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ABSTRACT

Telomeres protect chromosome ends from nucleolytic degradation, uncontrolled recombination
by DNA repair enzymes and checkpoint signaling, and they provide mechanisms for their main-
tenance by semiconservative DNA replication, telomerase and homologous recombination. The
telomeric long noncoding RNA TERRA is transcribed from a large number of chromosome ends.
TERRA has been implicated in modulating telomeric chromatin structure and checkpoint signal-
ing, and in telomere maintenance by homology directed repair, and telomerase — when telomeres
are damaged or very short. Recent work indicates that TERRA association with telomeres involves
the formation of DNA:RNA hybrid structures that can be formed post transcription by the RAD51
DNA recombinase, which in turn may trigger homologous recombination between telomeric
repeats and telomere elongation. In this review, we describe the mechanisms of TERRA recruit-
ment to telomeres, R-loop formation and its regulation by shelterin proteins. We discuss the
consequences of R-loop formation, with regard to telomere maintenance by DNA recombination
and how this may impinge on telomere replication while counteracting telomere shortening in
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normal cells and in ALT cancer cells, which maintain telomeres in the absence of telomerase.

Introduction

Telomeres correspond to the physical ends of
eukaryotic chromosomes. They consist of short
tandem DNA repeats that are generally rich in
guanine and thymine bases. In vertebrates, telo-
meres consist of 5-TTAGGG-3' repeats in the
DNA strand containing the 3’ end. The overall
length of human telomeres varies between roughly
3,000-15,000 bp. Telomeres have a 3’ overhang of
roughly 50-200 nucleotides [1,2] and are asso-
ciated with several hundred proteins [3,4,5]. Most
abundant and best characterized is the shelterin
protein complex comprising up to six different
polypeptides [6]. TRF1 (telomeric repeat-binding
factor 1) and TRF2 bind as homodimers the dou-
ble stranded part of telomeres. POT1 (protection
of telomeres 1) binds specifically to the single-
stranded 5-TTAGGG-3' repeats which are present
at the 3’ end of telomeres [7]. Alternatively, POT1
is thought to bind to single-stranded 5'-TTAGGG
-3' repeats present as displaced strand internally,
when telomeres adopt the T-loop configuration
(Figure 1). In T-loops, the telomeric 3" overhang

is tucked into the double-stranded part of the
telomere, base pairing with the complementary 5'-
CCCTAA-3' repeats [8]. POT1 can be physically
linked to TRF1 and TRF2 through protein inter-
actions involving the shelterin components TPP1
and TIN2 (TRFl-interacting nuclear factor 2).
TPP1 also enhances the affinity of POT1 for telo-
meric DNA, and the interaction of POT1 with the
other shelterins is required for telomere associa-
tion of POT]I, possibly by increasing its local con-
centration [9]. Rapl (repressor activator protein 1)
is recruited to vertebrate telomeres via TRF2.

A large number of additional telomeric proteins
that are less abundant at chromosome ends have
been identified through studies of telomere main-
tenance by telomerase, genetic and protein inter-
action screens and upon purification of
crosslinked telomeric chromatin, followed by
mass spectrometry analysis [3,4,5]. Most of these
proteins are not telomere specific and many of
them bind to telomeres only under certain condi-
tions. Notably, a significant number of proteins
identified at telomeres are linked to RNA
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Figure 1. Cartoon of the nucleoprotein structure of chromosome ends; telomeric R-loops and its regulators. Among the numerous
proteins associating with telomeres, the shelterin protein complex components are the most abundant, comprising the dsDNA-
binding proteins TRF1 and TRF2, the ssDNA-binding protein POT1, TIN2, TPP1 and Rap1. Telomeres have a 3’ overhang, which can
invade the dsDNA region, forming a D-loop which is termed T-loop. Telomeres are transcribed into TERRA. TERRA transcription starts
at subtelomeric regions, extending toward chromosome ends. The vast majority of TERRA molecules is not polyadenylated and
largely colocalizes with telomeres. TERRA binding to telomeres can occur through direct base-pairing with telomeric DNA, forming
R-loop structures, leaving a displaced G-rich DNA strand. Factors which are suspected to regulate TERRA association with telomeres
are indicated. TERRA association and R-loop formation at telomeres depend on the RAD51 DNA recombinase, which binds TERRA
and catalyzes TERRA R-loop formation in vitro. Also, the helicase RTEL1 was proposed to stimulate TERRA association with
chromosome ends via R-loops. The shelterin TRF2 can also bind TERRA and stimulate R-loop formation in vitro — a process
counteracted in vivo by TRF1. Loss of POT1 was found to result in a striking accumulation of telomeric R-loops, suggesting a role
in preventing the accumulation of such structures. Proteins involved in the NMD RNA surveillance pathway, including UPF1, UPF2
and SMG1, were also shown to prevent TERRA association with telomeres. The DNA recombination factor BRCAT was as well shown
to modulate TERRA binding to telomeres, preventing R-loop-associated telomeric DNA damage. The ATPase/translocase FANCM
resolves RNA:DNA hybrids in vitro and counteracts telomeric R-loop accumulation in ALT cells. The THO multi-subunit complex is
present at human and budding yeast telomeres, and was found to prevent R-loop accumulation and telomere shortening in budding
yeast. RNase H enzymes — which remove RNA-DNA hybrids through the endonucleolytic cleavage of the engaged RNA moiety —
were found to regulate TERRA R-loops, with a prominent role in ALT cells. In S. cerevisiae, Rat1 nuclease, as well as RNase H2, are
preferentially recruited to long telomeres in S phase, preventing TERRA accumulation and formation of R-loops prone to pose an
obstacle to telomeric replication. The lllustration was created with BioRender.com.

transcription at telomeres [19,20]. TERRA tran-
scription proceeds from promoters residing in

metabolism, which can be rationalized by the fact
that telomeres are transcribed into the telomeric

repeat containing RNA (TERRA) [10,11].

