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Abstract

Telomeric repeat-containing RNA (TERRA) molecules play important roles at
telomeres, from heterochromatin regulation to telomerase activity control. In human
cells, TERRA is transcribed from subtelomeric promoters located on most
chromosome ends and associates with telomeres. The origin of mouse TERRA
molecules is however unclear, as transcription from the pseudoautosomal PAR locus
was recently suggested to account for the vast majority of TERRA in embryonic stem
cells (ESC). Here, we confirm the production of TERRA from both the chromosome
18q telomere and the PAR locus in mouse embryonic fibroblasts, ESC and various
mouse cancer and immortalized cell lines, and we identify two novel sources of
TERRA on mouse chromosome 2 and X. Using various approaches, we show that
PAR-TERRA molecules account for the majority of TERRA transcripts, displaying an
increase of 2 to 4 orders of magnitude compared to the telomeric 18q transcript.
Finally, we present a SILAC-based pull-down screen revealing a large overlap
between TERRA-interacting proteins in human and mouse cells, including PRC2
complex subunits, chromatin remodeling factors, DNA replication proteins, Aurora
kinases, shelterin complex subunits, Bloom helicase, Coilin and paraspeckle
proteins. Hence, despite originating from distinct genomic regions, mouse and

human TERRA are likely to play similar functions in cells.
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Introduction

While telomeres have long been recognized as heterochromatic structures,
they are active transcription sites. The first report of the existence of a transcriptional
activity at telomeres dates back to 1989 with work from Rudenko and van der Ploeg
in Trypanosoma brucei (Rudenko and van der Ploeg 1989). A few years later,
transcription was also observed at telomeres of bird lampbrush chromosomes
(Solovei et al. 1994).

The first evidences of telomeric transcription in human and mouse cells were
provided nearly 15 years later (Azzalin et al. 2007; Schoeftner and Blasco 2008).
Telomeric Repeat-containing RNA (TERRA) molecules were found to be transcribed
from the C-rich telomeric DNA strand and to be detectable with (CCCTAA), probes in
RNA fluorescence in situ hybridization (FISH). From the beginning however, it
emerged that mouse and human TERRA molecules may present some differences
as their respective FISH patterns were quite distinct. In human interphase cells,
TERRA-FISH signals were clearly detected at telomeres (Azzalin et al. 2007), while,
in mouse cells, main TERRA-FISH signals appeared as only one or two large foci co-
localizing with the q end of X/Y chromosomes (Schoeftner and Blasco 2008; Zhang
et al. 2009; Schoeftner et al. 2009). On rare occasions (2-3 foci per nucleus), much
smaller TERRA foci were also found to co-localize with mouse telomeres (Lopez de
Silanes et al. 2014).

In line with human TERRA detection at telomeres by RNA-FISH, many studies
clearly demonstrated that human chromosome ends are transcribed from
subtelomeric promoters that are located directly upstream of telomeric repeats
(Nergadze et al. 2009; Deng et al. 2012; Porro et al. 2014a; Diman et al. 2016;

Feretzaki and Lingner 2017; Sagie et al. 2017; Koskas et al. 2017; Feretzaki et al.
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2019). A possible explanation to account for the distinct TERRA-FISH patterns
between human and mouse cells was recently provided by RNA-seq experiments
after TERRA capture from mouse ESC (Chu et al. 2017a). That study revealed the
existence of a novel TERRA species, dubbed PAR-TERRA, originating from the
pseudoautosomal locus of Xq/Yq subtelomeric regions, and accounting for more than
99% of all TERRA transcripts in mouse ESC. A few reads emanating from a small
subset of telomeres were also identified in that study and included the previously
reported Telo 18q TERRA (Lépez de Silanes et al. 2014). The transcript emanating
from Telo 18q was, however, about 4000-fold less abundant than PAR-TERRA in
ESC (Chu et al. 2017a). Using the CHIRT technique, which combines ChIRP
(Chromatin isolation by RNA purification) and CHART (Capture hybridization analysis
of RNA targets), the same study also revealed that PAR-TERRA binds in trans to
most chromosome ends and is the major (UUAGGG)s-containing RNA species
associating with mouse ESC telomeres. Altogether, these observations questioned
the telomeric origin of mouse TERRA, as recently discussed (Diman and
Decottignies 2018).

Here, we used several approaches, including the interrogation of publicly
available RNA-seq datasets, to further investigate the genomic origin of mouse
TERRA in mouse embryonic fibroblasts (MEF), ESC, normal tissues and cancer
cells. Our results clearly indicated that, similarly to the previous observations in ESC,
PAR-TERRA molecules account for the vast majority of TERRA transcripts in all
mouse cell types. We also identified a new TERRA species transcribed from
chromosome 2. However, both this newly identified Chr 2 TERRA and the Telo 18q
TERRA appear to minimally contribute to the total cellular pool of (UUAGGG),

repeats. To further probe the conservation of mouse and human TERRA, we
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performed a TERRA interactome screen in mouse cells using a previously published
SILAC-based pull-down approach (Scheibe et al. 2013). Cross-comparison of our
results with an in vivo proteomic screen for TERRA-interacting proteins (Chu et al.
2017b) revealed that, despite distinct genomic origins and distinct nucleotide
sequences, human and mouse TERRA are likely to interact with similar cellular

proteins.

Results

TERRA-FISH foci co-localize with telomeres and their intensity is
proportional to telomere length in human cells

In human primary and cancer cells, most TERRA-FISH foci co-localize with
the telomeres of interphase nuclei (Azzalin et al. 2007; Arnoult et al 2012; Diman et
al. 2016) (Fig. 1A). Consistent with previous northern blot experiments showing that
the length of human TERRA molecules is proportional to telomere length (Yehezkel
et al. 2008; Arnoult et al. 2012; Van Beneden et al. 2013), we confirmed, by TERRA-
FISH, that fluorescence signal intensity mirrors telomeric DNA FISH intensity and,
therefore, telomere length (Fig. 1B-D). The intensity of TERRA-FISH foci however
does not reflect the total levels of UUAGGG repeats in human cells, as shown by
slot-blot hybridization of total RNA isolated from HCAZ2 normal fibroblasts and LB37
lung cancer cells which, because of subtelomeric promoter hypomethylation
(Nergadze et al. 2009; Diman et al. 2016; Sagie et al. 2017; Feretzaki et al. 2019; Le
Berre et al. 2019), strongly up-regulate telomeric transcription (Fig. 1E-F). Taken
together, these observations suggest that a substantial fraction of the human TERRA

pool escapes detection by RNA-FISH and that the telomere-bound molecules may


http://rnajournal.cshlp.org/
http://www.cshlpress.com

Downloaded from rnajournal.cship.org on November 1, 2020 - Published by Cold Spring Harbor Laboratory Press

Viceconte et al

likely be the only ones that are detected by RNA-FISH. The reasons for this are still
unclear but may derive from the pre-extraction step of RNA-FISH protocol, which
would wash out soluble TERRA and leave chromatin-bound TERRA as the only
detectable species. It is also possible that soluble TERRA is not efficiently
recognized by the RNA-FISH probe because folded into tight secondary structures

such as G-quadruplexes (G4), or heavily bound to RNA-binding proteins.

