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NEAT]1 promotes DNA double-strand break repair.
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ABSTRACT

Long non-coding (Inc)RNA emerge as regulators of genome stability. The nuclear enriched
abundant transcript 1 (NEATI) locus encodes two IncRNA isoforms that modulate gene
expression, growth and proliferation in mammals. Interestingly, NEAT1 transcripts are
overexpressed in many tumours and induced by DNA damage, suggesting a genome-protective
function. However, the precise role of NEAT1 in the DNA damage response (DDR) is unclear.
Here, we investigate the expression, modification levels, localization and structure of NEAT1
in response to DNA double-strand breaks (DSBs) induced by the topoisomerase-II inhibitor
etoposide or the locus-specific endonuclease AsiSI. We find that induction of DSBs increases
both the levels and N6-methyladenosine (m6A) marks on NEAT1, which promotes alterations
in NEATI secondary structure and accumulation of hyper-methylated NEAT1 at a subset of
promoter-associated DSBs to facilitate efficient DSB signalling. The depletion of NEAT1, in
turn, delays the response to DSBs and triggers elevated DNA damage. The genome-protective
role of NEAT1 is mediated by the RNA methyltransferase 3 (METTL3) and involves spreading
of the chromodomain helicase DNA binding protein 4 (CHD4) upon release from NEAT]I.
Together, we describe a novel RNA-dependent DDR pathway that couples NEATI to the

recognition and repair of DSBs.
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INTRODUCTION
Chromosomes encode genetic information that requires faithful inheritance to maintain
genome stability. The DNA damage response (DDR) is a multifaceted signalling network that
recognizes and repairs DNA lesions to prevent genomic instability and tumorigenesis(1-3).
Unscheduled or excessive RNA synthesis creates open chromatin and exposes DNA, which
leads to highly-toxic DNA double-strand breaks (DSBs), if left unrepaired(4, 5). Thus, the
DDR globally impairs transcription during DSB repair (DSBR)(6, 7). In mammals, DSBR is
governed by kinases like Ataxia-telangiectasia mutated (ATM), which activates >100 factors
to amplify the DDR and catalyse DSBR via homologous recombination (HR) or non-
homologous end joining (NHEJ)(8, 9). Intriguingly, approximately 40% of DNA damage-
induced phosphorylation events modify factors related to nucleic acid metabolism, in particular
RNA-binding proteins (RBPs)(10, 11), suggesting a crosstalk of the DDR with RNA
metabolism. Indeed, the production and processing of non-coding transcripts promotes DSBR
in concert with canonical DSBR factors(12, 13). The endoribonuclease Dicer, for instance,
accumulates in the nucleus and processes RNA polymerase 11 (RNAPII)-dependent nascent
transcripts into small RNA upon induction of DSBs, which promotes the recruitment of some
DSBR factors like the p53-binding protein 1 (53BP1), as shown by us(14—16) and others(17—
19). DSBs can also undergo RNA-templated DNA repair or engage transcripts as scaffolds for
repair factors(20-23). Thus, several modes of RNA-dependent DSBR operate in context of
chromatin and the cell cycle, which complements a large body of evidence that defines DNA-
binding factors as crucial components of DSBR.

Long non-coding (Inc)RNA regulate multiple cellular processes(24). Interestingly,
IncRNA seed the formation of nuclear membraneless organelles, such as paraspeckles, and are
also linked to genome maintenance(25, 26). For instance, we recently showed that NONO, a

multifunctional RBP and core component of paraspeckles, undergoes nucleolar relocalization


https://doi.org/10.1101/2024.02.05.578920
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.05.578920; this version posted February 5, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-ND 4.0 International license.

to stimulate DSBR by shielding aberrant transcripts from broken chromatin(27, 28).
Paraspeckles are phase-separated nuclear bodies that condensate around two isoforms of the
IncRNA NEAT! (NEAT1 1 and NEATI 2) and regulate gene expression in the
interchromatin space of mammalian nuclei(29, 30). The long isoform (NEAT1 2, 23 kb) is a
nuclear architectural IncRNA with modular domains and undergoes a core-shell arrangement
to scaffold the association of >40 RBPs, which facilitates the retention and editing of messenger
(m)RNA and amplifies micro (mi)RNA biogenesis in unperturbed cells(31-34). The short
isoform (NEATI1 1, 3.7 kb) is less characterized, but has recently been identified as a
stimulator of glycolysis in the cytoplasm(35). Interestingly, elevated levels of NEAT1 promote
tumour development in mouse models and function as a prognostic marker for patient
survival(36, 37). High levels of NEAT]I, for instance, correlate with enhanced growth and
proliferation, as well as poor prognosis for disease-free survival in colon cancer(38). However,
NEAT]1 transcripts are also tumour suppressive(39). This suggests that NEAT1 transcripts have
a dual role in cancer formation, which may depend on the cell type-specific expression or the
differential subcellular localization of NEAT] isoforms. Intriguingly, the levels of NEAT1
transcripts are dynamically regulated and responsive to various kinds of stress, including DNA
damage(40—44). Moreover, the depletion of NEAT] transcripts diminishes the expression and
activation of a subset of critical DSBR factors, such as CHK2, RPA32 and BRCA1(45),
suggesting a role for NEAT1 in the DDR. However, the molecular principles that engage
NEAT]1 in genome maintenance remain poorly understood.

