and mouse
cells remains to be defined. Interestingly, emerging evidence
indicates that not only the 3′ end of TERRA but also its
subtelomeric sequences are important for the stability of the
transcripts. Indeed, it has been recently reported that the
methyltransferase METTL3 catalyzes the N6-methyladenosine
(m6A) modification of TERRA transcripts (Chen et al., 2022)
(Figure 1A). These modifications occur within the subtelomeric
sequences of TERRA and are recognized by the m6A reader
YTHDC1 which stabilizes TERRA molecules. METTL3 or
YTHDC1 depletion promotes TERRA degradation (Chen et al.,
2022) in human cancer cells using alternative telomere lengthening
mechanisms (ALT) which do not involve telomerase activity (Bryan
et al., 1995). Further studies will be required to elucidate the
mechanisms of TERRA posttranscriptional modifications and the
processes involved in TERRA transcripts decay in non-cancer cells.
These processes may well be influenced by the structure of
these RNAs.
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FIGURE 1
(A) Structure of the TERRA transcript. (B) Proposed functions of TERRA in somatic cells. Inmouse cells the nuclear TERRA population is composed of
TERRA expressed from pseudoautosomal regions (PAR-TERRA) and telomeric TERRA. Both RNA species are depicted in red. As shown in mouse
embryonic stem cells (mESC), mouse embryonic fibroblast (MEF) and other mouse cell lines, TERRA binds to PAR, telomeres and extratelomeric genes,
likely exerting different functions. In human cells, 1) TERRA may regulate telomerase activity in induced pluripotent stem cells (iPSC), a function
shared withmouse iPSCs. 2) In lymphoblastoid cell lines (LCL) from patients with the immunodeficiency, centromeric instability and facial anomalies (ICF)
syndrome high TERRA levels lead to accumulation of telomeric RNA:DNA hybrids that could result in telomeric dysfunction. 3) Under endurance exercise
or aging, TERRAmay protect telomeres from reactive oxygen species (ROS) in skeletal muscle. 4, 5) Regarding the extranuclear functions of TERRA: 4) in
crisis fibroblasts, TERRA transcribed from dysfunctional telomeres may activate innate immune responses and induce cell death, as a tumor-suppressor
mechanism. 5) In LCL, TERRA transcribed from dysfunctional telomeres is secreted as cell-free TERRA into exosomes to the extracellular environment to
activate an inflammatory response. (C) Proposed functions of TERRA in germ cells. 1) TERRA could participate in meiotic processes and/or protect
telomeres from oxidative stress, as proposed in human and mouse oocytes and spermatocytes. 2) In mouse primordial germ cells (PGC), TERRA may
regulate telomerase activity. In (B,C) TERRA molecules are shown in red.
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Indeed, the G-rich telomeric tract of TERRA can form stable
G-quadruplex (G4) structures composed by the stacking of planar
arrangements of four guanines held together by hydrogen bonds
(Randall and Griffith, 2009; Collie et al., 2010; Xu et al., 2010)
(Figure 1A). G4 structures of TERRA were proposed to mediate the
interaction with proteins involved in telomere stability (Takahama
et al., 2013; Wang et al., 2017; Mei et al., 2021).

TERRA transcription in mammals is tightly regulated by
multiple mechanisms. A subset of human subtelomeres contain
CpG-island promoters located upstream of TERRA transcription
start sites (Nergadze et al., 2009; Porro et al., 2014a). Methylation of
CpG-rich TERRA promoters is regulated by DNMT1 and DNMT3b
DNA methyltransferases and represses TERRA expression
(Nergadze et al., 2009; Feretzaki et al., 2019; Le Berre et al.,
2019). The chromatin state of subtelomeres and telomeres is also
a major determinant for the regulation of TERRA transcription.
Large amount of evidence supports a model in which a decrease in
repressive chromatin marks at these genomic regions leads to
chromatin relaxation and increased levels of TERRA (Schoeftner
and Blasco, 2008; Marion et al., 2009; Arnoult et al., 2012; Episkopou
et al., 2014; Rippe and Luke, 2015; Diman and Decottignies, 2018;
Barral and Déjardin, 2020; Novo, 2021). However, a study by
Gauchier et al. (2019) in mouse embryonic stem cells (mESCs)
suggests that the heterochromatin mark H3K9me3 at telomeres
catalyzed by the histone methyltransferase SETDB1 positively
correlates with TERRA levels (Gauchier et al., 2019). Differences
in H3K9me3 density at subtelomeres versus telomeres and the use of
different cell linesmay explain the discrepancy of the results between
studies (Barral and Déjardin, 2020; Udroiu and Sgura, 2020; Novo,
2021). Finally, TERRA levels are cell cycle regulated. TERRA
accumulates in G1 phase, prior to the replication of telomeres,
and decreases in S phase in telomerase-positive cells (Porro et al.,
2010; Flynn et al., 2011; Arnoult et al., 2012; Flynn et al., 2015). The
nature of the cell cycle control of TERRA levels remains to be
elucidated.

Several studies indicate that different cell types express different
TERRA levels and, importantly, TERRA levels markedly vary among
telomeres of a given cell type suggesting that chromosome ends
regulate TERRA expression by distinct mechanisms. The study of
the telomere-specific regulation of TERRA is fundamental to
understanding how the multiple cellular functions of this
telomeric lncRNA are coordinated in cells (Rivosecchi J., Jurikova
K., Cusanelli E., submitted for publication).

The biology of TERRA in non-cancer
cells

Expression and proposed functions of
TERRA in somatic cells

Investigations of TERRA expression in mammalian non-tumor
settings have provided several unexpected findings that critically
contributed to our understanding of TERRA biology. Using a
CHIRT protocol developed from the combination of ChiRP
(Chromatin isolation by RNA Purification) and CHART
(Capture Hybridization Analysis of RNA Targets), Chu and
others investigated the genomic binding sites of TERRA

transcripts in mESCs (Chu et al., 2017a). Surprisingly, the
authors observed that while TERRA associates with telomeres,
most of its binding sites map within extratelomeric regions and
do not overlap with telomere-like sequences (Figure 1B).
Furthermore, the authors used antisense oligonucleotides (ASO)
to downregulate TERRA transcripts through RNase H-mediated
degradation. Depletion of TERRA in mESCs resulted in
deregulation of hundreds of genes containing, or mapping
nearby, TERRA binding sites. This study provided the first
evidence supporting the role of TERRA in gene expression
regulation (Figure 1B). A subsequent work in mESCs has shown
that TERRA recruits PRC2 to differentiation genes to control their
expression in a TRF1-dependent manner (Marión et al., 2019),
further supporting a role of TERRA at extratelomeric sites.

The biology of TERRA in mice has revealed distinctive features
compared to humans. In early studies, direct visualization of TERRA
molecules by RNA fluorescence in situ hybridization (RNA FISH) in
mouse mammary epithelial cells and immortalized mouse
embryonic fibroblasts (iMEF) revealed that TERRA transcripts
accumulate close to the inactive X chromosome (Schoeftner and
Blasco, 2008). This pattern was in stark contrast with the localization
of TERRA in human cells, forming discrete foci detected throughout
the nucleus, a subset of which localizes at telomeres (Azzalin et al.,
2007; Schoeftner and Blasco, 2008). A subsequent study reported
that in mESCs TERRA localizes at both sex chromosomes, a pattern
that changed during differentiation, when TERRA transcripts
predominantly localized to the heterochromatic sex chromosome
(Zhang et al., 2009). This conundrum was, at least in part, later
solved by the identification of the pseudoautosomal regions (PAR)
of the sex chromosomes as the main loci transcribing telomeric
repeat-containing RNAs in normal and cancer mouse cells (Chu
et al., 2017b; Viceconte et al., 2021). Also in this study, CHIRT-seq
experiments confirmed that these RNAs, termed PAR-TERRA,
associate with numerous extratelomeric sites throughout the
genome and at chromosome ends. Intriguingly, it was proposed
that PAR-TERRAmediates homologous sex chromosome pairing in
female and male mESCs (Chu et al., 2017b) (Figure 1B). Notably,
low levels of TERRA were detected also from chromosome ends in
mESCs and mouse induced pluripotent stem cells (iPSCs)
(Toubiana et al., 2020; Viceconte et al., 2021). Furthermore, a
previous study suggested that in MEF and murine iPSCs TERRA
is expressed mainly from chromosome 18 (de Silanes et al., 2014).
Expression of TERRA from this chromosome end was confirmed in
other studies, although in these works telomere 18 TERRA was
found to be expressed at similar levels compared to TERRA
transcripts generated from other telomeres (Toubiana et al., 2020;
Viceconte et al., 2021). Discrepancies between these studies could be
attributed to the different assays used for TERRA detection, and in
the mouse cell models analyzed, differentiated versus
undifferentiated cells or immortalized fibroblasts versus
embryonic stem cells. The telomeric origin of mouse TERRA is
still in need of a unified consensus (Diman and Decottignies, 2018).
A better understanding of the mechanisms regulating TERRA
expression in mouse will help solve this matter.

The telomeric functions of TERRA in mouse cells remain to be
dissected. TERRA depletion in mESCs resulted in an increased
number of chromosome ends displaying DDR activation and
telomere instability, as observed by the detection of telomere
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duplications, fusions and telomere free ends, suggesting that
downregulation of TERRA may lead to telomere dysfunction
(Chu et al., 2017a). Several telomeric roles have been proposed
for TERRA in human cancer cells, where TERRA molecules can
regulate the chromatin state of chromosome ends (Deng et al., 2009;
Arnoult et al., 2012; Montero et al., 2018), assist fork restart upon
replicative stress (Beishline et al., 2017), promote telomere capping
in vitro (Flynn et al., 2011), act as scaffold molecule to facilitate the
recruitment of proteins and enzymes to chromosome ends
impacting on DDR activation (Porro et al., 2014a; Porro et al.,
2014b), and promote homologous recombination through R-loops
formation (Arora et al., 2014; Silva et al., 2019; Feretzaki et al., 2020;
Silva et al., 2021; Kaminski et al., 2022; Yadav et al., 2022). Several
reviews have examined TERRA functions in human cancer cells
during recent years (Azzalin and Lingner, 2015; Bettin et al., 2019;
Domingues-Silva et al., 2019; Lalonde and Chartrand, 2020;
Bhargava et al., 2022).

