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SUMMARY

Telomeric repeat-containing RNA (TERRA) is a long non-coding RNA transcribed from telomeres that plays
key roles in telomeremaintenance. A fraction of TERRA is polyadenylated, and the presence of the poly(A) tail
influences TERRA localization and stability. However, the mechanisms of TERRA biogenesis remain mostly
elusive. Here, we show that the stability of TERRA transcripts is regulated by the RNA-binding protein asso-
ciatedwith lethal yellowmutation (RALY). RALY depletion results in lower TERRA levels, impaired localization
of TERRA at telomeres, and ultimately telomere damage. Importantly, we show that TERRA polyadenylation
is telomere specific and that RALY preferentially stabilizes non-polyadenylated TERRA transcripts. Finally,
we report that TERRA interacts with the poly(A)-binding protein nuclear 1 (PABPN1). Altogether, our results
indicate that TERRA stability is regulated by the interplay between RALY and PABPN1, defined by the TERRA
polyadenylation state. Our findings also suggest that different telomeres may trigger distinct TERRA-medi-
ated responses.

INTRODUCTION

Telomeric repeat-containing RNA (TERRA) is a class of long non-

coding RNAs transcribed from chromosome ends in a variety of

organisms.1–5 TERRA transcription relies on RNA polymerase II

and initiates within subtelomeric regions to proceed toward the

end of the chromosomes, terminating within the telomeric repeat

tract.6 As a consequence, the 50 end of TERRA contains chromo-

some-specific subtelomeric sequences, while the 30 extremity of

TERRA transcripts consists of G-rich telomeric sequences

(UUAGGGn in vertebrates).7 In humans, TERRA promoter re-

gions have been identified at CpG di-nucleotide-rich DNA

islands located in proximity of the telomeric tract in about half

of chromosomes8 and at 5–10 kb from the telomeric tract in 10

different chromosomes.9

Intriguingly, despite the absence of polyadenylation sites

within the telomeric sequences, 7% of the total population of

TERRA is polyadenylated in human cells.10 Polyadenylated

TERRA molecules localize within the nucleoplasm, while the

non-polyadenylated transcripts are found both within the nucle-

oplasm and associated with chromatin.11 Although poly(A)+

TERRAs are more stable than non-polyadenylated tran-

scripts,11,12 the mechanisms regulating TERRA stability remain

to be defined.

The association of TERRA with telomeres is dependent on its

telomeric 30 end, which mediates the interaction with telomere-

binding proteins13–18 and the formation of RNA:DNA hybrids,

or R-loops, at chromosome ends.16,19–27

At telomeres, TERRA mediates multiple important functions,

including regulation of telomere replication,28 heterochromatin

formation,13 recruitment of telomerase,29–32 and homologous

recombination among telomeres in cancer cells using alternative

lengthening mechanisms of telomeres (ALT).16,19,23,24,33 Altered

telomeric localization and depletion of TERRA result in impaired

telomere function.1,14,15,34–36 Furthermore, deregulation of

TERRA transcription by the use of modified transcription acti-

vator-like effectors (TALEs) induced telomere dysfunction.33,37

These findings indicate that proper TERRA expression and
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localization are essential to telomere function. Nevertheless, the

molecular mechanisms of TERRA biogenesis remain elusive.

RALY is a member of the RNA-binding protein heterogeneous

nuclear ribonucleoproteins (hnRNPs) family that preferentially

binds U-rich regions within the 30 UTR of RNAs.38,39 RALY plays

roles in several biological processes related to RNA metabolism,

splicing, RNA stability, and transcription.39–43 Recently, RALY

was identifiedasacomponentof theTERRA interactome inmouse

embryonic stemcells14and inhumanosteosarcomaU2OScells,44

suggestingapossible role in thebiologyofTERRA, yet theTERRA-

RALY interaction remained uninvestigated.

Here, we show that RALY binds TERRA in human cancer

cells, playing an active role in regulating TERRA levels in a

telomere-specific manner. In the attempt to gain mechanistic

insights on this process, we found that TERRA polyadenylation

occurs preferentially on transcripts expressed from specific

telomeres. Polyadenylation represents the main determinant

for the stability of the poly(A)+ TERRA transcripts, while pol-

y(A)� TERRA molecules are stabilized by RALY. Notably, we

report that TERRA transcripts interact with the poly(A)-binding

protein nuclear 1 (PABPN1) and that TERRA stability is regu-

lated by the concerted action of PABPN1 and RALY in a

telomere-specific manner. Our findings provide unexpected in-

sights into the mechanisms controlling TERRA levels in human

cancer cells.

RESULTS

TERRA transcripts interact with RALY
We investigated whether TERRA transcripts interact with RALY

by RNA immunoprecipitation (RIP) experiments. A RALY-spe-

cific antibody enabled us to immunoprecipitate the endogenous

RALY protein from HeLa nuclear extracts (Figure 1A). qRT-PCR

analyses revealed an enrichment of TERRA from all telomeres

analyzed, suggesting a possible interaction between RALY and

TERRA (Figure 1B). Since RALY preferentially binds the 30
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Figure 1. TERRA transcripts interact with RALY

(A) Western blot analysis for RALY and ⍺-actinin proteins in RALY immunoprecipitates (IPs), control IPs (IgG), and input from nuclear protein lysates of HeLa cells.

The experiment was repeated at least two times.

(B) TERRA is enriched in RALY IPs. qRT-PCR analyses to assess the indicated TERRA transcripts in RALY IP and IgG IP samples. E2F1 andGAPDHmRNAswere

used as positive and negative controls for RALY interaction, respectively. Data are shown as percentage of input and represent the mean and SEM from at least

two independent experiments. Statistical analyses were performed using two-tailed unpaired t test versus GAPDH (negative control). *p < 0.05, **p < 0.01.

(C) Western blot analysis for RALY and ⍺-actinin proteins upon RNA pull-down from nuclear protein lysates of HeLa cells. Two oligonucleotides were used: a

biotinylated TERRA-mimicking oligonucleotide consisting of 8 repeats of the G-rich telomeric RNA sequence (UUAGGG8) and a control oligonucleotide

(CACUGA8). RNA probes for E2F1 wild type (WT) and mutated form (mut) were used as positive and negative controls of RALY interaction, respectively. The

experiment was repeated at least two times.

(D) Quantification of western blot RALY signal pulled down by (UUAGGG8) or (CACUGA8) biotinylated oligos. Data shown represent mean and SEM. n = 2.

Statistical analyses were performed using two-tailed unpaired t test; **p < 0.01.
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UTRs,39 we hypothesized that it might interact with the 30 end
sequence of TERRA, which is common to all TERRA transcripts.

To investigate this possibility, we assessed the interaction

between RALY and a biotinylated TERRA-mimicking oligonucle-

otide. Incubation of HeLa nuclear extracts with the TERRA-

mimicking oligonucleotide retrieved RALY (Figures 1C and 1D).

In contrast, RALY was barely detected in the pull-down experi-

ments performed using a TERRA-mutated oligonucleotide. As

expected, the negative control a-actinin protein was not de-

tected (Figure 1C). These findings indicate that TERRA interacts

with RALY via its 30 end.

TERRA levels are regulated by RALY
To investigate the role of RALY in the biology of TERRA, we

analyzed TERRA levels in HeLa RALY knockout (KO) cells

generated by CRISPR-Cas9.39 Northern blot analyses revealed

lower TERRA levels compared with HeLa control cells (Fig-

ure 2A). Furthermore, RNA dot blot analyses showed a marked

decrease of TERRA signal in RALY KO cells compared with

control cells (Figures 2B and 2C). To visualize TERRA tran-

scripts in fixed cells, we performed single-molecule inexpen-

sive RNA fluorescence in situ hybridization (smiFISH).45,46 As

expected, we observed the formation of discrete TERRA foci

in the nucleus of control cells (Figures 2D and S1A). In contrast,

RALY KO cells showed a significant decrease in the number of

TERRA foci per cell (Figure 2E) and less intense foci (Figure 2F).

Importantly, reexpression of RALY in KO cells restored the

number and intensity of TERRA foci, indicating that the

decrease in TERRA signal is dependent on RALY (Figures 2E,

2F, and S1B). To further validate these results, we transfected

HeLa cells with RALY-targeting small interfering RNAs (siRNAs)

(Figure S1C). smiFISH analyses indicated a decrease in the

number of TERRA foci per cell in siRALY-transfected cells (Fig-

ure S1D). Together, these results indicate that RALY regulates

TERRA levels in cells.

To study whether decreased TERRA levels would result in

impaired TERRA localization, we performed smiFISH for

TERRA followed by immunofluorescence (IF) for RAP1, a telo-

mere-binding protein and Shelterin complex subunit (Figure 2G).

By these experiments, we observed a marked decrease in the

number of TERRA foci localizing at telomeres in RALY KO cells

(Figure 2H) and siRALY-transfected cells (Figure S1E). Impor-

tantly, reexpression of RALY in KO cells restored the number

of telomeric TERRA foci at telomeres, confirming that the

impaired localization of TERRA is RALY dependent (Figure 2H).

Since an impaired telomeric localization of TERRA and a

decrease of TERRA levels associate with telomere dysfunc-

tion,1,15,34 we investigated the presence of DNA damage at

telomeres upon RALY depletion (Figure 2I). Transfection of

siRALY resulted in an increased percentage of cells positive

for telomere dysfunction-induced foci (TIFs) and an increased

number of TIFs per cell (Figures 2J and 2K). We tested whether

increased DNA damage at telomeres correlates with R-loop

formation by performing RNASEH1-chromatin immunoprecipi-

tation (R-ChIP) experiments in RALY-depleted cells or control

cells.47 To this aim, we generated clones expressing the

RNaseH1 mutant D210N, which binds R-loops without leading

to their degradation due to defective enzymatic activity.47

qPCR analysis of chromatin bound to the RNaseH1 mutant

D210N showed no differences in R-loop formation at subtelo-

meres in RALY-depleted cells and HeLa control cells (Figures

S1F and S1G), suggesting that RALY does not influence

R-loop formation at subtelomeres. Altogether, our findings

show that RALY depletion results in a downregulation of

TERRA, impaired localization of TERRA transcripts at telo-

meres, and increased TIF formation.