In mouse cells, most TERRA-FISH signals do not co-localize with
telomeres and their intensity does not correlate with telomere length

We next applied RNA-FISH to mouse cell lines with various telomere lengths
in order to test whether signal intensity may similarly be proportional to telomere
length. To do this, we first evaluated telomere length by TRF in the following cell
lines: 3T3 (spontaneously immortalized MEF), L929 (spontaneously immortalized
adult and adipose tissue-derived fibroblasts), RAW264.7 (Abelson murine leukemia
virus transformed macrophages), J774A.1 (reticulum cell sarcoma), M1 (myeloblast
cell line) and Neuro-2a (neuroblastoma) (Fig. 2A). We selected four mouse cell lines
with either short (J774A.1, 4.5 kb), average (M1, 5.8 kb) or long (L929, 9.5 kb and
Neuro-2a, 19.9 kb) telomeres for TERRA-FISH experiments and performed RNase A
treatments as controls (Fig. 2B). Our data showed that the total TERRA-FISH signal
intensity does not correlate with telomere length in mouse cells (p=0.53) (Fig. 2C). As
reported earlier, the RNA-FISH profiles are also very different from the ones obtained
in human cells, with the presence of 2-3 prominent TERRA foci per nucleus (Fig. 2B
and D). When TERRA-FISH signals were intense, like in J774A.1 and Neuro-2a cell
lines, additional, but much smaller foci were detected using the same exposure

conditions (Fig. 2B). To further investigate the co-localization of TERRA foci with
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mouse telomeres, we combined RNA-FISH with immunofluorescence against the
shelterin protein Terf1 in the Neuro-2a cell line. In sharp contrast with the consistent
co-localization of TERRA-FISH signals with the other shelterin protein TRF2 in
human cells (Fig. 1A), and in line with previous reports (Lopez de Silanes et al. 2014;
Chu et al. 2017b), only 2-4 small TERRA-FISH foci overlapped with Terf1 in mouse
interphase nuclei (Fig. 2D). Conversely, in the same Neuro-2a cell line, Terf1 signals
were co-localizing with telomeres in control DNA-FISH experiments using the same
probe (Fig. 2E). The lack of correlation between telomeric DNA and TERRA-FISH
signal intensity, together with the low frequency of co-localization events between
TERRA and telomeres, suggest that telomere transcription may not be the main
source of TERRA in mouse cells.

Similarly to human cells however, we found that UUAGGG levels, normalized
to ACTB mRNA (Fig. 2F), do not correlate with TTAGGG levels in mouse cells (Fig.
S1A-B and Fig. 2G, p=0.28). This could be explained either by a non-telomeric origin
of mouse TERRA or, like in human cells, by a distinct transcriptional activity at
telomeres of various mouse cell lines.

Altogether, our experiments suggest very distinct regulations of TERRA in
human and mouse cells (Fig. 2H), reinforcing the idea that the origin and molecular

features of TERRA molecules may be very distinct in these two species.

TERRA molecules are produced from various mouse genomic loci

Based on the above-described findings, we hypothesized that (UUAGGG)n-
containing sequences may result from the transcription of intrachromosomal
TTAGGG-rich sequences. To identify these putative loci, we first scanned successive

2 kb-long regions of the mouse genome for the presence of at least 30 telomeric
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repeats — not necessarily consecutive — including either pure (TTAGGG) or
degenerate (TAAGGG, TGAGGG, TTGGGG, GTAGGG or TCAGGG) motifs (Fig.
3A). The arbitrary cut-off of 30 telomeric repeats was based on our preliminary
analysis of the mouse genome, which suggested that the criteria was stringent
enough to detect telomeric repeat-enriched regions above the background. A total of
105 intrachromosomal loci containing =30 telomeric motifs were identified. In a
second step, six RNA-seq datasets with high sequencing coverage (>140 million
paired reads) from ES, forebrain, frontal lobe, B-cell lymphoma, MEF and MEL
leukemia cells were selected for alignment with the identified intrachromosomal
telomeric repeat-containing genomic loci. Using the same RNA-seq datasets, and
whenever subtelomeric sequences were available, telomeric transcripts were also
searched for by screening for subtelomeric reads directly adjacent to telomeres. As
previously reported (Lopez de Silanes et al. 2014), we detected few reads from the
189 subtelomere (Fig. 3B-C). A very limited number of reads appeared to similarly
emanate from the 10q subtelomere, but not from any other chromosome ends with
available sequence. Analysis of reads produced from the 105 identified telomeric
repeat-containing intrachromosomal loci revealed the possible contribution of two loci
to the production of (WUAGGG),-containing RNAs in all cell/tissue types: one on Chr
2 (3’'UTR of Polr3k gene) and one on Chr X/Y (PAR locus-Erdrl gene) (Fig. 3B-C
and Fig. S2). The Tsix locus on Chr X was identified as an additional
intrachromosomal source of (UUAGGG)s,-containing transcripts in mouse ES cells
exclusively (Fig. 3B-C and Fig. S2) and is known to be exclusively transcribed from
the future active X chromosome in female cells. Although not detected in ES cells, a
fourth intrachromosomal locus on Chr 8 may (Fig. 3B, red dotted line) also contribute

to TERRA production in some cells, including brain cells. This region of Chr 8 was
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however not considered as a strong contributor to overall TERRA production in
mouse tissues as the total number of TTAGGG repeats was only 31 and the
expression of the host gene, Inpp4b, is restricted to some tissue types only (not
shown). The other candidate loci showed no or extremely low count number and
were not selected as good candidates for contributing to TERRA production.

The pseudo-autosomal PAR locus was recently identified as the main source
of TERRA in mouse ES cells and, through CHIRT analysis, PAR-TERRA was found
to bind in trans to various genomic loci (Chu et al. 2017a). Careful analysis of the
CHIRT data revealed that, while most PAR-TERRA and TERRA peaks indeed
overlap in the mouse genome, PAR-TERRA is not detected at Polr3k 3'UTR locus,
where TERRA peaks are readily detected (Chu et al. 2017a), suggesting that a
TERRA molecule, unrelated to PAR-TERRA, is produced from- and binds to this
locus. Together with our analysis, this shows that Chr 2 TERRA is a newly-identified
source of mouse TERRA.

