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Abstract

Damage-induced long non-coding RNAs (dilncRNA) synthesized at DNA double-strand breaks 

(DSBs) by RNA polymerase II (RNAPII) are necessary for DNA damage response (DDR) foci 

formation. We demonstrate that induction of DSBs results in the assembly of functional promoters 

that include a complete RNAPII pre-initiation complex (PIC), MED1 and CDK9. Absence or 

inactivation of these factors causes DDR foci reduction both in vivo and in an in vitro system that 

reconstitutes DDR events on nucleosomes. We also show that dilncRNAs drive molecular 

crowding of DDR proteins such as 53BP1 into foci that exhibit liquid-liquid phase separation 

(LLPS) condensate properties. We propose that the assembly of DSB-induced transcriptional 

promoters drives RNA synthesis which stimulates phase separation of DDR factors in the shape of 

foci.
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DNA lesions occur constantly and failure to properly recognize and repair this damage can 

result in genome instability, cellular senescence or cell death 1, 2. Evolutionarily-conserved 

mechanisms collectively known as the DNA damage response (DDR) detect DNA damage, 

signal its presence, and facilitate repair. DNA double-strand breaks (DSBs) are a particularly 

dangerous class of lesions in which both DNA strands are cleaved 3. The DDR at DSBs is 

triggered by recognition of exposed DNA ends by the sensor complex MRE11-RAD50-

NBS1 (MRN) which recruits the apical protein kinase ATM to phosphorylate the histone 

variant H2AX at serine 139, forming γH2AX. This favours the accumulation of several 

proteins such as MDC1 and 53BP1 at sites of DNA damage in globular, cytologically-

detectable structures known as DDR foci where signalling and repair reactions occur. 

Recently, we reported that DSBs recruit RNA polymerase II (RNAPII) in a MRN-dependent 

manner to synthesize damage-induced long non-coding RNA (dilncRNA), that can be 

processed into shorter DDR RNA (DDRNA), which interact with DDR factors such as 

53BP1 to accumulate them at DSBs as DDR foci 4–6. dilncRNA and DDRNA contribute to 

DNA repair 5, 7, and at resected DNA ends dilncRNA can form DNA:RNA hybrids 

favouring DNA repair by homologous recombination 8, 9. We and others have shown that 

DDR foci disassemble upon RNase A treatment 4, 10, 11, that RNAPII inhibitors prevent 

focus formation and DNA repair 5, and that antisense oligonucleotides against dilncRNA 

and DDRNA generated at individual DSBs can inhibit focus formation and DSB repair in a 

sequence-specific manner 5. Despite this evidence, it is unknown whether DSBs recruit 

factors commonly engaged at canonical promoters and whether they are necessary for 

dilncRNA synthesis and DDR focus formation. Promoters typically recruit a machinery 

comprising of RNAPII and six general transcription factor complexes (TFIIA, TFIIB, 

TFIID, TFIIE, TFIIF and TFIIH) known collectively as the Pre-Initiation Complex (PIC), 

although transcription initiation can also occur without canonical promoter sequences 12. In 

addition, studies of the Mediator complex, a transcription co-activator factor that participates 

in almost all PIC activities, blurred the difference between promoters and enhancers 13–15. 

Recently, it has been reported that the activity of super-enhancers and DNA binding 

transcription factors is dependent on liquid-liquid phase separation (LLPS) events 16–20, a 

process involving the spontaneous organization of a solution into two phases with different 

densities21–24. RNA is a common agent recognised to drive the formation of such 

biomolecular condensates providing means to compartmentalize and concentrate 

biochemical reactions 22–28 and multivalent interactions, a feature of RNA, and intrinsically 

disordered regions of proteins have been proposed to promote liquid-liquid phase-separation 
23, 26, 29, 30. In addition, at sites of DNA damage some RNA binding proteins have been 

reported to be rapidly but transiently recruited and to undergo liquid demixing promoted by 

poly(ADP-ribose) (PAR)31, 32. We thus tested whether non-coding RNA (ncRNA) generated 

at DSBs had a role in LLPS leading to DDR foci formation and maturation.

Here we show, both in vivo and in vitro, that general transcription factors, normally involved 

at gene promoters in RNAPII regulation, are necessary for dilncRNA synthesis at sites of 

break and that dilncRNAs, together with γH2AX, drive LLPS of DDR factors in the form of 

DDR foci.
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Results

DSB generation leads to recruitment of the PIC, MED1 and CDK9 together with RNAPII

We previously reported that POLR2A, the catalytic component of RNAPII, is recruited to 

DNA ends both in vitro in cell extracts and in vivo in cultured cells 5. To test whether the 

PIC and associated components MED1 and CDK9 (collectively here referred to as PMC) are 

recruited to DSBs in vivo, we performed chromatin immunoprecipitations (ChIP) at an 

endogenous locus in HeLa cells that can be cleaved by the sequence-specific I-PpoI 

endonuclease 5, or within a chromosomally-integrated artificial construct that can be 

targeted by I-SceI meganuclease 5. As a positive control, we used the actin gene promoter 

(Fig. S1a). We mapped the association of the main subunits of PMC and RNAPII by ChIP at 

100 bp, 2000 bp, 3000 bp from the break before or after DSB induction. γH2AX was 

detected at all sites upon DSB. Interestingly, in both systems, all tested PMC components 

and RNAPII were robustly associated at 100 bp from the DSB upon its generation. 

