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Abstract 

Long non-coding RNAs transcribed from telomeres, known as TERRA (telomeric repeat-containing 

RNA), are associated with telomere and genome stability. TERRA abundance responds to different 

cell stresses; however, no studies have focused on oxidative stress, condition that damages 

biomolecules and is involved in aging and disease. Since telomeres are prone to oxidative damage 

leading to their dysfunction, our objective was to characterize TERRAs and the mechanisms that 

control their expression. TERRA increased in cells exposed to H2O2 and reverted by antioxidant 

treatment. TERRAs are also induced in brown adipose tissue of mice exposed to cold, which raises 

mitochondrial ROS. In cells exposed to H2O2, ChIP showed that chromatin landscape was modified 

favoring telomere transcription. TERRAs interacted with HP1α/γ, proteins that were found recruited to 

subtelomeres. Since HP1γ interacts with the transcriptional machinery, TERRAs may stimulate their 

own expression by recruiting HP1γ to subtelomeres. TERRA induction reverted within 2h after 

removal of H2O2 from culture medium, suggesting they have protective functions. This was supported 

by rapid TERRA induction following a second H2O2 challenge. PKA inhibitors H89 and PKI blocked 

TERRA increase by H2O2 or IBMX+Forskolin treatment, suggesting PKA signaling regulates TERRA 

induction. Treatment of cells with drugs that disturb cytoskeleton integrity or growing cells on surfaces 

of different stiffness known to generate differential cytoskeleton tension also modified TERRA levels 

and sensitized cells to lower H2O2 concentrations. In summary, we show that TERRAs are induced in 

response to oxidative stress and are regulated by PKA as well as by changes in cytoskeleton 

dynamics. 

 

 

Key words: TERRA, oxidative stress, telomere dysfunction, transcriptional memory, PKA, 

cytoskeleton dynamics. 

 

Abbreviations: ncRNA: non-coding RNA; lncRNA: long non-coding RNA; sncRNA: small non-coding 

RNA; TERRA: telomeric repeat-containing RNA; ALT: alternative lengthening of telomeres; ROS: 

reactive oxygen species; NAC: N-acetyl-L-cysteine; UCP-1: uncoupling protein-1; TAF: telomere-

associated DNA damage foci; HP1: heterochromatin protein 1; H2O2: hydrogen peroxide; NaAsO2: 

sodium arsenite; TIAR: TIA-1 related protein; WB: Western blot; IP: immunoprecipitation; IIF: indirect 
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immunofluorescence; ChIP: chromatin immunoprecipitation; RIP: RNA immunoprecipitation; 

H3K9me3: trimethylation on Lys9 of histone H3; p-Ser5 RNA pol II: RNA polymerase II 

phosphorylated at Ser5; H4Ac: acetylated histone H4; Nup62: nucleoporin 62; NPC: nuclear pore 

complex; P-Thr198 PKA: PKA phosphorylated at Thr198; LINC: linker of nucleoskeleton and 

cytoskeleton; E: elastic modulus; HS: horse serum; CSD: chromoshadow domain. 
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1. INTRODUCTION 

Eukaryotic genomes possess intragenic and intergenic sequences that give rise to non-coding 

RNAs (ncRNAs) that have been linked to cellular processes in physiology and disease [1]. Different 

criteria have emerged in order to classify the ever-growing list of identified ncRNAs, including length, 

transcript properties, location with respect to known genomic annotations or regulatory elements, and 

function [2]. The most basic criterion classifies them according to their length into small (sncRNA) and 

long ncRNAs (lncRNA). Active transcription of telomeres gives rise to a member of the long class of 

ncRNAs known as telomeric repeat-containing RNAs (TERRA) [3, 4]. The C-rich strand of telomeres 

is transcribed by the RNA polymerase II, generating TERRA transcripts composed of subtelomeric 

sequences and a variable number of the telomeric UUAGGG-repeat, which causes TERRA 

populations to be heterogeneous in size, ranging from 100bp to 9kb, sustaining several important 

functions at chromosome ends [3-5]. They have been shown to be novel structural components of 

telomeres [3, 4], where they participate in heterochromatin formation and favor capping of these 

structures by the protein complex shelterin. They can also interact with telomerase, possibly favoring 

its activity in vivo by recruiting telomerase at short telomeres [6, 7] and by preventing the 

accumulation of the telomerase-inhibiting hnRNPA1 at telomeres [6], although there is evidence that 

TERRA overexpression in human cancer cells does not affect telomerase activity[8]. Other enzymes 

that localize at telomeres, such as methyltransferase Suv39H1 and the member of the NuA2 histone 

acetyltransferase complex MORF4L2, have also been identified as TERRA-binding proteins, favoring 

their recruitment to telomeres [9]. Furthermore, at dysfunctional ultrashort telomeres, TERRAs can 

base-pair with their template DNA strand to form RNA:DNA hybrid structures known as R-loops that 

favor homologous recombination of telomeres, thus promoting alternative lengthening of telomeres 

(ALT) and delaying senescence in telomerase-negative cells [9]. 

TERRA abundance is modified in response to a variety of conditions, including telomere 

epigenetic status [4, 10-14], cell cycle phase [15], development [4, 16], nuclear reprogramming [17, 

18], as well as in diseases such as cancer [19]. It has also been described that TERRA levels are 

differentially modulated in response to different cell stresses. TERRA levels decrease in cells 

exposed to UV-C radiation [20]. In contrast, heat shock increases TERRA expression [4]. However, to 

our knowledge, it is not known whether TERRAs are modulated in response to oxidative stress. It is 

important to gain insight in the underlying mechanisms that control TERRA expression in this context, 

since oxidative stress is relevant in ageing [21] as well as in a plethora of diseases, including 
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neurodegenerative diseases [22]; cardiovascular disease [23]; obesity, a pathology in which 

increased production of reactive oxygen species (ROS) in the adipose tissue may underlie 

occurrence of insulin resistance [24-27]; as well as in cancer [28]. The tumor-associated inflammatory 

response favors tumor progression by secreting bioactive molecules to the tumor microenvironment, 

as well as by secreting ROS that activate signaling cascades, like MAPK/AP-1 and NF-κB, and are 

mutagenic for nearby cells, accelerating their transformation [28, 29].  

 For a long time, ROS have only been considered harmful, and thus detrimental for the cell. 

However, ROS have proven to be signaling molecules, and it is well accepted that a lack of 

necessary ROS can also be harmful. As signaling molecules, ROS participate in the control of diverse 

essential cellular processes ranging from cell survival, proliferation, migration, up to cell differentiation 

[30]. For example, activation of brown adipose tissue (BAT) thermogenesis is accompanied by 

increased levels of mitochondrial ROS. Treatment of mice with the cell permeable antioxidant N-

acetyl-L-cysteine (NAC) or with the mitochondria-targeted antioxidant MitoQ caused severe 

hypothermia when mice were exposed to cold, suggesting that elevated ROS is required for 

increasing uncoupling protein (UCP)1-dependent respiration for proper thermogenesis [31]. In the 

presence of elevated ROS, both protein thiols and glutathione pools became substantially oxidized 

during thermogenic respiration in BAT of mice exposed to cold [31-33]. One key target is the Cys253 

of UCP-1, whose oxidation drives increased thermogenic respiration in BAT [31]. Importantly, the 

redox changes that take place in BAT upon cold exposure are dynamic, reversible and precisely 

controlled by thiol antioxidant pathways [34] since uncontrolled ROS can be detrimental to the cell. 

Therefore, when a redox imbalance results in an excess of ROS, the cell faces oxidative stress that 

leads to a disruption of redox signaling and/or molecular damage that triggers diverse mechanisms 

that lead to survival (if the stress situation is overcome) or to cell death [30, 35, 36].  

ROS are reactive towards lipids, proteins and nucleic acids, and their excess results in 

damage to cell structure and functions. In particular, it has been shown that telomeres are more 

susceptible to suffer DNA damage by ROS than other regions of the genome. Indeed, the triplet 

guanines in the telomeric TTAGGG-repeats confer high oxidative reactivity and the resulting oxidative 

guanine lesions result in telomere configurations that decrease DNA repair efficiency [37]. 