To compare the relative expression levels of the four major TERRA transcripts
(Telo 18q, Chr 2, PAR and Tsix) in the selected RNA-seq datasets, we quantified the
reads emanating from small unique regions located upstream of the (TTAGGG),
repeats (Fig. 3C, light blue boxes). Strand specificity was taken into account to
exclusively quantify the reads corresponding to (UUAGGG)s-containing transcripts.
The analysis revealed that PAR-TERRA was the most abundant species in ESC,
MEF, B-cell lymphoma and MEL leukemia cell line, while similar levels of Chr 2
TERRA and PAR-TERRA were measured in brain tissues (Fig. 3D). Importantly, Telo
18q TERRA was barely detectable in all samples, suggesting that the contribution of

this locus to mouse TERRA is extremely low (Fig. 3D).
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Candidate mouse TERRA molecules contain UUAGGG repeats

To validate the production of (UUAGGG)n-containing sequences from the four
genomic candidate loci, we designed primers located upstream of the TTAGGG
repeats of each locus. For Telo 18q, primers are located within the possible 3’'UTR of
LOC108168395 downstream of Tmx3 gene, within the last 20 kb before 18q
telomeric repeats (Fig. 4A). For Chr 2, primers are in the 3'UTR region of the Polr3k
gene. Primers for PAR and Tsix loci are located within introns (Fig. 4A). Primer
efficiency was tested (Fig. S3) and two distinct reverse transcriptions (RT) were
performed: one with random hexamers and one with (CCCTAA)s primers (Telo
primers). If the candidate transcript contains long stretches of UUAGGG repeats, we
expect a strong enrichment of the corresponding cDNA when RT is performed with
Telo primers. If, on the other hand, the transcript contains fewer and/or interspaced
UUAGGG repeats, the enrichment should be weaker. Finally, if the transcript is
completely devoid of UUAGGG repeats, we expect the efficiency of the RT with Telo
primers to be strongly reduced and the corresponding cDNA to be virtually absent.

Total RNA was isolated from J774A.1 and ES cells. Consistent with the
respective abundance of consecutive TTAGGG repeats at the tested loci (Fig. S2),
we observed either a strong (Telo 18q, Chr 2) or a moderate (PAR, Tsix) enrichment
of cDNA species when Telo primers were used for the RT instead of random primers
(Fig. 4B). Importantly, the levels of Sod1, used as negative control for (WUAGGG),-
containing mRNA, were at background levels when Telo primers were used for RT
(Fig. 4B). Altogether, these data confirm the presence of UUAGGG repeats in Telo

18q, Chr 2, PAR and Tsix TERRA species.

10
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PAR-TERRA is the main source of UUAGGG-rich RNA molecules in ESC,
MEF and immortalized mouse cell lines

As the candidate TERRA loci likely produce RNA molecules with distinct
UUAGGG repeat contents, we next sought to determine which of those TERRA loci
is the main contributor to the pool of UUAGGG repeats in mouse cells. To do this, we
performed RT-qPCR analyses on random primer-synthesized cDNA in MEF, ES cells
and in the six mouse cell lines, and compared these measurements to UUAGGG
levels measured by slot-blots. Our RT-gPCR analyses confirmed that PAR-TERRA
levels are much higher than the other tested transcripts in all cell lines (Fig. 5A). The
strong correlation (R=0.967, p=0.0001) that we obtained between PAR-TERRA
levels and total UUAGGG levels, measured by slot-blot, further confirmed that PAR-
TERRA is the main source of UUAGGG repeats in mouse cells (Fig. 5B-C).
Conversely, the levels of either Telo 18g (R=-0.49, p=0.223) or Chr 2 (R=-0.25,
p=0.554) did not correlate with total UUAGGG levels (Fig. 5C).

A short stretch of TTAGGG repeats located between the LOC108168395
locus and the 18q telomere (Fig. S4A) was previously proposed as a possible source
for TERRA (Lépez de Silanes et al. 2014). However, our data failed to reveal any
correlation between this subtelomeric 18q transcript and the relative UUAGGG levels

in the tested cell lines (Fig. S4B).

Telomere deprotection through Terf2 depletion does not up-regulate
telomere transcription

Previous work in human cells revealed that TERRA transcription is up-
regulated from TRF2-depleted telomeres (Caslini et al. 2009; Porro et al. 2014a and

2014b). To test the hypothesis that telomere deprotection may be similarly

11
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associated with enhanced transcription of mouse telomeres, we extracted RNA from
SV40-immortalized MEF conditionally knocked-out for Terf2 (Fig. 6A). We also
designed new pairs of primers for 5q and 11g chromosome ends located at 15 bp
and 10 bp from the telomeric tract, respectively (Fig. 6B). Primers specifically
amplified genomic DNA from J774A.1 cells (Fig. 6B and Fig. S3), however no
amplification product was obtained with J774A.1 cDNA as template (Fig. 6B).
Similarly, no product was obtained for 5q or 11q after 40 cycles of PCR on cDNA
from Terf2 F/+ or tamoxifen-treated Terf2 F/F MEF, although Telo primers were used
for the RT (Fig. 6C). In addition, 18q TERRA levels were not up-regulated upon Terf2
depletion (Fig. 6C), suggesting, once again, a very distinct regulation of telomere

transcription in human and mouse cells.

Comparison of human and mouse TERRA interactomes

Despite the distinct chromosomal origin of mouse and human TERRA
molecules, important cellular functions, including heterochromatin regulation (Bettin
et al. 2019), appear to be exerted by TERRA in the two organisms. To better
evaluate the extent of conservation of TERRA-associated functions in mouse and
human, we performed a SILAC-based in vitro purification with a (UUAGGG)s
biotinylated TERRA-like oligonucleotide as a bait to identify mouse TERRA-
interacting proteins (Scheibe et al. 2013). Even though PAR-TERRA appears to be
the most abundant TERRA species in mouse cells, and does not consist of long
uninterrupted (UUAGGG), sequences, we believe that the use of a (UUAGGG)s
biotinylated probe is appropriate, as a number of PAR-TERRA/protein interactions

likely involve UUAGGG repeats (Chu et al. 2017b).

12
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We incubated mouse R1/E ES cell extracts with a (UUAGGG)s biotinylated
TERRA probe or with a biotinylated (GUGUGA)s probe as a control for specificity. A
total of 307 candidate proteins were identified that showed at least a 4-fold
enrichment over the control probe (Fig. S5A-B) and the number increased to 581 with
a threshold of 2-fold (Table S1). To help identify functional classes of mouse TERRA-
interacting proteins, we compared our dataset of 307 proteins with the one previously
obtained through iDRIP (identification of Direct RNA interacting Proteins) in mouse
ESC (134 proteins) (Chu et al. 2017b). Thirty candidates were common to both
datasets (yellow rectangles in Fig. 7A) and additional 98 proteins, from either screen
(candidates from the SILAC screen are shown in bold), belonged to similar protein
families, leading to a total of 128 “common” candidate proteins (Fig. 7A). A STRING
analysis was performed on the 128 proteins and revealed possible roles for mouse
TERRA in chromatin remodeling, RNA metabolism, DNA replication, ribosome
biogenesis or mitosis, with an enrichment in proteins related to centromeres,
chromatid cohesion, mitotic spindle or cytokinesis (Fig. 7A). Consistent with the
previously reported interaction between mouse or human TERRA and the PRC2
complex (Bettin et al. 2019), our pull-down approach recovered the mouse Eed,
Suz12, Jarid2 and Mtf2 subunits, with Mtf2 being shared with the iDRiP screen (Fig.
7A). The Terf1 subunit of the shelterin complex was also recovered in both screens.
Similarly, we confirmed the interaction of TERRA with many mouse proteins involved
in RNA metabolism, including proteins from the hnRNP (heterogeneous nuclear
ribonucleoprotein) family, as initially demonstrated by Lépez de Silanes et al. (2010).
Other interacting proteins included Orc1, Orc2 and Blm — with roles in DNA
replication and DNA damage repair —, the Cajal body protein Coilin and a series of