Differently, at 2000 bp only RNAPII was detected, while at 3000 bp neither PMC nor 

RNAPII were detectable (Fig. 1a, b, Fig. S1b). In a different in vitro system, in which DNA 

oligonucleotides were immobilized on streptavidin beads and incubated with HeLa nuclear 

extract (Fig. S1c) RNAPII (POLR2A) and all PMC components tested were found 

associated to DNA ends, regardless of their structure (3’ or 5’ 10 nt overhangs or blunt; Fig. 

S1c, d, e).

To test genome-wide the recruitment of PIC and RNAPII, we used super-resolution imaging 

in cells treated with the DSB-inducing agent neocarzinostatin (NCS). We therefore 

determined the degree of co-localization between TBP (a TFIID component) or CDK7 (a 

TFIIH component), the first and the last PIC components recruited to transcriptional 

promoters, respectively 33, with γH2AX by STochastic Optical Reconstruction Microscopy 

(STORM) 34, 35 (Fig. 2a-d). As negative controls we used both the correlation of signals 

from two uncorrelated, randomly picked, nuclei (Fig. 2e), and the correlation between 

γH2AX and MCM6, an abundant DNA replication factor (Fig. 2d and f). As shown in 

Figure 2e and f, γH2AX signals colocalized with POLR2A active form POLR2A-pS5. In 

addition, we observed a significant co-localization of TBP and CDK7 with γH2AX in 

damaged cells (Fig. 2b and c) and in untreated cells experiencing endogenous low DNA 

damage levels (Fig. S2a-c, g and h). We also pulsed cells with ethynyl uridine (EU) to detect 

nascent transcripts following DSB generation. By calculating the correlation in treated 

versus untreated cells, we confirmed that EU-γH2AX co-localization levels increased in 

NCS-treated cells proportionally with increased γH2AX signal (Pearson coefficient 0.31, 

Fig. S2l) and that ~50% of γH2AX signals colocalized with EU (Fig. 2g, Fig S6) – likely an 

underestimation given a 3% substitution rate of uridine with EU36.

To independently validate the proximity of PIC components to DSB DNA ends, we 

exploited DNA damage In situ ligation followed by Proximity Ligation Assay (DI-PLA) 
37, 38. DI-PLA confirmed that TBP, TFIIB, CDK7 and γH2AX are all in close proximity to 

DNA ends in cells exposed to ionizing radiation, while the abundant Cyclin A is not (Fig. 

2h, Fig. S2m).
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Altogether, these independent approaches consistently indicate that PMC components and 

RNAPII assemble at DSBs and coexist with local RNA synthesis.

RNAPII localization to DSBs is dependent on PIC and MRN

To test the role of PIC on recruitment or stabilization of RNAPII at DSBs, we knocked down 

TBP, or MRN as control (Fig. S3a), and monitored RNAPII association to a genomic DSB 

by ChIP as in Fig. 1a. We observed that accumulation of total and active RNAPII at DSB 

was strongly inhibited upon TBP knockdown, comparable to MRN loss (Fig. 3a). Similar to 

their assembly at promoters 33 CDK7 recruitment depends on TBP. In addition, TBP and 

CDK7 depend on MRN but not vice versa (Fig. 3a). TBP knockdown strongly inhibited 

dilncRNA synthesis, similarly to MRN inactivation, indicating a crucial role of PIC 

components in dilncRNA synthesis (Fig. 3b).

Since PIC recruitment and function is impaired upon MRN knockdown, we next tested 

whether this effect could be mediated by their biochemical interaction. We observed that 

MRN complex immunoprecipitation with antibodies against RAD50 pulled down PIC 

components tested together with RNAPII. Conversely, TBP immunoprecipitated MRN as 

well as POLR2A. Some interactions were stronger when performed in extracts from 

irradiated cells (Fig. 3c).

These results are consistent with a model in which MRN acts as a tethering factor at DSB 

for PIC with which it forms a complex. Lack of PIC prevents POLR2A accumulation or 

retention at DSB and, consequently, dilncRNA synthesis.

PIC inactivation by RNA interference, pharmacological inhibition or inhibitory antibodies 
reduces DDR signalling in cells

To determine the functional contribution of PIC to DDR activation at DSBs, we individually 

knocked down TBP and TFIIB, in order to prevent PIC assembly and monitored DDR foci 

formation. We observed that cells with reduced levels of TBP or TFIIB showed reduced 

53BP1, phosphorylated ATM (pATM) and MDC1 foci formation upon ionizing radiation 

(Fig. 4a, Fig. S4a, b) despite unaltered DDR proteins levels (Fig. S3b). Expression of 

knockdown-resistant alleles of TBP and TFIIB restored foci formation (Fig. S4c). γH2AX 

foci formation was unaffected in number, with a small reduction in intensity. Consistent with 

these results, TBP or TFIIB knockdown reduced RNA synthesis at DSB (Fig. S4d, S3b) and 

of canonical transcription (Fig. S4e). Since prolonged knockdown of PIC components could 

alter the expression of cellular genes and indirectly impact on DDR, we acutely inhibited 

PIC functions by treating cells with THZ1, a small-molecule CDK7-inhibitor 39 for 30 

minutes, irradiated them and fixed them for immunofluorescence 15 minutes later. 