Interestingly, it has been shown that telomeres form atypical aggregates of varied size and number in 

tumor cell nuclei and in cells conditionally overexpressing c-Myc [38]. These changes could be 

attributed, at least in part, to the fact that c-Myc overexpression alters the nuclear matrix [39, 40] 

which would facilitate recombination and/or fusion events, as well as the formation of telomeric 
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aggregates [38]. Furthermore, c-Myc activation induces DNA damage mediated by increased ROS 

production, where antioxidant treatment lowers ROS levels and prevents DNA damage [41]. It was 

also shown that chronic inflammation in mice induces telomere dysfunction due to ROS 

overproduction via COX-2, which is blocked by anti-inflammatory or antioxidant treatment [42]. 

Therefore, since an oxidative context leaves telomeres prone to damage and abnormal aggregation, 

we hypothesize that the expression of TERRA transcripts will increase possibly for telomere 

protection. In the present study, our results show that oxidative stress, generated by exposing cells to 

H2O2 or NaAsO2, induces TERRA expression, which is blocked by the antioxidant NAC. Importantly, 

TERRAs are induced in vivo in BAT, tissue in which ROS increase when mice are exposed to cold. 

TERRA induction is reversible, suggesting they play a protective role at telomeres. In fact, epigenetic 

changes at subtelomeric chromatin that favors TERRA transcription after an initial exposure to H2O2 

persists in cells, leading to faster TERRA induction in a subsequent oxidative challenge. We found 

TERRAs could participate in these chromatin state changes by interacting with the heterochromatin 

protein 1 (HP1) family proteins HPIα and HP1γ, the latter being a novel TERRA-binding isoform. 

Finally, we identified PKA signaling and cytoskeleton integrity to be relevant mechanisms involved in 

the regulation of TERRA induction. 
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2. MATERIALS AND METHODS 

2.1 Antibodies. Mouse monoclonal IgG against HP1γ (clone 42s2), mouse monoclonal IgG against 

HP1α (clone 15.19s2), and anti-acetylated histone H4 were from EMD Millipore. Anti-α-tubulin, anti-

TRF1 and ChIP-grade antibodies against HP1γ (rabbit polyclonal IgG), histone H3K9me3 and actin 

were from Abcam (Cambridge, UK). Nups mouse monoclonal IgG and P-Ser5 RNA pol II mouse 

monoclonal IgM (clone H14) antibodies were from Covance (New Jersey, USA), while IgG anti-IgM 

antibody was from Upstate-Millipore (Billerica, MA, USA). Mouse monoclonal IgG anti-TIAR was from 

BD Transduction Laboratories, rabbit monoclonal IgG against pan-actin was from Epitomics and P-

Thr198 PKA catalytic subunits α/β/γ was from Santa Cruz Biotechnology. Lamin A/C, PKA catalytic 

subunit α and P-Ser139 γH2AX were from Cell Signaling. HRP-conjugated goat anti-rabbit, phalloidin-

FITC, and mouse IgG anti-Flag M2 (non-immune serum) were from Sigma-Aldrich. HRP-conjugated 

goat anti-mouse was from Amersham Biosciences (Little Chalfont, UK). Rabbit IgG anti-GST epitope 

tag (non-immune serum) was purchased from Affinity BioReagents (Golden, CO). Secondary 

antibodies labeled with Alexa-Fluor 488 dyes were purchased from Molecular Probes (Eugene, OR, 

USA). Rhodamine-labeled goat anti-rabbit IgG and HRP-conjugated goat anti-mouse IgM were 

purchased from Jackson ImmunoResearch (West Grove, PA, USA). HRP-conjugated protein A was 

purchased from Calbiochem.  

2.2 Cell culture and reagents. Dulbecco’s modified Eagle’s medium (DMEM), trypsin-EDTA, fetal 

bovine serum (FBS) and calf serum (CS) were purchased from Gibco Life Technologies – Invitrogen, 

(Carlsbad, CA, USA). Human embryonic kidney HEK-293T cells and C2C12 mouse myoblasts were 

obtained from the American Type Culture Collection (ATCC). HEK-293T cells were grown in DMEM 

4.5 g/liter glucose and supplemented with 10% v/v CS and C2C12 cells were grown in DMEM 4.5 

g/liter glucose and supplemented with 10% v/v FBS in a humidified 5% CO2 atmosphere at 37°C. 

C2C12 cells were grown until confluence in DMEM 10% FBS, and then changed to DMEM 2% horse 

serum (HS) during 4 days for induction of differentiation, as previously described [43]. For exposure 

to oxidative agents, we used hydrogen peroxide (H2O2) solution 30% (w/w) in water from Sigma-

Aldrich (St. Louis, MO, USA)., while buthionine sulfoximine (Sigma-Aldrich) and sodium arsenite 

(Mallinckrodt) were prepared in distilled water, and the final working concentrations are indicated in 

each experiment. N-acetyl-L-cysteine (NAC) was purchased from Sigma-Aldrich, stock solutions were 

prepared in distilled water and used at a 5mM final concentration. Cells were pre-incubated 30 min 

with 5 mM NAC before adding an oxidative agent. For cytoskeleton integrity experiments, colcemid 
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(Sigma-Aldrich) and paclitaxel (LC Laboratories) stock solutions were prepared in DMSO and used at 

final concentrations of 0.6μg/ml and 1μM, respectively. For PKA signaling evaluation, 3-isobutyl-1-

methylxanthine (IBMX), forskolin and PKI were purchased from Sigma-Aldrich, and H89 

dihydrochloride salt was from LC Laboratories. IMBX stock solution was dissolved in distilled water 

and used at a final concentration of 52μM in combination with forskolin 30μM. The PKA inhibitor H89 

dihydrochloride salt was resuspended in DMSO and used at a 20μM final concentration, and PKI was 

resuspended in distilled water and used at a 0.5μM final concentration. For trypan blue staining, cells 

were trypsinized, spun down, resuspended in culture medium and incubated at room temperature 

with trypan blue solution at a final concentration of 0.2% (w/v). The proportion of viable cells (non-

stained) was determined in a Neubauer chamber. 

2.3 Cell fractionation and Western blot (WB) analysis. Cell fractionation was performed as 

previously described [43]. Briefly, cells were either left untreated or treated 4h with 500 μM H2O2. 

Cells were then washed twice with PBS and once with ice-cold hypotonic buffer (20 mM HEPES, 1 

mM EDTA y 1 mM EGTA). Cells were harvested in hypotonic buffer containing 0.2% NP40 plus 

protease inhibitors, dounced 50 times with a loose pestle on ice and centrifuged 30 s at 13500 rpm. 

The supernatant (cytosol) was separated and stored at -80°C, while the nuclear pellets were lysed in 

lysis buffer (50 mM Tris/HCl pH 7,5, 120 mM NaCl, 1 mM EDTA, 6 mM EGTA, 0,1% NP40) plus 

protease inhibitors for IP experiments, or in TRIzol reagent for TERRA assessment. Total, cytosolic 

and nuclear fractions were resolved by SDS-PAGE and analyzed by immunoblotting, as previously 

described [43-45]. 

2.4 Immunoprecipitation (IP) assays. IPs were performed as we previously described [43, 44]. 

HRP-conjugated protein A was used for immunoblotting. 

2.5 Indirect immunofluorescence (IIF) assays. IIF was performed as previously described [43-45]. 

Briefly, cells were grown on coverslips, incubated in the absence or the presence of 500μM H2O2 for 

4h or treated as indicated in figure legends, and then fixed 10 min in 2% PFA+2% sucrose in PBS, 

followed by 10 min in 4% PFA+4% sucrose in PBS at room temperature. Quenching of cellular 

autofluorescence was performed by incubating 10 min in a 10 mM NH4Cl solution in PBS. Cells were 

permeated by incubating 10 min in 0.1% Triton X-100 in PBS. Coverslips were washed three times 

with PBS, blocked 1h with blocking buffer (1% bovine serum albumin in PBS), and incubated O.N. 

with the primary antibodies indicated in figure legends. After 1h incubation with the secondary 

antibodies labeled with Alexa-488 or rhodamine, nuclei were stained with DAPI and coverslips were 
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mounted in Vectashield mounting medium. All IIF conditions were tested to avoid non-specific 

reactions using only the secondary antibodies. Laser-scanning confocal microscopy was performed 

with the Olympus Fluoview FV10i. 

2.6 Image analysis. Software Fiji-Image J program (v. 1.45s) from the NIH was utilized for all image 

analyses. To quantify co-localization events, the Colocalization plug-in was used. To measure 

fluorescence intensity of DNA damage foci, the Integrated Intensity was included as a measurement 

in the ROI Manager. In both cases, at least 30 nuclei were analyzed. Profiles of band intensities of 

agarose gels were obtained using the Plot profile plug-in. 