Interestingly, downregulation of TERRA in mESCs resulted in
increased telomerase activity as detected by TRAP assay (Chu et al.,
2017a). These findings are in line with in vitro evidence indicating
that TERRA-mimicking oligonucleotides inhibit telomerase activity
from human and mouse cellular extracts (Schoeftner and Blasco,
2008; Redon et al., 2010). However, how TERRA regulates
telomerase in vivo in mammalian cells remains to be defined.
Indeed, TERRA has been shown to interact with both TERT and
TR in human cells (Redon et al., 2010). Yet, the mechanism of
TERRA-mediated telomerase regulation may be highly controlled in
cells, and evidence obtained also in non-cancer cells indicates that
TERRA levels can positively correlate with telomerase activity. In
this regard, different studies reported increased TERRA levels
during cellular reprogramming of human neonatal foreskin
fibroblasts or MEF to iPSCs (Marion et al., 2009; Yehezkel et al.,
2011; de Silanes et al., 2014; Toubiana et al., 2020), processes that
lead to telomerase activation and telomere elongation (Marion et al.,
2009; Yehezkel et al., 2011) (Figure 1B-1). Notably, these findings are
in line with the capability of telomerase to elongate an engineered
chromosome end over-expressing TERRA from an inducible
promoter in HeLa cells (Farnung et al., 2012). Thus, further
studies will need to be performed to elucidate the function of
TERRA in telomerase regulation in mammalian cells (Lalonde
and Chartrand, 2020).

Investigations of non-cancer somatic cells have also provided
insights into the regulation of TERRA expression and highlighted
the potential involvement of TERRA in genetic diseases. In this
regard, studies in primary cells from patients with the
immunodeficiency, centromere instability and facial anomalies
(ICF) syndrome, a rare autosomal disorder caused by mutations
in the gene DNMT3b, represent a striking example of the impact of
subtelomeric methylation on TERRA regulation (Toubiana and
Selig, 2020). Hypomethylated subtelomeres in ICF human
fibroblasts, lymphoblastoid cells and iPSCs result in high TERRA
levels (Yehezkel et al., 2008; Deng et al., 2010; Yehezkel et al., 2013;
Sagie et al., 2017; Toubiana et al., 2019). Conversely, loss of
DNMT3b in mouse cells does not result in increased TERRA
levels, possibly due to the paucity of CpG regions at mouse
subtelomeres (Diman and Decottignies, 2018; Toubiana et al.,
2020). Interestingly, human ICF cells show increased DNA:RNA
hybrids formation associated with elevated TERRA levels, that lead

to replication stress and telomeric DNA damage (Figure 1B-2).
These processes could contribute to the accelerated telomere
shortening and premature senescence observed in these cells
(Sagie et al., 2017). These studies have provided key insights into
the transcriptional regulation of TERRA and on the characterization
of telomeric hybrids and their impact on telomere integrity in non-
cancer cells, also unveiling the potential involvement of TERRA in a
rare genetic disease.

Intriguingly, mechanisms of TERRA expression regulation
have been studied also in human primary tissues and
postmitotic cells. In particular, RNA FISH combined with
immunofluorescence (IF) enabled the detection of TERRA at
telomeres in human muscle biopsies (Diman et al., 2016). RT-
qPCR analyses of TERRA levels in these tissue samples revealed
upregulation of TERRA mediated by the antioxidant transcription
factor NRF1 during endurance exercise. In addition to these
findings, this study reported that TERRA transcripts localize to
telomeres in human myotubes differentiated from myoblasts, in
which TERRA levels are also regulated by NRF1, promoting
TERRA expression under oxidative stress. As discussed by the
authors, these results suggest that TERRA may be part of an
antioxidant response in skeletal muscle cells to counteract
exercise-induced oxidative stress (Diman et al., 2016). This
function may be exerted by TERRA also in aged muscle tissues
(Balan et al., 2021) (Figure 1B-3).

Emerging evidence using human fibroblasts indicates that
TERRA can also exert extranuclear functions mediating the
activation of the innate immune response upon telomere
shortening. Indeed, (Nassour et al., 2023) demonstrated that
TERRA generated from dysfunctional telomeres is upregulated
in checkpoint-deficient fibroblasts that undergo crisis after
bypassing senescence. By performing RNA
immunoprecipitation (RIP) experiments using total cellular
extracts from crisis fibroblasts, the authors showed that
TERRA associates with the cytosolic innate immunity sensor
Z-DNA binding protein 1 (ZBP1) that in turn activates the
mitochondrial antiviral-signaling protein (MAVS) and induces
cell death (Nassour et al., 2023) (Figure 1B-4). This work suggests
that TERRA can shuttle from the nucleus to the cytoplasm and
opens new avenues to the study of extranuclear functions of
TERRA. The mechanism regulating the nuclear export of TERRA
transcripts remains to be identified. Furthermore, TERRA could
be also present in the cytoplasm embedded in membranous
vesicles as previously suggested in human cancer and
lymphoblastoid cell lines (LCLs) (Wang et al., 2015; Wang
and Lieberman, 2016), although these RNAs mainly
correspond to short TERRA species consisting of telomeric
repeat sequences (Figure 1B-5). In this context, TERRA-
containing vesicles released to the extracellular environment
from cells with dysfunctional telomeres were suggested to
elicit an inflammatory response by immune cells, supporting
not only extranuclear but also extracellular functions of TERRA
in humans (Wang and Lieberman, 2016). Further studies on
TERRA subcellular localization and the identification of the
RNA-binding proteins that regulate the nuclear export of
TERRA will help clarify the mechanisms of the nuclear-
cytoplasm trafficking of TERRA molecules and provide
additional insights into their extranuclear functions.
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Expression and proposed functions of
TERRA in germ cells

Only few studies on TERRA in germline cells are available in the
literature most likely due to the complexity to obtain and isolate cells
undergoing gametogenesis, especially female oocytes. In germ cells,
telomeres not only protect chromosome ends, but they also
participate in meiosis. Alterations of telomeric structure or
telomere length can affect the formation of gametes (Reig-Viader
et al., 2016; Tardat and Déjardin, 2018; Rossiello et al., 2022). While
the role of TERRA in gametogenesis has not been fully elucidated
yet, several pieces of evidence indicate that TERRA expression may
have an impact in this process. By studying human ovarian samples
from fetuses of 22 gestational weeks, Reig-Viader et al. (2013)
detected TERRA transcripts in prophase I primary oocytes using
RNA FISH. By combining TERRA RNA FISH with TRF2 IF the
authors observed that most TERRA foci co-localized with telomeres
(Reig-Viader et al., 2013). Furthermore, a subsequent study from the
same group reported the detection of TERRA foci in prophase I
spermatocytes and about half of them colocalizing with telomeres
(Reig-Viader et al., 2014b). These findings suggest that during
meiotic prophase I TERRA transcripts are expressed and localize
to telomeres. During gametogenesis, telomeres are known to tether
to the nuclear envelope, facilitating the alignment, pairing, synapsis
and recombination of homologous chromosomes (Klutstein and
Cooper, 2014; Reig-Viader et al., 2016). It is intriguing to
hypothesize that TERRA molecules may participate in some of
these processes (Figure 1C-1), considering their proposed roles in
homologous sex chromosome pairing in mESCs and MEFs (Chu
et al., 2017b) and in homologous recombination process at
telomeres in human ALT cancer cells (Silva et al., 2021; 2022).

Interestingly, RNA FISH/IF experiments have shown that a
number of TERRA foci colocalize with TERT in germ cells,
independently of the gender (Reig-Viader et al., 2013; Reig-
Viader et al., 2014b). These colocalization events correlate with
an inactive state of telomerase during meiosis (Reig-Viader et al.,
2013; Reig-Viader et al., 2014b; Reig-Viader et al., 2016). Whether
TERRA association may represent a mechanism of telomerase
inhibition in germ cells is still unknown.

A newwork inmouse oocytes and spermatocytes provided the first
evidence of the presence of polyadenylated TERRA and PAR-TERRA
in germ cells (Biswas et al., 2023). The authors used RT-qPCR andRNA
FISH to show that in spermatocytes defective for the meiotic cohesin
SMC1β subunit, TERRA levels are upregulated and correlate with
telomeric RNA:DNA hybrids formation, detected by IF using the
S9.6 antibody, and with open subtelomeric chromatin. Moreover,
SMC1β deficiency impacts TERRA polyadenylation pattern, which
is telomere-specific, and correlates with increased TERRA localization
at damaged telomeres (Biswas et al., 2023). Interestingly, Smc1β−/−
mouse are infertile and most of telomeres in Smc1β−/− spermatocytes
and oocytes fail to attach to the nuclear envelope during prophase I
(Adelfalk et al., 2009). The authors argue that loss of themeiotic cohesin
SMC1β may impact sister chromatid cohesion but also produce
TERRA-associated telomere defects, both contributing to age-related
aneuploidy in oocytes, supporting the model in which TERRA plays a
role during gametogenesis. Intriguingly, in human cancer cells, the
cohesin component Rad21 and the chromatin organizing factor CTCF
bind to TERRA promoters and control TERRA transcription (Deng

et al., 2012). Similar to germ cells, depletion of CTCF and cohesin result
in telomere damage in cancer cells, but unlike Smc1β−/− spermatocytes,
TERRA levels are downregulated upon depletion of the cohesin
component Rad21. These findings suggest that the control of
TERRA levels by cohesin is important to maintain telomere
integrity in mice as in humans, although the mechanisms of
TERRA regulation by cohesin may be dissimilar.

TERRA transcripts were detected by RNA FISH and RT-qPCR
also in mouse primordial germ cells (PGCs), the embryonic
precursors of germ cell lineages, prior to meiosis. In these cells,
TERRA foci number per cell and TERRA transcripts levels increase
with gestational age, with female PGCs showing higher TERRA foci
compared to male (Brieño-Enríquez et al., 2019), suggesting that
TERRA is regulated in a gestational and gender manner in these
cells. Interestingly, the increase in the number of TERRA foci at late
gestational stage coincides with the global DNA demethylation that
occurs in gonads (Seisenberger et al., 2012). As mice subtelomeric
regions do not contain canonical CpG promoters (Toubiana et al.,
2020), this effect may indirectly regulate TERRA transcription or
stability. Interestingly, also in this cellular context TERRA foci
colocalize with TERT (Brieño-Enríquez et al., 2019). Notably, the
increase in TERRA levels with gestational age correlates with a
decrease in TERT expression (Brieño-Enríquez et al., 2019).
Whether TERRA molecules regulate TERT in PGCs remains to
be determined (Figure 1C-2).