Pharmacological inhibition of CDK7 resulted in a reduction of pATM and 53BP1 foci 

number comparable to that observed with an ATM inhibitor and to 5,6-dichloro-1-β-D-

ribofuranosylbenzimidazole (DRB), a CDK7/9 inhibitor (Fig. 4b, Fig. S4f). To 

independently strengthen our conclusions and further reduce the time between PIC 

inactivation and the study of its impact on DDR, we inactivated PIC components by nuclear 

microinjection of antibodies against regulatory domains of TBP or TFIIB, a validated 

approach 40, 41, or against the FLAG epitope as negative control. Cells were microinjected, 
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irradiated 20 minutes afterwards, and fixed and stained for DDR markers after 15 additional 

minutes. We observed that irradiated cells microinjected with TBP or TFIIB antibodies 

showed impaired 53BP1 and pATM focus formation, whereas FLAG antibody-injected cells 

remained unaffected (Fig. 4c).

Together, these observations generated using three independent strategies demonstrate that 

inactivation of PMC consistently results in diminished DDR activation in the form of DDR 

foci.

Accumulation of DDR factors at chromatinised DNA ends in vitro is boosted by PIC-
dependent local RNA synthesis

To study the role of PIC and transcription on DDR factors recruitment and activation at 

DNA ends in the absence of potential indirect gene expression alterations, we developed an 

in vitro system to recapitulate the recruitment of DDR factors at DSB as observed in living 

cells. We assembled a DNA fragment with biotin at both ends into nucleosomes using 

recombinant core histone octamers containing either histone H2A or H2AX. These 

chromatinized arrays were immobilized on streptavidin-coated beads and cleaved, or mock 

treated, by I-SceI generating DNA fragments with free DNA ends (Fig. 5a). The intact or 

cleaved beads-bound nucleosomes were incubated with HeLa nuclear extract that had been 

precleared of chromatin and free of rNTPs, thus making transcription dependent on 

exogenously-added rNTPs. We incubated uncut or cut nucleosome arrays with nuclear 

extract and rATP and rGTP to provide energy to the system without allowing transcription 

(Fig. 5b, e). Under these conditions, we observed MRN, ATM and POLR2A binding as well 

as PMC accumulation only on chromatin bearing DNA ends. Despite γH2AX generation, 

MDC1, 53BP1 or pATM could not be robustly detected in association with cut chromatin. 

When the entire rNTP pool was supplied and RNA synthesis was allowed (Fig. 5b, e), a 

strong H2AX-dependent accumulation of MDC1, 53BP1 and pATM was observed on cut 

nucleosome arrays. The observed accumulation of DDR factors (secondary recruitment) that 

is not only γH2AX-dependent but also transcription-dependent is consistent with our 

observations in cells. In addition, since PIC and RNAPII recruitment to cut nucleosomes was 

independent of RNA synthesis, while rNTP were necessary for secondary DDR factors 

recruitment, the contribution of PMC and RNAPII to DDR likely depends on their ability to 

support RNA synthesis (Fig. 5b, e). To further probe the requirement for RNA synthesis, we 

treated our reactions with RNaseA to degrade RNA, or DRB or α-amanitin to prevent RNA 

synthesis (Fig 5c, e). All three treatments prevented DDR factors secondary recruitment 

despite no impact on γH2AX (Fig. 5c), consistent with results above.

Having validated this system, we used it to test the role of PIC. We thus included, in our 

reactions, inhibitory antibodies raised against regulatory domains of TBP or TFIIB, or 

FLAG as negative control, as previously used in cells (Fig. 4c). We observed that antibodies 

against TBP or TFIIB prevented recruitment of downstream PMC components, such as 

CDK7, MED1 and CDK9 to DSBs, and this in turn reduced pATM, 53BP1 and MDC1 

recruitment despite unchanged γH2AX levels (Fig. 5d). Furthermore, PIC inhibition 

reduced dilncRNA levels (Fig. 5e).
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In summary, we established and validated an in vitro nucleosome array system that 

recapitulates tested DDR activation and transcriptional events occurring at DSBs in cells. By 

exploiting this system, we demonstrated that RNA synthesis, supported by PIC components, 

is essential for H2AX-dependent recruitment of DDR factors.

53BP1 foci at DSB exhibit liquid-like phase separation characteristics

DDR foci are membraneless globular nuclear bodies. The results shown here and those 

previously published 4, 5, 11 indicate that their formation depends on RNA molecules 

generated at DSB. Recently, a number of intracellular structures have been shown to be 

generated by protein LLPS promoted by RNA 22–28. Hence, we hypothesised that PMC-

supported RNA synthesis by RNAPII at DSB could facilitate LLPS of DDR factors in the 

form of DDR foci. 53BP1 is a major component of DDR foci whose accumulation at DSB 

has been shown to be dynamic 42 and RNA-dependent 4–6, 10. 53BP1 protein contains both 

short low complexity regions and long intrinsically disordered regions (Fig. S5a, b), as well 

as high content of serines and charged regions known to facilitate condensates formation 
23, 24. A hallmark of liquid-like condensates is a fast and homogeneous internal dynamic 

reorganization and rapid exchange between phases which can be observed by fluorescence 

recovery after photobleaching (FRAP) 23–25. We therefore used U2OS cells stably 

expressing near-endogenous levels of 53BP1 fused to GFP 42 and photobleached individual 

53BP1-GFP foci at different time points post-irradiation to test whether they showed liquid-

like behaviours. We observed a fast and homogeneous recovery within 7-20 seconds 

comparable to previously-reported liquid compartments 17, 18, 23, 43 (Fig. 6a). This behaviour 

seemed to evolve with time and this was not due to progressive foci size increase since by 

bleaching only a small area of fixed size at the centre of foci at different time point an 

increase in FRAP recovery time was observed (Fig. 6b i and ii) confirming a progressive 

increase in internal viscosity, as previously reported for other bodies 23–25, 31.