Figure 2. TERRA levels are regulated by RALY

(A) Northern blot analysis of TERRA from HeLa WT and HeLa RALY KO cells. Total RNA was resolved on agarose gel (right), and membrane hybridization was

performed using a probe hybridizing with the telomeric repeat tract of TERRA (TERRA probe) (left). RNase A-treated samples were loaded as control for the

specificity of the signal. The experiment was repeated two times.

(B) RNA dot blot analysis using TERRA probe or 18S rRNA. Total RNA was extracted from HeLa WT and HeLa RALY KO cells. RNase A-treated samples were

analyzed as control for the specificity of the signal. The experiment was repeated four times.

(C) Quantification of the RNA dot blot TERRA signals normalized over 18S RNA signals. Data shown represent mean and SEM. n = 4.

(D) Detection of TERRA in fixed cells by smiFISH in HeLaWT, RALY KO, RALY KO transfected with empty vector (KO + EV), and RALY KO transfected with RALY-

expressing vector (KO + RALY). Nuclei were stained by DAPI. The experiment was repeated two times.

(E) Quantification of the number of TERRA foci per cell detected by smiFISH. Data shown representmean and SD. n = 2. At least 100 nuclei were analyzed for each

sample.

(F) Quantification of TERRA foci integrated density in the indicated conditions. Data are shown in arbitrary units representing mean and SD. n = 2. At least 100

nuclei were analyzed for each sample.

(G) Detection of telomeric TERRA foci by smiFISH for TERRA and IFs for Rap1 in the indicated conditions. DAPI was used to stain nuclei. Insets show TERRA and

RAP1 foci co-localizing (untransfected WT and transfected KO + RALY) and non-co-localizing (untransfected KO and transfected KO + EV). The experiment was

repeated two times.

(H) Quantification of the number of telomeric TERRA foci per cell as detected by smiFISH/IF in the indicated conditions. Data shown representmean and SD. n = 2.

At least 130 nuclei were analyzed for each sample.

(I) IF experiment using anti-gH2AX and anti-Rap1 antibodies performed in HeLa cells untransfected or transfected with siRNA CTR (siCTRL) or with RALY-

targeting siRNA (siRALY). Nuclei were stained by DAPI. Insets show gH2AX and RAP1 foci not co-localizing (untransfected and siCTR) and co-localizing (siRALY).

The experiment was repeated two times.

(J) Quantification of telomere dysfunction-induced foci (TIFs) per cell as detected by Rap1 and gH2AX immunostaining in the indicated conditions. Data shown

represent mean and SD. n = 2. At least 120 nuclei were analyzed for each sample.

(K) Distribution of TIFs per cell. Data represent percentage of cells showing the indicated number of TIFs in untransfected cells and cells transfected with siCTRL

or siRALY. Graph related to (J). n = 2. Scale bars: 5 mm.

For statistical analyses, two-tailed unpaired t test was used in (C) and two-tailed unpaired t test withWelch’s correction in (E), (F), (H), and (J); *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001.
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TERRA stability is regulated by RALY in a telomere-
specific manner
To gain further insights into the role of RALY in the biology of

TERRA, we analyzed TERRA levels from single telomeres by

qRT-PCR. These analyses revealed a decrease in TERRA levels

in RALY KO cells frommost, although not all, telomeres analyzed

(Figures 3A and S2A). Importantly, reexpression of exogenous

RALY in the KO cells restored TERRA levels to wild-type (WT)

conditions (Figure S2B), despite an effect of the transfection re-

agent on TERRA expression (Figure S2C), indicating that TERRA

downregulation depends on RALY. In addition, RALY depletion

resulted in decreased TERRA levels (Figure 3B). Notably, among

the analyzed TERRA subpopulations, the levels of TERRA tran-

scripts expressed from telomeres 17q, 20q, and XpYp were

not affected by RALY KO (Figure 3A) or RALY depletion (Fig-

ure 3B). Together, these results indicate that TERRA levels are

regulated by RALY in a telomere-specific manner.

In light of these findings, we investigated the stability of TERRA

transcripts expressed from different telomeres in RALY KO cells.

We treated RALY KO and WT cells with actinomycin D to block

transcription and assessed TERRA levels at various time points

(Figures 3C and 3D). b-actin, c-myc, and GAPDH mRNAs were

included in the analyses for normalization and as controls

(Figures S2D and S2E). Interestingly, by analyzing TERRA levels

in WT cells, we observed that TERRA molecules retain different

stability depending on their telomere of origin (Figures 3C and

3D). Furthermore, we found that TERRA stability is impaired in

RALY KO cells in a telomere-specific manner. Indeed, TERRA

transcripts expressed from telomeres 2q, 9p, 15q, and XqYq

showed a significantly impaired stability (Figure 3C), while the

stability of TERRA from telomeres 17p, 17q, 20q, and XpYp

remained unaltered (Figure 3D). Strikingly, the levels of 17q-,

20q-, and XpYp-TERRA were also unaffected by RALY KO and

RALY depletion (Figures 3A and 3B). Altogether, these findings

suggest that RALY regulates TERRA levels in a telomere-specific

manner by stabilizing specific subpopulations of TERRA

transcripts.

TERRA transcripts are polyadenylated in a telomere-
specific manner
Since TERRA stability depends on polyadenylation,11 we inves-

tigated the extent of polyadenylation of TERRA transcripts

expressed from different telomeres. To this aim, we reverse tran-

scribed total RNA from HeLa cells with either a telomeric repeat-

specific primer (TERRA RT) or an oligo-dT primer (oligo-dT RT).

qPCR analyses detected telomeres 17q-, 20q-, and XpYp-

TERRA from both TERRA RT and oligo-dT RT samples;

conversely, telomeres 2q-, 9p-, 15q-, 17p-, and XqYq-TERRA

were predominantly detected from TERRA RT cDNA (Figures

4A and S3A). These findings suggest that TERRA polyadenyla-

tion occurs preferentially at specific telomeres.

To confirm this possibility, we measured TERRA enrichment in

poly(A)+ and poly(A)� RNA fractions isolated from HeLa cells.

GAPDH, E2F1, and 18S rRNA were included as fractionation

controls. Interestingly, TERRA expressed from telomeres 17q,

20q, and XpYp were the most enriched TERRA subpopulations

in the poly(A)+ fraction, while telomeres 2q-, 9p-, 15q-, 17p-,

and XqYq-TERRA were predominantly detected in the poly(A)�

fraction (Figures 4B and S3B). Notably, the same pattern of

TERRA transcripts enrichment was detected in poly(A)+ and pol-

y(A)� fractions obtained from HCT116, MCF7, and U2OS cells

(Figures 4C–4E and S3C–S3E). These findings further suggest

that polyadenylation of TERRA occurs in a telomere-specific

manner and that it is independent of the cell types.

RNA polyadenylation is regulated by PABPN1, which binds the

RNA and stimulates poly(A) polymerase (PAP) activity.48 To

assess the interaction between PABPN1 and TERRA, we immu-

noprecipitated the PABPN1 protein and performed qRT-PCR

analyses to detect TERRA transcripts (Figures 4F and 4G).

Interestingly, most TERRA subpopulations were found enriched

in the PABPN1 pull-down compared with immunoglobulin

G (IgG). Telomeres 17q-, 20q-, and XpYp-TERRA were the

most enriched TERRA subpopulations in the PABPN1 IP sam-

ples (Figures 4G and S3F). These findings indicate that among

the TERRA transcripts analyzed, PABPN1 mainly interacts with

17q-, 20q-, and XpYp-TERRA, supporting our findings that these

TERRA transcripts are preferentially polyadenylated with respect

to the other TERRA subpopulations analyzed.

The mechanism of TERRA polyadenylation in human cells re-

mains unclear. Since RALY interacts with TERRA, we verified

whether it may influence TERRA polyadenylation. To this aim,

we performed qPCR analyses of RNA obtained from RALY KO

or control cells and reverse transcribed with TERRA RT or

oligo-dT primers. These experiments revealed no differences in

the TERRA polyadenylation pattern (Figure S4A), indicating

that RALY expression is not required for TERRA polyadenylation.

In line with these findings, ChIP experiments showed that RALY

does not bind to telomeres (Figures S4B and S4C), suggesting

that it exerts its function on TERRA post-transcriptionally. To

investigate whether TERRA polyadenylation occurs co-tran-

scriptionally, nuclear run-on (NRO) transcription was performed

in isolated nuclei in the presence of bromouridine.49 Labeled

Figure 3. TERRA stability is regulated by RALY in a telomere-specific manner

(A) qRT-PCR analyses of TERRA expression from the indicated telomeres performed from total RNA extracted fromWT and RALYKOHeLa cells. Data are shown

as fold change over HeLa WT representing mean and SEM. n = 4. Primers’ amplification efficiencies were validated for all primer pairs (Table S1). Ct absolute

values of TERRA levels are shown in Figure S2A.

(B) qRT-PCR analyses of TERRA expression from the indicated telomeres performed from total RNA extracted from HeLa cells untransfected and transfected

with siCTRL or siRALY. Data are shown as fold change over untransfected cells (dashed line) and represent mean and SEM. n = 2.