Germ cells, and in particular oocytes arrested in meiotic prophase I
experience chronic oxidative stress (Reig-Viader et al., 2016;
Kordowitzki, 2021; Derevyanko et al., 2022). Several studies using
somatic cells of different origin have shown that TERRA levels
increase during cellular stress, upon DNA damage at telomeres
(Porro et al., 2014a), heat shock (Schoeftner and Blasco, 2008;
Koskas et al., 2017), as well as chemotherapy treatment or serum
starvation (Tutton et al., 2016) in cancer cells, and upon oxidative stress
in normal cells (Diman et al., 2016; Galigniana et al., 2020). As
mentioned above, it was proposed that TERRA transcripts
participate in a telomeric antioxidant response triggered by oxidative
stress (Diman et al., 2016). Indeed, telomeric DNA is sensitive to
oxidative damage due to its high content in guanines, which are
oxidized to 8-oxo guanines (8-oxoG) (Oikawa and Kawanishi,
1999). UUAGGG repeats oxidation of TERRA molecules may shield
TTAGGG repeats of chromosome ends from reactive oxygen species
(ROS) (Diman et al., 2016). Thus, it is tempting to hypothesize that
TERRAmay also have a role in preventing telomeric DNA damage and
telomere loss in germ cells (Figure 1C-1). However, in this regard, a
recent study from Kordowitzki et al. (2020) showed that oocytes from
young mice (6 months old) present similar number of TERRA foci
compared to oocytes from older mice (24 months of age) (Kordowitzki
et al., 2020). Furthermore, the number of TERRA foci during the first
divisions of the embryos was not affected by the age of oocyte donors
upon oocyte fertilization (Kordowitzki et al., 2020). It will be interesting
to investigate whether the localization of TERRA at telomeres is
influenced by the age of the oocytes and the oxidation state of
TERRA molecules in these cells. Further studies on the mechanisms
regulating TERRA expression and localization in aging germ cells are
required to elucidate the role of TERRA in protecting telomeres in
oocytes exposed to aging-associated DNA damage.

TERRA detection in germ cells has been mostly studied by RNA
FISH experiments. RT-qPCR analyses have been performed in some
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instances using primer pairs to assess TERRA levels from specific
telomeres. While RNA FISH allows the detection of TERRA in single
cells, confirming TERRA expression and providing key information on
its localization and extent of transcripts clustering, the number of
TERRA foci detected by this technique will depend on the
experimental settings (e.g., RNA FISH protocol, microscope used),
making it difficult to compare different studies. Furthermore, the
number of TERRA foci will be influenced by the length of the 3′
end of TERRA molecules, which base pairs with the fluorescent probe,
and by the extent of clustering of the transcripts. RNase treatment
controls are also useful to rule out the possibility that single strandDNA
may be detected. These limitations considered, single cell analyses
represent a key approach to study RNAs and to directly visualize
transcripts at single cell resolution in fixed samples.

Indeed, the subcellular localization of TERRA transcripts may be
determinant for instructing the alternative functions proposed for

TERRA in non-cancer cells. As discussed above, TERRA plays a
wide variety of roles that are dependent on the cellular context, the
expression levels and localization pattern.

Concluding remarks

The study of TERRA in non-tumor human and mouse cells is
contributing to advance our understanding of the mechanisms
regulating TERRA expression as well as of its telomeric and
extratelomeric functions (Table 1).

Furthermore, several lines of evidence indicate the
involvement of TERRA transcripts in the telomere biology of
ICF patients derived cells, at least in part through the formation
of telomeric RNA:DNA hybrids. Intriguingly, altered metabolism
of RNA:DNA hybrids structures has been described in cells from

TABLE 1 TERRA detection in non-cancer somatic and germ cells.

Organism Cells Technique Telomeric RNA
species

Reference

Mouse iMEFs and mammary
epithelium

RNA FISH TERRA Schoeftner and Blasco (2008)

Mouse pMEFs and ESCs RNA FISH, Northern blot TERRA Zhang et al. (2009)

Mouse MEFs, ESCs and iPSCs Northern blot, RNA Dot blot TERRA Marion et al. (2009)

Mouse pMEFs and iPSCs RNA FISH, Northern blot, RT-
qPCR, RNA-seq

TERRA de Silanes et al. (2014)

Mouse ESCs RNA FISH, Northern blot, RT-PCR,
RNA-seq, CHIRT

PAR-TERRA and
telomeric TERRA

Chu et al. (2017b), Chu et al. (2017a)

Mouse MEFs, ESCs and
immortalized cell lines

RNA FISH, RNADot blot, RT-qPCR PAR-TERRA and
telomeric TERRA

Viceconte et al. (2021)

Mouse MEFs, ESCs and iPSCs Northern blot, RT-qPCR TERRA Toubiana et al. (2020)

Mouse Primordial germ cells RNA FISH, RT-qPCR TERRA Brieño-Enríquez et al. (2019)

Mouse Oocytes and spermatocytes RNA FISH, RT-qPCR PAR-TERRA and
telomeric TERRA

Biswas et al. (2023)

Mouse and
bovine

Oocytes and early embryos RNA FISH TERRA Kordowitzki et al. (2020)

Human and
mouse

Oocytes and spermatocytes RNA FISH, RT-PCR TERRA Reig-Viader et al. (2013), Reig-Viader et al. (2014b)

Human iPSCs Northern blot, RT-PCR TERRA Yehezkel et al. (2011)

Human ICF LCLs RNA Dot blot TERRA Deng et al. (2010)

Human ICF iPSCs, LCLs and
fibroblasts

Northern blot, RT-qPCR TERRA Yehezkel et al. (2008), Yehezkel et al. (2013), Sagie et al.
(2014), Sagie et al. (2017), Toubiana et al. (2019)

Human Skeletal muscle and
myoblasts

RNA FISH, RT-qPCR TERRA Diman et al. (2016), Balan et al. (2021)

Human LCLs and immortalized
fibroblasts

RNA FISH, Northern blot, RNA Dot
blot, RT-qPCR, RNA-seq

Cell-free TERRA Wang et al. (2015), Wang and Lieberman (2016)

Human p53 and RB-deficient
fibroblasts under crisis

RNA Dot blot, RT-qPCR TERRA Nassour et al. (2023)

Human Spermatocytes from infertile
males

RNA FISH TERRA Reig-Viader et al. (2014a)

i/pMEF, immortalized/primary mouse embryonic fibroblasts; ESCs, embryonic stem cells; iPSCs, induced pluripotent stem cells; ICF, immunodeficiency, centromeric instability, facial

anomalies; LCLs, lymphoblastoid cell lines; PAR, pseudoautosomal regions; CHIRT, combination of ChIRP (Chromatin Isolation by RNA, Purification) and CHART (Capture Hybridization

Analysis of RNA, Targets).
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patients carrying other genetic diseases, including amyotrophic
lateral sclerosis 4 (ALS4) (Grunseich et al., 2018), ataxia
oculomotor apraxia type 2 (AOA2) (Becherel et al., 2015;
García-Muse and Aguilera, 2019) and Aicardi–Goutières
syndrome (AGS) (Lim et al., 2015). It will be interesting to
investigate whether in these pathological conditions impaired
regulation of R-loops structures occurs also at telomeres,
suggesting an involvement of TERRA in the diseases.

The expression of TERRA in germline cells during meiosis
opens the intriguing possibility that this RNA may participate in
the meiotic process during gametogenesis. Alterations of
telomere structure and shortening of telomeres in germ cells
are associated with reduced fertility (Lopes et al., 2019; Rossiello
et al., 2022) due to disrupted gametogenesis which in turn
produces aneuploid gametes and miscarriages (Reig-Viader
et al., 2016). It would be interesting to assess TERRA levels in
these conditions to study its potential contribution to
dysfunctional gametogenesis. In this regard, spermatocytes
from infertile males have shown reduced number of TERRA
foci and altered nuclear distribution compared to control
individuals (Reig-Viader et al., 2014a), supporting the
protective role that TERRA may exert at telomeres in germ cells.

Studying TERRA in mammalian models different from cancer
cell lines will enable the investigation of new potential roles of these
telomeric transcripts in more physiological conditions. Despite the
differences in telomere biology between mice and humans, which
include longer telomeres and broader expression of telomerase in
mouse cells, and the distinct features of TERRA transcription
regulation and genomic origins between the two species, mouse
models may represent an important tool to decipher the
physiological functions of TERRA during embryogenesis and in
differentiated somatic cells. Generating TERRA KOmodels will be a
difficult task given to the multiple genomic sites transcribing
telomeric repeat-containing RNAs at chromosome ends and
PARs. Nevertheless, the study of TERRA in the available
conditional knock-out models for TERRA-interacting factors or
telomere-binding proteins may help advancing our understanding
on TERRA biology and to verify the potential involvement of
TERRA in the phenotypes of these mice (Cheong et al., 2003; Li
et al., 2019; Gaspar et al., 2022). These studies are expected to have
implications for the study of TERRA biology also in humans.
Indeed, several TERRA-binding proteins are conserved between
mice and humans, such as the BLM helicase and the
paraspeckles component NONO, a condition that could be
attributed to the same G-rich telomeric sequence of TERRA in
these species (Deng et al., 2009; Flynn et al., 2011; Petti et al., 2019;
Viceconte et al., 2021). Along these lines, studies of TERRA in non-
tumor settings will have implications also for cancer research.
Cancer arises as a consequence of mutations occurring in normal
cells that disrupt oncogenes and oncosuppressor genes, leading to
their transformation into malignant cells (Vogelstein and Kinzler,
2015). Organisms have developed tumor suppressive mechanisms to
counteract DNA mutations and cellular transformation, most of
which remain to be defined (Hanahan andWeinberg, 2011). Studies
conducted in normal cells can thus enable the identification of these
pathways. Oxidative stress has been identified as one of the multiple
factors stimulating tumorigenesis (Hayes et al., 2020). In this regard,
the proposed function of TERRA in counteracting oxidative stress in

skeletal muscle cells and aged muscle tissues (Diman et al., 2016;
Balan et al., 2021) highlights that telomere transcription may
participate in a tumor suppressive pathway to prevent oxidative
damage to genomic DNA and consequent accumulation of
mutations, also in aged tissues in which DNA damage
accumulates (Schumacher et al., 2021). Direct evidence for this
hypothesis will need to be provided.

Therefore, it will be interesting to study TERRA in aging
organisms and tissues. Indeed, cancer is considered a disease of
aging (The importance of aging in cancer research, 2022) and
several hallmarks of aging overlap with the hallmark of cancer,
including genomic instability and DNA damage (Hanahan and
Weinberg, 2011; López-Otín et al., 2023). Furthermore, recent
evidence indicates that aging tissues contribute to the formation of
a tumor promoting microenvironment, sustaining cancer cell
malignancy and resistance to therapy. This condition is
instructed for a good part by normal cells surrounding the
tumor creating a proinflammatory and tumor-permissive
environment (Fane and Weeraratna, 2020; Lex et al., 2020). The
aging process is associated with accumulation of DNA damage
(Pereira and Ferreira, 2013; López-Otín et al., 2023), a condition
which results in upregulation of TERRA in different cellular
settings (Porro et al., 2014a; Porro et al., 2014b; Tutton et al.,
2016). The fact that TERRA-containing exosomes stimulate a
proinflammatory response in peripheral blood mononuclear
cells suggests that extracellular function of TERRA may
participate in the formation of a tumor-permissive environment
(Wang et al., 2015). Thus, studies of TERRA in aging organisms
and tissues may help verify this hypothesis.