From the diffusion coefficient of 53BP1 molecules within foci we estimated an average 

viscosity of 2.5 Pa·s (see Methods for further details): this value, similar to glycerol44, is 500 

times larger than that of the nucleoplasm. Recent reports showed that RNA is able to 

modulate in a sequence-dependent manner viscoelastic properties of condensates and in 

particular to promote faster exchange rate and prevent fast maturation 45, 46. We therefore 

tested whether de novo transcription could be functional in regulating liquid properties of 

53BP1 foci too. Upon treatment with THZ1, 53BP1 foci showed markedly slower recovery 

times in FRAP experiments, suggesting that RNA favours 53BP1 internal mobility and thus 

liquid-like behavior (Fig. 6b iii and iv). Ammonium acetate (NH4OAc) has been used to 

target RNA foci 43, and 1,6-hexanediol 47 to perturb liquid-like droplets 48. Upon NH4OAc 

treatment, 53BP1 foci completely dissolved within seconds and promptly reformed upon 

wash out (Movie 1, Fig. 6c and d); similarly, 1,6-hexanediol severely reduced 53BP1 foci 

intensity (Fig. 6c).

Next, to determine the biophysical properties of 53BP1 foci, we performed live cell analysis 

of the dynamics and morphology of individual foci after IR. During the first 100 minutes, 

the number and average focal radius of detected foci per nucleus increased over time (Fig. 

7a i-ii). Subsequently, a decrease in the total number of foci Nfoci but an increase in average 
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focal radius 〈R〉 were observed due to progressive coalescence or ripening of smaller foci 

(Movie 2 and 3, Fig. 7a, a iii-iv, b) while the total volume of mature 53BP1 foci per nucleus 

remained constant (Fig. 7a v). Such a progression of nucleation, growth and coarsening is a 

characteristic of binary fluid phase separation with a low volume fraction in the transformed 

phase 25, 49–51. The asymptotic behaviours of Nfoci and 〈R〉 as a function of time can inform 

on the processes driving coarsening 21, 50, 52. The observed combination of Nfoci ~ t−0.8±0.2 

and ⟨R⟩ ~ t0.29±0.05 is compatible with both Diffusion Limited Coarsening (DLC) and 

Brownian Motion Coalescence (BMC) 21, 50, 52. However, the majority of droplets disappear 

without physical contact, suggesting that DLC could be the dominant process (Fig. 7a vi). 
An additional characteristic of liquid-liquid interfaces is surface-tension driven fluctuations 

(capillary waves 53). Measurements of spontaneous shape fluctuations of 53BP1 foci (Fig. 

S5c i-iii) were consistent with capillary waves in an overdamped regime 54 (Fig. 7d i). The 

characteristic lifetime τ of the shape fluctuations scales linearly with the size R of 53BP1 

foci: τ ≅ cR (Fig. 7d ii), strongly supporting a model of shape fluctuations due to capillary 

waves on the surface of a viscous droplet, with c ≅ η/γ 55. Combining our estimates of 

internal viscosity and fluctuation lifetime, we calculated that the effective surface tension of 

53BP1 foci is very low: γ ≅ 0.5 μN/m, similar to P granules 56.

We next tested whether inhibition of dilncRNA could affect this progression. We observed 

that 53BP1 foci progression was halted by transcription inhibition, with foci maturation 

arrested in the nucleation phase (when treatment started) and unable to enter the growth and 

coalescence phase (Fig. 7c and Movie 4), indicating that de novo transcription regulates 

53BP1 foci physical properties throughout their temporal evolution. In addition, we tested 

the impact of antisense oligonucleotides (ASO) on formed 53BP1 foci. Both lipofection and 

microinjection of sequence-specific ASO against dilncRNA, but not control, in NIH2/4 cells, 

in which DSB can be induced at a known and traceable locus 5, caused 53BP1 focus 

disappearance (Fig. 7e, f and Movie 6). We next studied whether foci were disappearing as 

solid or liquid objects. By measuring the volume of the imaged 53BP1 foci and their average 

intensity, as a measure of their density, upon ASO treatments, we observed an average 

intensity dropping in a time scale 10 times faster than that associated with size reduction 

(Fig. 7e, f). This biophysical behaviour is typical of liquid/viscous objects and not of solid 

ones.

Overall, these results are consistent with 53BP1 foci being LLPS events dependent on 

dilncRNA throughout time.

RNA synthesis drives phase separation of 53BP1 at DSB in vitro

To further investigate the contribution of RNA to 53BP1 foci formation by LLPS, we 

exploited our previously-described in vitro system (Fig. 5a-d) with nuclear extracts from 

cells expressing 53BP1-GFP 42. We noted that in those reactions containing H2AX and 

supplemented with the full set of rNTP, or cellular RNA, the solutions turned opaque (Fig. 