2.7 RNA extraction and PCR analysis. RNA was isolated with TRIzol reagent (TRI Reagent, Sigma-

Aldrich) following the manufacturer’s instructions. DNAse I treatment was performed using the RQ1 

RNase-Free DNase kit from Promega. For cDNA synthesis, M-MLV Reverse Transcriptase from 

Promega was used. End-point PCR was performed using TERRA primers previously reported by 

Azzalin et al. [3]: initial denaturation 4 min 94°C; 35 cycles of 30 s 94°C, 30 s 57°C and 30 s 72°C; 

final elongation 10 min 72°C. qPCR was performed using human and mouse TERRA primers 

previously reported by Deng et al. [19, 46]: activation of FastStart Taq DNA Polymerase 10 min 95°C, 

40 cycles of 15 s 95°C and 1 min 60°C; dissociation curve. 

2.8 Chromatin immunoprecipitation (ChIP) and re-ChIP assays. ChIP was performed as 

previously described [43, 45]. The primers for the 17p subtelomeric region used for PCR amplification 

were the same as those previously reported [3]. Re-ChIP assays were performed as described [43] 

using 5μg of anti-HP1γ for the first IP and 5μg of either anti-Nups or anti-actin for each of the second 

IPs. 

2.9 RNA Immunoprecipitation assay (RIP). To study TERRA interaction with HP1 proteins, we 

followed a protocol adapted from Selth et al. [47]. Briefly, cells were crosslinked as in ChIP assays, 

washed in PBS, scraped with PBS plus protease inhibitors and nuclei were isolated in hypotonic 

buffer (20mM HEPES, 1mM EDTA y 1 mM EGTA, 0.2% NP40) plus 40 U/ml RNAse OUT (Invitrogen-

Thermo Fisher Scientific) and protease inhibitors, douncing 50 times with a loose pestle. Pelleted 

nuclei were resuspended in RIP buffer (150mM KCl, 25mM Tris–HCl pH 7.4, 5mM EDTA, 0.5mM 

DTT, 0.5% NP40) plus 40 U/ml RNAse OUT and protease inhibitors, and dounced 50 times with a 

tight pestle. Samples were centrifuged, and supernatants containing proteins, RNA and genomic DNA 

were sonicated in a Biodisruptor from Diagenode. RNA was quantified in a Nanodrop2000 and 6mg 

of RNA was used for each IP using 5μg of either immune or non-immune antibody, incubated O.N. at 
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4°C with rotation. IP samples were incubated with protein A/G agarose (Sigma-Aldrich), eluted for 10 

min at 37°C in elution buffer (10 mM EDTA, 100mM Tris–HCl pH 8.0, 1% SDS) plus 40 U/ml RNAse 

OUT and the resulting supernatants were treated 1h at 42°C with proteinase K and decrosslinked 1h 

at 65°C, including input RNA. TRIzol was added to isolate RNA following the manufacturer’s 

instructions. 

2.10 Polyacrylamide hydrogels. Polyacrylamide solutions corresponding to Young’s modulus (E) 60 

kPa or 1.05 kPa were prepared by mixing 40% acrylamide, 2% bis-acrylamide, water, and 10% APS 

solution according to the volumes previously reported [48]. We then followed the protocol described 

by Worthen et al. [49]. 

2.11 Cold exposure of male C57BL/6J mice. Mice were left at room temperature or placed in cages 

at 4°C during 4h before euthanasia by cervical dislocation. Interscapular, epididymal and inguinal fat 

depots were surgically removed as described [31]. Animal experiments were performed according to 

procedures approved by CICUAL – IBYME. 

2.12 Statistical Analysis. Single comparisons were performed using two-tailed Student’s t-test and 

multiple comparisons by one-way ANOVA followed by post hoc Tukey’s test using GraphPad Prism 6. 
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3. RESULTS 

3.1 Oxidative stress induces TERRA expression. 

TERRAs are known to participate in telomere protection. In order to test whether oxidative 

stress induces DNA damage at telomeres, we evaluated the effects of H2O2 exposure on telomere 

distribution and whether persistent telomere-associated DNA damage foci (TAF) formed in HEK-293T 

cells. Telomeres were studied by IIF labeling TRF1, and a punctate staining pattern was observed 

(Figure 1A, panel a), as previously described [50]. When cells were exposed to H2O2, the TRF1 

signal coalesced (Figure 1A, panel e), possibly corresponding to the formation of atypical telomeric 

aggregates of varied size and number, as previously shown in cells that experience increased ROS 

levels due to c-Myc overexpression [38, 41]. DNA damage foci were studied by IIF labeling γH2AX, 

the histone variant H2AX phosphorylated on Ser139 that is found at sites of DNA double strand 

breaks [51]. The number of γH2AX foci per nucleus increased when HEK-293T cells were exposed to 

H2O2 (Figure 1A, panel f vs. b), as expected. We measured both the average number and 

fluorescence intensity of foci labeled by γH2AX, and we found a significant increase in both 

parameters (Figure 1B). γH2AX co-localization with TRF1 was quantified in order to assess TAF 

formation, as previously reported [51]. In basal conditions, HEK-293T cells presented a low 

percentage of TAFs (Figure 1C and Figure 1A panel c with inset panels 1-2). In contrast, TAF 

frequencies increased upon H2O2 exposure (Figure 1C and Figure 1A, panel g vs. c, inset panels 1-

2). Since TAFs are markers of telomere dysfunction, these results suggest that telomeric DNA 

undergoes oxidative damage leading to dysfunctional telomeres. Taking in consideration that 

TERRAs have been shown to protect telomeres, we evaluated their level of expression in HEK-293T 

cells incubated in the presence of increasing concentrations of H2O2. We found that TERRA levels 

significantly increased upon incubation of cells with 500μM H2O2 (Figure 1D). Next, TERRA 

expression was analyzed at different time points of 500μM H2O2 treatment. Agarose gels of end-point 

PCRs, as well as qPCR, show that H2O2 induced TERRA expression from chromosomes 17p, 2p, 

11q (Figure 1E) and chromosomes 2q, 13q, and 17q (Figure1H) within 4h of treatment, respectively. 

In addition, sodium arsenite (NaAsO2), another agent that generates oxidative stress, also increased 

TERRA levels, as shown for chromosomes 17p, 2p and 11q (Supplementary Figure S1A). In order 

to control that under these conditions cells were in fact exposed to oxidative stress, we evaluated 

stress granule formation by staining TIA-1 related protein (TIAR) [52]. Stress granules are 

cytoplasmic complexes of targeted mRNAs and associated proteins that form to stall translation when 

eukaryotic cells are exposed to stress conditions [53]. As shown in Figure 1F - panel II, when cells 
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were incubated 4h in the presence of 500μM H2O2, many TIAR foci were detected by IIF and confocal 

microscopy. As expected, co-incubation of cells with H2O2 and the antioxidant N-acetyl-L-cysteine 

(NAC) prevented stress granule formation (Figure 1F, panel IV vs. II). When TERRA expression was 

analyzed, we found that the antioxidant NAC blocked the induction of TERRA by H2O2, evaluated by 

both end-point PCR (Figure 1G) and qPCR (Figure 1H). Furthermore, NAC blocked the induction of 

TERRA by NaAsO2 treatment (Supplementary Figure S1B). Taken together, these results show for 

the first time that TERRA expression is induced in response to oxidative stress, possibly to protect 

telomeres from oxidative damage. 

It has been recently reported that in BAT, acutely activated thermogenesis increases 

mitochondrial ROS, whereas it does not occur in white adipose tissue (WAT) [31]. This led us to 

investigate in vivo whether TERRAs transcribed from different chromosomes were induced in BAT, 

visceral or subcutaneous WAT of C57BL/6J mice exposed 4h to cold (4°C). qPCR analysis of BAT 

RNA samples showed that cold exposure increased TERRAs expressed from subtelomeres 2q, 5q, 

11q and TeloCen between ~4 and almost 7-fold (Figure 1I). In contrast, TERRAs were not induced in 

visceral WAT (Figure 1I, Epididymal). Interestingly, subcutaneous WAT, which can undergo a 

browning process to acquire BAT characteristics upon exposure of mice to cold also have increased 

mitochondrial ROS, showed a moderate (~1.6-fold) but significant induction of TERRAs (Figure 1I, 

Inguinal). Taken together, these findings show for the first time that TERRA levels increase in vivo in 

response to physiological changes in ROS levels. 