TERRA has been detected in a large number of
eukaryotes including humans and other verte-
brates [10,11], yeast [12,13,14], plants [15] and
protozoa [16]. Thus, telomere transcription occurs
despite the fact that telomeric chromatin has het-
erochromatic characteristics [17,18]. At human
telomeres, histone H3 is frequently trimethylated
at Lys9 and Lys27, and nucleosomes are narrowly
spaced [18] due to the lack of the linker histone
H1[3]. The discovery of telomere transcription was
also counterintuitive at the time, as the telomere
position effect — which reflects the variegated
repression of genes experimentally placed next to
telomeres - suggested a general absence of

the subtelomeric regions into the telomeric tract
[10,21-23]. Thus, human TERRA starts with
sequences stemming from different subtelomeres
and it ends with numerous 5-UUAGGG-3’
repeats [24]. In Trypanosoma brucei, telomere
transcription occurs mainly at the telomere
which contains the active VSG gene [25]. In
other eukaryotes where this has been character-
ized, telomere transcription is common to several
or all chromosome ends. The assignment of
TERRA molecules to individual chromosome
ends is ambiguous in many species including
humans, as subtelomeres are rich in repetitive
sequences which have not been well annotated.
Interestingly, the regulation of TERRA expression



at individual chromosome ends may differ from
one to another. In Saccharomyces cerevisiae for
example, the major double strand telomere-
binding protein Raplp regulates TERRA transcrip-
tion and degradation [26]. At subtelomeres con-
taining the so-called Y’ repeat elements, Raplp
recruits Rifl and Rif2 to downregulate TERRA
transcription. At  subtelomeres  containing
X repeat elements, Rapl-mediated TERRA repres-
sion involves the Sir2/3/4 histone deacetylase and
Rif1/2 complexes. Also in humans, TERRA tran-
scription has been detected at a large number of
chromosome ends. At some telomeres, TERRA
promoters harbor CpG islands which are nega-
tively regulated by DNA methyltransferases that
can modify these sequences [22,23,27]. A second
class of TERRA promoters lacks CpG islands and
is insensitive to DNA methylation [23]. In mouse
cells, TERRA expression has also been detected at
several chromosome ends [28]. In addition, a more
abundant noncoding 5-UUAGGG-3' repeat con-
taining RNA termed PAR-TERRA which is
involved in the pairing of homologous sex chro-
mosomes has been described. The PAR-TERRA
primary structure has not been elucidated so far
and its transcription has not been demonstrated to
proceed into the terminal telomeric repeats, as
seen for canonical TERRA transcripts [29].
CHIRT-seq experiments indicate binding of PAR-
TERRA throughout the genome as well as at chro-
mosome ends, suggesting functions that are parti-
cular to this RNA. We do not cover PAR-TERRA
in this review.

Telomeres are dynamic structures. They change
their composition during the cell cycle and upon
shortening and damage, to mediate DNA damage
checkpoint signaling and repair. Telomere short-
ening is a common phenomenon in human
somatic cells, as differentiated cells do not express
the catalytic subunit of telomerase hTERT [30].
Short telomeres elicit ATM- and ATR-dependent
checkpoint signaling to induce cellular senescence
which represses the growth of precancerous
lesions that have lost normal growth control [31].
At short telomeres, T-loops are thought to unfold
due to low levels of TRF2, which enables ATM
activation. Low levels of POT1 allow binding of
RPA to single-stranded telomeric DNA, leading to
ATR-ATRIP  recruitment and  checkpoint
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activation. TERRA is another major player which
triggers local remodeling events at individual chro-
mosome ends that may have suffered from damage
or severe shortening. TERRA expression is
enhanced at telomeres from which TRF2 has
been depleted [21] and its expression increases
from telomeres when they get shorter in budding
yeast [32] and in human cells [33]. Thus, through
its accumulation at short or damaged telomeres
through increased expression and recruitment,
TERRA can act as a recruitment platform for
DNA repair enzymes at telomeres that need their
attention.

TERRA R-loop formation and regulation at
chromosome ends

TERRA is transcribed at human and yeast telo-
meres by RNA polymerase II. The 5'-UUAGGG-3'
tract of human TERRA is heterogeneous in length.
For most TERRA molecules the length varies
between 100-400 nucleotides [24], though longer
TERRA transcripts approaching the ends of chro-
mosomes can also be detected [27,33]. More than
90% of human TERRA is not polyadenylated, fre-
quently terminating with the sequence 5-UUAGG
-3'[24]. The mechanisms of 3’end formation are
not well understood. The 3’ends of the non-
polyadenylated fraction might simply occur due
to termination of transcription within telomeric
chromatin that might impede efficient read-
through. The poly(A) tail of the polyadenylated
fraction of TERRA is generated by the canonical
poly(A) polymerase, at least in budding yeast [12].
If polyadenylation of TERRA is preceded by RNA
cleavage as for mRNAs is not known.