Here we show that NEAT1 associates with a subset of DSBs to promote genome
stability in human cancer cells. NEAT1 chromatin occupancy depends on the RNA
methyltransferase 3 (METTL3), which places N6-methyladenosine (m6A) marks on NEAT1
in vitro and enhances the association of NEAT1 with DSBs in vivo. The genome-protective

role of NEAT]1 is accompanied with changes in the secondary structure of NEAT1 1 and the
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release of the histone deacetylase CHD4 from hyper-methylated NEAT1. The depletion of
NEAT]1 transcripts, in turn, elevates DNA damage, diminishes DSB signalling efficacy and
hypersensitizes cells to etoposide treatment. Together, our data suggest a role for NEAT1 in

the recognition and repair of DSBs and point toward a novel RNA-dependent DDR pathway.

MATERIALS AND METHODS

Tissue culture

Human U20S, AsiSI-ER expressing U20S (DIVA, kind gift from Gaelle Legube), HEK293
and MS2-tagged HEK293:24xMS2-NEAT1 cells were cultured in Dulbecco’s modified
eagle’s medium (DMEM, Gibco) with 10% fetal bovine serum (FBS, Capricorn), 100 U/mL
penicillin-streptomycin (Gibco), 2 mM L-glutamine (Gibco) at 37°C and 5% COs,. Cells were
incubated with etoposide (Sigma, 20 pM) for 2 h or 4-hydroxytamoxifen (4-OHT, Sigma, 10
uM) for 4 h, or preincubated with ATM inhibitor KU-55933 (Hycultec, 1 uM) for 2 h and
METTL3 inhibitor STM2457 (Hycultec, 10 uM) for 16 h, respectively, unless stated

differently.

Transfection and cloning

Transfection of small-interfering (si)RNA, antisense oligonucleotides (ASOs) or plasmids
pcDNA-FLAG-METTL3 and pcDNA-FLAG-METTL3-APPA (kind gifts from Alessandro
Fatica), pDRGFP and pCBAScel (kind gifts from Maria Jasin), pHAGE-EFS-MCP-
3XmRuby3-nls and pHAGE-EFS-MCP-sfGFP-nls (kind gifts from Ling Ling Chen), and
pcDNA-FRT-TO-CHD4-GFP (kind gift from Gernot Léngst) was performed using
Lipofectamine 2000 (Invitrogen) and Opti-MEM (Gibco) following the manufacturer’s
protocol. The CHD4-GFP mutant was cloned with selective primers (fwd, 5°-

GGATGCTACAGGTGGAACCCTGCACCCCTA-3’; rev, 5’-
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GCCCAGGCCCGACGCCAT-3’) and a Q5 site-directed mutagenesis kit (NEB) following the
manufacturer’s protocol, and verified by Sanger sequencing. The NEATI1 1 in vitro
transcription (IVT) template was generated from pCRII-TOPO-NEATI1 1 (kind gift from
Archa Fox) by double digestion with BamHI/Ncol (NEB), PCR amplification using Phusion
polymerase (NEB) with selective primes (fwd, 5’-CCCAGTCACGACGTTGTAAAACG-3’;
rev, 5’-GTAACGGCCGCCAGTGTG-3’), re-digestion with BamHI (NEB) and purification
with a PCR clean-up kit (NEB) following the manufacturer’s protocols. For manipulation with
oligonucleotides, cells were transfected (6 h) on two consecutive days with 100 nM siRNA

(Table S1) or 100 nM ASOs (Table S2).

Construction of HEK293:24xMS2-NEAT1 cells by CRISPR/Cas9

To obtain single cell clones carrying 24xMS2 stem loops at the 5' end of the NEAT gene in
HEK?293 cells, we transfected wild type HEK293 cells with 1.3 pg bicistronic nuclease plasmid
and 0.7 pg of MS2 knock-in donor plasmid (kind gifts from Ling Ling Chen) using TurboFect
transfection reagent (Thermo) as described(46). Puromycin (1pg/mL, Thermo) was added 24
h later to increase knock-in efficiency. To obtain individual knock-in clones, cells were sorted
after another 48 h into 96-well plates using a BD FACSMelody Cell Sorter (BD Biosciences).
Targeted knock-in of the 24xMS2 stem loops was confirmed by locus- and knock-in-specific
PCR. Briefly, 100 ng genomic DNA, isolated from individual clones using the GenElute
Mammalian Genomic DNA Miniprep Kit (Sigma), was mixed with DreamTaq DNA
Polymerase, 10x buffer and dNTPs (all from Thermo) and one of the following junction primer
pairs with the respective forward primer located outside of the left homology arm of the knock-
in donor construct: MS2-NEAT1 KI forward 1 (5’-AGGAGTTCACCAGGTTTGCTT-3")
and  MS2-NEATI1 KI reverse 1 (5’-CCCCCTCGTCTCATCTAACTC-3%); MS2-

NEAT1 KI forward 2 (5’-TCAGATGACACACAGTCACCAGTT-3’) and  MS2-


https://doi.org/10.1101/2024.02.05.578920
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.05.578920; this version posted February 5, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-ND 4.0 International license.