proteins with various functions in mitosis, like Aurora kinases b and c, the inner
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centromere protein Incenp, Sgol2, involved in sister chromatid cohesion regulation,
Tpx2, with a key role in spindle assembly during mitosis and Mki67, that associates
with mitotic chromosomes (Fig. 7A). As the in vivo iDRIP screen mostly monitored
the interactions between PAR-TERRA and mouse ES cell proteins, the consistency
that we observed with the SILAC pull-down screen agrees with interactions
happening through the UUAGGG repeats. To further validate our SILAC pull-down,
we performed RNA immunoprecipitation (RIP) experiments using extracts from
immortalized MEF and antibodies against two identified candidates, Suz12 and Bim.
Because TERRA interacts with human TRF2 both in vitro and in cells (Deng et al.
2009; Lee et al. 2018), we also performed RIP using anti-Terf2 antibodies even
though the protein was not recovered in our SILAC-pull down experiments. In line
with previous RIP experiments in mouse iPS cells (Marién et al. 2019), PAR-TERRA
co-immunoprecipitated with the anti-Suz12 antibody (Fig. 7B). Further validating our
pull-downs, PAR-TERRA was also recovered using antibodies against BIm (Fig. 7B).
Finally, PAR-TERRA was also detected in fractions isolated using the anti-Terf2
antibodies. In all pull-downs, Telo 189 RNA was barely detectable (Fig. 7C).
Together, these results confirm the validity of our method and clearly establish that
PAR-TERRA and human TERRA bind to similar sets of proteins. The differences in
the amounts of PAR-TERRA measured in the three different RIP do not necessarily
reflect the strength of PAR-TERRA interaction with Suz12, BIm and Terf2 due to
different IP efficiencies. The fact that Terf2 was not detected in the SILAC screen
might indicate that PAR-TERRA/Terf2 interactions are transient or not strong enough
to be detected without cross-linking.

We next searched for common TERRA-interacting proteins in human and

mouse cells by comparing our two SILAC-based pull-down screens, using a

14


http://rnajournal.cshlp.org/
http://www.cshlpress.com

Downloaded from rnajournal.cship.org on November 1, 2020 - Published by Cold Spring Harbor Laboratory Press

Viceconte et al

threshold of =2-fold enrichment for both screens (Table S1 and S2). Our analyses
revealed that 188 out of the 454 (41%) human TERRA-interacting protein candidates
are also present in the mouse SILAC screen while 188 out of the 581 mouse
candidates (32%) are detected in the human screen (Fig. 8A and Fig. S6A-B). The
common interacting proteins are involved in RNA metabolism, DNA replication,
mitosis (Aurora kinases a/b/c, Mcm5, Rfc3/4, ..) or chromatin organization (including
PRC2 complex) (Fig. 8B) and also include components of the CDC5L complex, the
Cajal bodies or the paraspeckle subnuclear bodies.

Based on the large overlap of interacting proteins and associated pathways, it
is conceivable that many TERRA-associated functions are shared between human

and mouse cells.

Discussion

From the first reports of TERRA in human and mouse cells, differences
between the two species rapidly emerged as very distinct TERRA-FISH patterns
were observed. While human TERRA was clearly detected at telomeres, co-
localization of TERRA with mouse telomeres was rarely observed by RNA-FISH in
interphase cells (Lopez de Silanes et al. 2014). More recently, CHIRT experiments
revealed that a TERRA-like transcript, produced from the pseudo-autosomal PAR
locus of mouse ES cells, was able to bind, in trans, to most mouse telomeres (Chu et
al. 2007a). Here, we confirmed the distinct origin of TERRA in human and mouse
cells. Using the same probes and tools, and together with our previous studies
(Azzalin et al. 2007; Arnoult et al. 2012; Van Beneden et al. 2013), we showed that

TERRA results from the transcription of telomeres in human cells, while the vast
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majority of the UUAGGG repeats comes from the PAR locus in all the mouse cell
lines that we tested. PAR-TERRA corresponds to an intronic region of the Erdrl gene
on the X/Y chromosome, and thus reinforces the idea that spliced introns can be
precursors of non-coding RNAs, including microRNAs or long non-coding RNAs
(Hesselberth 2013). Our RNA-FISH experiments using a telomeric probe in mouse
cells revealed a good correlation between TERRA-FISH intensity and the level of
PAR-TERRA molecules measured by RT-qPCR. This contrasts with human cells in
which TERRA-FISH intensity does not correlate with the total TERRA levels as FISH
signals are only visible at telomeres. We propose that telomere-bound human
TERRA molecules can be detected by RNA-FISH while the other TERRA molecules
escape detection, possibly because of G4 structures forming along the long
(UUAGGG), tracts as previously shown (Biffi et al. 2012; Hirashima and Seimiya
2015) or because human TERRA, when not bound to telomeres, is lost during the
pre-extraction step of the RNA-FISH protocol. PAR-TERRA, on the other hand, in
light of its very distinct nucleotide sequence with interspaced telomeric repeats (Fig.
S2), may not fold into G4 structures and/or may interact more strongly with
chromatin. In this respect, CHIRT experiments in mouse ES cells clearly revealed the
presence of PAR-TERRA binding sites throughout the genome and at the PAR locus
(Chu et al. 2017a and 2017b).

The in silico search for intrachromosomal mouse candidate TERRA loci unveiled a
new locus on chromosome 2, likely located within the 3'UTR region of the Polr3k
gene. Long non-coding RNA functions have previously been proposed for 3’'UTR
regions of genes, whether as whole molecules or as cleaved fragments (Mayr 2017).
Based on our analyses of RNA-seq datasets, this Chr 2 locus appears to contribute

significantly to the pool of TERRA in some mouse tissues, including the forebrain and
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the frontal lobe. Interestingly, a careful analysis of the CHIRT data from Chu et al.
(2017a) revealed the presence of a TERRA peak, but not a PAR-TERRA peak, at the
Polr3k locus, that likely corresponds to the binding of Chr 2 TERRA molecules. This,
in turn, suggests that Chr 2 TERRA binds to the locus where it is produced. Future
work is needed to address the possible functions of Chr 2 TERRA in mouse. We also
identified an additional intrachromosomal source of (UUAGGG),-containing
transcripts emanating from the Tsix locus — located within the X-inactivation center
(Xic) — in mouse ES cells exclusively. Interactions between the Xic and the PAR loci
were previously shown to be required for the initiation of X-chromosome inactivation
in ES cells (Chu et al. 2017a). Interestingly, the reported CHIRT experiments
suggested that the Tsix locus was bound not only by PAR-TERRA, but also by
(UUAGGG)s-containing transcripts not related to PAR-TERRA (Chu et al. 2017a). We
therefore anticipate that, in ES cells, the (UUAGGG),-containing transcripts
emanating from the Tsix locus may interact with PAR-TERRA to promote Xic:PAR
pairing and X-chromosome inactivation.