Analyses by fluorescence in situ hybridization
and cellular fractionation studies indicate that
TERRA is enriched at human telomeres [10]. In
addition, approximately half of TERRA is not
tightly associated with chromatin. Notably, all
poly(A)" TERRA was detected in a nucleoplasmic
fraction and not on chromatin [24] suggesting that
its functions do not involve physical interactions
with telomeres. In contrast, non-polyadenylated
TERRA colocalizes to a large extent with telo-
meres. In principle, it may be retained at telomeres
through interactions with telomere binding pro-
teins or through base-pairing with telomeric DNA,
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forming so-called R-loop structures in which the
TERRA:telomeric DNA RNA/DNA helix causes
displacement of the telomeric strand containing
5-TTAGGG-3" DNA repeats (Figure 1). Several
proteins have been identified to regulate TERRA
association with telomeres. Using a reporter sys-
tem in which TERRA was expressed ectopically
with an RNA tag (PP7 stem loops) that is recog-
nized by the bacteriophage PP7 coat protein fused
to GFP, we could demonstrate that TERRA associ-
ates with telomeres post transcription, through the
formation of R-loop structures [34] (Figure 2).
This association is dependent on TERRA’s 5'-
UUAGGG-3' repeats suggesting that the R-loops
form within the telomeric repeats. However, the
length and exact position of the R-loop structures
has not been determined. Telomere association
and R-loop formation depend on the RADS5I
DNA recombinase [34] since its depletion reduces
TERRA foci at telomeres (Figure 2). Interestingly,
while endogenous TERRA is rare in S phase, trans-
genic TERRA expressed from plasmids with
a heterologous promoter loses this control and
efficiently associates with telomeres in S phase
nuclei that were identified through pulse labeling
with EdU (Figure 2). This association is also
reduced upon RADS51 depletion indicating the
involvement of RAD51. The presence of trans-
genic TERRA at telomeres during replication can
explain its interference with telomere replication
(see below). Also of note, though RADS5I is an
essential protein, its substantial depletion by
siRNA only slightly increased the number cells in
G2/M and it did not substantially affect the frac-
tion of cells in S phase during which endogenous
TERRA levels are low (Figure 3).

Since RAD51 promotes homology search and
strand invasion of recombining DNA molecules,
the data suggested that RAD51 may also home
TERRA through an analogous mechanism. In sup-
port of this model, RAD51 is bound to TERRA in
cellular extracts and it binds the 5-UUAGGG-3’
repeats of TERRA in vitro with high affinity.
Furthermore, RADS51 catalyzes strand invasion of
TERRA into plasmid DNA in vitro and it is
required for the formation of telomeric R-loops
by endogenous TERRA [34]. It will be important
to determine how RADS51 distinguishes TERRA
from the bulk of other nuclear RNAs it may not

act upon. The 5-UUAGGG-3' repeats of TERRA
provide a unique signature for this RNA. Also,
these G-rich repeats can form G-quadruplex struc-
tures which might be recognized by RAD5I.
Alternatively, other TERRA-binding proteins
might facilitate a preferential association of
RAD51 with TERRA. BRCA2 facilitates RAD51
binding to single-stranded DNA during double
strand break repair by homologous recombination.
BRCA2 depletion reduced TERRA association
with telomeres, but it also diminished the presence
of RAD51 in the nucleus. Thus, it remains uncer-
tain if BRCA2 promotes RAD51 binding to
TERRA. Notably, these results are strikingly dif-
ferent from what has been seen for highly tran-
scribed genes, which may retain R-loops from
transcription and for which BRCA2 was reported
to diminish R-loops through a collaboration with
the TREX-2 mRNP biogenesis and export complex
[35]. Interestingly, BRCA1 - which among others
also promotes RADS5I-mediated homologous
recombination for DNA repair - is a second
DNA recombination factor that was recently
shown to physically interact with TERRA as well
as TERRA R-loops [36]. In contrast to RAD51,
however, BRCA1 counteracts telomeric R-loops
[36]. The underlying mechanism remains uncer-
tain, but it was proposed to involve BRCA1 inter-
actions with XRN2, which is the ortholog of yeast
Ratl. Ratl is a 5'-3" RNA exonuclease which is
involved in transcription termination, among
others. Ratl degrades TERRA in S. cerevisiae
[12]. To what extent other recombination factors
may regulate TERRA at telomeres remains to be
investigated. The recent findings already hint
toward important differences between RNA and
DNA mediated homology search. However, if
TERRA strand invasion of telomeric DNA initiates
at TERRA 3’ends this mechanism could explain
why poly(A)* TERRA is not retained on
chromatin.