NEAT1 KI reverse 2 (5-GAGCTATCTAGATGCATGCTCGAG-3’). PCR products were
separated by agarose gel electrophoresis and stained with ethidium bromide (5 pg/mL) under
UV-light. Only clones with correct PCR products in both PCR reactions were considered

knock-ins and used for subsequent assays.

Fluorescence-activated cell sorting (FACS)

Cells were washed in phosphate buffered saline (PBS), trypsinized, resuspended in DMEM
and centrifuged (1500 rpm, 5 min, 4°C). Pellets were washed in PBS, centrifuged (1500 rpm,
5 min, 4°C), resuspended in 1 ml PBS and fixed in 4 ml ice-cold 100% ethanol (-20°C,
overnight). Cells were pelleted (1500 rpm, 10 min), washed in PBS, pelleted again and
resuspended in 1 ml PBS. 1x10° cells were stained with 54 uM propidium iodide (Sigma) in
the presence of 24 pg/ml RNase A (Sigma) (30 min, 37°C, dark), sorted and analysed by a

FACSDiva 9.0.1 flow cytometer (50.000 events per condition) and software (BD Biosciences).

Immunoblotting and immunoprecipitation

Proteins were assessed as whole cell extracts, directly lysed, boiled and sonicated in 4x sample
buffer (250 mM tris-HCl pH6.8, 8% SDS, 40% glycerol, 0.8% p-mercaptoethanol, 0.02%
bromophenol blue). Samples were separated by SDS-PAGE and transferred to nitrocellulose
membranes (Cytiva) stained with 0.5% ponceau S/1% acetic acid, blocked, washed in
PBS/0.1% triton x-100/5% milk (PBST), probed with selective antibodies (Table S3) or a
streptavidin-HRP probe (Invitrogen) and visualized with an ECL kit (Cytiva) and an imaging
station (LAS-4000, Fuji or Fusion FX, Vilber) following the manufacturer’s protocols. Signals
were quantified by ImageJ (NIH). For immunoprecipitation, cells were trypsinized, washed in
PBS and centrifuged (1200 rpm, 5 min). Pellets were lysed (10 min on ice) in 5 volumes of IP

buffer (200 mM NacCl, 0.5 mM EDTA, 20 mM HEPES, 0.2% NP-40, 10% glycerol, 100U


https://doi.org/10.1101/2024.02.05.578920
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.05.578920; this version posted February 5, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-ND 4.0 International license.

Ribolock inhibitor, Thermo, 1x protease/phosphatase inhibitor, Roche). Lysates were
centrifuged (12000 rpm, 12 min) and supernatants were incubated (2 h, 4°C) with 2-5 nug
primary antibodies, pre-conjugated to 25 pL protein G dynabeads (Invitrogen).
Immunocomplexes were immobilized on a magnet (Invitrogen), washed three times with 800

pL IP buffer (10 min, 4°C) and eluted with sample buffer (5 min, 95°C).

Imaging

Cells were grown on coverslips (Roth), washed in PBS, fixed (10 min) in 3% paraformaldehyde
(Sigma), washed in PBS (3 times, Smin), permeabilized with PBS/0.1% triton x-100 (10 min)
and blocked with PBS/10% FBS (2 h, 4°C). Primary and secondary antibodies (Table S3) were
diluted in PBS/0.15% FBS and incubated in a humidified chamber (overnight, 4°C or 2 h, RT),
respectively. Cells were washed between incubations with PBS/0.1% triton x-100 (3 times, 5
min), sealed in 6-diamidino-2-phenylindole (DAPI)-containing mounting medium
(Vectashield), and imaged by confocal microscopy (CLSM-Leica-SP2, 1024x1024 resolution,
63x, airy=1). Channels were acquired sequentially, between frames, with equal exposure times.
Colocalization was assessed by using RGB profiler (ImageJ) and by the calculation of the
Pearson correlation coefficient using JACoP (Imagel). Proximity ligation assays (PLAs) were
performed with a Duolink in-situ PLA kit (Sigma) following the manufacturer’s protocol. For
RNA-PLA assays, cells were washed, fixed and permeabilized as above, then blocked with
RNA-PLA blocking buffer (10 mM tris-acetate, pH7.5, 10 mM magnesium acetate, 50 mM
potassium acetate, 250 mM NaCl, 0.25 pg/uL BSA, 0.05% triton x-100, 100U Ribolock
inhibitor, Thermo) at 4°C for 1 h. Cells were incubated (4°C, overnight) with RNA-PLA probes
(Table S4), which were pre-diluted to 100 nM in RNA-PLA blocking buffer and pre-heated at
70°C for 3 min. Samples were washed three times in PBS, blocked with custom PLA blocking

buffer (2 h, 4°C), washed again three times in PBS, and incubated with appropriately diluted
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primary antibody (4°C, overnight). The subsequent steps were performed following the
manufacturer’s protocol, but using the MINUS PLA probe only. RNA fluorescence in situ
hybridization (RNA-FISH) experiments were performed following the protocol for
simultaneous immunofluorescence and FISH in adherent cells from Stellaris. A panel of pre-
designed validated human NEAT1 5’ segment probes with Quasar570 dye has been used for

hybridizations (Stellaris, SMF-2036-1).