S5d). To test whether such increase in turbidity, often indicative of macromolecular phase 

transition, was due to droplets formation, we analysed the solutions by DIC and fluorescence 

microscopy. We observed that only the combination of H2AX-containing nucleosome arrays 

and rNTPs allowed the formation of 53BP1-GFP containing condensates (Fig. 8a). 
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Photobleaching of these condensates resulted in rapid and homogeneous liquid-like recovery 

(Fig. 8b) and addition of NH4OAc disrupted them (Fig. 8a), supporting their nature as liquid 

compartments. Notably, while cellular RNA favoured droplet formation, such droplets were 

not 53BP1-GFP positive, demonstrating that cellular transcripts, not generated from H2AX-

containing nucleosomes templates, did not make a significant contribution to the formation 

of 53BP1 condensates in this system (Fig. 8a). To further validate our in vivo observations 

on the role of PIC components and dilncRNAs, we tested the impact of transcriptional 

inhibitors or ASO against dilncRNA, or of antibodies against TBP and TFIIB. We observed 

that all these treatments prevented 53BP1-GFP droplets formation (Fig. 8c) and 

transcriptional inhibitors or ASO also disrupted them once already formed (Fig. 8d). We 

therefore demonstrated in a controlled in vitro system a role for PIC components and 

dilncRNA in promoting 53BP1 LLPS events.

Phase separation and de novo transcription impact on DSB repair

We previously reported that transcription inhibition or ASO against dilncRNA impair DSB 

repair5. To test the role of PIC components and LLPS events in DNA repair, we studied the 

impact of transcription inhibition by THZ1 and of phase separation disruption by 

ammonium acetate (NH4OAc) 43 on DSB repair in irradiated HeLa cells by neutral comet 

assay; mirin, a MRN inhibitor57 was used as a control. All these treatments resulted in 

increased comet tail moment, indicative of impaired DNA repair (Fig. 8e). In addition, we 

used EJ5-GFP U2OS cells58 to monitor the effects of transcription or LLPS impairment on 

DNA repair through distal NHEJ, a pathway in which 53BP1 plays a key role59. By 

measuring the religation rates following the generation of two distant DSB 7 by genomic 

DNA qPCR, we observed a clear reduction of DNA repair efficacy in cells treated with the 

CDK7 inhibitor THZ1 or the LLPS inhibitor 1,6-hexanediol (Fig. 8f). DNA repair 

impairment was comparable to MRN inhibition by mirin, with the only difference that mirin 

was highly toxic in cut cells at day two.

Overall, these results show that PIC components and LLPS positively contribute to DSB 

repair.

Discussion

The DDR, including DNA damage signaling and repair, has been shown to be regulated by 

RNA in several independent reports 60 but the mechanisms of RNA synthesis, including the 

proteins involved, and whether unique to DSB or shared with other transcriptional 

apparatuses has remained unclear. Here we show that DSBs recruit the main subunits of PIC 

and Mediator complexes and elongation factor CDK9. Our results suggest a model whereby 

MRN recognizes DNA ends and recruits the PIC and Mediator complexes which, together 

with CDK9, promote POLR2A full activation. Inactivation of PIC components prevents 

RNAPII detection at DSB and transcription, impairing signalling and repair. Our results, 

supporting a linear cascade of events in which MRN recruits PIC that recruits RNAPII, may 

also be compatible with PIC and RNAPII mutually stabilizing each other at a DSB in an 

MRN-dependent manner. Either way, DSBs serve as sites of sequence-independent 

recruitment of transcriptional activity reminiscent of transcriptional promoters or enhancers. 
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Importantly, the function of PIC in DDR depends on its ability to fuel dilncRNA synthesis at 

DNA breaks, as best demonstrated in our in vitro system.

The notion that PIC components are recruited at DSB and are essential for full DDR 

activation by promoting RNA synthesis at DSB may have important consequences beyond 

mechanistic studies. CDK7 kinase inhibitors like THZ1 are presently considered cancer 

therapy candidates 39, 61, 62: our results suggest that at least part of its effects on cancer cells, 

which tend to accumulate high levels of endogenous DNA damage 63, may be related to its 

impact on DDR.

How RNA transcribed from a damaged DNA template contributes to the secondary 

recruitment of DDR factors has been unclear since its discovery. Here we show that such 

RNA favors LLPS of the DDR foci component 53BP1. RNA has been shown to function as 

driving agent for protein condensation by promoting local concentration of RNA-interacting 

proteins 30 which can form liquid droplets through liquid-liquid demixing by phase 

separation. This event is likely to favour DNA damage signaling and repair events by 

controlling diffusion and concentration of DDR factors in proximity to DSBs. Notably, 

neither RNA nor γH2AX are sufficient to allow DDR foci formation alone: it is possible 

that γH2AX acts as a beacon recruiting DDR factors by protein-protein interactions 3 and 

RNA retains them at DSB through a web of multivalent low-specificity interactions, which 

may be additionally inducing structural changes favoring phase transition and condensates 

formation. A dynamic behavior for DDR foci was previously reported 42, 64, 65. We now 

show that DDR foci exhibit liquid-like behaviors including nucleation, growth and 

coarsening equivalent to phase-separating fluids, behaving as viscous structures with 

spontaneous shape fluctuations set by an effective surface tension, they show rapid recovery 

from photobleaching, and are sensitive to agents that perturb liquid-like structures. By 

inhibiting transcription prior or during LLPS formation at DSB we concluded that RNA 

synthesis promotes faster molecular exchange and thus fluidity of 53BP1 compartments and 

controls their evolution in time. This result is consistent with reports on the emerging role of 

RNA in preventing increase in gelation of phase separated bodies 45, 46. In particular, 

“maturation” or “hardening” is typical of IDR-based condensates that, initially fluid, may 

become more viscoelastic over time, eventually behaving as solids 24. While our experiment 

with ASOs proved a crucial role for dilncRNA in promoting 53BP1 condensates formation 

and evolution, it is possible that they contribute in more than one way to LLPS at DSB. 