(C and D) qRT-PCR analyses of TERRA expression from the indicated telomeres in HeLaWT and HeLa RALY KO cells at different time points after actinomycin D

treatment. Data are shown as fold change over untreated cells and represent mean and SEM. n = 3.

For statistical analyses, in (A), a two-tailed unpaired t test was used; in (C) and (D), a two-tailed unpaired t test was performed betweenWT and KO regression lines

slopes for 2q-, 9p-, 17p-, 17q-, XpYp-, and XqYq-TERRA; and for 15q- and 20q-TERRA, two-tailed unpaired t test was performed between the single WT and KO

actinomycin D time points because linear regression did not fit the points; ns, not-significant, *p < 0.05, **p < 0.01, ***p < 0.001.
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nascent transcripts were immunocaptured using an anti-BrdU

antibody and analyzed by qPCR upon reverse transcription us-

ing the oligo-dT primer (Figure S4D). These experiments showed

an increase in TERRA polyadenylation during transcription for

two out of three TERRA subpopulations analyzed, suggesting

that polyadenylation of most TERRA transcripts occurs co-

transcriptionally.

R-loop formation impacts transcription termination in human

cells.50 Furthermore, recent evidence indicate that R-loop

structures can regulate the RNA polyadenylation process in Ara-

bidopsis.51 To test whether R-loops may influence TERRA poly-

adenylation, we generated HeLa clones overexpressing RNase

H1 or its mutant form, which is unable to degrade R-loops.47

RNaseH1 overexpression did not influence the TERRA polyade-

nylation pattern, suggesting that R-loops are not involved in the

TERRA polyadenylation process in HeLa cells (Figure S4E). Alto-

gether, these results indicate that TERRA transcripts are polya-

denylated in a telomere-specific manner. PABPN1 interacts

mainly with the polyadenylated TERRA fractions, although an

enrichment of non-polyadenylated TERRA transcripts is de-

tected in PABPN1 IP samples. Most TERRA transcripts seem

to be polyadenylated co-transcriptionally and neither RALY nor

R-loops formation are involved in the process of TERRA

polyadenylation.

TERRA stability is regulated by the interplay between
RALY and PABPN1
PABPN1 has been shown to promote stability of mRNAs but

also target RNAs for degradation by the nuclear exosome.52

Since most TERRA subpopulations analyzed were found en-

riched in PABPN1 pull-downs, we decided to investigate a

possible function of PABPN1 in the regulation of TERRA. To

this aim, we depleted PABPN1 in HeLa cells using siRNAs (Fig-

ure S5A) and studied TERRA levels by qRT-PCR. Interestingly,

these experiments showed a significant increase of TERRA

signal upon PABPN1 depletion (Figure 5A). Elevated TERRA

levels were detected from all TERRA subpopulations analyzed

except for the TERRA 17p, the TERRA subpopulation showing

the lowest enrichment in PABPN1 immunoprecipitates (Fig-

ure 4G). Notably, PABPN1 depletion did not affect the TERRA

polyadenylation pattern (Figure S5B), indicating that PABPN1

is not involved in TERRA polyadenylation and that the

increased TERRA levels detected in PABPN1-depleted cells

are not due to changes in the extent of TERRA polyadenylation.

These findings point to PABPN1 as a negative regulator of

TERRA levels.

Since PABPN1 can promote RNA decay by targeting RNAs for

exosome degradation,52 we used siRNAs to downregulate the

EXOSC3 subunit of the exosome (Figure S5A), an essential

component of the complex,53 and assessed the levels of

TERRA transcripts by qRT-PCR. These analyses revealed a sig-

nificant increase of TERRA levels upon EXOSC3 depletion in

HeLa cells (Figure 5B). Notably, downregulation of EXOSC3 re-

sulted in elevated TERRA levels from all TERRA subpopulations

analyzed except for the TERRA 17p, in line with the results ob-

tained upon PABPN1 depletion. Importantly, depletion of

EXOSC3 did not affect PABPN1 protein levels, and PABPN1

downregulation did not alter EXOSC3 levels (Figure S5A).

Thus, TERRA levels are regulated by both PABPN1 and

EXOSC3. To gain insights into themechanism of PABPN1-medi-

ated TERRA regulation, we performed actinomycin D experi-

ments to investigate the stability of TERRA transcripts upon

PABPN1 depletion. Interestingly, the downregulation of

PABPN1 resulted in a significant increase in the stability of three

out of four non-polyadenylated TERRA subpopulations (Fig-

ure 5C). The stability of TERRA 17p remained unchanged (Fig-

ure S5C), in line with the unaltered levels detected upon

PABPN1 depletion (Figure 5A). Conversely, no differences in

stability were detected for the poly(A)+ TERRA subpopulations

studied (Figure 5D). These findings suggest a role of PABPN1

in regulating poly(A)� TERRA stability. On the other hand,

PABPN1 downregulation may also influence TERRA transcrip-

tion. Indeed, the poly(A)� 2q TERRA and the poly(A)+ 17q, 20q,

and XpYp TERRA transcripts are upregulated upon PABPN1

depletion, although no significant changes in their stability

were detected.

Interestingly, depletion of PABPN1 or EXOSC3 in RALY KO

cells did not result in TERRA upregulation from any subtelomere

analyzed (Figures 5E, 5F, and S5D). Conversely, PABPN1-

depleted RALY KO cells showed downregulation of both

poly(A)� and poly(A)+ TERRA transcripts compared with

PABPN1-depleted HeLa cells (Figure 5G). The decreased

TERRA levels correlate with impaired stability for both poly(A)+

and poly(A)� TERRAs (Figure 5H). These findings point to

RALY and PABPN1 as important regulators of TERRA stability

in HeLa cells.

DISCUSSION

In the present study, we provide insight into the mechanisms

regulating TERRA stability in human cancer cells. We show

that TERRA interacts with the hnRNP RALY and that this

Figure 4. TERRA transcripts are polyadenylated in a telomere-specific manner

(A) qRT-PCR analyses of TERRA expressed from the indicated telomeres using TERRA RT or oligo-dt RT primers. Data are shown as fold change over TERRA RT

samples and represent mean and SEM. n = 3.

(B–E) qRT-PCR analyses of TERRA transcripts expressed from the indicated telomeres in poly(A)+ and poly(A)� fractions obtained from total RNA of HeLa (B),

HCT116 (C), MCF7 (D), and U2OS cells (E). Poly(A)+ transcripts (GAPDH and E2F1) and a poly(A)�RNA (18S rRNA) were included in the analyses. Data are shown

as fold change over poly(A)� fraction and represent mean and SEM. n = 2.

(F) Western blot analysis for PABPN1 and ⍺-actinin proteins in PABPN1 IPs, control IPs (IgG), and input from nuclear protein lysates of HeLa cells. The experiment

was repeated three times.

(G) qRT-PCR analyses to assess the indicated TERRA subpopulations in PABPN1 IP and IgG IP samples. RPL13-A and rRNA18S were used as positive and

negative controls for PABPN1 interaction, respectively. Data are shown as enrichment over RPL13-A and represent the mean and SEM. n = 3.

In (G), one-way ANOVA (Dunnett’s multiple comparison) test was performed; *p < 0.05, **p < 0.01, ***p < 0.001. Ct absolute values of TERRA levels (A–E) and

TERRA enrichment in PABPN1 RIP experiments (G) are shown in Figure S3.
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interaction stabilizes TERRA transcripts in a telomere-specific

manner. Our findings indicate that the binding with RALY is a

key determinant for the stability of poly(A)� TERRA molecules,

which account for more than 90% of the TERRA population in

HeLa cells.10 RIP experiments revealed that both poly(A)� and

poly(A)+ TERRA transcripts can interact with RALY. While this

interaction can be mediated by the telomeric repeat tract of

TERRA (Figure 1C), we cannot exclude that the subtelomeric se-

quences of the transcripts contribute to the binding. This sce-

nario might explain the differences in the enrichment of the

various TERRA subpopulations in RALY immunoprecipitates.

In addition, we report that TERRA polyadenylation occurs on

transcripts expressed from specific telomeres, with poly(A)+

TERRA transcripts detected from telomeres 17q, 20q, and

XpYp in HeLa, MCF7, and HCT116 cells, which are telome-

rase-positive human cancer cell lines, as well as U2OS cells, a

telomerase-negative human cancer cell line that maintains telo-

meres via ALT mechanisms. These findings suggest that the

molecular details of TERRA polyadenylation are to some extent

conserved among human cell lines and independent of the telo-

mere maintenance mechanisms.

The TERRA polyadenylation mechanism has been enigmatic

ever since the discovery of polyadenylated TERRA transcripts

because no canonical poly(A) sites are present within the telo-

meric repeat sequences. In their landmark study on TERRA poly-

adenylation, Porro and colleagues assessed TERRA stability by

northern blot, which enabled the quantification of the total pop-

ulation of TERRA, showing that the poly(A)+ TERRA fraction is

more stable than the poly(A)-.11 Here, we use qRT-PCR analyses

to study TERRA transcripts expressed from distinct telomeres

and found that TERRA stability also varies depending on its telo-

mere of origin. Furthermore, biochemical labeling of nascent

RNA molecules suggests that the poly(A) tail addition to

TERRA occurs co-transcriptionally, with levels of poly(A)+

TERRA molecules expressed from telomeres 20q and XpYp

increasing during transcription (Figure S4D). Notably, in these

experiments, the levels of polyadenylated telomere 17q-TERRA

remained stable, suggesting that differences in the polyadenyla-

tion mechanism might exist among telomeres. We also provide

evidence that TERRA poly(A) tail addition does not depend on

PABPN1 and that neither RALY nor R-loops are involved in this

process.