The reason why mouse telomeres are mostly silent and Terf2 depletion is
unable to de-repress telomere transcription is not clear. This may be related to the
heterochromatic nature of mouse telomeres and subtelomeres that, unlike human
telomeres, display high enrichment of H3K9me3 and H4K20me3 marks, together
with abundant binding of Heterochromatin protein 1 (Blasco 2007; Rosenfeld et al.
2009). Alternatively, the lack of telomeric transcription may result from the absence,
in the mouse genome, of dedicated subtelomeric promoters like in human cells. In
line with this, production of the Telo 18q TERRA appears to result from the

transcription of an upstream gene that initiates about 22 kb upstream of the first 18q

17


http://rnajournal.cshlp.org/
http://www.cshlpress.com

Downloaded from rnajournal.cship.org on November 1, 2020 - Published by Cold Spring Harbor Laboratory Press

Viceconte et al

telomeric repeats, and not from a subtelomeric promoter directly driving the
transcription of telomeric repeats.

Despite their distinct genomic origins, increasing evidence suggests that
TERRA molecules may play similar roles in human and mouse cells (Bettin et al.
2019). This sketches a fascinating picture where (UUAGGG)n-containing RNAs
produced from different genomic loci may exert similar functions through their binding
in trans to various genomic loci, including telomeres. Our comparative study of
TERRA-interacting proteins, identified through SILAC-based pull-down screens in
both species, reinforced the idea of common functions shared by human and mouse
TERRA. Among the common interacting proteins, we found subunits of the PRC2
complex, Aurora kinases, proteins involved in DNA replication and repair, rRNA
metabolism, pre-mRNA processing and Pol ll-dependent transcription. Interestingly,
interactions between Aurora kinase B (AURKB) and centromeric RNAs in mouse ES
cells were previously reported to be involved in the recruitment of telomerase to
chromosome ends in S phase (Mallm and Rippe 2015). AURKB was proposed to
bind to centromeric RNAs before interacting with the telomerase complex to enhance
its activity. It is therefore tempting to speculate that TERRA may similarly be
implicated, through its interaction with AURKB, into the activation and/or recruitment
of telomerase to telomeres, in line with previous observations in yeast (Cusanelli et
al. 2013; Moravec et al. 2016). A more recent study reported on the localization of
AurkB at mouse ESC telomeres where the kinase modulates Terf1 affinity for
telomeres and participates in telomeric integrity (Chan et al. 2017). The interaction
between AURKB and TERRA may participate in overall telomere protection through
the modulation of shelterin affinity for telomeres. Common pulled-down proteins also

included components of the paraspeckle subnuclear bodies and the Dazap1 RNA-
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binding protein. Interaction between TERRA and the human NONO paraspeckle
component was recently confirmed and shown to suppress RNA:DNA hybrid-induced
telomere instability; the same study confirmed the interaction between TERRA and
the DAZAP1 RNA-binding protein (Petti et al. 2019). HNRNP proteins and the BLM
helicase, previously identified as human TERRA interactors (Deng et al. 2009; Flynn
et al. 2011; Petti et al. 2019), were also recovered in the screens and we validated
the interaction between PAR-TERRA and mouse Blm by RIP. Interestingly, two
classes of proteins appeared to be differentially recovered in the screens. The first
one comprises centromeric proteins that were abundantly recovered in the mouse
pull-down screen, suggesting a function for mouse TERRA in centromere
assembly/stability. The second group includes proteins from the exosome complex
(EXOSC) that were enriched in the human pull-down screen, but not in the mouse
screen, suggesting possible distinct degradation machineries in human and mouse.
As we found a good overlap between our pull-down screen using mouse cell
extracts and the in vivo iDRIP screen in ES cells (Chu et al. 2017b), in which PAR-
TERRA was likely the most abundant TERRA species authors were looking at, these
results support the idea that, whether they originate from the transcription of
telomeres or the PAR locus, these UUAGGG-rich non-coding RNA molecules
interact with the same protein sets and are likely to serve similar functions in the cell.
Atrx, previously reported to interact with mouse TERRA (Chu et al. 2017b) was,
however, not recovered in our pull-down screens using the (UUAGGG)s probe. This
may be related to the observation that, although a 83-nt in vitro synthesized TERRA
RNA probe was efficiently shifted by Atrx in electrophoretic mobility shift assays, a
30-nt TERRA was shifted to a much lesser degree (Chu et al. 2017b). This suggests

that the oligonucleotide used in our studies might not be long enough to allow for
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efficient interaction with Atrx. Our biotinylated (UUAGGG)s probe similarly failed to
pull-down other mouse iDRIiP candidates, including Rtel1, Rpa1/2, Ctc1, Stn1 or Pml
(Chu et al. 2017b), with important functions in telomere biology. This may be
explained either by the size of the probe, as explained above, or by the need for a
chromatin context that is not recapitulated in the in vitro pull-down assay.
Alternatively, interactions may involve non-(UUAGGG), sequences.

Although the good overlap with the in vivo iDRiP screen in mouse ES cells
indicates that our pull-down screen efficiently recovered TERRA-interacting proteins,
future experiments will be required to properly address TERRA functions in human
and mouse cells using tools to specifically deplete TERRA or PAR-TERRA

transcripts.

Materials and Methods

Cell culture. The following mouse cell lines were used in this study: 3T3
spontaneously immortalized embryonic fibroblasts (ATCC), L929 spontaneously
immortalized adult and adipose tissue-derived fibroblasts (ECACC), M1 myeloblast
cell line (ECACC), RAW264.7 Abelson murine leukemia virus transformed
macrophages (ATCC), Neuro-2a neuroblastoma cell line (ATCC) and J774AA1
reticulum cell sarcoma cell line (monocytes/macrophages) (ATCC) and were kindly
provided by Thomas Michiels (de Duve Institute, Brussels, Belgium). Mouse
embryonic fibroblasts (MEF) were prepared from CD1 mice using standard protocols
and were kindly provided by Frédéric Lemaigre (de Duve Institute, Brussels,
Belgium). ES cells were kindly provided by Olivier De Backer (Université de Namur,

Namur, Belgium). The human cells used in this study were previously described:
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HCA2 (Arnoult et al. 2010) and HFF2 (Mattiussi et al. 2012) human foreskin
fibroblasts, HelLa cervix cancer cell line (ATCC), LB37 non-small cell lung cancer cell
line (Tilman et al. 2009) and SW39 SV40T-immortalized fetal lung fibroblasts (Tilman
et al. 2009, kindly provided by W. Wright, UT Southwestern Medical Center, Dallas,
USA). Cells were cultured in EMEM (L929, Neuro-2a, SW39, HFF2, HCA2, LB37),
DMEM (3T3, J774A.1, RAW264.7, MEF, HeLa) or RPMI (M1). All media were from
Gibco and enriched with 1x Penicillin-Streptomycin (Gibco) and 10% FBS (Gibco).
Cells were grown at 37°C under 5% CO2. CreERT2 Terf2 F/+ and Terf2 F/F SV40T-
immortalized MEF were a kind gift from Eros Lazzerini Denchi (The Scripps
Research Institute, La Jolla, USA) and were previously described (Okamoto et al.
2013). For RNA-IP experiments, we used 2575i immortalized mTert +/+ MEF, kindly
provided by Lea Harrington (Institute for Research in Immunology and Cancer,
Université de Montréal, Canada). Cells were cultured in high glucose DMEM,
GlutaMAX (Gibco) supplemented with 10% tetracycline-free fetal bovine serum (Pan
BioTech) and 100 U/ml penicillin-streptomycin (Gibco). For Terf2 knock-out, cells
were treated with 0.6 uM 4-hydroxytamoxifen (OHT, Sigma-Aldrich) and collected 48
or 72 hours after treatment. Terf2 deletion was confirmed by western blotting using a
rabbit monoclonal anti-Terf2 (Novus Biologicals, NB110-57130, 1:2000 dilution) and
a mouse monoclonal anti-beta Actin (Abcam, ab8224, 1:5000 dilution) to control for
loading. Secondary antibodies were HRP-conjugated goat anti-mouse and goat anti-
rabbit IgGs (Bethyl Laboratories, A90-116P and A120-101P, 1:2000 dilution). Signal
detection was performed using the ECL detection reagents (GE Healthcare) and a

FluorChem HD2 imaging apparatus (Alpha Innotech).