While RADS51 is likely to catalyze strand inva-
sion of TERRA into telomeric DNA, several telo-
mere-associated proteins have also been identified
to regulate strand invasion and telomere retention
(Figure 1). Among the shelterin components,
TRF1, TRF2 and POT1 play critical roles. The
N-terminal basic domain of TRF2 can bind
TERRA and stimulate R-loop formation in vitro
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Figure 2. Transgenic TERRA associates with telomeres in and outside S phase. a) Top: Depiction of transiently expressed chimeric
TERRA, comprising twenty-four Pseudomonas aeruginosa phage 7 (PP7) stem-loops — recognized by GFP-tagged dimerized PP7 Coat
Protein (PCP) —, and a subtelomere-derived sequence, followed by UUAGGG tandem repeats. Illustration created with BioRender.
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com. Bottom: Immunofluorescence of GFP (green) was employed to analyze co-localization of transiently expressed PP7-fused 15g-
TERRA transcripts with telomeres (red) identified by Fluorescence in situ hybridization (FISH) (as described in ref 34). Representative
images are shown and were acquired with a Leica SP8 confocal microscope. White dashed line outlines the nuclear region and was
determined based on DAPI-staining. White arrowheads indicate co-localization of GFP-PCP with telomeric FISH signals. Scale bar
indicates 5 um. b) HeLa cells with long (10 kilobase average) or short (3 kb average) telomeres were transfected with siRNA pools to
down-regulate RAD51 or RNase H1 mRNA levels. PP7-15g-TERRA-coding constructs were transfected and their expression was
induced with doxycycline for 24 hours. Cells were then pulse-labeled with 10 uM of 5-ethynyl-2"-deoxyuridine (EdU) (Invitrogen) for
10 min and harvested. ¢) Western blotting was used to evaluate knockdown efficiency of RAD51 (top) or RNase H1 (bottom). Vinculin
is shown as a loading control. Representative blots of three biologically-independent experiments are shown. d) Percentage of EdU-
positive cells in the total population of cells (left) or cells displaying TERRA foci (right), across indicated conditions. After EdU pulse-
labeling, cells were fixed in 4% paraformaldehyde for 10 min at room temperature. Anti-GFP immunofluorescence was performed as
described in ref 34. After fixation of bound primary and secondary antibodies, cells were permeabilized with a detergent solution
(0.1% Triton X-100, 0.02% SDS in 1x PBS) for 5 min, followed by pre-blocking with 2% bovine serum albumin (BSA) in 1x PBS for
30 min. Cells were then incubated with a click-it reaction (4 mM copper sulfate, 100 mM sodium ascorbate and 4 uM Alexa Fluor 488
Azide (Invitrogen) in 1x PBS) for 30 min in a humidity-chamber, followed by three 1x PBS washes, permeabilization with a detergent
solution (indicated above) for 3 min and 4% paraformaldehyde fixation for 5 min. FISH staining was then carried out following the
procedure described in ref 34. At least 460 total cells and 74 cells displaying TERRA foci were analyzed per condition, across three
independent biological replicates. Data are means + s.d. e) Representative images of EdU-negative (left) and EdU-positive (right)
Hela cells with short telomeres, obtained as described in d. Representative images were acquired with a Leica SP8 confocal
microscope. White dashed line outlines the nuclear region and was determined based on DAPI-staining. EdU signal is shown, as well
as GFP-PCP and TeloC merged signals. White arrowheads indicate co-localization of GFP-PCP with telomeric FISH signals. Scale bars
indicate 5 um. f) The percentage of PP7-15g-TERRA foci colocalizing with telomeric FISH signals per nucleus was assessed by GFP
immunofluorescence, EdU Click-it and telomeric FISH as described in d. At least 74 cells were analyzed per condition, across three
independent biological replicates. Data are means =+ s.d. One-way analysis of variance (ANOVA) with Dunnett’s multiple comparisons
test was used, comparing all conditions with non-targeting siRNA (siControl): **P < 0.01; ****P < 0.0001. All statistical analysis was
performed using GraphPad Prism. All images were processed and analyzed with Image J.

[37]. This activity is prevented in vitro and in vivo ~ subsequently replacement by RAD51 to mediate
by TRF1 through its N-terminal acidic domain. = homologous recombination (Figure 4).

Whether TRF2 promotes R-loops under physiolo- The FANCM protein, whose mutation has been
gical conditions is not known, though TRF2 deple-  associated with Fanconi Anemia, is an ATPase
tion per se does not decrease R-loop formation at  associated with DNA branch migration. Its roles
telomeres [34,37]. POT1 binds specifically to the  at telomeres have been characterized in U20S cells
single-stranded G-rich telomeric DNA but not to ~ [40,41], which are ALT cells (for alternative
the corresponding 5-UUAGGG-3' repeats in lengthening of telomeres) that use DNA recombi-
TERRA [38]. POT1 deletion in human cells causes ~ nation to maintain telomeric DNA repeats.
rapidly dramatic telomere elongation by RAD51-  Strikingly, FANCM depletion caused an increase
mediated homologous recombination [39]. At the  in R-loops both at telomeres and elsewhere in the
same time the telomeric R-loops are increased. Itis ~ genome. In addition, FANCM can resolve telo-
unclear if TERRA R-loops are formed as an  meric R-loops in vitro using its RNA:DNA helicase
immediate consequence of POT1-loss and if they  activity suggesting that it directly participates in
are a prerequisite for telomere recombination. R-loop resolution [40]. NONO/SFPQ heterodi-
Perhaps more likely, POT1-loss liberates the sin- ~ mers, which are involved in various aspects of
gle-stranded telomeric DNA for RPA binding RNA metabolism in the nucleus, have also been
which subsequently, with assistance of BRCA2, implicated in suppressing telomeric R-loops [42].
becomes replaced by RAD51. The increased local =~ Their depletion increased R-loop signals partially
concentration of RAD51 may facilitate the binding ~ colocalizing with telomeres in nuclei of U20S
of TERRA by RAD51 in a succeeding step, which  cells. Most recently, the RTEL1 helicase has been
will trigger strand invasion and R-loop formation. ~ implicated in TERRA regulation [43]. RTEL1 has
The DNA strand that is displaced by the TERRA  well-established crucial roles during telomere
R-loop may recruit additional RPA and RAD51 in  replication resolving T-loops in S phase as well as
a feedforward loop to first promote RPA-  telomeric G-quadruplex structures [44]. The new
dependent DNA checkpoint signaling and  work shows that RTEL1 also binds in vitro TERRA