Polyadenylation has been shown to be influenced by the tran-

scription rate of genes and m6A RNA modifications, as well as

the CCR4-Not RNA decay complex; all these processes repre-

sent important elements mediating transcription-regulated

poly(A) tail formation and transcript stability.54 Intriguingly, a

recent study indicates that TERRA transcripts are m6A modified

within subtelomeric sequences by the METTL3 enzyme. This

modification contributes to TERRA stability and telomere func-

tion in ALT cancer cells.55 It will be interesting to investigate

whether the m6A modification plays any role in TERRA polyade-

nylation and if it influences TERRA decay in telomerase-positive

cells.

Importantly, we provide evidence that TERRA levels are regu-

lated by PABPN1 and the RNA exosome. Depletion of PABPN1

or EXOSC3 resulted in increased TERRA levels from all telo-

meres analyzed, except telomere 17p-TERRA. These findings

also suggest that 17p-TERRA transcripts are regulated differ-

ently from other TERRA molecules. In this regard, differently

from the other poly(A)+ TERRA populations studied, telomere

17p-TERRA levels were found reduced in RALY KO cells without

changes in the stability of the transcripts (Figure 3D). Moreover,

in these experiments, telomere 17p-TERRA was also detected

as the most unstable among the TERRA molecules analyzed,

with its levels approximating to zero after 4 h of actinomycin D

treatment, suggesting that it may undergo different stabilization

and/or decay processes.

PABPN1 RIP experiments indicate that both poly(A)� and

poly(A)+ TERRA transcripts can interact with PABPN1 (Fig-

ure 4G). While PABPN1 is well known to bind the poly(A) tail of

transcripts,56 the mechanism of its interaction with poly(A)�

TERRAmolecules needs to be elucidated. PABPN1 can promote

RNA decay as part of the poly(A) tail exosome-targeting connec-

tion (PAXT), which directs RNA species for nuclear exosome

degradation.52 The ZFC3H1 subunit of this complex interacts

with components of the Cap-binding complex (CBC).52 The

PAXT-CBC interaction may represent a mechanism of

PABPN1 recruitment to non-polyadenylated TERRA molecules,

as most TERRA transcripts contain a 7mG cap.11 In accordance

with the role of PABPN1 in the decay process of poly(A)� TERRA

transcripts, depletion of PABPN1 resulted in increased stability

of most poly(A)� TERRA subpopulations interacting with

PABPN1. Notably, inhibition of the nuclear exosome resulted in

a more than 2-fold increase in TERRA expression levels from

multiple telomeres (Figure 5B). This increase in expression ex-

ceeds the upregulation of TERRA detected upon PABPN1 deple-

tion (Figure 5A), suggesting that multiple pathways may target

Figure 5. TERRA stability is regulated by the interplay between RALY and PABPN1

(A) qRT-PCR analyses of TERRA expressed from the indicated telomeres in HeLa cells after 72 h transfection of PABPN1-targeting siRNA (siPABPN1) or the

control scrambled siRNA (siSCR). Data are shown as fold change over siSCR and represent mean and SD. n = 5.

(B) qRT-PCR analyses of TERRA expression in HeLa cells after 72 h transfection of EXOSC3-targeting siRNA (siEXOSC3) or the control siSCR. Data are shown as

fold change over siSCR and represent mean and SD. n = 2.

(C and D) qRT-PCR analyses of TERRA levels from the indicated telomeres in siSCR and siPABPN1 HeLa cells after 4 h of actinomycin D treatment. Data were

normalized over DMSO-treated samples and are shown as fold change over siSCR cells. Data shown represent mean and SD. n = 3.

(E and F) qRT-PCR analyses of TERRA levels in HeLaRALYKOcells after 72 h transfection of siPABPN1 (E), siEXOSC3 (F), and siSCR (E and F). Data are shown as

fold change over siSCR and represent mean and SD. n = 5 (E) and n = 2 (F).

(G) qRT-PCR analyses of TERRA expressed from the indicated telomeres in HeLaWT and RALY KO cells after 72 h transfection of siPABPN1 or siSCR. Data were

normalized over siSCR control samples and are shown as fold change over HeLa WT. Data shown represent mean and SD. n = 6.

(H) qRT-PCR analyses of TERRA levels in siPABPN1-transfected HeLa WT and RALY KO cells upon 4 h of actinomycin D treatment. Data were normalized over

DMSO-treated samples and are shown as fold change over HeLa WT. Data shown represent mean and SD from at least two biological replicates. In these

experiments, two-tailed unpaired t test was used for statistical analyses; ns, not-significant, *p < 0.05, **p < 0.01, ***p < 0.001.
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TERRA for degradation by the exosome. A potential candidate is

the nuclear exosome-targeting (NEXT) complex, which targets

non-polyadenylated RNAs for exosome degradation.57

Of note, PABPN1 depletion resulted in no changes in poly(A)+

TERRA transcript stability, despite their increased levels. These

findings suggest that TERRA transcription from a subset of telo-

meres may also be influenced by downregulation of PABPN1.

However, at this stage, we cannot rule out that this effect can

be indirect. In future studies, the use of a recently developed

approach to rapidly downregulate proteins involved in RNA

decay pathways may help shed light on this process.58 Surpris-

ingly, in RALY KO cells, depletion of PABPN1 or EXOSC3 did not

result in elevated TERRA levels, suggesting that RALY contrib-

utes to the TERRA regulation by PABPN1 and the exosome.

Figure 6. Proposed model: TERRA transcripts are polyadenylated in a telomere-specific manner, and their levels and stability are regulated

by the concerted action of RALY and PABPN1 through mechanisms influenced by the poly(A) tail

(A) Poly(A)� TERRA transcripts interact with RALY and PABPN1. RALY binds the telomeric 30 end sequence of TERRA molecules protecting them from

degradation. PABPN1 promotes poly(A)� TERRA decay possibly by targeting them for exosome degradation. (1) The absence of RALY results in TERRA

degradation and consequent decrease of TERRA stability; (2) removal of PABPN1 leads to augmented TERRA levels due to increased stability (9p-, 15q-,

and XpYp-TERRA) and possibly transcription (2q-TERRA); (3) the absence of both RALY and PABPN1 results in decreased TERRA levels due to TERRA

degradation.

(B) Poly(A)+ TERRA transcripts are bound by RALY and PABPN1. The presence of the poly(A) tail enables further recruitment of PABPN1 compared with poly(A)�

TERRA. In these conditions, both RALY and PABPN1 act redundantly in protecting TERRA molecules from degradation. (4) In the absence of RALY, poly(A)+

TERRA transcript stability is unchanged, as PABPN1 protects them from degradation; similarly, (5) poly(A)+ TERRA stability is not influenced by the removal of

PABPN1 since, under this condition, RALY prevents their degradation. Long-term PABPN1 depletion may influence the transcription of poly(A)+ TERRA mol-

ecules, leading to their increased levels. (6) The absence of both RALY and PABPN1 results in poly(A)+ TERRA degradation and consequent decreased stability

compared with RALY-expressing cells. This image was created using BioRender.
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Furthermore, the absence of both PABPN1 and RALY resulted in

decreased levels and impaired the stability of both poly(A)� and

poly(A)+ TERRAs compared with PABPN1-depleted cells.

Based on these results, we propose a model in which poly(A)�

and poly(A)+ TERRA transcripts are bound by RALY and

PABPN1, acting as regulators of TERRA levels in human cancer

cells (Figure 6). Poly(A)� TERRA molecules are stabilized by

RALY. Conversely, PABPN1 promotes TERRA decay possibly

by targeting poly(A)� TERRA transcripts for exosome degrada-

tion (Figure 6A). Importantly, the increased stability of poly(A)�

TERRA upon PABPN1 depletion depends on RALY, underlining

an interplay between RALY and PABPN1 in the regulation of

TERRA levels. We hypothesize that poly(A)� TERRA transcripts

are degraded by multiple RNA decay pathways. RALY inhibits

a TERRA decay process not involving PABPN1. Thus, the down-

regulation of PABPN1 results in the stabilization of poly(A)�

TERRA transcripts in a RALY-dependent manner. If RALY is ab-

sent, poly(A)� TERRA degradation can take place, with or

without PABPN1. The presence of different RNA decay path-

ways targeting specific RNAs has been previously described.

For example, the human telomerase RNA hTR is processed by

the poly(A)-specific ribonuclease PARN, and it is targeted for

degradation by the nuclear exosome through the activity of the

trf4p/5p-Air1p/2p-Mtr4p polyadenylation (TRAMP) and NEXT

complexes.59 Competition between these decay pathways en-

ables the maintenance of the proper hTR levels in cells and con-

tributes to hTR maturation.59–61

Notably, the role of RALY and PABPN1 in the regulation of

poly(A)+ TERRA transcripts is different from their function in the

control of poly(A)� TERRA molecules. Indeed, the absence of

RALY or PABPN1 does not affect the stability of poly(A)+

TERRA transcripts. Conversely, depletion of PABPN1 in RALY

KO cells results in impaired stability of both poly(A)� and poly(A)+

TERRA molecules compared with PABPN1-depleted cells ex-

pressing RALY. We hypothesize that RALY and PABPN1 act

redundantly in protecting poly(A)+ TERRAmolecules from degra-

dation (Figure 6B). The presence of the poly(A) tail may thus

represent a key determinant for the function of RALY and

PABPN1 in TERRA regulation. The molecular mechanisms con-

trolling poly(A)+ TERRA stability will require further investigation.