RNA extraction and RT-qPCR. Total RNA was extracted from mouse cell lines
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using TriPure (Sigma-Aldrich) as previously described (Arnoult et al. 2012). For
CreERT2 Terf2 F/+ and Terf2 F/F SV40T-immortalized MEF, total RNA was
extracted using the NucleoSpin RNA kit (Macherey-Nagel) by following the
manufacturers’ instructions. RNA concentrations were determined by Nanodrop.
cDNA synthesis, and gPCR were performed as described previously (Arnoult et al.
2012) using Superscript Il (Thermo Fisher Scientific), KAPA SYBR FAST (Sigma-
Aldrich) and primers described in Table S3. For cDNA synthesis using (CCCTAA)s

Telo primers, the mMGAPDH-RT primer was added at the same concentration of 1 uM.

Genomic DNA extraction. Genomic DNA was extracted from cell lines by overnight
digestion at 45°C with 100 ug/ml proteinase K and 50 uM CaCl; in 600 pl Lysis buffer
(10 mM Tris-HCI, 10 mM EDTA, 5% SDS, pH 8.0, Sigma-Aldrich) followed by DNA
purification with phenol-chloroform-isoamyl alcohol (25:24:1, Sigma-Aldrich) and

ethanol precipitation in 0.3 M sodium acetate, pH 5.2 (Sigma-Aldrich).

TREF. After digestion of 5-10 ug of genomic DNA with Hinfl and Rsal (Sigma-Aldrich),
Telomere Restriction Fragment (TRF) analysis was performed by Southern blotting
using a radioactive (CCCTAA)s probe 5 end-labeled with [y-32P] ATP and
polynucleotide kinase as described previously (Viceconte et al. 2017). Telomere
length was then evaluated with the publicly available Telotool software (Gohring et al.

2014).

RNA/DNA slot-blots. Slot-blots were performed as described previously (Arnoult et
al. 2012) using the radioactive (CCCTAA)s probe and the indicated amounts of
RNA/DNA. To normalize TERRA measurements, a radioactive probe against mouse

B-actin transcript was prepared as follows. A 0.8 kb fragment of mouse ACTB coding

22


http://rnajournal.cshlp.org/
http://www.cshlpress.com

Downloaded from rnajournal.cship.org on November 1, 2020 - Published by Cold Spring Harbor Laboratory Press

Viceconte et al

sequence was amplified from MEF cDNA using 5-ATATCGCTGCGCTGGTCGTC
and 5-ATGCCACAGGATTCCATACC primers. The probe was obtained by
incubation for 1h at 37°C of 100 ng of boiled PCR product with 40 uCi [a-*?P] dCTP
(Perkin Elmer), 1.5 mM dATP, dGTP and dTTP (Thermo Fisher Scientific), 5 uM
random hexamers (Thermo Fisher Scientific) and 5 U of large Klenow fragment
(NEB). After purification of the probe with Microspin G-25 columns (GE Healthcare),
hybridization was performed in UltraHyb solution (Thermo Fisher Scientific) and
membranes were washed first in 2x SSC/0.1% SDS and then in 0.2x SSC/0.1%
SDS. Signals were quantified using a Phosphorimager Typhoon Trio (GE
Healthcare). In some experiments, TERRA slot-bot membranes were stripped by

incubation for 30 min in 0.1 % SDS before hybridization with the p-actin probe.

TERRA-FISH, Telo-FISH and immunofluorescence. TERRA-FISH was performed
as described previously (Arnoult et al. 2012) using the C-rich
(FAM)CCCTAaCcCTaaCcCTAACCCTaaCCCTaaCCCTaaCCCTaA(FAM) probe
where small letters indicate LNA-modified bases (Exiqon). For control RNase
treatments, cells were permeabilized in buffer lacking Ribonucleoside Vanadyl
Complex (RVC) followed by fixation and incubation for 1 h at 37°C with 1 mg/ml
RNase A (Sigma-Aldrich) in PBS. When combined with immunofluorescence (IF)
against either Terf1 (mouse cells) or TRF2 (human cells)), TERRA FISH was
performed first, and, after removal of the probe, IF was performed as previously
described (Arnoult et al. 2012) using the following antibodies: Terf1 (1:3000,
#1448/1449, laboratory of Titia de Lange) and TRF2 (1:500, IMGENEX). To visualize
telomeres by Telo-FISH, in combination with IF against Terf1, we followed the
protocol described in Diman et al (2016). TERRA- and Telo-FISH images were

captured with a confocal microscope (Cell Observer Spinning Disc, Zeiss) equipped
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with 100x objective and AxioVision software. TERRA and telomeric foci were
quantified using the ImagedJ software (National Institutes of Health). After maximum
intensity projection of the Z-stacks, each focus was measured using local maxima
determination with a noise tolerance of 10. Total intensity of TERRA or telomeric foci
was calculated as the sum of all foci for each nucleus. At least 25 nuclei from at least

7 different images were quantified for each condition after background removal.

Bioinformatic analysis of publicly available RNA-seq experiments. A Perl script
was written to scan successive 2 kb-long sequences from the mouse genome
(GRCm38) to identify regions containing at least 30 telomeric repeats including either
pure (TTAGGG) or degenerate (TAAGGG, TGAGGG, TTGGGG, GTAGGG or
TCAGGG) repeats. Publicly available mouse RNA-seq experiments obtained from
NCBI's Sequence Read Archive (SRA) were downloaded. ESC, forebrain, frontal
lobe, B-cell lymphoma cells, MEF and MEL leukemia cell line datasets correspond,
respectively, to accessions SRR530639-SRR530640, SRR3192667-SRR3192668,
SRR567478-SRR567479, SRR3192560-SRR3192561, SRR5870458-SRR5870452
and SRR5048192-SRR5048193. These are all strand-specific RNA-seq datasets
with a high sequencing coverage (> 140 millions paired reads). Fastq files were all
processed using the same pipeline. Read quality control was performed using
FastQC v0.11.8 (Andrews 2010) and low-quality sequences were removed using
Trimmomatic v0.38 (Bolger et al. 2014). Filtered reads were aligned on GRCm38
mouse genome using HISAT2 v2-2.1.0 (Kim et al. 2015). Gene expression levels
were evaluated using featureCounts v2.0.0 (Liao et al. 2014) and
Mus_musculus.GRCm38.94.gtf. Regions corresponding to Chr 2, PAR, Telo 18q and
Tsix PCR products were artificially introduced in the gtf file as fictive genes to allow

their quantification. Strand specificity was taken into account and only unambiguously
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mapped reads were considered for quantification. Bam files were further converted to
tdf files using igvtools v2.3.98 (Robinson et al. 2011) before viewing alignment data

in IGV browser.