Neutral comet assay

Glass slides were covered with 0.01% poly-L-lysine solution (Sigma) and 1% agarose (Roth)
in ddH>O and incubated in a hybridization oven (UVP) at 70°C overnight. Cells were
trypsinized, washed in PBS, counted and diluted to 1x10° cells/mL. The cell suspension was
mixed 1:1 with 1.5% low melting temperature agarose gel (Biozym) in PBS at 37°C, pipetted
on preincubated glass slides and flattened with a coverslip. The slides were incubated for 10
min at 4°C, coverslips were removed, lysis buffer (2.5 M NaCl, 0.1 M EDTA, 0.1 M tris-HCl
pH10, 1% triton x-100) was added, and slides were covered with parafilm and incubated (1h,
4°C). Slides were washed twice in PBS and subjected to electrophoresis (1 V/cm, 15 min, 4°C)
in neutral comet buffer (100 mM tris base pHS8.5, 300 mM sodium acetate). Slides were fixed
in 70% ethanol and dried (RT, overnight), stained in PBS containing 1x SYBR gold (Thermo)
for 20 min protected from light, imaged by confocal microscopy and quantified using

CometScore freeware v2.0 software.

RNA analytics
Total or immunoselected RNA was isolated using TRIzol (Invitrogen) following the
manufacturer’s protocol. cDNA was synthesized using SuperScriptlIl reverse transcriptase

(Invitrogen) with gene-specific primers (Table S5) and quantified upon reverse transcription
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by quantitative PCR (RT-qPCR) in a thermocycler (Applied) with PowerUp SYBR green
master mix (Applied) following the manufacturers protocols. For dot blots, total RNA was
resuspended in ddH>O with 0.02% methylene blue, heated (5 min, 72°C), spotted on a nylon
membrane (Cytiva), crosslinked (120 mJ/cm?) using a UV-crosslinker (Analytik Jena), blocked
in PBS/0.1% triton x-100/0.5% SDS (20 min), washed with PBS/0.1% triton x-100 (20 min),
incubated (4°C, overnight) with a selective antibody, washed with PBS/0.1% triton x-100 (20

min), and visualized with an ECL kit (Cytiva).

RNA immunoprecipitation (RIP)

For RIP, 10 pg total RNA was diluted in 800 pL IP buffer and incubated with 10 pg selective
antibody at 4°C overnight. Immune complexes were pulled down for 45 min at 4°C with 25 pL
protein G dynabeads (Invitrogen), captured on a magnet and washed 4 times in 800 pL IP
buffer. The immunoselected RNA was purified using TRIzol along with 1 pg total RNA input.
For qualitative analysis, samples were mixed with 1 volume of 2x urea dye (7 M urea, 0.05%
xylene cyanol, 0.05% bromophenol blue), incubated at 75°C for 10 min and separated for 30
min at 350 V in 1x TBE buffer (90 mM tris base, 90 mM boric acid, 2 mM EDTA) on a 6%
PAGE gel with 7M urea. Gels were stained in 1x TBE buffer containing 1x SYBR gold
(Thermo) for 20 min protected from light. RNA was visualized on a transilluminator (Thermo).

For quantitative analysis, the amount of total and immunoselected RNA were determined by

RT-qPCR.

In vitro transcription (IVT), pull-downs and S-adenosyl-methionine (SAM)fluoro assay
To synthesize non-methylated (or biotin-16-UTP-labelled) NEAT1 1 in vitro, 1 pL (500
ng/uL) IVT template was incubated with IVT mix (7 pL ddH20, 2 pL 10x T7 reaction buffer,

2 uL 100 mM DTT, 2 pL 10 mM ATP/CTP/GTP mix, 2 pL 10 mM UTP (or 1.3 uL 10 mM

10
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UTP mixed with 0.7 uL. 10 mM biotin-16-UTP), 2 pL T7 RNA labelling polymerase mix, 2
pL 100U Ribolock inhibitor, Thermo) from the high yield T7 biotin16 RNA labelling kit (Jena)
at 37°C for 4 h. Reactions were centrifuged (13000 rpm, 5 min, 4°C) and a 10% aliquot was
resuspended in 2x RNA loading buffer (50% formamide, 15% formaldehyde, 40 mM MOPS,
10 mM NaAc, 1 mM EDTA pH7.0, 0.1% bromophenol blue, 10 pg/mL ethidium bromide) to
monitor the integrity of the IVT product by separation on a 1.2% agarose gel containing 5.5%
paraformaldehyde and 1x MOPS buffer (40 mM MOPS, 10 mM NaAc, 1 mM EDTA pH7.0)
for 90 min at 100V, and staining under UV-light. For pull-downs, 1 pug non-methylated
NEATI1 1 IVT product was radio-labelled with radioactive labelling mix (1 pL 10x PNK
buffer, NEB, 1 uL NEATI1 1 IVT product, 1 uL T4 PNK, NEB, 1 pL y->’P-ATP, Hartmann,
1 uL 100U Ribolock inhibitor, Thermo, 5 pL. ddH20) for 40 min at 37°C. Radio-labelled
NEAT1 1 was centrifuged (3200 rpm, 5 min) with G-25 columns (Cytiva), diluted in 800 pL
IP buffer and incubated (2 h, RT with rotation) with endogenous CHD4 that was immobilized
on 25 pL antibody-conjugated protein G dynabeads (Invitrogen) upon immunoprecipitation
from whole cell lysates. Immunocomplexes were captured on a magnet, washed twice with 800
pL IP buffer and incubated (5 min, RT) in the absence or presence of 10U benzonase
(Millipore). Coenriched, radio-labelled NEAT1 1 was purified by TRIzol extraction, separated
on a 1.2% agarose gel containing 5.5% paraformaldehyde and 1x MOPS buffer (40 mM MOPS,
10 mM NaAc, | mM EDTA pH7.0) for 90 min at 100V, and visualized by autoradiography
with hyperfilms (Cytiva). The biotin-16-UTP-labelled NEAT1 1 IVT product (1 pg) was
immobilized on 25 pL streptavidin C1 dynabeads (Invitrogen), washed twice with 800 puL IP
buffer and incubated (2 h, RT with rotation) with FLAG-METTL3 or CHD4-GFP variants that
were immobilized on 25 pL antibody-conjugated protein G dynabeads (Invitrogen) upon
expression in HEK293 cells and immunoprecipitation (4°C, 4 h with rotation) from whole cell