TERRAmay also play a cell autonomous role in promoting cellular
transformation. Indeed, increased expression of TERRA from
dysfunctional telomeres has been shown to contribute to DDR
activation at chromosome ends (Porro et al., 2014a; Porro et al.,
2014b), a condition well known to fuel genome instability
(O’Sullivan and Karlseder, 2010). Human precancerous cells
accumulate DDR as result of oncogene activation (Bartkova et al.,
2005; Gorgoulis et al., 2005). It will be interesting to study whether this
condition results in TERRA deregulation and consequent telomere
dysfunction. One could speculate that during aging increased TERRA
levels in normal and/or precancerous cells, may induce cell autonomous
effects by sustaining telomere dysfunction as well as non-cell
autonomous consequences by promoting a pro-inflammatory
microenvironment, both activities may seed cancer development. For
this reason, studying the mechanisms of TERRA transcription,
processing and localization in non-tumor cells may be instrumental
to dissect the functions of these telomeric transcripts in cancer.

The use of yeast as a model system has been critical to study the
biology of TERRA and telomeric R-loops, also during senescence
(Coulon and Vaurs, 2020; Niehrs and Luke, 2020; Zeinoun et al.,
2023). Expanding our analyses to different eukaryotes, such as plants
(Vrbsky et al., 2010; Majerová et al., 2011), protozoa (Morea et al., 2021;
Saha et al., 2021), and zebrafish (Park et al., 2019; Idilli et al., 2020; El
Maï et al., 2023) will enable us to broaden our knowledge on this
telomeric RNAs potentially unveiling novel and conserved functions.
Importantly, species-specific mechanisms regulating TERRA
expression will most likely surface, as it has been observed for the
different impact of DNA methylation in TERRA expression between
mice and humans (Toubiana et al., 2020). Furthermore, it has been
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reported that TERRA may act as a positive regulator of telomerase in
the budding yeast S. cerevisiae and the fission yeast S. pombe (Cusanelli
et al., 2013; Moravec et al., 2016); conversely TERRA may repress
telomerase in human cells (Redon et al., 2010). Thus, species-specific
TERRA functions most likely exist. Studying TERRA inmultiple model
systems will enable us to help unveil unexpected and intriguing findings
which lie ahead on the biology of this much studied and yet not
completely understood RNA.

Author contributions

JR and EC wrote, reviewed and edited the manuscript. All
authors contributed to the article and approved the submitted
version.

Funding

This work was supported by the Italian Association for Cancer
Research (AIRC), MFAG 2019 grant, project ID 22840 to EC.

Acknowledgments

We thank Katarina Jurikova, Claudio Oss Pegorar, and Nicole
Bettin for their helpful feedback. We would like to apologize to the
authors whose work we could not cite due to spatial constraints.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

References

Adelfalk, C., Janschek, J., Revenkova, E., Blei, C., Liebe, B., Göb, E., et al. (2009).
Cohesin SMC1beta protects telomeres in meiocytes. J. Cell Biol. 187, 185–199. doi:10.
1083/jcb.200808016

Aguado, J., d’Adda di Fagagna, F., and Wolvetang, E. (2020). Telomere transcription
in ageing. Ageing Res. Rev. 62, 101115. doi:10.1016/j.arr.2020.101115

Allsopp, R. C., Vaziri, H., Patterson, C., Goldstein, S., Younglai, E. V., Futcher, A. B.,
et al. (1992). Telomere length predicts replicative capacity of human fibroblasts. Proc.
Natl. Acad. Sci. 89, 10114–10118. doi:10.1073/pnas.89.21.10114

Arnoult, N., Van Beneden, A., and Decottignies, A. (2012). Telomere length regulates
TERRA levels through increased trimethylation of telomeric H3K9 and HP1α. Nat.
Struct. Mol. Biol. 19, 948–956. doi:10.1038/nsmb.2364

Arora, R., Lee, Y., Wischnewski, H., Brun, C. M., Schwarz, T., and Azzalin, C. M.
(2014). RNaseH1 regulates TERRA-telomeric DNA hybrids and telomere maintenance
in ALT tumour cells. Nat. Commun. 5, 5220–5311. doi:10.1038/ncomms6220

Azzalin, C. M., and Lingner, J. (2015). Telomere functions grounding on TERRA
firma. Trends Cell Biol. 25, 29–36. doi:10.1016/j.tcb.2014.08.007

Azzalin, C. M., and Lingner, J. (2008). Telomeres: the silence is broken. Cell Cycle 7,
1161–1165. doi:10.4161/cc.7.9.5836

Azzalin, C. M., Reichenbach, P., Khoriauli, L., Giulotto, E., and Lingner, J. (2007).
Telomeric repeat–containing RNA and RNA surveillance factors at mammalian
chromosome ends. Science 318, 798–801. doi:10.1126/science.1147182

Balan, E., Diman, A., Everard, A., Nielens, H., Decottignies, A., and Deldicque, L.
(2021). Endurance training alleviates MCP-1 and TERRA accumulation at old age
in human skeletal muscle. Exp. Gerontol. 153, 111510. doi:10.1016/j.exger.2021.
111510

Barral, A., and Déjardin, J. (2020). Telomeric chromatin and TERRA. J. Mol. Biol. 432,
4244–4256. doi:10.1016/j.jmb.2020.03.003

Bartkova, J., Hořejší, Z., Koed, K., Krämer, A., Tort, F., Zieger, K., et al. (2005). DNA
damage response as a candidate anti-cancer barrier in early human tumorigenesis.
Nature 434, 864–870. doi:10.1038/nature03482

Becherel, O. J., Sun, J., Yeo, A. J., Nayler, S., Fogel, B. L., Gao, F., et al. (2015). A new
model to study neurodegeneration in ataxia oculomotor apraxia type 2. Hum. Mol.
Genet. 24, 5759–5774. doi:10.1093/hmg/ddv296

Beishline, K., Vladimirova, O., Tutton, S., Wang, Z., Deng, Z., and Lieberman, P. M.
(2017). CTCF driven TERRA transcription facilitates completion of telomere DNA
replication. Nat. Commun. 8, 2114–2210. doi:10.1038/s41467-017-02212-w

Bettin, N., Oss Pegorar, C., and Cusanelli, E. (2019). The emerging roles of TERRA in
telomere maintenance and genome stability. Cells 8, 246. doi:10.3390/cells8030246

Bhargava, R., Lynskey, M. L., and O’Sullivan, R. J. (2022). New twists to the
ALTernative endings at telomeres. DNA Repair 115, 103342. doi:10.1016/j.dnarep.
2022.103342

Biswas, U., Mallik, T. D., Pschirer, J., Lesche, M., Sameith, K., and Jessberger, R.
(2023). Cohesin SMC1β promotes closed chromatin and controls TERRA expression at
spermatocyte telomeres. Life Sci. Alliance 6, e202201798. doi:10.26508/lsa.202201798

Braig, M., Lee, S., Loddenkemper, C., Rudolph, C., Peters, A. H. F. M., Schlegelberger,
B., et al. (2005). Oncogene-induced senescence as an initial barrier in lymphoma
development. Nature 436, 660–665. doi:10.1038/nature03841

Brieño-Enríquez, M. A., Moak, S. L., Abud-Flores, A., and Cohen, P. E. (2019).
Characterization of telomeric repeat-containing RNA (TERRA) localization and
protein interactions in primordial germ cells of the mouse. Biol. Reproduction 100,
950–962. doi:10.1093/biolre/ioy243

Bryan, T. M., Englezou, A., Gupta, J., Bacchetti, S., and Reddel, R. R. (1995). Telomere
elongation in immortal human cells without detectable telomerase activity. EMBO J. 14,
4240–4248. doi:10.1002/j.1460-2075.1995.tb00098.x

Chen, L., Zhang, C., Ma, W., Huang, J., Zhao, Y., and Liu, H. (2022). METTL3-
mediated m6A modification stabilizes TERRA and maintains telomere stability. Nucleic
Acids Res. 50, 11619–11634. doi:10.1093/nar/gkac1027

Cheong, C., Hong, K. U., and Lee, H.-W. (2003). Mouse models for telomere and
telomerase biology. Exp. Mol. Med. 35, 141–153. doi:10.1038/emm.2003.20

Chu, H.-P., Cifuentes-Rojas, C., Kesner, B., Aeby, E., Lee, H., Wei, C., et al. (2017a).
TERRA RNA antagonizes ATRX and protects telomeres. Cell 170, 86–101. doi:10.1016/
j.cell.2017.06.017

Chu, H.-P., Froberg, J. E., Kesner, B., Oh, H. J., Ji, F., Sadreyev, R., et al. (2017b). PAR-
TERRA directs homologous sex chromosome pairing. Nat. Struct. Mol. Biol. 24,
620–631. doi:10.1038/nsmb.3432

Collie, G. W., Haider, S. M., Neidle, S., and Parkinson, G. N. (2010). A
crystallographic and modelling study of a human telomeric RNA (TERRA)
quadruplex. Nucleic Acids Res. 38, 5569–5580. doi:10.1093/nar/gkq259

Cong, Y.-S., Wright, W. E., and Shay, J. W. (2002). Human telomerase and its regulation.
Microbiol. Mol. Biol. Rev. 66, 407–425. doi:10.1128/MMBR.66.3.407-425.2002

Coulon, S., and Vaurs, M. (2020). Telomeric transcription and telomere rearrangements in
quiescent cells. J. Mol. Biol. 432, 4220–4231. doi:10.1016/j.jmb.2020.01.034

Cusanelli, E., and Chartrand, P. (2015). Telomeric repeat-containing RNA TERRA: a
noncoding RNA connecting telomere biology to genome integrity. Front. Genet. 6, 143.
doi:10.3389/fgene.2015.00143

Cusanelli, E., Romero, C. A. P., and Chartrand, P. (2013). Telomeric noncoding RNA
TERRA is induced by telomere shortening to nucleate telomerase molecules at short
telomeres. Mol. Cell 51, 780–791. doi:10.1016/j.molcel.2013.08.029

de Lange, T. (2009). How telomeres solve the end-protection problem. Science 326,
948–952. doi:10.1126/science.1170633

de Lange, T. (2018). Shelterin-mediated telomere protection. Annu. Rev. Genet. 52,
223–247. doi:10.1146/annurev-genet-032918-021921