a +PP7
PP7 15qTERRA
> ~ > ~
& & & @
S & & &
kDa ) 2 2} 2
35
— — a-RAD51
25
130 S s s s | o-Vinculin
b .
604 mm  PP7 siControl
*x mm PP7 siRAD51
e PP7-15qTERRA siControl
504 PP7-15qTERRA siRAD51
*
40 —
S
» 304
[0 Fkekek
O *kk
204 |
104
0-
N = N
o N
el

Figure 3. The fraction of cells in S phase is not strongly
impacted by siRNA-mediated depletion of RAD51, with or with-
out PP7-15g-TERRA inducible expression. a) Western blotting
was used to evaluate siRNA-mediated knockdown efficiency of
RAD51, with and without PP7-15g-TERRA inducible expression.
Vinculin is shown as a loading control. Representative blots of
three biologically-independent experiments are shown. b)
Distribution of cells of indicated conditions in G1, S or G2/M
cell cycle phases. To evaluate cell cycle distribution of cells with
depleted RAD51, DNA content was assessed by flow cytometry
analysis of fixed DAPI-stained cells. Briefly, 1 million cells/con-
dition was harvested by trypsinization. Cells were washed twice
with cold 1x PBS and resuspended in 1 ml cold 70% ethanol
while vortexing. After 30 min, ethanol was aspirated and fixed
cells were resuspended in 1x PBS containing 0.2 pg/ml RNase,
DNase-free (Merck) and incubated at 37°C for 15 min. 1x PBS
containing 2 pg/ml DAPI (BioChemica) was then added to stain
DNA. Samples were processed with a BD LSR Fortessa. 20.000
events were acquired per condition, per biological replicate.
Data are means + s.d. of three independent biological repli-
cates. Two-tailed unpaired t-tests were used to calculate
P-values: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
Flow cytometry data were analyzed with FlowJo and statistical
analysis was performed using GraphPad Prism.

5'-UUAGGG-3' repeats when adopting
a G-quadruplex structure [43]. Strikingly, RTELI
deletion caused strong increase in TERRA levels,

CELL CYCLE 1751

while TERRA association with telomeres was sig-
nificantly diminished. It was proposed that RTEL1
facilitates TERRA association with chromosome
ends through a stimulatory effect on telomeric
R-loops, which in turn could prevent additional
transcription from the R-loop containing telo-
meres [43]. This proposed mode of action deviates
from the documented roles of RTELl at
G-quadruplex forming DNA sequences elsewhere
in the genome where RTEL1 dismantles R-loops
[45]. Therefore, it will be interesting to further
dissect the mechanism and also test if and to
what extent the S phase-specific telomere recruit-
ment of RTEL1 by dephosphorylated TRF2 may
contribute [46]. Certainly, also other models could
be at play. For example, if RTEL1 affected TERRA
3" end formation preventing its polyadenylation,
absence of RTEL1 and TERRA polyadenylation
might also stabilize this RNA and trigger its dis-
sociation from chromosome ends [24].

Proteins involved in nonsense mediated RNA
decay (NMD) of mRNAs containing premature
stop codons also regulate TERRA stability and
R-loop formation. These proteins, though most
abundant in the cytoplasm, are also present in
nuclei and can be detected at telomeres by chro-
matin immunoprecipitation, suggesting direct
roles at telomeres [10]. Depletion of the NMD
proteins UPF1, UPF2, SMG1 and SMG6 increased
TERRA foci at telomeres, while not markedly
impacting on total TERRA levels. This suggested
that these proteins displace TERRA from telo-
meres, though they might also degrade this RNA
locally at chromosome ends. Consistent with such
models, depletion of UPF1, UPF2 and SMG1 also
increased association of transgenic TERRA with
telomeres [34]. Live cell imaging of TERRA should
allow to discriminate if NMD proteins may influ-
ence the dynamics of TERRA interaction with
chromosome ends or if they are involved in its
local destruction at the telomere.