lysates. Pull-down complexes were captured on a magnet, washed twice with 800 pL IP buffer,

11
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eluted by boiling (95°C, 5 min) in sample buffer and analysed by immunoblotting. For the
SAMfluoro methylation assay (G-Biosciences), FLAG-METTL3 variants were immobilized
on 25 pL antibody-conjugated protein G dynabeads (Invitrogen) upon expression in HEK293
cells and immunoprecipitation (4°C, 4 h with rotation) from whole cell lysates, diluted in 250
pL SAM methylation assay buffer and mixed with 1 pg non-methylated NEAT1 1 IVT
acceptor substrate pre-diluted in 50 pL ddH»>O containing 2 pl. 100U Ribolock inhibitor
(Thermo). 100 pL aliquots from the mix were put to 96-well plate format and incubated with
100 pL/well SAM methyltransferase assay master mix containing SAM methyltransferase
assay buffer with additive, SAMfluoro enzyme mix, SAMflourometric mix and SAM substrate
according to the manufacturer’s protocol. Samples were incubated at 37°C and Resorufin

emission was determined every minute for 20 minutes with a plate reader (TECAN).

Subcellular fractionation

Trypsinized and washed cells were lysed in 5 volumes of hypotonic lysis buffer (10 mM
HEPES pH7.9, 60 mM KCI, 1.5 mM MgCl, 1 mM EDTA, 1 mM DTT, 0.075% NP-40, 1x
protease/phosphatase inhibitor cocktails, Roche) and incubated for 10 minutes at 4°C with
rotation. Nuclei were pelleted by centrifugation (1200 rpm, 4°C) for 10 minutes. The cytoplasm
was collected from the supernatant, re-centrifuged (13500 rpm, 4°C, 10 minutes) and the
supernatant was collected as soluble cytoplasmic fraction. Nuclei were washed five times in
800 pl hypotonic lysis buffer without NP-40 and lysed in 1 volume of nuclear lysis buffer (20
mM HEPES pH7.9, 400 mM NaCl, 1.5 mM MgCl, 0.2 mM EDTA, 1 mM DTT, 5% glycerol,
Ix protease/phosphatase inhibitor cocktails, Roche). Nuclear lysates were diluted with 2
volumes of dilution buffer (20 mM HEPES pH7.9, 1.6% triton x-100, 0.2% sodium
deoxycholate, 1x protease/phosphatase inhibitor cocktails, Roche), followed by 10 sec

sonication with a Bioruptor (Diagenode) at low energy and incubation with 10 U Benzonase
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(Sigma) for 5 min. Lysates were centrifuged (13500 rpm, 4°C, 10 minutes) and the supernatant
was collected as soluble nuclear fraction. 50% of subcellular fractions were boiled in 1 volume
of sample buffer at 95°C for 5 minutes, sonicated and analysed by immunoblotting. 50% of
subcellular fractions was subjected to TRIzol extraction as above. The RNA from fractions was

assessed qualitatively on a Fragment Analyzer (Advanced Analytical).

Sucrose gradients

For preparation of sucrose gradients, 6 mL of 5% sucrose solution (5% sucrose in 10 mM tris-
HCI pH7.5, 1 mM EDTA, 100 mM NaCl) was pipetted in an ultracentrifuge tube (Beckman).
Then 6 mL of 50% sucrose solution (50% sucrose in 10 mM tris-HCl pH 7.5, 1 mM EDTA,
100 mM NaCl) were layered to the bottom of the tube by releasing the solution from a syringe
fitted with a long blunt-end needle. The gradient was mixed by gradient maker (Gradient
Master 108, Biocomp, program sucrose 5-50%) and kept at 4°C until usage. To prepare whole
cell lysates, cells were trypsinized, washed in PBS and counted in order to achieve the same
number of cells among the groups (5x 107 cells per condition) and then centrifuged (1200 rpm,
5 min). The pellet was resuspended in 100 pL lysis buffer (25 mM Tris-HCI pH7.4, 105 mM
KCl, 0.5% NP-40, 2 mM EDTA, 1 mM NaF, 0.5 mM DTT, 100U Ribolock inhibitor, Thermo,
1x protease/phosphatase inhibitor, Roche) per 2x 107 cells. Lysates were incubated 30 min on
ice with vortexing every 5 min, flash-frozen in liquid nitrogen, thawed, homogenized three
times with a needle (BD Microlane 3, No. 14, 0.6 x 30 mm, blue), centrifuged (13000 rpm, 10
min, 4°C) and transferred to fresh tubes. RNase treatment was performed by incubating
samples with 2.5 pL RNase A (10 mg/mL, Thermo), 2.5 uL RNase I (10 U/uL, Thermo), 2.5uL.
RNase T1 (1000 U/uL, Thermo), 5 pL RNase H (5 U/uL, NEB), 2.5 uL RNase III (1 U/uL,
Thermo) for 1h at 4°C with rotation. 5% of supernatant was kept as input and resuspended with