Frontiers in Aging frontiersin.org09

Rivosecchi and Cusanelli 10.3389/fragi.2023.1224225

https://doi.org/10.1083/jcb.200808016
https://doi.org/10.1083/jcb.200808016
https://doi.org/10.1016/j.arr.2020.101115
https://doi.org/10.1073/pnas.89.21.10114
https://doi.org/10.1038/nsmb.2364
https://doi.org/10.1038/ncomms6220
https://doi.org/10.1016/j.tcb.2014.08.007
https://doi.org/10.4161/cc.7.9.5836
https://doi.org/10.1126/science.1147182
https://doi.org/10.1016/j.exger.2021.111510
https://doi.org/10.1016/j.exger.2021.111510
https://doi.org/10.1016/j.jmb.2020.03.003
https://doi.org/10.1038/nature03482
https://doi.org/10.1093/hmg/ddv296
https://doi.org/10.1038/s41467-017-02212-w
https://doi.org/10.3390/cells8030246
https://doi.org/10.1016/j.dnarep.2022.103342
https://doi.org/10.1016/j.dnarep.2022.103342
https://doi.org/10.26508/lsa.202201798
https://doi.org/10.1038/nature03841
https://doi.org/10.1093/biolre/ioy243
https://doi.org/10.1002/j.1460-2075.1995.tb00098.x
https://doi.org/10.1093/nar/gkac1027
https://doi.org/10.1038/emm.2003.20
https://doi.org/10.1016/j.cell.2017.06.017
https://doi.org/10.1016/j.cell.2017.06.017
https://doi.org/10.1038/nsmb.3432
https://doi.org/10.1093/nar/gkq259
https://doi.org/10.1128/MMBR.66.3.407-425.2002
https://doi.org/10.1016/j.jmb.2020.01.034
https://doi.org/10.3389/fgene.2015.00143
https://doi.org/10.1016/j.molcel.2013.08.029
https://doi.org/10.1126/science.1170633
https://doi.org/10.1146/annurev-genet-032918-021921
https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2023.1224225


de Lange, T., Shiue, L., Myers, R. M., Cox, D. R., Naylor, S. L., Killery, A. M., et al.
(1990). Structure and variability of human chromosome ends. Mol. Cell Biol. 10,
518–527. doi:10.1128/mcb.10.2.518

de Silanes, I. L., Graña, O., De Bonis, M. L., Dominguez, O., Pisano, D. G., and Blasco,
M. A. (2014). Identification of TERRA locus unveils a telomere protection role through
association to nearly all chromosomes. Nat. Commun. 5, 4723. doi:10.1038/
ncomms5723

Demanelis, K., Jasmine, F., Chen, L. S., Chernoff, M., Tong, L., Delgado, D., et al.
(2020). Determinants of telomere length across human tissues. Science 369, eaaz6876.
doi:10.1126/science.aaz6876

Denchi, E. L., and de Lange, T. (2007). Protection of telomeres through independent
control of ATM and ATR by TRF2 and POT1. Nature 448, 1068–1071. doi:10.1038/
nature06065

Deng, Z., Campbell, A. E., and Lieberman, P. M. (2010). TERRA, CpG methylation,
and telomere heterochromatin: lessons from ICF syndrome cells. Cell Cycle 9, 69–74.
doi:10.4161/cc.9.1.10358

Deng, Z., Norseen, J., Wiedmer, A., Riethman, H., and Lieberman, P. M. (2009).
TERRA RNA binding to TRF2 facilitates heterochromatin formation and ORC
recruitment at telomeres. Mol. Cell 35, 403–413. doi:10.1016/j.molcel.2009.06.025

Deng, Z., Wang, Z., Stong, N., Plasschaert, R., Moczan, A., Chen, H.-S., et al. (2012). A
role for CTCF and cohesin in subtelomere chromatin organization, TERRA
transcription, and telomere end protection. EMBO J. 31, 4165–4178. doi:10.1038/
emboj.2012.266

Derevyanko, A., Skowronska, A., Skowronski, M. T., and Kordowitzki, P. (2022). The
interplay between telomeres, mitochondria, and chronic stress exposure in the aging
egg. Cells 11, 2612. doi:10.3390/cells11162612

Diman, A., Boros, J., Poulain, F., Rodriguez, J., Purnelle, M., Episkopou, H., et al.
(2016). Nuclear respiratory factor 1 and endurance exercise promote human telomere
transcription. Sci. Adv. 2, e1600031. doi:10.1126/sciadv.1600031

Diman, A., and Decottignies, A. (2018). Genomic origin and nuclear localization of
TERRA telomeric repeat-containing RNA: from darkness to dawn. FEBS J. 285,
1389–1398. doi:10.1111/febs.14363

Doksani, Y., Wu, J. Y., de Lange, T., and Zhuang, X. (2013). Super-resolution
fluorescence imaging of telomeres reveals TRF2-dependent T-loop formation. Cell
155, 345–356. doi:10.1016/j.cell.2013.09.048

Domingues-Silva, B., Silva, B., and Azzalin, C. M. (2019). ALTernative functions for
human FANCM at telomeres. Front. Mol. Biosci. 6, 84. doi:10.3389/fmolb.2019.00084

El Maï, M., Bird, M., Allouche, A., Targen, S., Şerifoğlu, N., Lopes-Bastos, B., et al.
(2023). Gut-specific telomerase expression counteracts systemic aging in telomerase-
deficient zebrafish. Nat. Aging 3, 567–584. doi:10.1038/s43587-023-00401-5

Episkopou, H., Draskovic, I., Van Beneden, A., Tilman, G., Mattiussi, M., Gobin, M.,
et al. (2014). Alternative Lengthening of Telomeres is characterized by reduced
compaction of telomeric chromatin. Nucleic Acids Res. 42, 4391–4405. doi:10.1093/
nar/gku114

Fane, M., and Weeraratna, A. T. (2020). How the ageing microenvironment
influences tumour progression. Nat. Rev. Cancer 20, 89–106. doi:10.1038/s41568-
019-0222-9

Farnung, B. O., Brun, C. M., Arora, R., Lorenzi, L. E., and Azzalin, C. M. (2012).
Telomerase efficiently elongates highly transcribing telomeres in human cancer cells.
PLOS ONE 7, e35714. doi:10.1371/journal.pone.0035714

Feretzaki, M., Nunes, P. R., and Lingner, J. (2019). Expression and differential
regulation of human TERRA at several chromosome ends. RNA 25, 1470–1480.
doi:10.1261/rna.072322.119

Feretzaki, M., Pospisilova, M., Valador Fernandes, R., Lunardi, T., Krejci, L., and
Lingner, J. (2020). RAD51-dependent recruitment of TERRA lncRNA to telomeres
through R-loops. Nature 587, 303–308. doi:10.1038/s41586-020-2815-6

Feuerhahn, S., Iglesias, N., Panza, A., Porro, A., and Lingner, J. (2010). TERRA
biogenesis, turnover and implications for function. FEBS Lett. 584, 3812–3818. doi:10.
1016/j.febslet.2010.07.032

Flynn, R. L., Centore, R. C., O’Sullivan, R. J., Rai, R., Tse, A., Songyang, Z., et al. (2011).
TERRA and hnRNPA1 orchestrate an RPA-to-POT1 switch on telomeric single-
stranded DNA. Nature 471, 532–536. doi:10.1038/nature09772

Flynn, R. L., Cox, K. E., Jeitany, M., Wakimoto, H., Bryll, A. R., Ganem, N. J., et al.
(2015). Alternative lengthening of telomeres renders cancer cells hypersensitive to ATR
inhibitors. Science 347, 273–277. doi:10.1126/science.1257216

Fumagalli, M., Rossiello, F., Clerici, M., Barozzi, S., Cittaro, D., Kaplunov, J. M., et al.
(2012). Telomeric DNA damage is irreparable and causes persistent DNA-damage-
response activation. Nat. Cell Biol. 14, 355–365. doi:10.1038/ncb2466

Galigniana, N. M., Charó, N. L., Uranga, R., Cabanillas, A. M., and Piwien-
Pilipuk, G. (2020). Oxidative stress induces transcription of telomeric repeat-
containing RNA (TERRA) by engaging PKA signaling and cytoskeleton dynamics.
Biochimica Biophysica Acta (BBA) - Mol. Cell Res. 1867, 118643. doi:10.1016/j.
bbamcr.2020.118643

García-Muse, T., and Aguilera, A. (2019). R loops: from physiological to pathological
roles. Cell 179, 604–618. doi:10.1016/j.cell.2019.08.055

Gaspar, T. B., Macedo, S., Sá, A., Soares, M. A., Rodrigues, D. F., Sousa, M., et al.
(2022). Characterisation of an atrx conditional knockout mouse model: atrx loss causes
endocrine dysfunction rather than pancreatic neuroendocrine tumour. Cancers 14,
3865. doi:10.3390/cancers14163865

Gauchier, M., Kan, S., Barral, A., Sauzet, S., Agirre, E., Bonnell, E., et al. (2019).
SETDB1-dependent heterochromatin stimulates alternative lengthening of telomeres.
Sci. Adv. 5, eaav3673. doi:10.1126/sciadv.aav3673

Gorgoulis, V. G., Vassiliou, L.-V. F., Karakaidos, P., Zacharatos, P., Kotsinas, A.,
Liloglou, T., et al. (2005). Activation of the DNA damage checkpoint and genomic
instability in human precancerous lesions. Nature 434, 907–913. doi:10.1038/
nature03485

Greider, C. W., and Blackburn, E. H. (1989). A telomeric sequence in the RNA of
Tetrahymena telomerase required for telomere repeat synthesis. Nature 337, 331–337.
doi:10.1038/337331a0

Greider, C. W., and Blackburn, E. H. (1985). Identification of a specific telomere
terminal transferase activity in tetrahymena extracts. Cell 43, 405–413. doi:10.1016/
0092-8674(85)90170-9

Griffith, J. D., Comeau, L., Rosenfield, S., Stansel, R. M., Bianchi, A., Moss, H., et al.
(1999). Mammalian telomeres end in a large duplex loop. Cell 97, 503–514. doi:10.1016/
S0092-8674(00)80760-6

Grunseich, C., Wang, I. X., Watts, J. A., Burdick, J. T., Guber, R. D., Zhu, Z., et al.
(2018). Senataxin mutation reveals how R-loops promote transcription by blocking
DNA methylation at gene promoters.Mol. Cell 69, 426–437. doi:10.1016/j.molcel.2017.
12.030

Hanahan, D., and Weinberg, R. A. (2011). Hallmarks of cancer: the next generation.
Cell 144, 646–674. doi:10.1016/j.cell.2011.02.013

Harper, J. W., and Elledge, S. J. (2007). The DNA damage response: ten years after.
Mol. Cell 28, 739–745. doi:10.1016/j.molcel.2007.11.015