Indeed, DSB recruitment of RNF168 ubiquitin ligase is dependent on transcription 5 and 

ubiquitin has been shown to promote 66 and be promoted 67 by phase separation. In addition, 

the RNA binding protein FUS undergoes LLPS at DNA damage sites 31, 68, very early and 

transiently, and depending on poly(ADP-ribose) polymers 32, which, we note, are 

remarkably similar to RNA. PAR chains may transiently contribute to stabilize the 

transcription machinery at DSB, as suggested in other contexts 69.

Of note, LLPS may exert roles beyond foci formation and the reported ability of condensates 

to exert mechanical forces 70 together with our observed recruitment of MED1 at DSBs is 

intriguing and may suggests events akin to those reported at enhancers, also shown to 

engage LLPS 17, 20, 46, where distant genetic elements are brought in close proximity.
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Figure 1. RNAPII and PIC are recruited to DSBs as detected by ChIP in vivo.
(a) Schematic representation of the endogenous genomic locus studied. Annealing positions 

of primer pairs used for ChIP-qPCR with distances relative to the cut site are shown. Bar 

plots show percentage of enrichment relative to the input of γH2AX, POLR2A, POLR1A, 

POLR3A, PIC components, MED1 and CDK9 as detected by ChIP at 100bp, 2000bp and 

3000bp downstream the DSB induced by I-PpoI at DAB1 locus. N=3 independent 

experiments. (b) Schematic representation of the engineered locus studied. Annealing 

positions of primer pairs used for ChIP-qPCR with distances relative to the cut site are 

shown. Bar plots show percentage of enrichment relative to the input of γH2AX, POLR2A, 

POLR1A, POLR3A, PIC components, MED1 and CDK9 as detected by ChIP at 100bp, 
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2000bp and 3000bp distances from the DSB induced by I-SceI at an engineered locus in 

HeLa ptight cell line. N=3 independent experiments. Statistics source data are provided in 

Supplementary Table 2.
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Figure 2. RNAP II and PIC components localize to DSB as detected by super-resolution imaging 
and DI-PLA.
(a-c) U2OS cells treated with NCS for 30 minutes and labelled with EU (15 minutes pulse) 

were analysed by super-resolution imaging. Representative images of γH2AX and EU 

stainings with: POLR2A-pS5 (a) and PIC components TBP (b) and CDK7 (c). Experiments 

were repeated independently 4, 3 and 3 times respectively. (d) Representative image of 

γH2AX and MCM6 in U2OS nucleus treated with NCS for 30 minutes. Experiment was 

repeated independently 2 times (e-f) Statistical analysis of the Cross-PC between POLR2A-

pS5/TBP/CDK7 and γH2AX as compared to their self-randomized correlation signal (RND-
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ctrl, e), or to the correlation between MCM6 and γH2AX (f). The box indicates mean +/- 

SD. n=184, 109, 102, and 40 nuclei were collected from 4, 3, 3, and 2 biologically 

independent experiments for cross-PC analyses between POLR2A-pS5/TBP/CDK7/MCM 

and γH2AX, respectively. P-values of the two-sample unpaired t-test were shown in the 

figure accordingly. (g) Fraction of γH2AX colocalizing either with MCM (black, negative 

control) or EU (red). Box denotes mean +/- SD (n=40 and 162 nuclei collected from 2 and 4 

biologically independent experiments for MCM and EU, respectively). The p-value of the 

two-sample unpaired t-test is 2E-106. (h) DI-PLA between biotin and TFIIB, CDK7, TBP or 

γH2AX in U2OS cells irradiated (2Gy) and analyzed 30 minutes later or untreated (- IR). 

Each plot represents at least 80 nuclei analyzed and error bars show the SEM of N=3 

biologically independent experiments. P values were calculated by unpaired t-test and 

significance are represented as * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001. 

Representative images are shown in the upper panels. Statistics source data are provided in 

Supplementary Table 2.
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Figure 3. MRN complex controls PIC recruitment at endogenous DSB.
(a) Bar plot shows percentage of enrichment relative to input of POLR2A, POLR2ApS5, 

TBP, CDK7, MRE11 as detected at the DAB1 locus by ChIP at 100bp from the DSB 

induced by I-PpoI in HeLa cells knocked down for MRN (siMRN), TBP (siTBP) or 

Luciferase (siLuc) as negative control. N=3 independent experiments. (b) Induction of 

dilncRNAs by I-PpoI cut measured by strand-specific RT-qPCR in HeLa cells knocked down 

for MRN (siMRN), TBP (siTBP) or Luciferase (siLuc) as negative control. Bar plots show 

mean of enrichment of the indicated RNA sets upon DSB, relative to uncut. N=3 
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independent experiments. (c) Co-immunoprecipitation of TBP and RAD50 following IR 

exposure. HEK293T cells were irradiated (+ IR) or not (- IR) and samples were collected 10 

min post IR, followed by immunoprecipitation of individual component of the MRN 

complex (RAD50) and PIC (TBP). Whole-cell extract (Input) and immunoprecipitated 

samples were analysed by immunoblotting. Mouse immunoglobulins (IgG) were used as 

control. This experiment was repeated twice with similar results. Statistics source data are 

provided in Supplementary Table 2.
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Figure 4. PIC inactivation by RNA interference, small molecules or inhibitory antibodies reduces 
DDR signaling in cultured cells.
(a) Knock down by siRNAs of indicated proteins in U2OS cells which were exposed to IR (1 