SILAC labeling and nuclear extract preparation. Mouse R1/E embryonic stem
cells (ATCC) were SILAC-labeled in DMEM (-Arg, -Lys) medium containing 42 mg/L
13C6"5N4 L-arginine (Euriso-Top) and 73 mg/L "3Cs'*N, L-lysine (Euriso-Top) or the
corresponding concentration of unlabeled amino acids (Sigma-Aldrich). Medium was
supplemented with 10% dialyzed fetal bovine serum (PAA), 1x non-essential amino
acids (Gibco), 50 uM 2-mercaptoethanol (Gibco), 3 uM CT-99021 (Biomol), 1 uM PD-
0325901 (Biomol), 1 mM sodium pyruvate, 100 U/ml LIF (Millipore),100 U/ml
penicillin and 100 pg/ml streptomycin (Gibco). Nuclear extracts were prepared
essentially as previously described (Scheibe et al. 2013) and were shock frozen in

liquid nitrogen and stored at -80°C until use.

RNA pull-downs, mass spectrometry and data analysis. RNA pull-downs with
SILAC nuclear extracts were performed as previously described (Scheibe et al.
2013). Pull-downs were separated on a 4%-12% NOVEX gradient SDS gel (Life
Technologies) for 50 min at 180 V in 1x MOPS buffer (Life Technologies) and
processed into peptides as previously described (Scheibe et al. 2013). For mass
spectrometry analyses, peptides were separated on a 20 cm self-packed column with
75-um diameter filled with ReproSil-Pur 120 Cis-aq (Dr. Maisch GmbH) mounted to
an EASY HPLC 1000 (Thermo Fisher) and sprayed online into an Q Exactive Plus
mass spectrometer (Thermo Fisher). We used a 120-min gradient from 2% to 60%
acetonitrile in formic acid at a flow of 225 nL/min. The mass spectrometer was

operated with a top 10 MS/MS data-dependent acquisition scheme per MS full scan.
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Mass spectrometry raw data were searched using the Andromeda search engine
(Cox et al. 2011) integrated into MaxQuant suite 1.5.2.8 (Cox and Mann 2008) using
the ENSEMBL Mus_musculus.GRCm38 protein database (57,751 entries). The
human data (Scheibe et al. 2013) was reanalyzed with MaxQuant suite 1.5.2.8 using
the ENSEMBL Human GRCh38 protein database (102,915 entries). In both
analyses, carbamidomethylation at cysteine was set as fixed modification while
methionine oxidation and protein N-acetylation were considered as variable
modifications. Match between run option was activated. Prior to bioinformatic
analyses, reverse hits, proteins only identified by site, protein groups based on 1
unique peptide and known contaminants were removed. Further filtering and
graphical representation was done in an R framework incorporating ggplot2 package
(R core team 2017; Wickham 2016). To determine murine/human orthologues, we
queried the Compara database provided within ENSEMBL (Zerbino et al. 2018) using
the biomart software package (Durinck et al. 2005; Durinck et al. 2009). Further, we
queried the gene ontology (GO) database (Ashburner et al. 2000; The Gene
Ontology Consortium, 2017) for functional analysis. We tested our enriched proteins
against all detected proteins using overrepresentation tests (FDR < 0.05) as
implemented in the clusterProfiler package (Yu et al. 2012). Finally, functional
associations among enriched proteins were highlighted using STRING (version 10.5)

(Szklarczyk et al. 2017).

RNA immunoprecipitation (RIP). Approximately 107 2575i MEF were cross-linked
with 1% formaldehyde (Sigma-Aldrich) for 15 min at RT, before quenching with 125
mM glycine for 5 min at RT. After two washed with ice-cold PBS, cells were scraped

from dishes and centrifuged at 1000 xg for 5 min at RT. Pellets were resuspended in
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2 ml PBS, 2 ml Nuclear isolation buffer (40 mM Tris-HCI, pH 7.5, 20 mM MgClz, 4%
Triton X-100, 1.28 M sucrose) and 6 ml water before incubation on ice for 20 min with
frequent mixing. After centrifugation at 2500 xg for 15 min at 4°C, pellets were
resuspended in 1 ml of RIP buffer (150 mM KCI, 25 mM Tris-HCI, pH 7.5, 5 mM
EDTA, 0.5% Nonidet-P40, 1 mM DTT, 100 U/ml RNase Out (Thermo Fisher
Scientific) and EDTA-free Protease Inhibitor Cocktail (Sigma-Aldrich)). Nuclear
extracts were sonicated twice using a Bioruptor apparatus (Diagenode) before
centrifugation at maximum speed for 10 min at 4°C. Sonicated extracts were pre-
cleared by incubation with Dynabeads™ Protein A (Thermo Fisher Scientific), pre-
blocked with BSA and E. coli tRNA, on a rotating wheel for 1h at 4°C. Pre-cleared
lysates were then diluted in RIP buffer to a final concentration of 1 mg/ml and 1 mi
was used for each IP with 2 ug of the respective antibodies (rabbit anti-Blm (Bethyl
Laboratories A300-110A), rabbit anti-Suz12 (Abcam ab12073) and rabbit anti-Terf2
(Novus Biologicals NB110-57130)). After 3h incubation at 4°C on a rotating wheel,
pre-blocked Dynabeads™ Protein A was added to the samples for an overnight
incubation at 4°C. Beads were washed 3 times with RIP buffer and once with high
salt RIP buffer (300 mM KCI) before elution with 25 mM Tris-HCI, pH 7.5, 5 mM
EDTA, 0.5% SDS with 0.1 pug Proteinase K for 45 min at 45°C, and then overnight at
65°C to revert cross-link. Eluted RNA was purified using Nucleospin RNA kit
(Macherey-Nagel) and cDNA was synthesized using Superscript IV (Thermo Fisher

Scientific) and 10 uM Telo primers as described above.
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Tables

Figure legends

Figure 1. TERRA-FISH signals correlate with telomere length but not with
UUAGGG content in human cells. A. Immunofluorescence against TRF2 (red)
combined with RNA-FISH to detect TERRA with a (CCCTAA)7 LNA green probe in
HT1080-ST human cell line. DNA is stained with DAPI (blue). Scale bar, 5 um. B.
Comparison between TERRA-FISH (left) and telomeric FISH (right) in HCA2
(telomere length: 11.1 kb) and LB37 (telomere length: 3.8 kb) human cells using the
(CCCTAA)7 LNA green probe and the same exposure time. Experimental conditions
are indicated below. Scale bar, 5 um. C. Correlation between total nuclear TERRA-
FISH intensity (expressed as % of intensity in HFF2 cells) and total Telo-FISH
intensity (expressed as % of intensity in HCA2 cells). At least 50 nuclei were
quantified for TERRA-FISH or Telo-FISH in each cell line. Cell line names are
indicated. R=0.943; p two-tailed=0.016. D. Correlation between TERRA-FISH
intensity (expressed as % of intensity in HFF2 cells) and telomere length (kb)
evaluated by TRF (Arnoult et al. 2012; Tilman et al. 2009). R=0.882; p two-
tailed=0.048. E. RNA slot-blots in LB37 and HCA2 human cells. Total RNA (2 or 4
ng) isolated from LB37 or HCAZ2 cells was hybridized with either the (CCCTAA)4
probe or a probe against human ACTB. F. Quantification from B and E. Data are

normalized to HCA2. Mean + S.D.