Hayes, J. D., Dinkova-Kostova, A. T., and Tew, K. D. (2020). Oxidative stress in
cancer. Cancer Cell 38, 167–197. doi:10.1016/j.ccell.2020.06.001

Herbig, U., Ferreira, M., Condel, L., Carey, D., and Sedivy, J. M. (2006). Cellular
senescence in aging primates. Science 311, 1257. doi:10.1126/science.1122446

Hewitt, G., Jurk, D., Marques, F. D. M., Correia-Melo, C., Hardy, T., Gackowska, A.,
et al. (2012). Telomeres are favoured targets of a persistent DNA damage response in
ageing and stress-induced senescence. Nat. Commun. 3, 708. doi:10.1038/ncomms1708

Idilli, A. I., Cusanelli, E., Pagani, F., Berardinelli, F., Bernabé, M., Cayuela, M. L., et al.
(2020). Expression of tert prevents ALT in zebrafish brain tumors. Front. Cell Dev. Biol.
8, 65. doi:10.3389/fcell.2020.00065

Jeyapalan, J. C., Ferreira, M., Sedivy, J. M., and Herbig, U. (2007). Accumulation of
senescent cells in mitotic tissue of aging primates.Mech. Ageing Dev. 128, 36–44. doi:10.
1016/j.mad.2006.11.008

Kaminski, N., Wondisford, A. R., Kwon, Y., Lynskey, M. L., Bhargava, R., Barroso-
González, J., et al. (2022). RAD51AP1 regulates ALT-HDR through chromatin-directed
homeostasis of TERRA. Mol. Cell 82, 4001–4017.e7. doi:10.1016/j.molcel.2022.09.025

Kim, N. W., Piatyszek, M. A., Prowse, K. R., Harley, C. B., West, M. D., Ho, P. L., et al.
(1994). Specific association of human telomerase activity with immortal cells and
cancer. Science 266, 2011–2015. doi:10.1126/science.7605428

Klutstein, M., and Cooper, J. P. (2014). The chromosomal courtship
dance—Homolog pairing in early meiosis. Curr. Opin. Cell Biol. 26, 123–131.
doi:10.1016/j.ceb.2013.12.004

Kordowitzki, P., López de Silanes, I., Guío-Carrión, A., and Blasco, M. A. (2020).
Dynamics of telomeric repeat-containing RNA expression in early embryonic cleavage
stages with regards to maternal age. Aging (Albany NY) 12, 15906–15917. doi:10.18632/
aging.103922

Kordowitzki, P. (2021). Oxidative stress induces telomere dysfunction and
shortening in human oocytes of advanced age donors. Cells 10, 1866. doi:10.
3390/cells10081866

Koskas, S., Decottignies, A., Dufour, S., Pezet, M., Verdel, A., Vourc’h, C., et al. (2017).
Heat shock factor 1 promotes TERRA transcription and telomere protection upon heat
stress. Nucleic Acids Res. 45, 6321–6333. doi:10.1093/nar/gkx208

Krishnamurthy, J., Torrice, C., Ramsey, M. R., Kovalev, G. I., Al-Regaiey, K., Su, L.,
et al. (2004). Ink4a/Arf expression is a biomarker of aging. J. Clin. Invest. 114,
1299–1307. doi:10.1172/JCI22475

Lalonde, M., and Chartrand, P. (2020). TERRA, a multifaceted regulator of telomerase
activity at telomeres. J. Mol. Biol. 432, 4232–4243. doi:10.1016/j.jmb.2020.02.004

Le Berre, G., Hossard, V., Riou, J.-F., and Guieysse-Peugeot, A.-L. (2019). Repression
of TERRA expression by subtelomeric DNA methylation is dependent on
NRF1 binding. Int. J. Mol. Sci. 20, 2791. doi:10.3390/ijms20112791

Lex, K., Maia Gil, M., Lopes-Bastos, B., Figueira, M., Marzullo, M., Giannetti, K., et al.
(2020). Telomere shortening produces an inflammatory environment that increases
tumor incidence in zebrafish. Proc. Natl. Acad. Sci. 117, 15066–15074. doi:10.1073/pnas.
1920049117

Li, H., Wei, C., Zhou, R., Wang, B., Zhang, Y., Shao, C., et al. (2019). Mouse models in
modeling aging and cancer. Exp. Gerontol. 120, 88–94. doi:10.1016/j.exger.2019.03.002

Frontiers in Aging frontiersin.org10

Rivosecchi and Cusanelli 10.3389/fragi.2023.1224225

https://doi.org/10.1128/mcb.10.2.518
https://doi.org/10.1038/ncomms5723
https://doi.org/10.1038/ncomms5723
https://doi.org/10.1126/science.aaz6876
https://doi.org/10.1038/nature06065
https://doi.org/10.1038/nature06065
https://doi.org/10.4161/cc.9.1.10358
https://doi.org/10.1016/j.molcel.2009.06.025
https://doi.org/10.1038/emboj.2012.266
https://doi.org/10.1038/emboj.2012.266
https://doi.org/10.3390/cells11162612
https://doi.org/10.1126/sciadv.1600031
https://doi.org/10.1111/febs.14363
https://doi.org/10.1016/j.cell.2013.09.048
https://doi.org/10.3389/fmolb.2019.00084
https://doi.org/10.1038/s43587-023-00401-5
https://doi.org/10.1093/nar/gku114
https://doi.org/10.1093/nar/gku114
https://doi.org/10.1038/s41568-019-0222-9
https://doi.org/10.1038/s41568-019-0222-9
https://doi.org/10.1371/journal.pone.0035714
https://doi.org/10.1261/rna.072322.119
https://doi.org/10.1038/s41586-020-2815-6
https://doi.org/10.1016/j.febslet.2010.07.032
https://doi.org/10.1016/j.febslet.2010.07.032
https://doi.org/10.1038/nature09772
https://doi.org/10.1126/science.1257216
https://doi.org/10.1038/ncb2466
https://doi.org/10.1016/j.bbamcr.2020.118643
https://doi.org/10.1016/j.bbamcr.2020.118643
https://doi.org/10.1016/j.cell.2019.08.055
https://doi.org/10.3390/cancers14163865
https://doi.org/10.1126/sciadv.aav3673
https://doi.org/10.1038/nature03485
https://doi.org/10.1038/nature03485
https://doi.org/10.1038/337331a0
https://doi.org/10.1016/0092-8674(85)90170-9
https://doi.org/10.1016/0092-8674(85)90170-9
https://doi.org/10.1016/S0092-8674(00)80760-6
https://doi.org/10.1016/S0092-8674(00)80760-6
https://doi.org/10.1016/j.molcel.2017.12.030
https://doi.org/10.1016/j.molcel.2017.12.030
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.molcel.2007.11.015
https://doi.org/10.1016/j.ccell.2020.06.001
https://doi.org/10.1126/science.1122446
https://doi.org/10.1038/ncomms1708
https://doi.org/10.3389/fcell.2020.00065
https://doi.org/10.1016/j.mad.2006.11.008
https://doi.org/10.1016/j.mad.2006.11.008
https://doi.org/10.1016/j.molcel.2022.09.025
https://doi.org/10.1126/science.7605428
https://doi.org/10.1016/j.ceb.2013.12.004
https://doi.org/10.18632/aging.103922
https://doi.org/10.18632/aging.103922
https://doi.org/10.3390/cells10081866
https://doi.org/10.3390/cells10081866
https://doi.org/10.1093/nar/gkx208
https://doi.org/10.1172/JCI22475
https://doi.org/10.1016/j.jmb.2020.02.004
https://doi.org/10.3390/ijms20112791
https://doi.org/10.1073/pnas.1920049117
https://doi.org/10.1073/pnas.1920049117
https://doi.org/10.1016/j.exger.2019.03.002
https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2023.1224225


Lim, Y. W., Sanz, L. A., Xu, X., Hartono, S. R., and Chédin, F. (2015). Genome-wide
DNA hypomethylation and RNA:DNA hybrid accumulation in Aicardi–Goutières
syndrome. eLife 4, e08007. doi:10.7554/eLife.08007

Lopes, A. C., Oliveira, P. F., and Sousa, M. (2019). Shedding light into the relevance of
telomeres in human reproduction and male factor infertility. Biol. Reproduction 100,
318–330. doi:10.1093/biolre/ioy215

López-Otín, C., Blasco, M. A., Partridge, L., Serrano, M., and Kroemer, G. (2023).
Hallmarks of aging: an expanding universe. Cell 186, 243–278. doi:10.1016/j.cell.2022.
11.001

Ly, D. V., Low, R. R. J., Frölich, S., Bartolec, T. K., Kafer, G. R., Pickett, H. A., et al.
(2018). Telomere loop dynamics in chromosome end protection.Mol. Cell 71, 510–525.
doi:10.1016/j.molcel.2018.06.025

Maicher, A., Kastner, L., and Luke, B. (2012). Telomeres and disease: enter TERRA.
RNA Biol. 9, 843–849. doi:10.4161/rna.20330

Majerová, E., Fojtová, M., Mozgová, I., Bittová, M., and Fajkus, J. (2011).
Hypomethylating drugs efficiently decrease cytosine methylation in telomeric DNA
and activate telomerase without affecting telomere lengths in tobacco cells. Plant Mol.
Biol. 77, 371–380. doi:10.1007/s11103-011-9816-7

Marión, R. M., Montero, J. J., López de Silanes, I., Graña-Castro, O., Martínez, P.,
Schoeftner, S., et al. (2019). TERRA regulate the transcriptional landscape of pluripotent
cells through TRF1-dependent recruitment of PRC2. eLife 8, e44656. doi:10.7554/eLife.44656

Marion, R. M., Strati, K., Li, H., Tejera, A., Schoeftner, S., Ortega, S., et al. (2009).
Telomeres acquire embryonic stem cell characteristics in induced pluripotent stem cells.
Cell Stem Cell 4, 141–154. doi:10.1016/j.stem.2008.12.010

Mei, Y., Deng, Z., Vladimirova, O., Gulve, N., Johnson, F. B., Drosopoulos, W. C.,
et al. (2021). TERRA G-quadruplex RNA interaction with TRF2 GAR domain is
required for telomere integrity. Sci. Rep. 11, 3509. doi:10.1038/s41598-021-82406-x

Montero, J. J., López-Silanes, I., Megías, D., Fraga, F. M., Castells-García, Á., and
Blasco, M. A. (2018). TERRA recruitment of polycomb to telomeres is essential for
histone trymethylation marks at telomeric heterochromatin. Nat. Commun. 9, 1548.
doi:10.1038/s41467-018-03916-3

Moravec, M., Wischnewski, H., Bah, A., Hu, Y., Liu, N., Lafranchi, L., et al. (2016).
TERRA promotes telomerase-mediated telomere elongation in Schizosaccharomyces
pombe. EMBO Rep. 17, 999–1012. doi:10.15252/embr.201541708