3.2 Oxidative stress induces changes in chromatin landscape at the subtelomeric region. 

Telomeric and subtelomeric regions are enriched in H3K9me3 and H4K20me3, epigenetic 

marks that are characteristic of heterochromatin, accompanied by underacetylation of histones H3 

and H4 [54, 55]. Since telomeres and subtelomeres are endowed with transcriptionally silent marks, 

we asked whether H2O2 exposure of cells modified the chromatin landscape in order to favor TERRA 

transcription. Thus, we performed chromatin immunoprecipitation (ChIP) assays to analyze 

methylation of histone H3 and acetylation of histone H4 at the subtelomeric region of chromosome 

17p in HEK-293T cells that were incubated 4h in the absence or the presence of H2O2. Figure 2A 

shows that H2O2 treatment caused an increase in both H3K9me3 (lane 3 vs. 2) and acetylation of 

histone H4 (lane 11 vs. 10). It is well established that H3K9me3 provides a binding site for the 

different isoforms of HP1 [56-58]. We found that increased trimethylation of H3K9 was accompanied 
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by increased recruitment of HP1α (Figure 2A, lane 6 vs. 5) at the 17p subtelomeric region, 

suggesting that chromatin compaction is maintained at subtelomeres when cells are exposed to 

oxidative stress. However, H3K9me3 has also been shown to be enriched in transcribed regions of 

active genes in mammalian cells [59], and accordingly we also found increased recruitment of HP1γ 

(Figure 2A, lane 9 vs. 8) to the subtelomeric region. HP1γ interacts with and recruits RNA 

polymerase II to transcriptionally active sites [43, 59, 60]. We evidenced increased recruitment of 

RNA polymerase II phosphorylated at Ser5 (p-Ser5 RNA pol II) (Figure 2A, lane 14 vs. 13) to the 

subtelomeric region of chromosome 17p upon H2O2 exposure. 

It has been recently described that Nups can be targeted to active genes [61, 62]. By 

performing ChIPs using the monoclonal antibody mAb 414 that recognizes Nups [63, 64], we found 

they were bound to the 17p subtelomeric region (Figure 2A, lane 16), with a low increase caused by 

treatment of cells with H2O2 (Figure 2A, lane 17). HP1s are responsible for the recruitment of many 

chromatin remodelers such as SUVH3 [56-58] and proteins responsible for gene transcription, like the 

RNA pol II [59], the transcription factor C/EBPβ [45] and nuclear actin [43], among many others [65]. 

Nups do not have the ability to bind directly to chromatin, thus we analyzed whether HP1s may 

interact with Nups to possibly facilitate their recruitment to subtelomeres. HP1α and HP1γ were 

immunoprecipitated from nuclear extracts of HEK-293T cells and complexes were solved by WB. We 

show for the first time that Nup62 co-immunoprecipitated with HP1γ (Figure 2B, lane 2) but not with 

HP1α (lane 5). The co-immunoprecipitation of Nup62 was specific, since no band was detected when 

a non-immune serum was used (Figure 2B, lanes 1 and 4). P-Ser5 RNA pol II and actin also co-

immunoprecipitated with HP1γ (Figure 2 B, lane 2) but not with HP1α (lane 5), as previously reported 

[43, 59]. Importantly, Nup62, as well as actin, co-immunoprecipitated with HP1γ in HEK-293T cells 

incubated 4h with 500μM H2O2 (Figure 2C). To obtain evidence that HP1γ and Nups were present in 

complex associated to the 17p subtelomeric region, re-ChIP assays were performed. Chromatin 

fragments from HEK-293T cells were immunoprecipitated first with anti-HP1γ, and eluted samples 

were subjected to a second immunoprecipitation with the antibody mAb 114 that recognizes Nups, 

followed by purification of these chromatin fragments prior to PCR analysis. We found enrichment of 

chromatin associated with both proteins at the subtelomeric region of chromosome 17p compared to 

control non-immune IgG (Figure 2D, lane 2 vs. 1), suggesting that complexes containing HP1γ and 

Nup62 are present in this region. In addition, re-ChIP assays also showed that actin was present in 

complex with HP1γ (Figure 2D, lane 3), as previously shown by others and us for transcribed genes 

[43, 59]. In summary, when cells were exposed to H2O2, both acetylation of histone H4 and H3K9me3 
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increased, along with binding of HP1α and HP1γ, the latter favoring the recruitment of P-Ser5 RNA 

pol II, Nup62 and possibly actin, in order to facilitate transcription at subtelomeres when cells are 

exposed to oxidative stress. 

3.3 TERRA induction by oxidative stress is dynamic. 

To gain insight into the functional role of TERRAs in oxidative stress, we evaluated the 

subcellular distribution of TERRAs by cell fractionation of cells exposed or not to H2O2. We found that 

the increase in TERRA levels by H2O2 was restricted to the nuclear fraction (Figure 2E). Since it was 

previously reported that TERRAs interact with HP1α [66], we investigated whether this nuclear pool of 

TERRAs could also have the capacity to interact with HP1γ by performing RNA immunoprecipitation 

(RIP) assays. As shown in Figure 2F, TERRA transcribed from the subtelomeric region of 

chromosome 17p had the ability to interact with HP1γ under basal conditions. A similar result was 

obtained with HP1α (Figure 2F), as previously reported [66]. Interestingly, H2O2 treatment of cells 

increased the interaction of TERRAs with HP1γ in the cell nucleus. To our knowledge, this is the first 

report showing that TERRAs interact with HP1γ, and it is tempting to speculate that this interaction 

with HP1s could play a role in controlling TERRA induction when cells have to respond to an 

oxidative challenge. 

In order to further characterize TERRA modulation in response to oxidative stress, we 

evaluated whether TERRA induction was a dynamic event. To address this question, we treated 

HEK-293T cells with H2O2 during 4h, eliminated the residual H2O2, added fresh medium and 

harvested cells after 15min, 1h, 2h, 4h and 24h had elapsed. The increased levels of TERRA 

promoted by H2O2 treatment began to decrease within 2h of recovery from H2O2 exposure (Figure 

3A, lane 6 vs. 2), reflected in the densitometric analysis of the agarose gel bands of TERRAs from 

subtelomeres 17p and 2p (Figure 3B). After 24h of recovery, TERRA levels appear to be even lower 

than in control cells (Figure 3A, lane 8 vs. 1; Figure 3B). To test whether the decrease in TERRA 

levels was not due to a lower number of viable cells, cell viability was controlled using trypan blue. No 

changes in cell viability were observed after 24h of recovery following the initial H2O2 exposure 

(Supplementary Fig. S2) These results suggest that TERRA expression is dynamic and their 

induction reverts shortly after the stressor is removed. 

It is well known that cells exposed to a stress respond differently when they have to face a 

second stress [67, 68], however little is known of the mechanism that underlies such differential 
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responses. To investigate how cells respond to a second oxidative aggression, HEK-293T cells 

incubated 4h in the presence of H2O2 were allowed to recover 24h in fresh culture medium, allowing 

TERRAs to return to basal levels, and cells were then subjected to a second exposure to H2O2 

(Figure 3C, schematic representation). We found that TERRAs were rapidly induced within 5min, and 

this induction was sustained up to 1h of the second H2O2 treatment (Figure 3C, lanes 4-7, and 

densitometric analysis of TERRA band intensities in Figure 3D). This rapid and sustained induction in 

TERRA levels contrasts with the induction pattern obtained during the first exposure of cells to H2O2 

(Figure 1D). These results prompted us to study whether epigenetic changes and/or modifications in 

the recruitment of proteins that control transcription at subtelomeres may facilitate the rapid response 

to the second oxidative insult. Hence, we performed ChIP assays and compared chromatin status in 

cells exposed 4h to H2O2, with cells allowed to recover 24h after an initial exposure to H2O2, as well 

as those that underwent a second 15min treatment with H2O2. Interestingly, the enrichment of 

H3K9me3 and acetylation of histone H4, as well as the binding of HP1α, HP1γ and P-Ser5 RNA pol II 

observed after 4h H2O2 exposure persisted at the subtelomeric region of chromosome 17p through 

the 24h recovery (Figure 3E, lane 4 vs. 3) and was not modified during the second 15min exposure 

to H2O2 (Figure 3E, lane 5). Taken together, these results suggest that after the first H2O2 exposure, 

changes in methylation of H3K9, acetylation of H4 and increased binding of HP1α, HP1γ and 

transcriptionally active RNA pol II are maintained, in order to favor faster TERRA induction when cells 

are exposed to a second oxidative insult. 