It will be important to study whether oligoadenylated transcripts

are present within the TERRA population. Such modified TERRA

molecules could be generated by the activity of the TRF4 or

TRF5 oligo(A)-polymerases within the TRAMP complex directing

RNAs for exosome degradation.62–64

In summary, our findings unveil an unexpected role of the

hnRNP RALY and PABPN1 in the control of TERRA stability,

which may set the stage for future investigations aimed at

elucidating the polyadenylation mechanisms and decay path-

ways targeting TERRA transcripts in human cancer cells.

Given the importance of TERRA transcripts in telomere func-

tion, any insight into the mechanisms regulating TERRA levels

may lead to breakthroughs in the telomere field. Our results

also indicate that TERRA polyadenylation occurs in a telo-

mere-specific manner. Given the different biological features

of poly(A)� versus poly(A)+ TERRA, it can be hypothesized

that different telomeres may trigger distinct TERRA-mediated

responses.

Limitations of the study
In this work, we did not provide information on the length of the

poly(A) tail of TERRA transcripts. Despite several attempts, tech-

nical issues prevented us from sequencing the 30 end of the poly-

adenylated TERRA molecules. As a consequence, we cannot

exclude that a fraction of the polyadenylated TERRA transcripts

include oligoadenylated transcripts since the oligo-dT reverse

transcription and the RNA fractionation protocols used in this

study may, in principle, enable the detection of such molecules

if their oligo(A) tails are sufficiently long. It remains to be defined

which RNA decay mechanism targeting TERRA is inhibited by

RALY. Furthermore, additional studies are required to reveal

the mechanism of telomere-specific TERRA polyadenylation in

human cells.
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35. López de Silanes, I., Graña, O., De Bonis, M.L., Dominguez, O., Pisano,

D.G., and Blasco,M.A. (2014). Identification of TERRA locus unveils a telo-

mere protection role through association to nearly all chromosomes. Nat.

Commun. 5, 4723. https://doi.org/10.1038/ncomms5723.
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Rabbit polyclonal anti-RALY Bethyl Cat#A302-069A; RRID: AB_1604210

Rabbit polyclonal anti-PABPN1 Bethyl Cat# A303-524A; RRID: AB_10949200

Rabbit polyclonal anti-EXOSC3 Proteintech Cat#15062-1-AP; RRID: AB_2278183

Mouse monoclonal anti-b-Tubulin Santa Cruz Cat# sc-5274; RRID: AB_2288090

Mouse monoclonal anti-a-Actinin Santa Cruz Cat#sc-17829; RRID: AB_626633

Rabbit polyclonal anti-mouse IgG H&L (HRP) Abcam Cat#ab6728; RRID: AB_955440

Goat polyclonal anti-rabbit IgG H&L (HRP) Abcam Cat#ab6721; RRID: AB_955447

Normal rabbit polyclonal IgG Millipore Cat# PP64; RRID: AB_97852

Sheep anti-Digoxigenin-AP, Fab fragments Roche Cat#11093274910; RRID: AB_514497

Rabbit polyclonal anti-RAP1 Novus Biologicals Cat#NB100-292; RRID: AB_10000825

Mouse monoclonal anti-phospho-Histone H2A.X Millipore Cat#05–636; RRID: AB_309864

Goat polyclonal anti-rabbit IgG-AF647 Thermo Fisher Scientific Cat#A-21245; RRID: AB_2535813

Goat polyclonal anti-rabbit IgG-AF555 Thermo Fisher Scientific Cat#A-21428; RRID: AB_2535849

Goat polyclonal anti-mouse IgG-AF488 Thermo Fisher Scientific Cat#A-11001; RRID: AB_2534069

Mouse monoclonal anti-BrdU Santa Cruz Cat#sc-32323; RRID: AB_626766

Rabbit monoclonal anti-V5 Cell Signaling Cat# 13202; RRID: AB_2687461

Chemicals, peptides, and recombinant proteins

Oligofectamine Transfection Reagent Invitrogen 12252011

jetPRIME Transfection Reagent Polyplus 114–15

Actinomycin D Gibco 11805017

Pierce Protease Inhibitor Mini Tablets Thermo Scientific A32955

RiboLock RNase Inhibitor Thermo Scientific EO0381

RNaseOUT Recombinant Ribonuclease Inhibitor Invitrogen 10777019

Ribonucleoside Vanadyl Complex NEB S1402S

Dynabeads Protein G Invitrogen 10003D

Dynabeads M-280 Streptavidin Invitrogen 11205D

SuperSignal West Pico PLUS ECL Substrate Thermo Scientific 34577

CDP-Star ECLSubstrate Roche 11685627001

TRIzol Reagent Invitrogen 15596018

Phenol/Chloroform/Isoamyl alcohol (25:24:1) Fisher BioReagents BP1752I400

Formaldehyde Fisher BioReagents BP531-500

MOPS Fisher BioReagents BP308-100

Formamide AppliChem A2156,0500

Blocking Reagent Roche 11096176001

KAPA SYBR FAST qPCR Mastermix KAPA Biosystems KK4601

qPCRBIO SyGreen Mix Separate-ROX PCR Biosystems PB20.14–20

DNase I Thermo Scientific 89836

RNase A Macherey Nagel 740505

RNase T1 Thermo Scientific EN0541

Proteinase K Thermo Scientific EO0491

Glycogen Invitrogen 10814010

SuperScript III Reverse Transcriptase Invitrogen 18080044

dNTP Set Invitrogen 10297018

NEBuffer 3 NEB B7003S

(Continued on next page)

16 Cell Reports 42, 112406, April 25, 2023

Article
ll

OPEN ACCESS



RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact: Emilio

Cusanelli, emilio.cusanelli@unitn.it.

Materials availablity
This study did not generate new unique reagents.

Data and code availability
d All data reported in this paper will be share by the lead contact upon request.

d This paper does not report original codes.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture and transfections
Human cervical adenocarcinomaHeLa cells were obtained fromATCC. HeLaRALYKO cells were generated using the CRIPSR/Cas9

system to introduce a deletion spanning from exon 1 to exon 2, as described previously.39 U2OS cells (human osteosarcoma), MCF7

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ProLong Diamond Antifade Mountant Invitrogen P36965

BrUTP Santa Cruz sc-495784

Critical commercial assays

DIG Oligonucleotide 3-End Labeling Kit Roche 3353575910

Poly(A) RNA Selection Kit Lexogen 157.96

Experimental models: Cell lines

Human: HeLa ATCC CCL-2TM

Human: HeLa RALY KO Macchi Lab Rossi et al. 201739

Human: U2OS ATCC HTB-96TM

Human: MCF7 ATCC HTB-22TM

Human: HCT116 ATCC CCL-247TM

Oligonucleotides

siRNA, see Table S2 N/A N/A

RT primers, see Table S2 N/A N/A

qPCR primers, see Table S2 N/A N/A

Blot probes, see Table S2 N/A N/A

smiFISH probes, see Table S2 N/A N/A

RNA pull-down oligonucleotides, see Table S2 N/A N/A

Recombinant DNA

pCMV6-entry Macchi Lab Origene #PS100001

pCMV6-entry-RALY Macchi Lab Gasperini et al. 201842

ppyCAG_RNaseH1_WT Zippo Lab Addgene #111906

ppyCAG_RNaseH1_D210N Zippo Lab Addgene #111904

ppyCAG_RNaseH1_WKKD Zippo Lab Addgene #111905

Software and algorithms

Image Lab 6.0.1 Bio-Rad https://www.bio-rad.com/it-it/product/

image-lab-software?ID=KRE6P5E8Z

ImageJ NIH https://imagej.net/

Prism 8.0.0 GraphPad www.graphpad.com

BioRender BioRender BioRender.com
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(human breast adenocarcinoma) and HCT116 (human colon adenocacinoma) were obtained from ATCC. All cells were cultured in

DMEM, supplemented with 10% fetal bovine serum and 1%penicillin/streptomycin at 37�Cwith 5%CO2. Cells were regularly tested

for mycoplasma contamination. For the actinomycin D experiments, HeLa cells were treated with either 5mg/mL actinomycin

D (Gibco, in DMSO) or 0.1% DMSO only as control.41 RNA extraction was performed after 1, 2 and 4 h from the beginning of the

treatment. For gene knock down experiments, cells were grown at 50–70% confluence on 10 cm Petri dishes and transfected

with gene-targeting siRNAs (RALY, PABPN1, or EXOSC3) or control siRNA (SMARTpool, Dharmacon) using Oligofectamine trans-

fection reagent (Invitrogen), according to the manufacturer’s protocol. The effects of RALY, PABPN1 or EXOSC3 depletion were

assessed 72 h after transfection.39 Information on the siRNAs used in this study are present in Table S2. For the rescue experiments

of RALY expression, HeLa RALY KO cells were transfected at 60–80% confluence either with PCMV6-entry empty vector or with

pCMV6-entry-RALY plasmid (Origene) using jetPRIME (Polyplus) transfection reagent according to the manufacturer’s protocol.

Cells were then either fixed or lysed 24 h after transfection. For R-ChIP and TERRA polyadenylation analyses in RNaseH1 expressing

cells, HeLa and U2OS clones expressing V5-tagged WT or mutated RNase H1 were generated by the transfection (jetPRIME - Poly-

plus) of ppyCAG_RNaseH1_WT, ppyCAG_RNaseH1_D210N or ppyCAG_RNaseH1_WKKD (Addgene) and selection by 60 mg/mL of

Hygromycin for 2 weeks.