Regulation of TERRA during the cell cycle and
with telomere length

Telomeres change their composition during
S phase of the cell cycle to mediate their replica-
tion by the semiconservative DNA replication
machinery and end maintenance by telomerase.
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Figure 4. Possible R-loop- and RAD51-mediated telomere elongation mechanism upon loss of POT1. Loss of the ssDNA-binding
shelterin POT1 at human telomeres leaves exposed the telomeric 3" overhang — which can be bound by RPA (i). With assistance of
BRCA2, RAD51 may displace and replace RPA (ii). This increased concentration of RAD51 at telomeres may facilitate binding of
RADS51 to TERRA (iii), which subsequently can trigger strand invasion and R-loop formation (iv). Upon R-loop formation, the displaced
single-stranded DNA strand can be bound by RPA — serving as a key platform for ATR activation (v). Assisted by BRCA2, RAD51 may
then substitute RPA, mediating homologous recombination at the telomere (vi) eventually resulting in HDR-mediated telomere
elongation (observed as a striking consequence of conditional deletion of POTT in human cells). lllustration created with BioRender.
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Also, TERRA levels are regulated during the cell
cycle. In budding yeast, TERRA levels and telo-
meric R-loops increase from G1 to S phase, but
they drop during S phase, reaching lower levels by
the time of semiconservative DNA replication of
telomeres in late S phase - possibly to prevent
interference with the replisome [32]. The low
levels of TERRA in late S phase are
a consequence of the recruitment of Ratl nuclease
to telomeres at this stage. In human cells, TERRA
levels also decrease during S phase, reaching low-
est levels as cells proceed from late S to G2 [24].
This cell cycle control is lost in cells carrying
defects in the chromatin remodeling enzyme
ATRX or the DNA methyl transferase DNMT3b
(see below). However, the exact mechanisms of
regulation at the transcriptional and posttranscrip-
tional level remain to be elucidated.

TERRA has been suspected to regulate telomer-
ase activity, and in vitro TERRA is a potent inhi-
bitor of the human telomerase enzyme as it tightly
binds to the RNA template [47]. In vivo in bud-
ding yeast, however, positive roles of TERRA for
telomerase have been proposed. TERRA coloca-
lizes with telomerase in early S phase, which then
has been suggested to guide telomerase to specifi-
cally short telomeres promoting their preferential
elongation [48]. Interestingly, TERRA molecules
from short telomeres appeared to reassociate with
the short telomeres from which they originated,
which could be explained by a homology-driven
search mechanism that we describe in this review
for human TERRA. In fission yeast, TERRA has
also been proposed to be a positive regulator of
telomerase, but a positive effect of TERRA over-
expression on telomere length was only observed
upon treatment of cells with histone deacetylase
inhibitors [49]. Finally, roles of TERRA have been
postulated in human cells for promoting POT1
association with the G-rich telomeric strand after
DNA replication [50]. hnRNPA1l is a major
TERRA-binding protein, binding its 5'-UUAGGG
-3’ repeats [51], while also having strong affinity
for single-stranded 5-TTAGGG-3" DNA repeats
[52]. As TERRA levels decline in late S phase,
hnRNPAL is liberated from TERRA - now binding
the single-stranded telomeric DNA. Thus,
hnRNPA1 may displace RPA from the G-rich
telomeric DNA strand, which is the major single-
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strand DNA-binding protein associating with all
single-stranded DNA for replication. As TERRA
reaccumulates after S phase, hnRNPA1 may reas-
sociate with TERRA and liberate the single-
stranded G-rich telomeric strand for POT1 bind-
ing. More detailed knowledge on the regulation of
TERRA expression and its interaction with telo-
merase, hnRNPA1 and other protein partners dur-
ing the cell cycle may be required to clarify these
issues.

TERRA association with chromosome ends also
increases as telomeres get shorter. In budding
yeast, this is due to increased transcription [48]
and the absence of Ratl nuclease and RNase H2 (a
member of the Ribonuclease H family of enzymes
that specifically degrade the RNA moiety in DNA:
RNA hybrid structures) at short telomeres [32].
Conversely, at longer telomeres, the telomeric
Rif2 recruits efficiently RNase H2 and Ratl. In
human cells, telomere transcription increases at
short telomeres due to a decreased presence of
trimethylated H3K9, which recruits HP1 [33]. In
addition, ectopically expressed TERRA is recruited
to short telomeres more efficiently by the RAD51
recombinase [34]. The underlying mechanism for
this has not yet been uncovered in human cells.
However, RNase H1 might be involved, as its
depletion increased telomere association of ectopic
TERRA strongly at long but not at short telomeres
[34] (Figure 2).

Consequences of R-loop formation:
replication interference and stimulation of
HDR

The formation of TERRA-mediated telomeric
R-loops appears to be beneficial when telomeres
become damaged or when they are very short. In
such cases, telomeres activate DNA damage check-
point signaling to induce cell cycle arrest or cellu-
lar senescence, they may be fused to one another
by DNA repair enzymes if they completely lose
capping function and become mistaken as DNA
double strand breaks [31]. Alternatively, short tel-
omeres are healed and re-elongated by telomerase
or by homology directed repair. For the latter,
single-stranded G-rich telomeric DNA may invade
the telomeric DNA of adjacent chromosomes
which is followed by elongation of the invading
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displaced
G-rich strand

TERRA

replication
stress

TERRA

5

R-loop

TERRA

Figure 5. Possible mechanisms for TERRA R-loop-mediated stimulation of homologous recombination at telomeres. a) Upon R-loop
formation, the displaced single-stranded DNA strand may facilitate the loading of the RAD51 recombinase and other recombination
factors at telomeres. b) Telomeric R-loops pose a structural barrier that hinders progression of the replication machinery. Replication
fork stalling may culminate in the formation of DNA double-strand breaks, which can then be repaired by homology-directed repair.
¢) RAD51-mediated stimulation of TERRA R-loops and association of RAD51 with the displaced DNA strand - exposed as
a consequence of R-loop formation — may lead to local increased concentration of this recombinase and other recombination
factors at telomeres, which in recombination-prone ALT cells may sustain telomeric homologous recombination and telomere

elongation. lllustration created with BioRender.com.