3.4 PKA signaling regulates induction of TERRAs upon oxidative stress 

It has been reported that ROS can activate PKA signaling by a mechanism that does not 

require an increase in cAMP [69], since increased ROS causes inhibition of adenylate cyclase [70, 

71]. Thus, to elucidate the mechanisms underlying TERRA induction in response to oxidative stress, 

we evaluated whether PKA activation is required for their induction. We found that within 4h of H2O2 

treatment, PKA activation was evidenced by increased phosphorylation of the catalytic subunit α of 

PKA on Thr198 (P-Thr198 PKA) (Figure 4A) and phosphorylation of HP1γ on Ser 83 (data not 

shown), a well-known substrate of this kinase [60]. Similar results were obtained when cells were 

incubated in the presence of IBMX+Forskolin, which increase cAMP by inhibiting phosphodiesterases 

and by activating adenylate cyclase, respectively (Figure 4B). Both phosphorylation of PKA (Figure 

4A, B) and HP1γ (not shown) induced by H2O2 or by IBMX+Forskolin treatment, were blocked by 

H89, a widely used PKA inhibitor. Next, to determine the importance of PKA signaling in the induction 
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of TERRA expression, we treated HEK-293T cells with IBMX+Forskolin or H2O2 in the absence or 

presence of H89, and evaluated TERRA levels by qPCR. We found that TERRAs from subtelomeres 

2q, 13q and 17q were significantly induced by IBMX+Forskolin treatment (Figure 4C), suggesting that 

activation of the PKA signaling pathway triggers TERRA transcription. Importantly, H89 abrogated the 

increase in TERRA levels caused by IBMX+Forskolin or H2O2 treatment of cells (Figure 4C). TERRA 

induction by H2O2 was likewise blocked when PKA inhibition was performed with the cell-permeable 

PKI (Figure 4D). Taken together these results show for the first time that activation of PKA by H2O2 is 

required for the induction of TERRA expression. 

3.5 Cytoskeleton integrity is important for TERRA transcriptional regulation 

Tensional forces sensed by cell-to-cell adhesions and by focal adhesions to the extracellular 

matrix can be transduced directly into the nucleus along the cytoskeleton, which is connected to the 

nuclear lamina by the linker of nucleoskeleton and cytoskeleton (LINC) complex. These tensional 

forces lead to changes in gene expression and cellular functions [72, 73]. It has been reported that 

ROS affect actin stress fiber formation [74], thus we predicted that changes in the cytoskeleton may 

be transduced into changes in TERRA transcription. When we stained microtubules in cells exposed 

to H2O2, we evidenced by confocal microscopy that H2O2 caused loss of microtubule integrity, which 

was accompanied by the formation of cytoplasmic α-tubulin aggregates (Figure 5A, panel b vs. a), in 

a similar fashion as cells incubated in the presence of colcemid (panel c), as previously reported [75]. 

Stress granules stained with anti-TIAR were observed in cells incubated in the presence of H2O2 

(Figure 5B, panel e vs. d) but not when microtubules were disrupted with colcemid (Figure 5B, panel 

f vs. e), supporting the fact that microtubules were disassembled by the action of a different kind of 

microtubule disrupting agent. As predicted, colcemid treatment also triggered an increase in TERRA 

levels from chromosomes 17p and 2p assessed by end-point PCR (Figure 5C), as we had observed 

upon H2O2 treatment (Figure 1D), suggesting that changes in the dynamic organization of 

microtubules may regulate TERRA transcription. On the other hand, paclitaxel is known to stabilize 

microtubules in a wide variety of cells by interfering with its dynamic organization [76] and prevents 

colcemid-induced stress fiber and focal adhesion formation [75]. As such, we decided to explore the 

possibility that paclitaxel could prevent the effects of H2O2 on microtubule integrity, and consequently, 

block the induction of TERRA expression. However, paclitaxel was not only unable to prevent TERRA 

induction caused by H2O2 treatment of cells (Figure 5D, lane 4 vs. 2), but also paclitaxel itself 

induced TERRA expression from subtelomeres 17p, 2p and 11q (Figure 5C, lane 3 vs. 1). Taken 
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together, these results suggest that changes in the cytoskeleton, either by disassembling or 

increasing microtubule stability, are possibly sensed by the integrated cytosketelon-nucleoskeleton 

network, causing an increase in TERRA expression levels. 

 To further test this possibility, we evaluated TERRA expression in HEK-293Tcells grown on 

hydrogels of varied stiffness. Altering the properties of the surface to which cells adhere causes 

significant changes to cell morphology due to cytoskeleton reorganization [48, 77]. The surface 

stiffness of the polyacrylamide hydrogel is defined by its elastic modulus (E) that has been 

standardized according to the relative concentrations of acrylamide and bisacrylamide used [48], 

constituting an ideal tool for studying how changes in cytoskeleton affect TERRA expression. Softer 

hydrogels confer low resistance to deformation by cells grown on them, leading to rounded cells. On 

the other hand, stiffer hydrogels are resistant to deformation by cells, resulting in stretched cells. 

Phase contrast microscopy images show that HEK-293T cells grown on soft hydrogels appear 

rounded (Figure 5E, E=1.05kPa), whereas they are more spread out on stiffer hydrogels (Figure 5E, 

E=60kPa), more similar to cells grown directly on the plastic surface of culture dishes (Figure 5E, No 

gel). qPCR analysis shows that basal TERRA levels decrease as surface stiffness decreases (Figure 

5F). Importantly, when cells were grown on hydrogels rather than on the plastic surface of the culture 

dish, TERRA induction took place at a H2O2 concentration that was 5 times lower (Figure 5G). Taken 

together, these results provide more evidence that conditions that affect the cytoskeleton can 

modulate TERRA levels, possibly by means of the integrated cytosketelon-nucleoskeleton network. 

 In order to further evaluate the possibility that changes in cytoskeleton integrity may play a role 

in the control of TERRA expression, we analyzed the profile of TERRA expression during the 

differentiation of C2C12 myoblasts. These cells differentiate into myotubes after 4 days of incubation 

in DMEM supplemented with 2% horse serum (HS). In this differentiation process, the cytoskeleton 

undergoes a profound reorganization (Figure 5H). In particular, actin is organized into longitudinal 

continuous filaments in myotubes (Figure 5H, panel d vs. c), as has been reported at early stages of 

sarcomere formation (1-4 days post induction of myoblast differentiation) [43, 78-80]. Furthermore, 

we measured TERRA levels by qPCR in myoblasts and myotubes and found that TERRAs decreased 

dramatically when C2C12 myoblasts were induced to differentiate (Figure 5I). Hence, C2C12 

myoblast differentiation into myotubes, a process in which cytoskeleton reorganization takes place, is 

accompanied by downregulation of TERRA expression. These results are in line with several recent 

reports that show there are lower TERRA levels in more differentiated, less proliferative phenotypes 
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[17-19, 81]. Taken together, our results suggest that a delicate mechanotransduction mechanism may 

influence TERRA expression, in which deviation from the basal cytoskeleton organization, either due 

to disruption of microtubules (H2O2, colcemid), increased stability of microtubule fibers (paclitaxel) or 

a generalized reorganization of the cells’ cytoarquitecture (hydrogel cultures, C2C12 myoblast 

differentiation), results in differential TERRA expression. 
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DISCUSSION 

In the present study, we show for the first time that TERRAs are induced in response to 

oxidative stress, condition in which we evidenced an increase in TAF frequencies that reflects 

accumulation of dysfunctional telomeres. Importantly, we observed in vivo increase of TERRAs in 

BAT in response to a physiological increase in mitochondrial ROS that has been proven key for BAT 

thermogenesis [31, 34]. It is well documented that TERRA abundance is modified during cell cycle 

phase [15], development [4, 16], nuclear reprogramming [17, 18], as well as in diseases such as 

cancer [19]. Oxidative stress influences the onset and progression of a plethora of diseases including 

cancer. Moderate amounts of ROS are useful to cancer since they stimulate stress signaling and add 

to the mutation burden, thus favoring cancer progression [82]. TERRAs are increased in cancerous 

tissues [19], and it is possible that augmented ROS may trigger TERRA transcription in these cells. 