1 volume of sample buffer, the rest was loaded on top of sucrose gradient and ultracentrifuged
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(30000 rpm, 4°C, 18h, stop DECEL, slow, SW40/1Ti swinging bucket rotor, Optime L-90K,
Beckman). 24 fractions were taken from top to bottom of the tube as 500 uL aliquots and
precipitated by incubation with 50 uL of 0.15% sodium deoxycholate for 10 min at RT, then
mixed with 25 pl of 100% trichloroacetic acid and incubated 30 min, 4°C. Peptides were
pelleted (12000 rpm, 15 min, 4°C), washed with 500 pL ice-cold acetone and pelleted again.
Pellets were air-dried, resuspended in 40 pL sample buffer and analysed by immunoblotting.
To assess RNA from sucrose gradients, samples from pooled fractions or inputs were subjected

to TRIzol extraction and the recovered RNA was quantified by RT-qPCR.

RNA mass spectrometry (RNA-MS)

Total RNA (5 pg in 20 pL. ddH»>O) was incubated with 2pL 100U Nuclease P1 (NEB) and 2
pL 10x Nuclease P1 buffer (NEB) for 30 min at 37°C, followed by inactivation of the enzyme
(10 min, 75°C). For dephosphorylation of digested RNA, 1 pL 1U recombinant shrimp alkaline
phosphatase (NEB) and 2.5 pL 10x CutSmart buffer (NEB) were added and incubated for 30
min at 37°C, followed by inactivation of the enzyme (5 min, 65°C). To assess
methyladenosines in fluid samples, 20 pl of hydrolyzed and dephosphorylated RNA sample
were diluted with 500 pl MeOH/H-O (80/20) and transferred to activated (by flushing with 0.5
ml CH3CN) and equilibrated (by flushing with 0.5 ml MeOH/H-O (80/20, v/v)) SPE column
(Strata C18-E, 50 mg / 1 ml, Phenomenex). After passing the column, residual metabolites
were eluted with 180 ul MeOH/H»O (80/20, v/v). The combined eluates were taken to dryness
in a centrifugal evaporator. Samples were reconstituted in 50 pl of MeOH/H>O/AcOH
(50/50/0.1, v/v/v). LC/MS analysis was performed on a Dionex Ultimate 3000 UHPLC system
connected to a Q Exactive mass spectrometer (QE-MS) equipped with a HESI probe (Thermo).
Chromatographic separation was achieved by applying 3 pl sample on a Hypercarb column (50

x 2.1 mm, 2.2 um) (Thermo), protected by a Supelco ColumnSaver particle filter (Merck) and
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a gradient of mobile phase A (5 mM NH40OAc in CH3CN/H2O (40/60, v/v)) and mobile phase
B (5 mM NH40Ac in CH3CN/H20 (495/5, v/v)) maintaining a flow rate of 200 pl/min and a
column temp. of 45 °C. The LC gradient program was 5% mobile phase B for 2 min, followed
by a linear increase to 100% B within 23 min, maintaining 100% B for 5 min and returning to
5% B in 2 min, followed by 7 min 5% B for column equilibration before each injection. The
eluent was directed to the QE-MS from 7 min to 20 min after sample application. Mass
detection was conducted in full scan pos. mode (at 70k resol., scan range m/z 220 - 320, AGC
target 1E6 and 200 ms max. injection time). HESI parameters: Sheath gas: 20, aux gas: 1, spray
voltage: 3.0 kV, capillary temp.: 300 °C, S-lens RF level: 50.0, aux gas heater temp.: 120 °C.
Manual curation and integration of chromatographic peaks were performed with TraceFinder

5.1 using a mass tolerance of +/- 2 mMUs.