METHOD DETAILS

Western blot
Cells were washed with 1X PBS and lysed in lysis buffer (0.1% Triton X-100, 150 mMKCl, 50 mMHEPES, pH 7.4 and 1mMDTT plus

proteinase inhibitors mixture (Thermo Scientific), including 1 mM phenylmethylsulfonyl fluoride (PMSF)). Equal amounts of proteins

were separated on 12% SDS-PAGE and blotted onto a nitrocellulose membrane (Schleicher & Schuell). Western blots were probed

with the following primary antibodies: rabbit polyclonal anti-RALY (1:2000; Bethyl); rabbit polyclonal anti-PABPN1 (1:2000; Bethyl);

rabbit polyclonal anti-EXOSC3 (1:2000; Proteintech); mouse monoclonal anti-b-tubulin (1:2000, Santa Cruz Biotechnology); mouse

monoclonal anti-a-actinin (1:2000; Santa Cruz Biotechnology). Horseradish peroxidase (HRP)-conjugated goat anti-mouse and anti-

rabbit antibodies (1:3000; Abcam) were used as secondary antibodies. The intensity of the signals was quantified by using the

Volume Tools in Image Lab 6.0.1 software (Bio-Rad).

RNA immunoprecipitation
RNA immunoprecipitation was performed as previously described.39 Briefly, HeLa cells cultured on 10 cm Petri dishes to 70%–90%

of confluence were crosslinked once with 150 mJ/cm2 at 254 nm using an UVLink UV-crosslinker (Uvitec Cambridge), then lysed for

2 h at �80�C in RIP lysis buffer (10 mM HEPES pH 7.4, 5 mMMgCl₂, 100 mM KCl, 2 mM EDTA pH 8, 0.5% IGEPAL, 1 mM DTT plus

RNase inhibitor, including 2 mM VRC and proteinase inhibitor (Thermo Scientific)). Samples were then centrifuged at 13000 rpm for

20 min at 4�C. The supernatant was precleared for 2 h at 4�Cwith protein Gmagnetic beads (Invitrogen) and then 3mg of lysate were

incubated overnight at 4�C with either rabbit polyclonal anti-RALY antibody (3 mg; Bethyl), rabbit polyclonal anti-PABPN1 antibody

(3 mg; Bethyl) or normal rabbit IgG polyclonal antibody (3 mg; Millipore). 40 mL of protein Gmagnetic beads were added to lysates and

incubated for 2 h at 4�C. The beadswere thenwashed five timeswith 1mL of NT2 buffer (50mMTris–HCl pH 7.5, 150mMNaCl, 1mM

MgCl₂, 2 mM EDTA pH 8, 0.05% IGEPAL, 1 mM DTT plus RNase inhibitor, including 2 mM VRC and proteinase inhibitor (Thermo

Scientific)). Proteins were run on 10% SDS-PAGE for Western blot analysis. RNA was isolated with TRIzol Reagent (Invitrogen)

according to manufacturer instructions using 0.5 mL of reagent per immunoprecipitated sample and input samples. RNA was

then processed for qRT-PCR analysis as described below. The relative enrichment of transcripts was calculated according to the

percentage of input.

RNA pull-down
Biotinylated RNA probes were purchased from Eurofins Genomics (Table S2). The TERRA-mimicking or control probes (80 pmol)

were incubated with 35 mL of streptavidin-coupled Dynabeads (Invitrogen) for 20 min at room temperature in RNA Capture Buffer

[20 mM Tris (pH 7.5), 1 M NaCl, 1 mM EDTA].39,41 HeLa cells were washed with PBS and then lysed with a lysis buffer [10 mM

HEPES pH 7.4, 100 mM KCl, 5 mM MgCl2, 0.5% NP40, 1mM DTT plus RNase and proteinase inhibitors]. The lysate (400 mg) was

incubated with biotinylated RNA probes coupled to streptavidin Dynabeads for 2 h at 4�C under rotation. Dynabeads were then

washed three times with washing solution [20mM Tris (pH 7.5), 10mMNaCl, 0.1% Tween 20], solubilized in Laemmli reducing buffer

and boiled for Western blot analysis.

Northern blot
Total RNA was extracted using TRIzol Reagent (Invitrogen) according to manufacturer instructions. 10mg of RNA was denatured

for 5 min at 65�C in 1X RNA Loading Dye (Thermo Fisher Scientific) and loaded on a denaturing MOPS gel (1.2% agarose Sigma-

Aldrich, 1X MOPS Fisher BioReagents, 2% formaldehyde Fisher BioReagents, in H2O) containing 1:20000 Atlas ClearSight (Bio-

atlas) dye. For RNase-A controls, 10mg of RNA was incubated with RNase A (1:200; Macherey Nagel) for 1h at 37�C before the

denaturation step. The gel run was allowed for 3 h at 125 V, and the RNA was transferred overnight at room temperature (RT)

through capillarity on an Amersham Hybond H+ membrane (GE Healthcare), previously equilibrated in H2O and 20X SSC. The
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following day, the membrane was crosslinked with UV for 3 min at 1500 mJ/cm2 on the UVP CL-1000L Longwave Crosslinker

(Fisher Scientific), pre-hybridized in hybridization buffer (5X SSC, 0.1% Sarkosyl, 0.04% SDS) for 1 h at 45�C in the UVP HB-

1000 Hybridizer oven (Fisher Scientific) and hybridized overnight in hybridization buffer containing 5 nM TERRA 30-DIG probe,

labeled using DIG Oligonucleotide 30-End Labeling Kit (Roche), according to manufacturer’s protocol. The membrane was washed

2 times in 2X SSC/0.1% SDS for 5 min at RT, 2 times in 0.2X SSC/0.1% SDS for 5 min at RT, 2 times in pre-heated 0.2X SSC/0.1%

SDS at 37�C for 15 min and briefly in 2X SSC at RT. Then, the membrane was incubated for 1 h at RT in blocking solution (Maleic

acid buffer pH 7.5 (0.1M maleic acid, 0.15M sodium chloride) containing 1% blocking reagent (Roche)) and then in blocking so-

lution containing Anti-DIG antibody 1:10000 (Roche) for 30 min at RT. Finally, the membrane was washed 2 times for 15 min in

wash buffer (Maleic buffer pH 7.5 containing 0.3% Tween 20), equilibrated in AP buffer (0.1M Tris pH 9.5, 0.1M NaCl) for

2 min at RT and prepared for detection at the ChemiDoc XRS+ (Bio-Rad) with CDP-Star Chemiluminescence Substrate (Roche),

according to the manufacturer’s protocol.

RNA dot-blot
4 mg of total RNA were purified from HeLa cells using TRIzol Reagent (Invitrogen), was treated with DNase I and its integrity checked

byMOPS gel. Half of DNase-treated RNA was incubated with RNase A (1:200; Macherey Nagel) for 1 h at 37�C to be used as a nega-

tive control. Samples were diluted in EDTA pH 8 to a final concentration of 1mMand the same volume of formamide (AppliChem) was

added. Sampleswere denatured at 65�C for 10min before blotting on an AmershamHybondH+membrane (GEHealthcare) using the

BioDot apparatus (Bio-Rad), to obtain spots of 2 mg. After blotting, the membrane was dried under chemical hood and crosslinked

with UV for 3 min per side at 120 mJ/cm2 on the UVP CL-1000L Longwave Crosslinker (Fisher Scientific), pre-hybridized for 1 h in the

UVP HB-1000 Hybridizer oven (Fisher Scientific) with pre-heated (pre)hybridization buffer (5X SSC, 0.1% sarkosyl, 0.04% SDS in

H₂O) and hybridized with 5 nM 30 DIG-labeled probes. Probe labeling was performed using DIG Oligonucleotide 30 End-Labeling
Kit (Roche) according to the manufacturer’s protocol. The hybridization step was performed by incubating the membrane in (pre)hy-

bridization buffer overnight at 50�, for TERRA detection, or 42�C, for rRNA 18S or b-actin detection. The membrane was washed 2

times for 5 min in 2X SSC/0.1% SDS at room temperature, then 2 times for 5 min in 0.5X SSC/0.1% SDS, 2 times for 15 min in pre-

heated 0.5X SSC/0.1% SDS at 42�C and briefly in 2X SSC at RT. The membrane was incubated for 1 h at room temperature in block-

ing solution (1% Blocking Reagent, Roche, 1XMaleic Acid Buffer pH 7.5 in H₂O) and for 30 min at room temperature with an anti-DIG

antibody (1:10000; Roche) in blocking solution. Finally, the membrane was washed 2 times for 30 min in wash buffer (0.3% Tween

20, 0.5X Maleic Acid Buffer pH 7.5 in H₂O), equilibrated for 2 min in AP buffer (100mM Tris-HCl pH 9.5, 100mM NaCl in H₂O) and

prepared for detection at the ChemiDoc XRS+ (Bio-Rad) with CDP-Star Chemiluminescence Substrate (Roche), according to

the manufacturer’s protocol. The intensity of the signal was quantified by using the Volume Tools in Image Lab 6.0.1 software

(Bio-Rad).

Quantitative real-time PCR (qRT-PCR)
All primers used in this study, including RT and qPCR primers, were purchased fromMetabion and Eurofins Genomics and are listed

in Table S2.