As we mentioned in the introduction, TERRA levels decrease in response to UV-C radiation [20], 

while TERRA levels are increased in response to heat shock [4]. During the heat shock response, a 

condition caused by increased protein misfolding and aggregation, ROS are elevated [83]. Thus, it is 

possible that ROS increased during heat shock may also be responsible for induction of TERRA 

transcription. Reports also indicate there is an increase of ROS in cells exposed to UV-C radiation, 

however TERRAs are found downregulated. Thus, despite the fact that different cell stresses may 

take place with concurrent excess ROS, it is likely that other molecular events participate in the 

control of TERRA. Redox balance is key for cellular homeostasis, since not only oxidative stress but 

also reductive stress results deleterious [84]. Excess reducing equivalents can lead to a shortage of 

oxidants that may be necessary to suppress responses that involve protein thiol modification. 

Reductive stress itself can favor ROS generation by driving mitochondria or other oxidant generators 

to utilize the abundance of reducing equivalents, and/or by affecting protein folding and endoplasmic 

reticulum function, processes that also produce ROS, reviewed in [84]. Antioxidant NAC treatment 

paradoxically promotes an oxidative shift in the cellular redox state. It has been shown that NAC 

treatment caused reductive stress that lead to impaired mitochondrial function and increased 

mitochondrial leak of ROS, mainly in the H2O2 form [85]. We observed a slight increase in TERRA 

levels when cells were incubated in the presence of NAC. Thus, it can be speculated that any 

condition that alters cellular redox homeostasis may trigger TERRA expression in order to protect 

telomeres. 

But why is it relevant to understand the mechanisms that control TERRA transcription in the 

context of increasing ROS? Telomeric TTAGGG repeats are more prone to oxidative base damage 
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and repaired less efficiently than non-telomeric TG repeats [37]. Consequently, telomeres require 

mechanisms for their protection from erosion and loss of telomeric DNA caused by elevated ROS [86-

89]. TERRA interact with telomere-associated proteins, including TRF2 and the origin recognition 

complex (ORC), stabilizing the complex and promoting telomeric heterochromatin, which provides 

telomere stability [66]. siRNA depletion of TERRAs has been shown to result in dysfunctional 

telomeres that exhibit loss of H3K9me3 and ORC [66]. In addition, highly transcribed telomeres 

exhibit high mobility in the interphase nucleus, which could favor the onset of a DNA damage 

response at dysfunctional telomeres [90]. In fact, we found TERRA levels are markedly increased in 

cells exposed to H2O2 with increased TAFs, but once the aggression disappears, TERRAs are rapidly 

downregulated. In this scenario, it is tempting to speculate that the dynamic control of TERRAs 

possibly relies on their protective role facilitating telomeric movement for access to the DNA damage 

machinery, and/or the maintenance of the heterochromatic structure of telomeres through their 

interaction with telomere-associated proteins, including HP1α and -γ for maintenance, and even 

increase of H3K9me3, as shown in this study. 

 As we already mentioned, elevated ROS that damage DNA, proteins or lipids causes oxidative 

stress; however adequate levels of ROS serve as signaling molecules that regulate physiological 

processes through redox signaling [91]. It was recently reported that a substantial but controlled 

increase in mitochondrial ROS levels takes place in BAT when mice are exposed to cold [31, 34]. 

This increase of ROS in BAT supports in vivo thermogenesis, since their depletion by the 

mitochondria-targeted antioxidant MitoQ or by NAC causes hypothermia in mice exposed to cold [31]. 

It has to be highlighted that there is no evidence of oxidative damage in BAT or increase in plasmatic 

reactive oxygen metabolites in mice exposed to cold [92], possibly due to the unique characteristics of 

the redox environment in BAT [33]. Importantly, we found that when mice were exposed to cold, 

TERRA levels increased in BAT but not in visceral WAT, fat depot that does not undergo an increase 

in mitochondrial ROS. Furthermore, exposure of mice to cold activates PKA signaling triggered by β-

adrenergic stimulation of BAT [34]. We found evidence that PKA is required for induction of TERRA 

expression; therefore, it is possible that both ROS and the PKA signaling pathway may participate in 

the induction of TERRA in BAT when mice are facing a cold environment. In addition, a moderate but 

significant increase of TERRA levels was found in inguinal WAT depots, possibly due to the browning 

process that subcutaneous WAT undergoes in cold-exposed mice, an aspect that needs to be further 

investigated. The increase of TERRAs in vivo by physiological changes in ROS levels observed in 

BAT and in subcutaneous WAT may possibly be for telomere protection. It has been reported that 
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telomere dysfunction activates p53, which binds and represses the PGC-1α and PGC-1β promoter 

[93]. The PGC-1 family of co-activators plays a key role in the control of mitochondrial biogenesis and 

metabolic processes [94]. In BAT, PGC-1α controls key components of the adaptative thermogenic 

program. PGC-1α is rapidly induced upon cold exposure, activating UCP-1 expression. Thus, it is 

relevant to protect telomeres in response to the physiological increase of ROS by elevating TERRA, 

as shown in this study. Otherwise, damaged telomeres can become dysfunctional, triggering 

activation of p53, inhibition of PGC-1α and failure of UCP-1 expression, among other metabolic 

alterations, that will be detrimental for the thermogenic role of both brown and beige adipose cells, as 

well as for their metabolic homeostasis. 

TERRA expression is dynamic. Their induction reverts shortly after the stressor (H2O2) is 

removed, reinforcing the idea that these lncRNAs may play a protective role. TERRA half-life has 

been estimated to be 2.2 h [4].}. We found that TERRA levels began to decrease within 2h of 

recovery from H2O2 exposure, result that is coherent with the reported TERRA half-life; thus, their 

downregulation would be associated with loss of active TERRA transcription. Interestingly, changes in 

the subtelomeric chromatin landscape acquired when cells were exposed to H2O2 for the first time 

were conserved, in a “transcriptional memory” kind of fashion. It has been recently reported that the 

release of promoter-proximal paused RNA pol II into elongation elicits the rapid expression of genes 

in response to heat stress [95]. Thus, the maintenance of H4Ac and RNA pol II paused at 

subtelomeric chromatin may allow cells rapidly to engaged RNA pol II into productive elongation, 

resulting in faster increased TERRA levels during a second oxidative challenge for them to become 

quickly available for protection of telomeres. 

The chromatin landscape was modified at the subtelomeric domain to favor TERRA 

transcription when cells were exposed to H2O2. There was an increase in H3K9me3, a histone mark 

that forms a high affinity binding site for HP1 proteins [96]. In mammals, the three HP1 isoforms 

(HP1α, HP1β and HP1γ) present high sequence homology and identity, and yet they have different 

biochemical properties, different cellular localization patterns and divergent biological functions [96]. 

HP1α and HP1β associate predominantly with heterochromatin, whereas HP1γ is found both at 

heterochromatin and euchromatin, and can interact with RNA pol II [59] and nuclear actin [43], 

contributing to active transcription. Interestingly, HP1γ is the only member of the HP1 family that is 

not only present in the nucleus but also in the cytoplasm [43], making its biological role more 

complex. RIP assays for HP1α and HP1γ show that both isoforms interact with TERRA, and that 
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H2O2 exposure increases these TERRA interactions. It is tempting to hypothesize that an initial 

increase in TERRA transcription upon the onset of oxidative stress favors their interaction with 

HP1α/γ, and this would consequently favor their recruitment to subtelomeric domains in order to 

facilitate transcription. Therefore, enrichment of H3K9me3 and TERRA interaction with HP1s may 

favor an increased occupancy of HP1s at the subtelomeric region. In particular, HP1γ may favor the 

recruitment of RNA pol II and, along with the increased acetylation of histone H4, would consequently 

facilitate the transcription of TERRAs. 