Chromatin immunoprecipitation (ChIP) and CUT&RUN-sequencing

For ChIP, cells were fixed with 1% formaldehyde (10 min, 37°C), quenched in 0.125 M glycine
(10 min, 37°C), washed in PBS and centrifuged (2000 rpm, 5 min). Pellets were resuspended
in 500 pL cold cell lysis buffer (5 mM PIPES pH8.0, 85 mM KCI, 0.5% NP-40, Ix
protease/phosphatase inhibitor, Roche) and lysed (10 min on ice). Nuclei were centrifuged
(3000 rpm, 5 min) and resuspended in 300 puL cold nuclear lysis buffer (1% SDS, 10 mM
EDTA, 50 mM tris-HCI pH8.0, 1x protease/phosphatase inhibitor, Roche) and lysed (10 min
on ice). Lysates were sonicated (5 times 5 min, 30 sec on/off) with a Bioruptor (Diagenode)
and pelleted (13000 rpm, 10 min). The supernatant was mixed with 2 mL dilution buffer
(0.01% SDS, 1.1% triton x-100, 1.2 mM EDTA, 16.7 mM tris-HCI pH8.0, 167 mM NaCl, 1x
protease/phosphatase inhibitor, Roche). Diluted samples were aliquoted, 5 pug antibodies were
added (IP sample) or not (input) and incubated overnight (4°C with rotation). For pull-down,

20 pL of protein G dynabeads were added to IP samples, incubated (1.5 h with rotation),
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immobilized on a magnet and washed with wash buffer A (0.1% SDS, 1% triton x-100, 2 mM
EDTA, 20 mM tris-HCI pH8.0, 150 mM NacCl), B (0.1% SDS, 1% triton x-100, 2 mM EDTA,
20 mM tris-HCI1 pHS8.0, 500 mM NacCl), C (0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate,
I mM EDTA and 10 mM tris-HCI pH&8.0), and twice with D (10 mM tris-HCI pH8.0, 1 mM
EDTA). For elution, samples were incubated with 500 pL elution buffer (1% SDS, 0.1 M
NaHCO:s3) for 30 min with rotation. Reversal of cross-links was performed at 65°C overnight
after adding 30 pL 5 M NaCl, 1 pL 10 mg/mL RNase A (Sigma), 10 uL 0.5 M EDTA, 20 pL
1 M tris-HCI pH6.8, 2 uLL 10 mg/mL proteinase K (Sigma) to input and IP samples. DNA was
purified by phenol/chloroform extraction, recovered in ddH>O and assessed by qPCR with
selective primers (Table S5). For CUT&RUN-seq cells were harvested with accutase (Sigma),
centrifuged (2500 rpm, 3 min) and washed three times in 1.5 mL wash buffer (20 mM HEPES
pH7.5, 150 mM NacCl, 0.5 mM spermidine). Cells were incubated (10 min, RT) with 10 pL
concanavalinA-coated magnetic beads (BioMag) resuspended in 1 volume of binding buffer
(20 mM HEPES pH?7.5, 10 mM KCI, 1 mM CaCl,, ]| mM MnCl,), immobilized on a magnet,
permeabilized with 150 pL antibody buffer (20 mM HEPES pH7.5, 150 mM NaCl, 0.5 mM
spermidine, 0.05% digitonin, 2 mM EDTA) and incubated with 1 pg primary antibody (800
rpm, 4°C, overnight with rotation). Samples were placed on a magnet, washed two times with
1 mL dig-wash buffer (20 mM HEPES pH?7.5, 150 mM NaCl, 0.5 mM spermidine, 0.05%
digitonin) and incubated (1 h, 800 rpm, 4°C with rotation) with 150 pL protein A/G-
micrococcal nuclease (MNase) fusion protein (1 pg/mL, CST). Reactions were placed on a
magnet, washed two times with 1 mL dig-wash buffer and once with 1 mL rinse buffer (20 mM
HEPES pH7.5, 0.05% digitonin, 0.5 mM spermidine). For chromatin digestion and release,
samples were incubated (30 min, on ice) in ice-cold digestion buffer (3.5 mM HEPES pH7.5,
10 mM CaCly, 0.05% digitonin). The reaction was stopped by addition of 200 uL stop buffer

(170 mM NaCl, 20 mM EGTA, 0.05% digitonin, 50 pg/mL RNaseA, 25 pg/mL glycogen) and
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fragments were released by incubation (30 min, 37°C). The supernatant was incubated (1 h,
50°C) with 2 pL 10% SDS and 5 pL proteinase K (10 mg/mL, Sigma). Chromatin was
recovered by phenol/chloroform extraction and resuspended in 30 pL TE (1 mM tris-HCI
pHS8.0, 0.1 mM EDTA). For sequencing, biological replicates were quantified with a Fragment
Analyzer (Advanced Analytical), pooled and subjected to library preparation. Libraries for
small DNA fragments (25-75 bp) were prepared based on the NEBNext Ultra II DNA library

prep Kit for [llumina (NEB#E7645).

Capture hybridization analysis of RNA targets (CHART) and CHART-seq

Cells were fixed with 1% formaldehyde (6 min, 37°C), quenched in 0.125 M glycine (10 min,
37°C), washed in PBS and centrifuged (2000 rpm, 5 min). Pellets were resuspended in 300 pL.
cold cell lysis buffer (5 mM PIPES pHS.0, 85 mM KCI, 0.5% NP-40, 100U Ribolock inhibitor,
Thermo, 1x protease/phosphatase inhibitor, Roche) and lysed (10 min on ice). Nuclei were
centrifuged (3000 rpm, 5 min) and resuspended in 50 pL cold nuclear lysis buffer (1% SDS,
10 mM EDTA, 50 mM tris-HCI pH8.0, 100U Ribolock inhibitor, Thermo, Ix
protease/phosphatase inhibitor, Roche) and lysed (10 min, RT). Lysates were sonicated (5
times 5 min, 30 sec on/off) with a Bioruptor (Diagenode) and pelleted (13000 rpm, 10 min).
10% of supernatant was kept as input and stored at -20°C. The remaining supernatant was
diluted in 1 mL pre-warmed capturing buffer (0.5 M LiCl, 4 M urea, 100U Ribolock inhibitor,
Thermo, 1x protease/phosphatase inhibitor, Roche) and 10 pL from an equimolar stock (10
uM) of six biotin-tagged capturing oligonucleotides (Table S6) were added or not. Following
incubation of lysates with 100 nM capturing oligos for 3h at 65°C with shaking, 30 pL
streptavidin C1 dynabeads (Thermo) were equilibrated and added to each sample for pull-down
(45 min, RT with rotation). For elution, samples were incubated with 500 pL elution buffer