Total RNA was purified from cells using TRIzol Reagent (Invitrogen) according to manufacturer instructions. Briefly, cells

cultured in 10cm Petri dishes were washed with 1X PBS, lysed with 1mL of TRIzol Reagent (Invitrogen), scraped and collected

in Eppendorf tubes. After 15 min of incubation at RT, 200mL of chloroform were added, the tubes were vortexed and incubated

15 min at room temperature, to be centrifuged for 10 min at 4�C, 15000 rpm. 500mL of 100% isopropanol were added to the su-

pernatant, samples were vortexed, incubated 10 min at room temperature and centrifuged for 10 min at 4�C, 15000 rpm. Pellets

were washed twice with 500mL of 70% v/v ethanol by centrifugations of 10 min at 4�C, 15000 rpm before resuspension in the

appropriate volume of nuclease-free H₂O. RNA concentration was assessed with the NanoDrop 1000 spectrophotometer

(ThermoFisher Scientific). 3 mg of RNA were treated with DNaseI (Thermo Scientific) for 1 h at 37�C. The integrity of the RNA

was assessed by a run on a MOPS gel (1% agarose, Sigma-Aldrich, 1X MOPS Fisher BioReagents in H₂O). 300 ng of DNaseI-

treated RNA were reverse transcribed with either TERRA RT, oligo-(dT) RT or random hexamers primers, using the Superscript

III RT enzyme (Invitrogen). 2mL of RT reaction were used for the qPCR experiments which were performed in triplicates using

KAPA SYBR FAST qPCR Mastermix (KAPA Biosystems) or qPCRBIO SyGreen Mix (PCR Biosystems) in a CFX96 Thermo Cycler

(Bio-Rad). The results were analyzed with Bio-Rad CFX Manager, version 2.1. The relative expression was calculated according to

the 2�DDCt method normalized on b-actin or GAPDH mRNAs.

Primer efficiency test
TERRA primer pairs used for RT-qPCRwere taken from the literature (see Table S2) and re-tested for amplification efficiency. Results

from these analyses are shown in Table S1. In these experiments, each primer pair was tested on both HeLa genomic DNA (gDNA)

and cDNA reverse-transcribed with TERRA RT primers. Ten-fold serial dilutions of gDNA or cDNAwere prepared in order to have five

different gDNA/cDNA concentrations and qPCR was performed for TERRA primer pairs to be tested. After qPCR, the reaction mixes

were loaded and run on a 2% agarose gel to check the amplicon size. Only primer pairs amplifying the correct size amplicon were
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considered for efficiency calculation, the other ones were discarded. The regression line passing through the points defined by the

qPCR threshold cycles (y axes) and the -log(gDNA/cDNA dilution) (x axes) was created and primer efficiency was calculated as

follows:

Eð%Þ =
�
10ð� 1=mÞ� 1

�
� 100

where m is the slope of the regression line.

Single molecule inexpensive fluorescent in situ hybridization (SmiFISH)
SmiFISH experiments were performed on cells grown on glass coverslips in 6-well plates. Briefly, cells were fixed in 4% PFA

for 20 min at room temperature, then washed twice with 1X PBS for 2 min at room temperature and then permeabilized with

0.5% Triton X-100 (in 1X PBS) for 5 min at room temperature. Control samples were treated with 200U/mL RNase A (Macherey-

Nagel) and 300U/mL RNase T1 (Thermo Scientific) for 2h at 37�C. After 2 washes in 1X PBS for 2 min at room temperature, all

coverslips were incubated with Formamide Buffer (1X SSC, 15% Formamide) for 25 min at room temperature and placed upside-

down in an air-tight hybridization chamber over 50mL of Hybridization buffer. The FLAP-annealed probe (40pmol TERRA probe,

fromMetabion, annealed with 50pmol FLAP-Cy3, from Eurofins Genomics, in 1X NEB3 buffer, New England BioLabs) was incubated

in the thermocycler at 85�C for 3 min, 65�C for 3 min, 25�C for 5 min and chilled on ice. Probe sequences are listed in Table S2. Hy-

bridization was performed overnight at 37�C. The following day, coverslips were washed once with Formamide Buffer for 2 min at RT

and twice with preheated Formamide Buffer for 25 min at 37�C. After two rinses in 1X PBS, coverslips were incubated with 1mg/mL

DAPI in 1X PBS for 7min at room temperature, washed twice in 1X PBS andmounted on glass slides with ProLong Diamond Antifade

mountant (Invitrogen). Coverslips were sealed the day after with nail polish. Microscopy analysis was performed using the Leica TCS

SP8 confocal scanning laser microscope equipped with an Andor iXon Ultra 888 EMCCD sensor monochromatic camera. Images

were acquired using a 63X/1.40 Oil objective and Leica Application Suite X (LAS X) imaging software and assembled with ImageJ.

SmiFISH/immunofluorescence (SmiFISH/IF)
SmiFISH/IF experiments were performed following the smiFISH protocol described above, with the addition of the steps for immu-

nofluorescence described below. After washingwith Formamide Buffer, cells were washed oncewith 1X PBS andwere kept in Block-

ing Solution (0.1%Triton X-100, 2%BSA in 1XPBS) for 2h at room temperature. Blocking Solutionwas then replacedwith the primary

antibody diluted in Blocking Solution (100mL per coverslip) and incubated for 1h at room temperature. After 5 washes in Washing

Solution (0.1% Triton X-100 in 1X PBS), 5 min at room temperature each, each coverslip was incubated with the secondary antibody

diluted in 100mL of Blocking Solution for 1h at room temperature. Coverslips were then washed 5 times in Washing Solution for 5 min

at room temperature, incubatedwith 1mg/mLDAPI in 1XPBS for 7min at room temperature, washed twice in 1X PBS andmounted on

glass slides with ProLong Diamond Antifade mountant (Invitrogen). Coverslips were sealed with nail polish the following day. Micro-

scopy analysis was performed as described in the previous paragraph. The following primary antibody was used: rabbit polyclonal

anti-RAP1 (NB100-292, Novus Biologicals; 1:500). The following secondary antibody was used: goat anti-rabbit-AF647 (1:1500; In-

vitrogen, A21245).

Immunofluorescence (IF)
Cells were fixed in 4% PFA for 20 min at room temperature, then washed twice with 1X PBS for 2 min at room temperature and then

permeabilized with 0.5% Triton X-100 (in 1X PBS) for 5 min at room temperature. After three washes with 1X PBS, cells were kept in

Blocking Solution (0.1% Triton X-100, 2% BSA in 1X PBS) for 2h at room temperature. From this step, samples were treated as

indicated in the smiFISH/IF protocol. The following primary antibodies were used: rabbit polyclonal anti-RAP1 (NB100-292, Novus

Biologicals; 1:500); mouse monoclonal anti-gH2AX (1:500; Millipore). The following secondary antibodies were used: goat anti-rab-

bit-AF555 (1:1500; Invitrogen, A21245); goat anti-mouse-AF488 (1:1500; Invitrogen).

Isolation of poly(A)+ and poly(A)- RNA fractions
Total RNAwas purified fromHeLa, U2OS, HCT116 andMCF7 cells, treated with DNase I and its integrity was assessed byMOPS gel.

5 mg of RNA per sample were processed by Poly(A) RNA Selection Kit (Lexogen) following manufacturer’s protocol. Poly(A)+ RNA

fraction was obtained by eluting the RNA bound to the oligo-dT resin. Poly(A)- RNA fraction was isolated by precipitating the RNA

from washes using 1 volume of isopropanol for 30 min at �20�C in the presence of glycogen. Total RNA, poly(A)+ and poly(A)-

RNA fractions were reverse transcribed either with TERRA RT primers, for TERRA detection, or random hexamers, for GAPDH,

E2F1 and 18S rRNA detection, using the Superscript III RT enzyme (Invitrogen). cDNA was analyzed by qPCR. The relative enrich-

ment of transcripts was calculated as a percentage of total RNA and normalized over the poly(A).

Nuclear run-on (NRO)
The experiments were performed as described in Roberts et al., 2015,49 with some modifications. Cells from 3 confluent plates of

U2OS cells per condition were scraped and washed twice with ice-cold PBS. Nuclei were isolated resuspending cells in 10 mL

ice-cold swelling buffer (Tris-HCL pH 7.5 10mM, MgCl2 2mM, CaCl2 3mM). After incubation on ice for 5 min and centrifugation at
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400 g for 10 min, the supernatant was discarded and 10 mL of swelling buffer containing 10% glycerol supplemented with RNase

inhibitor 2U/ml (RNase OUT Recombinant Ribonuclease Inhibitor Invitrogen) was added. 10 mL of lysis buffer (swelling buffer with

glycerol, Igepal 1%) supplemented with RNase inhibitor 2U/ml was then added and samples were incubated for 5 min on ice. After

adding 25mLmore of lysis buffer, samples were centrifuged, and the supernatant was discarded. Nuclei were resuspended in 10mL

freezing buffer (Tris-HCl pH 8 50mM,MgCl2 5mM, EDTA 0.1mM, glycerol 4%) supplemented with RNase inhibitor 2U/ml, centrifuged

at 900 g for 6 min and supernatant was removed. Nuclei were resuspended in 90 mL freezing buffer and stored at �80�C overnight.