It has been reported that Nups can be targeted to active genes [97, 98]. Binding of 

nucleoplasmic Nups correlates with permissive transcription. For example, nucleoplasmic Nup98 

preferentially binds to genes that are activated during the differentiation of human embryonic stem 

cells into neurons [99]. In contrast, binding of nuclear pore complex (NPC)-associated Nups 

correlates with repressive chromatin marks and low transcription [100, 101]. In spite of the 

acceptance that Nups participate in the control transcription as well as chromatin structure, little is 

known of how they bind to chromatin and exert these functions. Nup62 belongs to the 

peripheral/dynamic group of NPC proteins that can dynamically move on and off the pore. We found 

that HP1γ interacts with Nup62, therefore HP1γ may mediate Nup binding to chromatin, as we found 

by Re-ChIP assays at subtelomere 17p. It is likely that HP1γ may facilitate the recruitment of Nups to 

a large number of actively transcribed genes, a possibility that is under investigation. It has to be 

highlighted that neither Nup62 nor P-Ser5 RNA pol II nor nuclear actin co-immunoprecipitated with 

HP1α, in spite of the fact that the protein-interacting chromoshadow domain (CSD) of both HP1s 

show 87% sequence identity [102], reinforcing the notion that HP1γ is involved in the control of 

transcription at subtelomeres. HP1γ also interacts with actin, as we show in this study and a previous 

one [43]. Only recently has the concept of nuclear actin and its role in transcriptional control become 

consolidated. Nuclear actin interacts with RNA pol II [103, 104] and is present at the promoter and 

coding regions of constitutively expressed genes as shown by others and us  [105]. We have recently 

shown that nuclear HP1γ and actin can form a complex at the promoter and coding regions of the 

actively transcribed GAPDH gene in myoblasts [43]. Now we show they are present at the 

subtelomeric domain, where TERRA transcription takes place. In summary, we propose a model in 

which H3K9me3 is necessary for stabilizing telomeres in response to oxidative stress, facilitating the 

binding of HP1α, as well as HP1γ. The former may contribute to telomeric heterochromatinization for 

stability. The latter has the capacity to interact not only with RNA pol II [59] and actin [43], but also 

with Nup62, as shown in this study for the first time. Thus, binding of HP1γ, actin and Nups, 
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accompanied by increased histone H4 acetylation, would facilitate accessibility of subtelomeric DNA 

to the transcriptional machinery when cells are exposed to an oxidative environment. Cells can 

conserve these changes in the subtelomeric chromatin landscape, in a “transcriptional memory” kind 

of fashion, possibly to allow them to induce TERRA levels faster during a second oxidative challenge 

in order to exert rapid protection of telomeres. 

 It has been demonstrated that ROS are required for the activation of signaling pathways in 

physiological conditions [91, 106]. PDGF and EGF increase ROS levels via NADPH oxidases in order 

to inhibit local tyrosine phosphatases [107] to allow proper phosphorylation of their tyrosine kinase 

receptors [108, 109]. It has also been reported that ROS can activate PKA by inducing the formation 

of disulfide bonds between its two regulatory subunits [69]. H2O2-dependent activation of PKA does 

not require an increase of intracellular cAMP levels [69], consistent with the finding that oxidants 

inhibit adenylate cyclase [71]. In our present study, we found that PKA activated either by H2O2 or by 

IBMX-Forskolin treatment of cells, participates in the control of TERRA transcription. Thus, this 

observation raises the possibility that other physiological situations in which PKA signaling is 

activated (i.e. by β-adrenergic stimulation of BAT upon cold exposure) may possibly lead to changes 

in TERRA transcription. 

 On the other hand, we have to keep in mind that cells are subjected to mechanical forces in 

their tissue microenvironment, and they have been shown to act in concert with chemical cues in 

order to properly regulate transcriptional programs in embryonic and adult tissues [110]. Mechanical 

stimuli from the environment are detected by changes in the conformation or the organization of 

proteins and cellular structures, including integrins, cadherins, phospholipases, stretch-sensitive ion 

channels, tyrosine kinase receptors and G protein-coupled receptors [77, 110]. These events can 

lead to the rapid activation of signaling cascades, such as FAK signaling at adhesion complexes [77, 

111], and Src activation distally in the cytoplasm due to microtubule deformation [112, 113]. 

Alternatively, tensional forces can be transduced directly into the nucleus along the cytoskeleton, 

which is connected to the nuclear lamina by the LINC complex, leading to changes in cell 

architecture, gene expression and cellular functions [72]. It has been shown that mesenquimal stem 

cells (MSCs) simply grown on collagen-coated gels that mimic brain or muscle elasticity, not only 

exhibit the phenotypic characteristics of neuronal or muscle lineages, but also acquire a 

transcriptional profile inherent to each lineage [114]. Therefore, both soluble stimuli and the 

microenvironment’s stiffness impinge on the control of cellular functions. When HEK-293T cells were 
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grown on surfaces of varied stiffness, we observed significant changes in the cells’ morphology, as 

shown due to cytoskeleton reorganization [48, 77], and we found that basal TERRA levels decreased 

as surface stiffness decreased. Importantly, cells grown on softer surfaces induced TERRA levels in 

response to a lower H2O2 concentration. Therefore, changes in the cytoskeleton impact not only on 

basal TERRA transcription, but also affect how cells regulate their expression in response to oxidative 

stress, in this case by increasing sensibility to an oxidative challenge. This is reasonable, since cells 

in tissues respond to lower H2O2 concentrations under physiological conditions [106]. ROS are known 

to tamper with the cytoskeleton, in particular, by affecting actin stress fiber formation [74]. In turn, we 

found that altering cytoskeleton dynamics either with H2O2, colcemid or paclitaxel treatment, caused 

an increase in TERRA levels. Lastly, C2C12 myoblast differentiation into myotubes also provided 

evidence that changes in the cytoskeleton influence TERRA levels; albeit it cannot be excluded that 

cell cycle exit and the onset of the differentiation process may also mediate control over TERRA 

transcription. Therefore, a delicate mecanotransduction mechanism may influence TERRA 

expression, where deviation from basal cytoskeleton organization, either due to disruption of 

microtubules (H2O2, colcemid), increased stability of microtubule fibers (paclitaxel) or reorganization 

of the cells’ nucleoskeleton-cytoskeleton (hydrogel cultures, C2C12 myoblast differentiation), results 

in differential TERRA expression. 

4. CONCLUSIONS 

In the present study we show for the first time in vitro and in vivo that TERRA levels increase in 

response to an oxidative insult/stress (an excess of H2O2) or to oxidative eustress (physiological 

moderate increase in ROS), respectively, in order to protect telomeres, since they are particularly 

prone to suffer oxidative damage (Figure 6). PKA activation independent of cAMP levels, as well as 

changes in the cytoskeleton induced by ROS, mediate TERRA induction in response to oxidative 

stress. Changes in chromatin landscape at telomeres favor TERRA transcription. Subtelomeric 

increase of H3K9me3 promoted by H2O2 contributes to enrichment in HP1α, HP1γ, and consequently 

Nups and RNA Pol II, facilitating transcription at subtelomeres. Interestingly, this chromatin landscape 

is maintained as a sort of “cell memory”, allowing cells faced with a second oxidative challenge to 

respond by rapidly increasing TERRA expression for telomere protection. Since TERRAs are highly 

expressed in many types of tumors and the tumor microenvironment is pro-oxidative, future studies 

will uncover the importance of TERRAs in this scenario. 
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Figure legends 

Figure 1: TERRAs are induced by oxidative stress in HEK-293T cells. (A) Representative 

confocal images of telomeric marker TRF1 (green) and DNA damage marker P-Ser139 H2AX 

(γH2AX, red) in HEK-293T cells. Nuclei were stained with DAPI (blue). Scale bar: 5μm. (B) Total 

number and fluorescence intensities of γH2AX foci were measured in at least 30 nuclei, and graphed 

as mean±SD. P-values were calculated by two-tailed Student’s t-test. (C) Percentage of TAFs per 

nucleus corresponding to TRF1 co-localizing with γH2AX in cells incubated in the absence or the 

presence of H2O2. Data are mean±SD of at least 30 nuclei. P-values were calculated by two-tailed 

Student’s t-test. (D) qPCR of TERRAs after 4h exposure to the indicated concentrations of H2O2. The 

∆∆Ct method was used relative to GAPDH and the control group in order to calculate relative TERRA 

expression by qPCR. Bar graphs represent the mean±SD from 3 independent experiments. P-values 

(one-way ANOVA with post hoc Tukey’s test) are indicated for each TERRA relative to their Control: * 

P<0.05; ** P<0.01; n.s.: not significant. (E) Cells were treated with 500μM H2O2 for the indicated time 

points and TERRA expression was evaluated by end-point PCR. Representative agarose gels are 

shown here from 5 independent experiments. (F) Confocal images of cytoplasmic stress granule 

formation by staining TIAR (green; panel II, see arrows), which is blocked by co-incubation with NAC 

(panel IV). (G) End-point PCR and (H) qPCR of TERRA from samples of cells incubated 4h in the 

absence or the presence of 500μM H2O2 with or without 5mM NAC. The ∆∆Ct method was used as 

described in D. Statistical analysis was performed using a two-tailed Student’s t-test (Control vs. 