3" end by DNA polymerase § [53,54]. This is
followed by fill-in synthesis of the lagging strand,
leading to telomere extension by conservative
synthesis of telomeric DNA. The mechanism is
referred to as break-induced replication.
Recombination mediated telomere synthesis is
prevalent in ALT cancer cells that lack telomerase.
However, recombination mediated telomere
synthesis, though partially repressed, is also at
play in normal or telomerase positive mammalian
cells. This notion is supported by the finding that
Brca2 deletion or Rad51 depletion in mouse
embryonic fibroblasts leads to telomere damage
and shortening [55] and telomere-internal double

strand breaks can be repaired by homologous
recombination [56]. In budding yeast, deletion of
telomerase causes continuous telomere shortening.
Intriguingly, TERRA R-loop formation at short
telomeres promotes homology directed repair-
dependent re-elongation, preventing premature
onset of cellular senescence [32]. This repair of
short telomeres is active in cells that have not yet
engaged the ALT pathway, demonstrating the
importance of homology directed repair for telo-
mere homeostasis in normal cells.

The first evidence that TERRA R-loops can
promote homology directed repair and telomere
elongation came from studies in human ALT



cancer cells [57]. Coinciding with telomere recom-
bination, TERRA expression and R-loop forma-
tion are increased in ALT cells. Telomeric
R-loops cause replication stress at chromosome
ends, which is a hallmark of ALT telomeres. On
the other hand, inhibition of TERRA transcription
was recently shown to decrease marks of DNA
replication stress at telomeres, while telomere
maintenance by ALT activity was impaired [58].
Interestingly, it appears that TERRA R-loops must
achieve optimal levels to stimulate homology
directed repair, while not completely destroying
telomere integrity by overly severe replication
stress [57]. RNase H1 and FANCM, which associ-
ate with ALT telomeres, play critical roles in keep-
ing telomeric R-loops at tolerable levels [40,41,59].
FANCM depletion is selectively toxic in ALT cells.
In its absence DNA replication stress at telomeres
increases to unbearable levels. This stress is caused
through telomeric R-loops, as RNase H1 overex-
pression suppressed the telomere replication stress
of FANCM depleted ALT cells [40,59]. Of note,
ALT cells lose the cell cycle control of TERRA
expression due to mutations in chromatin remo-
deling protein ATRX [60]. Thus, TERRA remains
high in S phase and G2 - consistent with its effects
on telomere replication and elongation. Non-
repressed TERRA in S phase may also, through
its binding of the telomerase RNA template, rein-
force telomerase repression in ALT cells.

While break-induced replication of telomeres
can proceed through Rad51-dependent and inde-
pendent mechanisms in yeast [61], the different
synthesis pathways which operate in human ALT
cells have not been fully dissected. Several studies
documented roles of RADS51 in ALT cells.
Depletion of RAD51 decreased the formation of
ALT-associated promyelocytic leukemia bodies
(APBs) in ALT cells in which telomeres gather
for ALT DNA synthesis [62]. Also, chemical inhi-
bition of RAD51 in ALT cells interfered with tel-
omere maintenance [63] and RADS51 depletion
with the frequency of telomere extension events
[64]. In addition, human RADS51 facilitates long-
range telomere movement and telomere clustering
in ALT cells [65]. On the other hand, based on
RAD51-depletion  experiments, other studies
described RAD51-independent mechanisms for
break-induced telomere synthesis in ALT cells.
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A major mechanism involves RADS52, while
a second ill-defined mechanism can be observed
in the absence of RAD52 [54,66]. Remarkably,
RAD52 can bind RNA:DNA duplexes [67,68] as
well as single and double stranded DNA and thus
may associate with TERRA R-loops to mediate
a PCNA-RFC-Pold-dependent pathway for con-
servative DNA synthesis that extends telomere
length. Overall, the published work demonstrates
that distinct mechanisms contribute to telomere
elongation in human ALT cells. In our view, how-
ever, it may be premature to exclude crucial roles
of RAD51 in a subset of the mechanisms, as this
protein is required for cell viability and essential
functions may have been retained in the knock-
down studies.

At least three mechanisms could be envisioned
of how TERRA and TERRA R-loops promote tel-
omere recombination and elongation (Figure 5).
First, the telomeric R-loops will lead to displace-
ment of the telomeric G-rich strand which may
facilitate loading of the RAD51 recombinase and
other (Figure 5(a)).
Second, R-loops can lead to replication stress and
DNA double strand breaks, which can then be
repaired by homology directed repair (Figure 5
(b)). Third, the increased levels of TERRA at chro-
mosome ends through R-loops in ALT cells may
not only require RAD51 - as is the case in telo-
merase-positive cells — but in turn also increase the
local concentration of this TERRA binding recom-
binase to  sustain DNA  recombination
(Figure 5(c)).