Transcription was resumed in vitro in the presence of bromouridine with the addition of 90 mL 2X NRO buffer (10mM Tris-HCl pH 8,

5mM MgCl2, 300mM KCl, 1mM DTT, 500 mM ATP, 500 mM GTP, 500 mM Br-UTP (Santa Cruz Biotechnology), 2uM CTP, 200 U/ml

RNaseOUT, 1%N-Laurylsarcosine) and incubation at 30�C for 0, 10, 30 or 60min 600 mL of TRIzol Reagent (Invitrogen) was added to

each sample to block the reaction and nuclei were dissolved through vortexing after 5 min incubation at room temperature. 160 mL

chloroformwas added and the samples were shaken vigorously for 20 s and centrifuged at 12000 g for 30min at 4�C. The upper clear
aqueous phase, containing RNA, was transferred to new tubes, 1/10 vol NaAc 3M, 2 vol EtOH 100% and 1 mL glycogen (Invitrogen)

were added and tubeswere placed at�20�Covernight. RNAwas precipitated by centrifugation at maximum speed for 30min at 4�C.
The supernatant was aspirated, and the pellet was washed with 75% ethanol and then dried under the hood. The dry pellet was then

dissolved in 20 mL DEPC water. To immunoprecipitate bromouridine labeled RNA, 180 mL of binding buffer (0.253 SSPE, 0.05%

Tween 20, 37.5 mM NaCl, 1mM EDTA) supplemented with RNase inhibitor 4 U/ml was added to the RNA samples. To each sample,

1 mg of monoclonal antibody anti-BrdU (Santa Cruz Biotechnology) was added, and the tubes were placed under rotation for 1h at

room temperature. 20 mL of Protein G Dynabeads (Invitrogen) per sample was washed twice with blocking buffer (13 binding buffer

with the addition of 0.1% polyvinylpyrrolidone and 0.1% BSA) and equilibrated in blocking buffer supplemented with RNase inhibitor

for 1h at room temperature under rotation. Beads were then washed twice with binding buffer and added to the 200 mL of sample

incubated with the antibody. Binding buffer was added to complete 700 mL of final volume to each sample. Samples were incubated

for 1h at room temperature under rotation. After incubation, bead-bound RNAswere washed twice with binding buffer; twice with low

salt buffer (0.23SSPE, 0.05%Tween 20, 1mMEDTA), oncewith high salt buffer (0.23SSPE, 137.5mMNaCl, 0.05%Tween 20, 1mM

EDTA) and twice with TE + tween buffer (0.01 M Tris, 0.001 M EDTA, pH 7.4, 0.05% Tween 20). The beads were resuspended in

100 mL elution buffer (50 mM Tris pH 7.5, 150 mM NaCl, 0.1% SDS, 20 mM DTT, 1 mM EDTA) and incubated 10 min at 37�C in a

thermomixer at 900 rpm to elute RNA. The eluate was collected, and the elution was repeated 3 additional times. 1 mL EtOH

100%, 300mMNaCl and 1 mL glycogen were added to the 400 mL eluate, to precipitate RNA overnight at�20�C. After centrifugation
at maximum speed for 30 min at 4�C, washing with 70% Ethanol and drying the pellet, RNA was resuspended in DEPC water for

subsequent reverse transcription with oligo dT primer and quantification of polyadenylated TERRA, actin and GAPDH transcripts us-

ing specific qPCR primers.

Chromatin immunoprecipitation (ChIP)
HeLa cells were cultured on 10 cm Petri dishes to 70%–90% of confluence and crosslinked for 8 min with PBS containing 1% PFA

(Electron Microscopy Science). Cells were then washed three times with 1X PBS and crosslinking was quenched by incubation in

PBS containing 0.125 M glycine for 15 min. After three washes with 1X PBS, cells were collected and lysed by incubation in 1mL

Solution A (10 mM HEPES pH 7.9, 1 mM EDTA pH 8, 0.5 mM EGTA, 0.25% Triton X-, supplemented with protease inhibitors) for

5 min at 4�C. After centrifugation at 1500 g at 4�C, nuclei pellets were incubated in 1mL Solution B (10 mM HEPES pH 7.9, 1 mM

EDTA pH 8, 0.5 mM EGTA, 200 mM NaCl, supplemented with protease inhibitors) for 5 min at 4�C. After a second centrifugation

at 1500 g at 4�C, pellets containing chromatin were resuspended in 1mL Solution C (50 mM HEPES pH 7.5, 150 mM NaCl, 0.1%

deoxycholate, 1% SDS, 1% Triton X-, 40 mM PMSF, supplemented with protease inhibitors) for sonication using Bioruptor (Diage-

node) in order to obtain 400-200 bp chromatin fragments. The size of the fragments was verified by running 10 mL of each sample in a

2%agarose gel. After sonication, sampleswere centrifuged at 14000 rpm for 15min at 4�C. The supernatant was precleared for 2 h at

4�C with protein G magnetic beads (Invitrogen) and then lysates were incubated overnight at 4�C with either rabbit polyclonal anti-

RALY antibody (3 mg; Bethyl), rabbit polyclonal anti-RAP1 antibody (3 mg; Novus Biologicals), or rabbit IgG polyclonal antibody (3 mg;

Millipore). 20 mL of protein G magnetic beads were added to lysates and incubated for 2 h at 4�C. The beads were then washed four

times for 10 min at 4�C: the first wash was performed in 0.5 mL of Buffer I (50 mM HEPES pH 7.5, 2 mM EDTA pH 8, 0.1% deoxy-

cholate, 150 mM NaCl, 1% Triton X-, 1 mM DTT, supplemented with protease inhibitors); the second wash was performed in 0.5 mL

of Buffer II (50mMHEPES pH 7.5, 2mMEDTA pH 8, 0.1%deoxycholate, 500mMNaCl, 1% Triton X-, 1 mMDTT, supplemented with

protease inhibitors); the third wash was performed in 0.5 mL of Buffer III (250 mM LiCl, 1 mM EDTA pH 8, 10 mM Tris-HCl pH 8, 0.5%

NP-40, 1mMDTT, supplemented with protease inhibitors); the fourth wash was performed in 0.5mL TE Buffer (10mMTris-HCl pH 8,

1 mM EDTA pH 8, 1 mM DTT, supplemented with protease inhibitors). For validation experiments of protein immunoprecipitation,

proteins were run on 10% SDS-PAGE for Western blot analysis. For DNA isolation and qPCR analyses, DNA was eluted from beads

by incubation for 10 min at RT with Elution Buffer (0.5% SDS, 100 mM NaHCO3), then RNase A (1:200, Macherey-Nagel) was added

and incubated at 37�C for 30 min and finally Proteinase K (1:300, Thermo Scientific) was added and incubated at 55�C for 1 h. For

decrosslinking, samples were incubated at 65�C overnight in 200 mM NaCl. DNA was isolated with Phenol/Chloroform/Isoamyl

alcohol (25:24:1, Fisher BioReagents) according to manufacturer instructions using 0.3 mL of reagent per immunoprecipitated sam-

ple and input samples; DNA was then precipitated by NaAc and EtOH and the pellets resuspended in nuclease-free H2O. DNA was

then processed for DNA dot blot as described below.
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RNaseH1-chromatin immunoprecipitation (R-ChIP)
R-ChIP experiments were performed following the ChIP procedure described above with the following differences: HeLa and U2OS

clones expressing RNase H1 D210N were cultured on 10 cm Petri dishes. After sonication, rabbit monoclonal anti-V5 antibody (3 mg;

Cell Signaling) was used to separate the RNaseH1-bound chromatin, or rabbit IgG polyclonal antibody (3 mg;Millipore) as control. For

DNA isolation, DNA was eluted from antibody-bound magnetic beads (Thermo FIsher Scientific) by incubation for 10 min at RT with

Elution Buffer (0.5% SDS, 100 mM NaHCO3), and incubated with Proteinase K (1:300, Thermo Scientific) at 55�C for 1 h. After de-

crosslinking, DNA extraction and precipitation, DNA samples were diluted for qPCR analyses. The relative enrichment of subtelo-

meric sequences was calculated according to the percentage of input.

DNA dot-blot
DNA from ChIP experiments was denatured in 1X SSC at 100�C for 10 min before blotting on an Amersham Hybond H+ membrane

(GE Healthcare) using the BioDot apparatus (Bio-Rad), to obtain spots. After blotting, the membrane was incubated for 10 min in

Denaturing solution (1.5 M NaCl, 500 mM NaOH) and then for 10 min in Neutralizing solution (3 M NaCl, 500 mM Tris-HCl pH 7).

Themembranewas then crosslinked with UV for 3min at 120mJ/cm2 on the UVPCL-1000L Longwave Crosslinker (Fisher Scientific),

pre-hybridized for 1 h in the UVP HB-1000 Hybridizer oven (Fisher Scientific) with pre-heated hybridization buffer (5X SSC, 0.1% sar-

kosyl, 0.04% SDS in H₂O) and hybridized with 5 nM telomeric or Alu 30 DIG-labelled probes in hybridization buffer, overnight at 45�C
for telomeric repeats detection, or at 48�C, for Alu repeats detection. Probe labeling was performed using DIG Oligonucleotide 30

End-Labelling Kit (Roche) according to the manufacturer’s protocol. After hybridization, the membrane was washed 2 times in 2X

SSC/0.1% SDS for 5 min at RT, then 2 times in 0.5X SSC/0.1% SDS for 5 min at RT, 2 times in preheated 0.5X SSC/0.1% SDS

for 15 min at 42�C and briefly in 2X SSC at RT. The membrane was incubated for 1 h at room temperature in blocking solution (Maleic

acid buffer pH 7.5 (0.1M maleic acid, 0.15M sodium chloride) containing 1% Blocking Reagent (Roche) and for 30 min in blocking

solution containing anti-DIG antibody (1:10000; Roche) at RT. Finally, the membrane was washed 2 times for 30 min in wash buffer

(0.3% Tween 20, 0.5X Maleic Acid Buffer pH 7.5 in H₂O), equilibrated for 2 min in AP buffer (100mM Tris-HCl pH 9.5, 100mM NaCl in

H₂O) and prepared for detection at the ChemiDoc XRS+ (Bio-Rad) with CDP-Star Chemiluminescence Substrate (Roche), according

to the manufacturer’s protocol.

QUANTIFICATION AND STATISTICAL ANALYSES

Details about the statistical analysis for each figure are provided in the figure legends. Significance is indicated as follows: *: p < 0.05,

**: p < 0.01, ***: p < 0.001, ****: p < 0.0001, ns: not significant. GraphPad Prism 8 was used for statistical analyses. Excel was used for

statistical analysis of actinomycin D experiment (Figures 2C and 2D).
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