H2O2; NAC vs. NAC+H2O2). n.s.: not significant. (I) qPCR of TERRAs in three different fat depots 

obtained from male C57BL/6J mice kept at room temperature (RT) or at 4°C for 4h. Data are 

mean±SD of five mice replicates. Analysis was performed as in H. 

Figure 2: H2O2 exposure changes subtelomeric chromatin landscape and favors TERRA 

interaction with HP1γ. (A) ChIP was performed using antibodies for H3K9me3, H4Ac, HP1α, HP1γ, 

P-Ser5 RNApol II, mAb 414 that recognizes Nups or non-immune IgG, as described in Materials and 

Methods. Representative agarose gels of PCRs using primer pairs for the 17p subtelomeric region 

are shown. Results are representative of 3 independent experiments. (B) HP1γ or HP1α 

immunoprecipitated from nuclear fractions of HEK-293T cells were resolved by SDS-PAGE and 

analyzed by immunoblotting with the indicated antibodies. NI: non-immune antibody. Results are 

representative of 3 independent experiments. (C) HP1γ was immunoprecipitated form nuclear 

fractions of cells incubated in the absence or the presence of H2O2, and protein complexes were 
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analyzed by WB (n=3). (D) For re-ChIP assays, the beads from the first IP with anti-HP1γ were 

washed, eluted and subjected to a second IP with mAb 414, anti- actin or non-immune IgG. 

Representative results of PCRs with primer pairs for the 17p subtelomeric region are shown. (E) 

Representative agarose gels of end-point PCRs for 17p TERRAs present in samples obtained by 

subcellular fractionation of HEK-293T cells exposed or not to H2O2. The graph shows densitometric 

analysis of band intensities relative to GAPDH and control cells. Data represent the mean±SD from 4 

independent experiments. Statistical analysis was performed using a two-tailed Student’s t-test 

(Control vs. H2O2). n.s.: not significant; AU: arbitrary units. (F) For RIP assays, HP1γ or HP1α were 

immunoprecipitated and RNA was isolated and analyzed as indicated in Materials and Methods. 

Bottom numbers indicate band intensities relative to the control of this agarose gel that is 

representative of 3 independent experiments. Input: total RNA. 

Figure 3: TERRA induction is dynamic. (A) HEK-293T cells were incubated 4h with 500μM H2O2, 

then washed to eliminate residual H2O2 and fresh medium was added to harvest cells at the indicated 

time points. Agarose gels are representative of 3 independent experiments. (B) Densitometric 

analysis of TERRA band intensities from A relative to GAPDH and control cells. Data represent the 

mean±SD. Significant differences (one-way ANOVA with post hoc Tukey’s test) to respective controls 

are indicated by * for P<0.05 and ** for P<0.01. AU: arbitrary units. (C) Schematic representation of 

experimental design. Below, representative agarose gels from 3 independent experiments are shown. 

(D) Densitometric analysis of C performed as explained in B. * P<0.05; ** P<0.01; *** P<0.001. AU: 

arbitrary units. (E) ChIPs performed following the experimental design in C. Representative agarose 

gels from 3 independent experiments are shown. Rec 24h: cells allowed to recover 24h in fresh 

culture medium; Rec+15’H2O2: cells recovered 24h and then treated 15min with 500μM H2O2; Input: 

total genomic DNA. 

Figure 4: PKA signaling controls TERRA induction by oxidative stress. (A) HEK-293T cells were 

incubated with H2O2 in the absence or the presence of H89 for the indicated periods of time. Cells 

were harvested and analyzed by WB with the indicated antibodies. (B) Cells were incubated with 

IBMX+Forskolin in the absence or the presence of H89 and samples analyzed as in A. (C) HEK293T 

cells were incubated with IBMX+Forskolin or H2O2 in the absence or the presence of H89, RNA was 

isolated and TERRAs measured by qPCR. The ∆∆Ct method was used relative to GAPDH and the 

control group in order to calculate relative TERRA expression. Bar graphs represent the mean±SD 
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from 3 independent experiments. P-values (one-way ANOVA with post hoc Tukey’s test) are 

indicated for each TERRA relative to their Control: * P<0.05; ** P<0.01; *** P<0.001; n.s.: not 

significant. (D) qPCR of individual TERRAs from cells incubated with H2O2 in the absence or the 

presence of PKI. Analysis was performed as described in C. Concentrations used: 500μM H2O2; 

52μM IBMX + 30μM Forskolin; 20μM H89; 0.5μM PKI. 

Figure 5: Changes in the dynamic organization of microtubules may regulate TERRA 

transcription. (A-B) Cells grown on coverslips were treated 4h with 500μM H2O2 or 2h with 0.6 μg/ml 

colcemid, and then fixed and stained with anti-α-tubulin (green) or anti-TIAR (red). Representative 

confocal images are shown. Arrows indicate cytoplasmic α-tubulin aggregates (panels b and c) or 

stress granules (panel e). Scale bars: 10μm. (C) Cells were incubated with colcemid for the indicated 

periods of time. Cells were harvested, RNA isolated and TERRA evaluated by end-point PCR. 

Representative agarose gels from 3 independent experiments are shown. (D) Cells were incubated 

with H2O2 and/or paclitaxel as indicated, they were harvested, RNA isolated and TERRA evaluated by 

end-point PCR. Representative agarose gels from 3 independent experiments. (E) Phase contrast 

microscopy images of HEK-293T cells grown for 24h on hydrogels of increasing surface stiffness 

(elastic moduli (E) of 1.05kPa or 60kPa) or with no gel directly on the plastic cell culture dish. Images 

were taken with 40X magnification in 3 independent experiments. (F) qPCR of individual TERRAs 

from cells grown on surfaces of different stiffness as indicated in E. Data represent the mean±SD of 3 

independent experiments. Significant differences (one-way ANOVA with post hoc Tukey’s test) to 

respective “No gel” controls are indicated by * (* P<0.05; ** P<0.01; *** P<0.001), and between soft 

and stiff gels by # (# P<0.05; ## P<0.01; ### P<0.001). (G) Cells grown on hydrogels of E=60kPa or 

directly on plastic cell culture dishes (No gel) were treated 4h with H2O2 at the indicated 

concentrations. TERRA levels were measured by qPCR. Data represent the mean±SD of 3 

independent experiments. P-values were calculated by one-way ANOVA with post hoc Tukey’s test, 

and are indicated for each TERRA relative to their Control: * P<0.05; ** P<0.01; n.s.: not significant. 

(H) Representative confocal images of α-tubulin or phalloidin (both green) showing microtubule (panel 

a vs. b) and actin microfilament (panel c vs. d) rearrangements of C2C12 myoblasts 4 days post-

induction of differentiation (n=3). Nuclei were stained with DAPI (blue). Scale bars: 5μm. (I) TERRAs 

were measured by qPCR in C2C12 myoblasts and myotubes. Data represent the mean±SD (n=3). 

Statistical analysis was performed using a two-tailed Student’s t-test (* P<0.05; ** P<0.01; *** 

P<0.001; n.s.: not significant). 
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Figure 6: Control of TERRA expression upon oxidative stress. H2O2 increases TERRA levels 

mainly in the cell nucleus by inducing changes in the chromatin landscape of subtelomeres. 

H3K93Me and acetylation of histone H4 are increased, along with binding of HP1α and HP1γ, the 

latter favoring the recruitment of P-Ser5 RNA pol II, Nup62 and possibly actin, in order to facilitate 

transcription at subtelomeres when cells are exposed to oxidative stress. This chromatin landscape is 

conserved after the initial H2O2 exposure, allowing cells faced with a second oxidative challenge to 

respond by rapidly increasing TERRA expression for telomere protection. PKA activation independent 

of cAMP levels, as well as changes in the cytoskeleton induced by ROS, control TERRA induction in 

response to oxidative stress. 
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Research Highlights 

• Oxidative stress induces the expression of TERRA (telomeric repeat-containing RNA). 

• Increased ROS in brown adipose tissue induces TERRA expression in vivo.  

• The subtelomeric chromatin landscape changes to favor TERRA transcription. 

• TERRAs interact with HP1γ. 

• PKA signaling and changes in cytoskeleton dynamics regulate TERRA induction. 

Journal Pre-proof



Figure 1



Figure 2



Figure 3



Figure 4



Figure 5



Figure 6



Figure 7



Figure 8