Figure 2. TERRA-FISH signals correlate with UUAGGG content but not with
telomere length in mouse cells. A. TRF analysis on genomic DNA isolated from

the indicated mouse cell lines. Position of the ladder is indicated on the left with the
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corresponding size (kb). Telomere length, calculated with Telotool software, is
indicated below. B. TERRA-FISH in J774A.1, Neuro-2a, L929 and M1 mouse cell
lines using the (CCCTAA)7 LNA green probe with (right) or without (left) RNase A
treatment. DNA is stained with DAPI (blue). Bar scale, 5 um. C. Correlation between
measurements in A and B. At least 35 nuclei were quantified for TERRA-FISH in
each cell line. R=-0.47; p two-tailed=0.53. D. Immunofluorescence against Terf1 (red)
combined with RNA-FISH to detect TERRA with a (CCCTAA)7 LNA green probe in
Neuro-2a mouse cells. Arrows indicate co-localization events. DNA is stained with
DAPI (blue). Bar scale, 5 um. E. Immunofluorescence against Terf1 (red) combined
with FISH to detect telomeres with a (CCCTAA); LNA green probe in Neuro-2a
mouse cells. DNA is stained with DAPI (blue). Bar scale, 5 um. F. RNA slot-blots in
the indicated mouse cell lines. Total RNA (1, 0.5 or 0.25 ng) was hybridized with the
(CCCTAA)4 probe (upper panel) or with a probe against mouse ACTB (lower panel,
0.5 ng). G. Correlation between measurements from F and TTAGGG content
evaluated by slot-blot (Fig S1A-B). R=-0.37; p two-tailed=0.28. H. Summary of the

differences between human and mouse TERRA.

Figure 3. In silico search for candidate mouse genomic loci producing
UUAGGG-containing RNAs. A. Workflow for the identification of mouse candidate
genomic loci for TERRA production. B. Graphical representation of mouse
chromosomes and putative loci for TERRA production in green (telomeric loci) or red
(intrachromosomal loci). C. IGV screenshots showing coverage density over regions
of interest for the indicated mouse cell lines or tissues. Thered line on each
chromosome indicates the region displayed below. Genes or portions of genes are

represented, with dark blue boxes corresponding to exons and dark blue lines with
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arrows corresponding to introns. TTAGGG or variant (as indicated in A) repeats are
indicated in red. Regions corresponding to PCR products in the study appear in light
blue with dotted lines on both sides. Displayed coverages are normalized (each value
was multiplied by 1e6 and divided by the total number of reads) and correspond to
reads unambiguously mapped and resulting from transcription in sense orientation
exclusively. D. Quantification of reads aligned to the regions shown in C (“PCR
products”). Counts are normalized (read counts were divided by the region length

(kb) and multiplied by 1e6 / total number of reads).

Figure 4. Candidate TERRA molecules contain UUAGGG repeats. A. Graphical
representation of the genomic context for the four mouse TERRA loci analyzed in this
study. TTAGGG-rich regions, whether at telomeres or at intrachromosomal loci, are
shown by red boxes and their length is indicated. PCR product positions are
indicated with light blue boxes. B. Relative expression levels of Telo 18q, Chr 2, PAR
or Tsix TERRA loci and Sod1l in cDNA from J774A.1 and ES cells synthesized with
either random or Telo and GAPDH primers. Values are normalized first to GAPDH
and then to the ratio measured in J774A.1 cells when random primers are used for

RT. Mean + S.D.

Figure 5. TERRA transcripts mostly originate from the PAR locus in mouse
cells. A. Relative expression levels of PAR, Telo 18q, Chr 2 or Tsix TERRA loci in
cDNA from the indicated cell lines synthesized with random primers. Values are
normalized first to GAPDH and then to the PAR expression level in J774A.1 cells.
Mean = S.D. B. RNA slot-blots in the indicated mouse cell lines. Total RNA (1 ng)

was hybridized with the (CCCTAA)4 probe or with a probe against mouse ACTB. C.
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Correlations between measurements from A and B as indicated (all measurements
were normalized to J774A.1). R values and p two-tailed values are indicated for each

graph.

Figure 6. Transcription of mouse telomeres is not increased upon Terf2
depletion. A. Western blot analysis of Terf2 in total cell extracts from CreERT2 Terf2
F/+ and Terf2 F/F SV40T-immortalized MEF. B-actin is shown as loading control. B.
Vizualisation of PCR products from Telo 18q, Telo 5q and Telo 11q obtained through
amplification on either gDNA (upper panel) or cDNA (lower panel) prepared from
J774A.1 cells. The distance between each PCR product and the respective telomere
is indicated below (bp). C. Ct values from RT-qPCR experiments on cDNA
synthesized with Telo and GAPDH primers from the F/+ or F/F fibroblast cell lines

treated as indicated. Mean + S.D.

Figure 7. SILAC screening of the quantitative mouse TERRA pull-down. A.
STRING network showing the 128 mouse TERRA-interacting candidates from either
the pull-down screen (using 24-fold enrichment as threshold) or the iDRiP screen
(Chu et al. 2017b) that either showed perfect overlap between the two screens
(highlighted in yellow) or were belonging to similar protein families. Candidates that
were exclusively found in the SILAC pull-down screen are shown in bold. Line color
of the edges indicates the type of interaction evidence between the nodes according
to STRING default parameters. B. Validation of Suz12 and BIm as PAR-TERRA-
interacting proteins, using the shelterin complex as positive control for binding. Three
independent RNA-IP experiments were performed for each protein using nuclear

extracts from 2575i MEF and Telo primers for RT. No antibody was added in the
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control experiments (-Ab) and additional controls lacking reverse transcriptase (-RT)
were performed to monitor gDNA contamination. PAR-TERRA transcript levels in the
IP were normalized to input (%). MeantS.E.M, two-tailed unpaired t-tests. C.
Average Ct values for PAR-TERRA and Telo 18q RT-gPCR in the input and the RIP

samples. Mean+S.D., n=3 independent experiments.

Figure 8. Comparison of human and mouse TERRA interactomes. A. Two-
dimensional interaction plot for the TERRA pull-down under 250 mM sodium chloride
washing conditions both for murine and human (Scheibe et al. 2013) samples. Dotted
red line indicates the enrichment threshold. The top TERRA enriched proteins are
annotated, highlighting in green those that are shared between human and mouse
datasets. B. GO terms associated with the mouse 188 common interacting proteins
were tested for over-representation (with Fisher's exact test) against GO terms
associated to all detected proteins in the mouse dataset. Nodes represent GO
categories and edges show overlapping gene sets. Color scale shows the
significance (BH adjusted p-values) of the over-representation and node sizes are

proportional to the number of genes per GO category.
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