Morea, E. G. O., Vasconcelos, E. J. R., Alves, C. S., Giorgio, S., Myler, P. J., Langoni, H.,
et al. (2021). Exploring TERRA during Leishmania major developmental cycle and
continuous in vitro passages. Int. J. Biol. Macromol. 174, 573–586. doi:10.1016/j.
ijbiomac.2021.01.192

Moyzis, R. K., Buckingham, J. M., Cram, L. S., Dani, M., Deaven, L. L., Jones, M. D.,
et al. (1988). A highly conserved repetitive DNA sequence, (TTAGGG)n, present at the
telomeres of human chromosomes. PNAS 85, 6622–6626. doi:10.1073/pnas.85.18.6622

Nassour, J., Aguiar, L. G., Correia, A., Schmidt, T. T., Mainz, L., Przetocka, S., et al.
(2023). Telomere-to-mitochondria signalling by ZBP1 mediates replicative crisis.
Nature 614, 767–773. doi:10.1038/s41586-023-05710-8

Nergadze, S. G., Farnung, B. O., Wischnewski, H., Khoriauli, L., Vitelli, V., Chawla, R.,
et al. (2009). CpG-island promoters drive transcription of human telomeres. RNA 15,
2186–2194. doi:10.1261/rna.1748309

Niehrs, C., and Luke, B. (2020). Regulatory R-loops as facilitators of gene expression and
genome stability. Nat. Rev. Mol. Cell Biol. 21, 167–178. doi:10.1038/s41580-019-0206-3

Novo, C. L. (2021). A tale of two states: pluripotency regulation of telomeres. Front.
Cell Dev. Biol. 9, 703466. doi:10.3389/fcell.2021.703466

Oikawa, S., and Kawanishi, S. (1999). Site-specific DNA damage at GGG sequence by
oxidative stress may accelerate telomere shortening. FEBS Lett. 453, 365–368. doi:10.
1016/S0014-5793(99)00748-6

Olovnikov, A. M. (1973). A theory of marginotomy: the incomplete copying of
template margin in enzymic synthesis of polynucleotides and biological significance of
the phenomenon. J. Theor. Biol. 41, 181–190. doi:10.1016/0022-5193(73)90198-7

O’Sullivan, R. J., and Karlseder, J. (2010). Telomeres: protecting chromosomes against
genome instability. Nat. Rev. Mol. Cell Biol. 11, 171–181. doi:10.1038/nrm2848

Park, J., Zhu, Q., Mirek, E., Na, L., Raduwan, H., Anthony, T. G., et al. (2019).
BMAL1 associates with chromosome ends to control rhythms in TERRA and telomeric
heterochromatin. PLOS ONE 14, e0223803. doi:10.1371/journal.pone.0223803

Pereira, B., and Ferreira, M. G. (2013). Sowing the seeds of cancer: telomeres and age-
associated tumorigenesis. Curr. Opin. Oncol. 25, 93–98. doi:10.1097/CCO.
0b013e32835b6358

Petti, E., Buemi, V., Zappone, A., Schillaci, O., Broccia, P. V., Dinami, R., et al. (2019).
SFPQ and NONO suppress RNA:DNA-hybrid-related telomere instability. Nat.
Commun. 10, 1001–1014. doi:10.1038/s41467-019-08863-1

Porro, A., Feuerhahn, S., Delafontaine, J., Riethman, H., Rougemont, J., and Lingner,
J. (2014a). Functional characterization of the TERRA transcriptome at damaged
telomeres. Nat. Commun. 5, 5379. doi:10.1038/ncomms6379

Porro, A., Feuerhahn, S., and Lingner, J. (2014b). TERRA-reinforced association of
LSD1 with MRE11 promotes processing of uncapped telomeres. Cell Rep. 6, 765–776.
doi:10.1016/j.celrep.2014.01.022

Porro, A., Feuerhahn, S., Reichenbach, P., and Lingner, J. (2010). Molecular dissection
of telomeric repeat-containing RNA biogenesis unveils the presence of distinct and
multiple regulatory pathways. Mol. Cell. Biol. 30, 4808–4817. doi:10.1128/MCB.
00460-10

Randall, A., and Griffith, J. D. (2009). Structure of long telomeric RNA transcripts: the
G-rich rna forms a compact repeating structure containing G-quartets. J. Biol. Chem.
284, 13980–13986. doi:10.1074/jbc.M900631200

Redon, S., Reichenbach, P., and Lingner, J. (2010). The non-coding RNA TERRA is a
natural ligand and direct inhibitor of human telomerase. Nucleic Acids Res. 38,
5797–5806. doi:10.1093/nar/gkq296

Reig-Viader, R., Brieño-Enríquez, M. A., Khouriauli, L., Toran, N., Cabero, L.,
Giulotto, E., et al. (2013). Telomeric repeat-containing RNA and telomerase in
human fetal oocytes. Hum. Reprod. 28, 414–422. doi:10.1093/humrep/des363

Reig-Viader, R., Capilla, L., Vila-Cejudo, M., Garcia, F., Anguita, B., Garcia-Caldés,
M., et al. (2014a). Telomere homeostasis is compromised in spermatocytes from
patients with idiopathic infertility. Fertil. Steril. 102, 728–738. doi:10.1016/j.
fertnstert.2014.06.005

Reig-Viader, R., Garcia-Caldés, M., and Ruiz-Herrera, A. (2016). Telomere
homeostasis in mammalian germ cells: a review. Chromosoma 125, 337–351. doi:10.
1007/s00412-015-0555-4

Reig-Viader, R., Vila-Cejudo, M., Vitelli, V., Buscà, R., Sabaté, M., Giulotto, E., et al.
(2014b). Telomeric repeat-containing RNA (TERRA) and telomerase are components
of telomeres during mammalian gametogenesis. Biol. Reproduction 90 (103), 103–113.
doi:10.1095/biolreprod.113.116954

Rippe, K., and Luke, B. (2015). TERRA and the state of the telomere. Nat. Struct. Mol.
Biol. 22, 853–858. doi:10.1038/nsmb.3078

Rossiello, F., Jurk, D., Passos, J. F., and d’Adda di Fagagna, F. (2022). Telomere
dysfunction in ageing and age-related diseases. Nat. Cell Biol. 24, 135–147. doi:10.1038/
s41556-022-00842-x

Sagie, S., Ellran, E., Katzir, H., Shaked, R., Yehezkel, S., Laevsky, I., et al. (2014).
Induced pluripotent stem cells as a model for telomeric abnormalities in ICF type I
syndrome. Hum. Mol. Genet. 23, 3629–3640. doi:10.1093/hmg/ddu071

Sagie, S., Toubiana, S., Hartono, S. R., Katzir, H., Tzur-Gilat, A., Havazelet, S., et al.
(2017). Telomeres in ICF syndrome cells are vulnerable to DNA damage due to elevated
DNA:RNA hybrids. Nat. Commun. 8, 14015. doi:10.1038/ncomms14015

Saha, A., Gaurav, A. K., Pandya, U. M., Afrin, M., Sandhu, R., Nanavaty, V., et al.
(2021). TbTRF suppresses the TERRA level and regulates the cell cycle-dependent
TERRA foci number with a TERRA binding activity in its C-terminal Myb domain.
Nucleic Acids Res. 49, 5637–5653. doi:10.1093/nar/gkab401

Savoca, V., Rivosecchi, J., Gaiatto, A., Rossi, A., Mosca, R., Gialdini, I., et al. (2023).
TERRA stability is regulated by RALY and polyadenylation in a telomere-specific
manner. Cell Rep. 42, 112406. doi:10.1016/j.celrep.2023.112406

Schoeftner, S., and Blasco, M. A. (2008). Developmentally regulated transcription of
mammalian telomeres by DNA-dependent RNA polymerase II. Nat. Cell Biol. 10,
228–236. doi:10.1038/ncb1685

Schumacher, B., Pothof, J., Vijg, J., and Hoeijmakers, J. H. J. (2021). The central role of
DNA damage in the ageing process. Nature 592, 695–703. doi:10.1038/s41586-021-
03307-7

Seisenberger, S., Andrews, S., Krueger, F., Arand, J., Walter, J., Santos, F., et al. (2012).
The dynamics of genome-wide DNAmethylation reprogramming in mouse primordial
germ cells. Mol. Cell 48, 849–862. doi:10.1016/j.molcel.2012.11.001

Sfeir, A., and de Lange, T. (2012). Removal of shelterin reveals the telomere end-
protection problem. Science 336, 593–597. doi:10.1126/science.1218498

Silva, B., Arora, R., and Azzalin, C. M. (2022). The alternative lengthening of
telomeres mechanism jeopardizes telomere integrity if not properly restricted. Proc.
Natl. Acad. Sci. 119, e2208669119. doi:10.1073/pnas.2208669119

Silva, B., Arora, R., Bione, S., and Azzalin, C. M. (2021). TERRA transcription
destabilizes telomere integrity to initiate break-induced replication in human ALT cells.
Nat. Commun. 12, 3760. doi:10.1038/s41467-021-24097-6

Silva, B., Pentz, R., Figueira, A. M., Arora, R., Lee, Y. W., Hodson, C., et al. (2019).
FANCM limits ALT activity by restricting telomeric replication stress induced by
deregulated BLM and R-loops. Nat. Commun. 10, 2253–2316. doi:10.1038/s41467-019-
10179-z

Smith, J. R., and Pereira-Smith, O. M. (1996). Replicative senescence: implications for
in vivo aging and tumor suppression. Science 273, 63–67. doi:10.1126/science.273.
5271.63

Takahama, K., Takada, A., Tada, S., Shimizu, M., Sayama, K., Kurokawa, R., et al.
(2013). Regulation of telomere length by G-quadruplex telomere DNA- and TERRA-
binding protein TLS/FUS. Chem. Biol. 20, 341–350. doi:10.1016/j.chembiol.2013.02.013

Tardat, M., and Déjardin, J. (2018). Telomere chromatin establishment and its
maintenance during mammalian development. Chromosoma 127, 3–18. doi:10.1007/
s00412-017-0656-3

The importance of aging in cancer research (2022). Nat. Aging 2, 365–366. doi:10.
1038/s43587-022-00231-x