Gy, plusIR) or not (noIR), fixed 15 minutes afterwards and immunostained. Foci formation 

of indicated DDR factors were visualized and quantified. In each plot error bars show the 

SEM of n=131 siLUCnoIR, n=131 siTBPnoIR, n=108 siTFIIBnoIR, n=190 siLUC+IR, 

n=151 siTBP+IR, n=153 siTFIIB+IR nuclei analyzed from 1 (noIR) or 3 (plusIR) 

biologically independent experiments. γH2AXplusIR quantifications are the pool of dataset 

from Figure 4a, S4a-b. P values were calculated by one-way ANOVA test and significance 

Pessina et al. Page 20

Nat Cell Biol. Author manuscript; available in PMC 2020 March 30.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



are represented as * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001. (b) U2OS cells 

treated with DMSO, THZ1, DRB or ATMi for 30 min were exposed to IR (1 Gy, plusIR) or 

not (noIR). 15 minutes after irradiation cells were fixed and immunostained. Foci formation 

of indicated DDR factors was visualized and quantified. Each plot show error bars and the 

SEM of n=139 DMSOnoIR, n=129 THZ1noIR, n=84 DRBnoIR, n=270 ATMinoIR, n=104 

DMSO+IR, n=90 THZ1+IR, n=117 DRB+IR, n=133 ATMi+IR nuclei analyzed from 1 

(noIR) or 2 (plusIR) biologically independent experiments. γH2AX plus IR quantifications 

are the pool of dataset from Figure 4b, S4f. P values were calculated by one-way ANOVA 

test and significance are represented as * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001. 

(c) Antibodies against regulatory domains of TBP or TFIIB proteins were microinjected into 

U2OS cells nuclei (indicated by white arrows), 20 minutes later cells were irradiated (1 Gy) 

and after 15 additional minutes fixed and immunostained. Foci formation of the indicated 

DDR factors was visualized and quantified in injected cells identified by staining against 

microinjected antibodies. Quantifications represent the SEM of number of foci per IgG-

positive nucleus detected and analized. P values were calculated by unpaired t-test and 

significance are represented as **** P<0.0001. (left) 53BP1 experiment: FLAG 22 nuclei, 

TBP 17 nuclei, TFIIB 11 nuclei. (right) pATM experiment: FLAG 17 nuclei, TBP 25 nuclei. 

Statistics source data are provided in Supplementary Table 2.
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Figure 5. An in vitro assay demonstrates a role of PIC and of RNA synthesis in DDR factors 
recruitment at DSB.
(a) Recombinant nucleosomes containing either H2A or H2AX were immobilized on 

streptavidin beads, either mock treated or cut with I-SceI endonuclease and then incubated 

with HeLa nuclear extract. (b-d) Immunoblottings of the indicated proteins associated with 

nucleosomes in different conditions are shown: (b) Recruitment of DDR factors at 

chromatinized DSBs assayed in the presence of rATP/rGTP only (no transcription) or in the 

presence of the full set of rNTPs (transcription allowed); (c) Recruitment of DDR factors at 

chromatinized DSBs assayed upon: RNA degradation by RNAseA, transcription inhibition 
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by DRB and α-amanitin; (d) Recruitment of DDR factors at chromatinized DSBs assayed in 

presence of antibodies against the regulatory domains of TBP and TFIIB proteins, or FLAG 

as negative control. Experiments were repeated twice with similar results. (e) A tenth of the 

in vitro reactions from panels a-c was used to measure dilncRNA synthesis by strand-

specific RT-qPCR. N=1 per experiment. Statistics source data are provided in 

Supplementary Table 2.
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Figure 6. 53BP1 DDR foci are RNA-dependent liquid-liquid demixed condensates.
(a) Left: Representative images of FRAP of a 53BP1-GFP focus after 30 minutes from 

irradiation (2 Gy) Right: FRAP analysis of 53BP1-GFP foci in U2OS cells at different time 

points after IR (2 Gy). Error bars represent the SD on N=18 (10min), 10 (1h), 8 (h), 5 (8h) 

nuclei from 2 biologically independent experiments. One-way ANOVA test scored a 

significance P-value <0.0001. In the graph the mean of mobile fractions and the SD are 

shown for each sample. (b) Representative images of partial FRAP within 53BP1-GFP foci 

in time. Kymograph on the right shows internal bleaching and homogeneous internal 
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recovery of a representative bleached focus. Time of recovery and SD of internally bleached 

foci after 1 hour (10 foci), 4 hours (17 foci) and 8 hours (11 foci) from irradiation (2Gy) is 

shown in lower graph (i). Recovery kinetic of the same foci is shown (ii)., Data are from 2 

biologically independent experiments. P-values of unpaired t-test are also shown. In the 

graph the mean of mobile fractions and the SD are shown for each sample. (iii, iv) 53BP1-

GFP foci were analyzed in the same conditions as (i) and (ii) but THZ1 100nM was added 

30 minutes before each timepoint. In the graph the mean of mobile fractions and the SD are 

shown for each sample. (c) U2OS cells expressing 53BP1-GFP were irradiated (2 Gy), 30 

minutes after IR were treated with 50mM NH4OAc or 1% 1,6-hexanediol (Hex) and 

observed by timelapse live microscopy. Representative screenshots and quantification of 

53BP1-GFP foci intensity are shown. Error bars represent the means ± 95% CI of from at 

least 3 independent experiments, at least 25 nuclei were scored per condition. P values are 

expressed as * P<0.05, *** P<0.001. (d) U2OS cells expressing 53BP1 GFP were irradiated 

and 30 minutes after IR (2Gy) cells were treated with 50mM NH4OAc. After 1 minute fresh 

medium was added and NH4OAc diluted to 10mM. Representative snapshots are shown. 