R-loops had been originally considered as
toxic by-products of transcription which gener-
ate obstacles for DNA and RNA polymerases,
inducing DNA damage upon replication
[69,70]. Also at telomeres, R-loops do interfere
with the semiconservative DNA replication
machinery. The THO complex, which has been
implicated in removing nascent RNA from chro-
matin, is present at telomeres in human cells
and in budding yeast [4,71]. Deletion of THO
components in S. cerevisiae increases telomeric
R-loops, leading to replication stress at telomeres
and telomere shortening [71]. As discussed
above, RNase H enzymes also counteract
R-loops. In their absence the accumulation of
telomeric R-loops leads to telomere loss and

recombination proteins
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accelerated  senescence in  recombination-
deficient budding yeast, supporting the notion
that R-loops interfere with telomere replication
[72]. Finally, depletion of NMD factors in
human cells led to increased TERRA at telo-
meres and frequent loss of telomeric DNA [10].
Specifically, UPF1 depletion leads to inefficient
replication of telomeres synthesized by leading
strand synthesis, suggesting a role of this heli-
case in removing TERRA from leading strand
telomeres for their replication [73].
Hypomorphic mutations in the de novo DNA
methyltransferase DNMT3b cause ICF
(Immunodeficiency, Centromeric instability and
Facial anomalies) syndrome type I [27].
Subtelomeric DNA sequences are hypomethylated
in ICF type I syndrome cells, correlating with
strongly increased TERRA levels. These cells also
display increased telomeric R-loops throughout
the cell cycle, telomere damage, accelerated telo-
mere shortening and premature replicative senes-
cence, all being consistent with the interference of
TERRA R-loops with telomere replication [74].
However, a direct demonstration of causative
roles of DNMT3b deficiency and subtelomeric
DNA demethylation in the short telomere pheno-
type has been cumbersome. The DNA methylation
status at subtelomeres cannot be rescued in the
cellular ICF models with ectopic DNMT3b, indi-
cative of a persistent epigenetic memory [75].
Arguably, the most direct evidence for TERRA
interfering with telomere replication comes from
experiments in which TERRA was expressed ecto-
pically from plasmids [34]. As discussed above,
transgenic TERRA associates with telomeres post
transcription through R-loops that are formed in
a RAD51-dependent manner. Interference with tel-
omere replication in human cells gives rise to so-
called telomere fragility, in which the telomeric
FISH signal on metaphase chromosomes is smeared
or double [76]. Notably, expression of transgenic
TERRA caused a significant increase of telomere
fragility. This fragility was suppressed by RNase
H1 overexpression or RAD51 depletion, demon-
strating that it is a direct consequence of the phy-
sical presence of TERRA as R-loop at chromosome
ends, even in the absence of increased RNA poly-
merase II and transcription at the telomere [34].

Conclusions

The finding that TERRA can associate with telo-
meres post transcription through the formation of
R-loops was unexpected. Generally, it had been
assumed that R-loops are formed during transcrip-
tion mostly at the 5’ and 3’ ends of GC-skewed
regions. However, in addition to TERRA, several
papers reported on the formation of R-loops post
transcription in trans. The long noncoding RNA
APOLO associates with multiple loci in the gen-
ome of Arabidopsis thaliana post transcription
through R-loops modulating gene expression
through decoy of polycomb repressive complex 1
components [77]. The mechanism of R-loop for-
mation by APOLO has remained unknown. In
S. cerevisiae, it has been reported that Rad51p
mediates hybridization of transcripts to homolo-
gous chromosomal loci distinct from their site of
synthesis [78], though another paper disputed this
conclusion [79]. Finally, R-loop formation is well
documented for the bacterial CRISPR-Cas9 DNA
endonuclease [80], in which Cas9 bends the DNA
to allow guide RNA infiltration into the double
helix. The mechanism of TERRA R-loop forma-
tion post transcription depends on the RAD51
recombinase which binds TERRA, and which can
catalyze this reaction in vitro. It will be important
to dissect the detailed mechanisms in the future.
For instance, it is unclear how TERRA and telomere
binding proteins may influence this reaction to
achieve substrate specificity for TERRA and prefer-
ential invasion at short telomeres. It will also be
important to determine if other factors of the recom-
bination machinery which are required for strand
invasion of recombining DNA molecules may parti-
cipate in the TERRA strand invasion reaction.
Finally, it will important to determine if and to
what extent telomeric R-loops arise during transcrip-
tion in cis and if RADS51 also plays a role in their
establishment.

R-loops cause DNA damage and genome instabil-
ity, presumably through their interference with DNA
polymerases during replication. In addition, several
papers reported also on beneficial roles of R-loops,
for example for the repair of DNA double breaks
[67,68,81]. The work on TERRA suggests that this
RNA preferentially associates with short or damaged



telomeres, where it may coordinate the DNA
damage response, as well as repair processes. As
discussed above, excellent evidence has been pro-
vided that TERRA promotes telomere elongation
by homologous recombination of short telomeres
[32,57]. But does the mechanism also involve induc-
tion of replication stress and fork collapse, as
a prerequisite to induce HDR? Replication stress is
prevalent at telomeres in ALT, supporting the notion
that these cells indeed must manage a labile balance
between telomere loss by fork collapse and elonga-
tion by HDR [40,57].
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