Frontiers in Aging frontiersin.org11

Rivosecchi and Cusanelli 10.3389/fragi.2023.1224225

https://doi.org/10.7554/eLife.08007
https://doi.org/10.1093/biolre/ioy215
https://doi.org/10.1016/j.cell.2022.11.001
https://doi.org/10.1016/j.cell.2022.11.001
https://doi.org/10.1016/j.molcel.2018.06.025
https://doi.org/10.4161/rna.20330
https://doi.org/10.1007/s11103-011-9816-7
https://doi.org/10.7554/eLife.44656
https://doi.org/10.1016/j.stem.2008.12.010
https://doi.org/10.1038/s41598-021-82406-x
https://doi.org/10.1038/s41467-018-03916-3
https://doi.org/10.15252/embr.201541708
https://doi.org/10.1016/j.ijbiomac.2021.01.192
https://doi.org/10.1016/j.ijbiomac.2021.01.192
https://doi.org/10.1073/pnas.85.18.6622
https://doi.org/10.1038/s41586-023-05710-8
https://doi.org/10.1261/rna.1748309
https://doi.org/10.1038/s41580-019-0206-3
https://doi.org/10.3389/fcell.2021.703466
https://doi.org/10.1016/S0014-5793(99)00748-6
https://doi.org/10.1016/S0014-5793(99)00748-6
https://doi.org/10.1016/0022-5193(73)90198-7
https://doi.org/10.1038/nrm2848
https://doi.org/10.1371/journal.pone.0223803
https://doi.org/10.1097/CCO.0b013e32835b6358
https://doi.org/10.1097/CCO.0b013e32835b6358
https://doi.org/10.1038/s41467-019-08863-1
https://doi.org/10.1038/ncomms6379
https://doi.org/10.1016/j.celrep.2014.01.022
https://doi.org/10.1128/MCB.00460-10
https://doi.org/10.1128/MCB.00460-10
https://doi.org/10.1074/jbc.M900631200
https://doi.org/10.1093/nar/gkq296
https://doi.org/10.1093/humrep/des363
https://doi.org/10.1016/j.fertnstert.2014.06.005
https://doi.org/10.1016/j.fertnstert.2014.06.005
https://doi.org/10.1007/s00412-015-0555-4
https://doi.org/10.1007/s00412-015-0555-4
https://doi.org/10.1095/biolreprod.113.116954
https://doi.org/10.1038/nsmb.3078
https://doi.org/10.1038/s41556-022-00842-x
https://doi.org/10.1038/s41556-022-00842-x
https://doi.org/10.1093/hmg/ddu071
https://doi.org/10.1038/ncomms14015
https://doi.org/10.1093/nar/gkab401
https://doi.org/10.1016/j.celrep.2023.112406
https://doi.org/10.1038/ncb1685
https://doi.org/10.1038/s41586-021-03307-7
https://doi.org/10.1038/s41586-021-03307-7
https://doi.org/10.1016/j.molcel.2012.11.001
https://doi.org/10.1126/science.1218498
https://doi.org/10.1073/pnas.2208669119
https://doi.org/10.1038/s41467-021-24097-6
https://doi.org/10.1038/s41467-019-10179-z
https://doi.org/10.1038/s41467-019-10179-z
https://doi.org/10.1126/science.273.5271.63
https://doi.org/10.1126/science.273.5271.63
https://doi.org/10.1016/j.chembiol.2013.02.013
https://doi.org/10.1007/s00412-017-0656-3
https://doi.org/10.1007/s00412-017-0656-3
https://doi.org/10.1038/s43587-022-00231-x
https://doi.org/10.1038/s43587-022-00231-x
https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2023.1224225


Toubiana, S., Gagliardi, M., Papa, M., Manco, R., Tzukerman, M., Matarazzo, M. R.,
et al. (2019). Persistent epigenetic memory impedes rescue of the telomeric phenotype
in human ICF iPSCs following DNMT3B correction. eLife 8, e47859. doi:10.7554/eLife.
47859

Toubiana, S., Larom, G., Smoom, R., Duszynski, R. J., Godley, L. A., Francastel, C.,
et al. (2020). Regulation of telomeric function by DNA methylation differs between
humans and mice. Hum. Mol. Genet. 29, 3197–3210. doi:10.1093/hmg/ddaa206

Toubiana, S., and Selig, S. (2020). Human subtelomeric DNAmethylation: regulation
and roles in telomere function. Curr. Opin. Genet. Dev. 60, 9–16. doi:10.1016/j.gde.2020.
02.004

Tutton, S., Azzam, G. A., Stong, N., Vladimirova, O., Wiedmer, A., Monteith, J. A.,
et al. (2016). Subtelomeric p53 binding prevents accumulation of DNA damage at
human telomeres. EMBO J. 35, 193–207. doi:10.15252/embj.201490880

Udroiu, I., and Sgura, A. (2020). Alternative lengthening of telomeres and chromatin
status. Genes 11, 45. doi:10.3390/genes11010045

Viceconte, N., Loriot, A., Abreu, P. L., Scheibe, M., Sola, A. F., Butter, F., et al.
(2021). PAR-TERRA is the main contributor to telomeric repeat-containing RNA
transcripts in normal and cancer mouse cells. RNA 27, 106–121. doi:10.1261/rna.
076281.120

Vogelstein, B., and Kinzler, K. W. (2015). The path to cancer — three strikes and
you’re out. N. Engl. J. Med. 373, 1895–1898. doi:10.1056/NEJMp1508811

Vrbsky, J., Akimcheva, S., Watson, J. M., Turner, T. L., Daxinger, L., Vyskot, B., et al.
(2010). siRNA–mediated methylation of arabidopsis telomeres. PLOS Genet. 6,
e1000986. doi:10.1371/journal.pgen.1000986

Wang, X., Goodrich, K. J., Gooding, A. R., Naeem, H., Archer, S., Paucek, R. D., et al.
(2017). Targeting of polycomb repressive complex 2 to RNA by short repeats of
consecutive guanines. Mol. Cell 65, 1056–1067. doi:10.1016/j.molcel.2017.02.003

Wang, Z., Deng, Z., Dahmane, N., Tsai, K., Wang, P., Williams, D. R., et al. (2015).
Telomeric repeat-containing RNA (TERRA) constitutes a nucleoprotein component of
extracellular inflammatory exosomes. Proc. Natl. Acad. Sci. 112, E6293–E6300. doi:10.
1073/pnas.1505962112

Wang, Z., and Lieberman, P. M. (2016). The crosstalk of telomere dysfunction and
inflammation through cell-free TERRA containing exosomes. RNA Biol. 13, 690–695.
doi:10.1080/15476286.2016.1203503

Watson, J. D. (1972). Origin of concatemeric T7DNA. Nat. New Biol. 239, 197–201.
doi:10.1038/newbio239197a0

Wright, W. E., Piatyszek, M. A., Rainey, W. E., Byrd, W., and Shay, J. W. (1996).
Telomerase activity in human germline and embryonic tissues and cells. Dev. Genet. 18,
173–179. doi:10.1002/(SICI)1520-6408(1996)18:2<173::AID-DVG10>3.0.CO;2-3
Xu, Y., Suzuki, Y., Ito, K., and Komiyama, M. (2010). Telomeric repeat-containing

RNA structure in living cells. Proc. Natl. Acad. Sci. 107, 14579–14584. doi:10.1073/pnas.
1001177107

Yadav, T., Zhang, J.-M., Ouyang, J., Leung, W., Simoneau, A., and Zou, L. (2022).
TERRA and RAD51AP1 promote alternative lengthening of telomeres through an R-to
D-loop switch. Mol. Cell 82, 3985–4000.e4. doi:10.1016/j.molcel.2022.09.026

Yehezkel, S., Rebibo-Sabbah, A., Segev, Y., Tzukerman, M., Shaked, R., Huber, I., et al.
(2011). Reprogramming of telomeric regions during the generation of human induced
pluripotent stem cells and subsequent differentiation into fibroblast-like derivatives.
Epigenetics 6, 63–75. doi:10.4161/epi.6.1.13390

Yehezkel, S., Segev, Y., Viegas-Péquignot, E., Skorecki, K., and Selig, S. (2008).
Hypomethylation of subtelomeric regions in ICF syndrome is associated with
abnormally short telomeres and enhanced transcription from telomeric regions.
Hum. Mol. Genet. 17, 2776–2789. doi:10.1093/hmg/ddn177

Yehezkel, S., Shaked, R., Sagie, S., Berkovitz, R., Shachar-Bener, H., Segev, Y., et al.
(2013). Characterization and rescue of telomeric abnormalities in ICF syndrome type I
fibroblasts. Front. Oncol. 3, 35. doi:10.3389/fonc.2013.00035

Zeinoun, B., Teixeira, M. T., and Barascu, A. (2023). TERRA and telomere
maintenance in the yeast Saccharomyces cerevisiae. Genes 14, 618. doi:10.3390/
genes14030618

Zhang, L.-F., Ogawa, Y., Ahn, J. Y., Namekawa, S. H., Silva, S. S., and Lee, J. T. (2009).
Telomeric RNAs mark sex chromosomes in stem cells. Genetics 182, 685–698. doi:10.
1534/genetics.109.103093

Frontiers in Aging frontiersin.org12

Rivosecchi and Cusanelli 10.3389/fragi.2023.1224225

https://doi.org/10.7554/eLife.47859
https://doi.org/10.7554/eLife.47859
https://doi.org/10.1093/hmg/ddaa206
https://doi.org/10.1016/j.gde.2020.02.004
https://doi.org/10.1016/j.gde.2020.02.004
https://doi.org/10.15252/embj.201490880
https://doi.org/10.3390/genes11010045
https://doi.org/10.1261/rna.076281.120
https://doi.org/10.1261/rna.076281.120
https://doi.org/10.1056/NEJMp1508811
https://doi.org/10.1371/journal.pgen.1000986
https://doi.org/10.1016/j.molcel.2017.02.003
https://doi.org/10.1073/pnas.1505962112
https://doi.org/10.1073/pnas.1505962112
https://doi.org/10.1080/15476286.2016.1203503
https://doi.org/10.1038/newbio239197a0
https://doi.org/10.1002/(SICI)1520-6408(1996)18:2<173::AID-DVG10>3.0.CO;2-3
https://doi.org/10.1073/pnas.1001177107
https://doi.org/10.1073/pnas.1001177107
https://doi.org/10.1016/j.molcel.2022.09.026
https://doi.org/10.4161/epi.6.1.13390
https://doi.org/10.1093/hmg/ddn177
https://doi.org/10.3389/fonc.2013.00035
https://doi.org/10.3390/genes14030618
https://doi.org/10.3390/genes14030618
https://doi.org/10.1534/genetics.109.103093
https://doi.org/10.1534/genetics.109.103093
https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2023.1224225

	TERRA beyond cancer: the biology of telomeric repeat‐containing RNAs in somatic and germ cells
	Introduction
	Overview of TERRA biogenesis
	The biology of TERRA in non-cancer cells
	Expression and proposed functions of TERRA in somatic cells
	Expression and proposed functions of TERRA in germ cells

	Concluding remarks
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