Experiment was repeated at least 3 times with similar results. Statistics source data are 

provided in Supplementary Table 2.

Pessina et al. Page 25

Nat Cell Biol. Author manuscript; available in PMC 2020 March 30.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 7. Biophysical properties of 53BP1 condensates.
(a, b) U2OS cells expressing 53BP1-GFP were irradiated (2 Gy) and analysed (>20 nuclei 

from 2 independent experiments) by timelapse live microscopy for 12 hours starting 10 

minutes post IR. (a) Above: Representative snapshots from Movie 2 illustrating the kinetic 

of 53BP1-GFP foci formation. Below: (i) Symbols: temporal evolution of the average radius 

of the foci. Continuous thin line: best fit to the data with the function [K(t + t0)]n, the best 

fitting exponent being: n = 0.29 ± 0.05, compatible with the value 1/3 expected in both DLC 

and BMC scenarios. (ii) Symbols: temporal evolution of the average number of foci per 
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nucleus. (iii) Frequency distributions of foci radius measured at different time points 

(logarithmically spaced between 1 and 700 min). (iv) Same as in (iii), with both axes 

rescaled with the average radius. A nice collapse of all curves onto an invariant distribution 

is observed for t >100min. (v) Symbols: temporal evolution of the total volume of foci per 

nucleus (estimated as 4
3πN f oci R 3). (vi) Pictorial representation of the proposed model of 

53BP1 foci kinetic through LLPS. (b) Example of coalescence of 53BP1 foci (above) and 

associated kymograph (below). (c) 53BP1-GFP U2OS cells were treated and analyzed as in 

(a) but 30 minutes after IR THZ1 100nM was added. (d) (i) Decorrelation rate Г(q) obtained 

from Fourier analysis of droplet shape fluctuations as a function of the wave-vector q (see 

also Fig S6c). Г(q) follows the dispersion relation expected for overdamped capillary waves 

and provides an estimate of the propagation speed v0=0.45±0.1 μm/s. (ii) Characteristic 

lifetime τ of shape fluctuations as a function of the foci size as obtained from intensity 

correlation analysis. Each red (blue) circle corresponds to one focus measured 4 hours (8 

hours) after irradiation (n=51 foci). Black boxes: average τ calculated by binning the data 

over intervals of width 0.05 μm, bars: associated standard error. (e-f) Average intensity and 

volume of 53BP1-GFP single foci upon treatment with sequence-specific ASO and control 

ASO (CTRL). (e) Transfection experiment was repeated twice with similar results. (f) 

Microinjection experiment was repeated 4 times with similar results. Statistics source data 

are provided in Supplementary Table 2.

Pessina et al. Page 27

Nat Cell Biol. Author manuscript; available in PMC 2020 March 30.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 8. 53BP1 forms droplets in vitro in a transcription-dependent manner and 53BP1 LLPS is 
important for DSB repair in cells.
(a) Representative images of droplet formation in U2OS 53BP1-GFP nuclear extract. Both 

DIC and GFP (FITC) channels are shown. Experiment was repeated twice with similar 

results. (b) FRAP of internal fraction of a 53BP1-GFP condensate and snapshots of recovery 

are shown. Experiment was repeated twice with similar results. (c) Representative images of 

droplet formation in U2OS 53BP1-GFP nuclear extract. H2AX-containing nucleosomes and 

rNTPs were added to trigger the reaction and immediately treated as indicated. Both DIC 

and GFP (FITC) channels are shown. N=1. (d) Representative images of droplet formation 
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in U2OS 53BP1-GFP nuclear extract treated as indicated. H2AX-containing nucleosomes 

and rNTPs were added to trigger the reaction and, after droplets formation, treated as 

indicated. Both DIC and GFP (FITC) channels are shown. N=1. (e) DNA repair kinetics 

were monitored by neutral comet-assay at different time-points post-IR (5Gy) in HeLa cells. 

Not irradiated (NI) cells treated with the drugs for 5 h (300 min) and untreated control cells 

(CTRL) are also shown. The dot plot shows quantification of IR-induced DSBs by tail 

moment analysis. Red bars indicate average values ± 95% CI of CTRL NI n=116, 10min 

n=113, 300min n=114, NH4OAc NI n=69, 10min n=88, 300min n=108, Mirin NI n=50, 

10min n=89, 300min n=71, THZ1 NI n=54, 10min n=61, 300min n=70 cells per sample 

from three independent experiments. (f) EJ5-GFP U2OS cells were transfected with an I-

SceI-expressing plasmid or with an empty vector (EV) and concomitantly treated with the 

indicated drugs. Untreated cells (CTRL) were used as control. DSB re-joining events were 

evaluated by qPCR (EJ5-GFP) on genomic DNA collected at 24 or 48 h after plasmid 

transfection; β-ACTIN gene was used as reference. Repair efficiency is shown relative to 

untreated cells transfected with the EV and represented as the means ± s.e.m. of n=3 

independent experiments. (e-f) P values were calculated by one-way ANOVA and 

significance are represented as * P<0.05, ** P<0.01, **** P<0.0001. Statistics source data 

are provided in Supplementary Table 2.
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