(1% SDS, 0.1 M NaHCO:3) for 30 min with rotation. Reversal of cross-links was performed at
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65°C overnight after adding 30 pL 5 M NaCl, 1 pL 10 mg/mL RNase A (Sigma), 10 uL 0.5 M
EDTA, 20 uL 1 M tris-HCI1 pH6.8, 2 pL 10 mg/mL proteinase K (Sigma) to all samples.
Chromatin was purified by phenol/chloroform extraction, resuspended in ddH>O and assessed
by qPCR. To prepare samples for sequencing, purified chromatin was resuspended in 30 pL
TE (1 mM tris-HCI pH8.0, 0.1 mM EDTA). Samples were quantified with a Fragment
Analyzer (Advanced Analytical) and pooled biological replicates were subjected to library
preparation. Libraries for DNA fragments were prepared based on the NEBNext Ultra [T DNA

library prep Kit for [llumina (NEB#E7645).

Generation of FASTQ, BAM and bedgraph files

For CUT&RUN-seq, base calling was performed using Illumina’s FASTQ Generation
software v1.0.0 and sequencing quality was tested using FastQC. Reads were mapped with
Bowtie2 v2.3.5.1(47) to human hg19, human T2T or mouse mm10 genome. CUT&RUN-seq
samples were normalized to the number of mapped reads in the samples with the least number
of reads. BAM files obtained after read-normalization were sorted and indexed using SAMtools
v1.9 and Bedgraph files were generated using the genomecov function from BEDTools

v2.26.0(48). The Integrated Genome Browser (IGB) was used to visualize density files.

Generation of metagene plots, heatmap and bar charts

CUT&RUN-seq metagene plots were generated using the R package ‘metagene’ with the assay
parameters ‘ChIPseq’ and 100 bins, testing 80 accessible and 1123 predicted AsiSI sites. Read
count was performed using BEDTools. Data from the heatmap and read count analyses were

visualized with RStudio (v2022.7.2.576) using package ‘ggplot2’.

Single-end enhanced cross-linking immunoprecipitation (seCLIP)-sequencing
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For crosslinking of ribonucleoprotein complexes in vivo, cells were washed in PBS, aspirated,
irradiated by UV-light (254 nm, 400 mJ/cm?), resuspended in ice-cold PBS, scraped and
centrifuged (1200 rpm, 5 min). The pellets were stored at -80°C. For lysis, the cells were
incubated in 1 mL seCLIP lysis buffer (50 mM tris-HCI pH7.4, 100 mM NaCl, 1% NP-40,
0.1% SDS, 0.5% sodium deoxycholate, 440U murine RNase inhibitor, Thermo, 1x
protease/phosphatase inhibitor, Roche) for 5 min at 4°C and lysates were sonicated (1x 5 min,
30 sec on/off) with a Bioruptor (Diagenode) followed by digestion with 40U RNasel
(Invitrogen) and 10U TURBO DNase (Invitrogen) for 5 min at 37°C with rotation and
centrifugation (13000 rpm, 10 min). The supernatant was collected for immunoselection, the
remaining supernatant was incubated with 15 pg antibodies, which were pre-conjugated to 1:1
mix of 63 pL protein A/G dynabeads (Invitrogen), and incubated (4°C, overnight with
rotation). The immunocomplexes were captured on a magnet, was washed twice in 800 uL
high-salt wash buffer (50 mM tris-HCI pH7.4, 1 M NacCl, 1% NP-40, I mM EDTA, 0.1% SDS,
0.5% sodium deoxycholate), followed by two washes in 800 puL. wash buffer (20 mM tris-HCI
pH7.4, 10 mM MgCl,, 0.2% tween-20, 5 mM NaCl). Subsequent library preparation was

performed as described(49).

Bioinformatic analysis of seCLIP-seq

seCLIP samples were processed based on published eCLIP analysis protocols (49, 50). Briefly,
adapters were trimmed twice using cutadapt (v1.14). Trimmed FASTQ files were then first
aligned to a genome index consisting only of Repbase annotated repetitive elements using the
STAR aligner (v2.7.6a). Reads that did not map to repetitive elements were then aligned to
hg19 using STAR. Genome mapped BAM files were sorted with Samtools and PCR duplicates
were removed by a custom python script(49, 50). The read counts of all hg19 aligned bam files

were counted and the sample with the lowest count was used to normalize all bam files.
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Sequencing depth-normalized bam files were then converted to bigwig files with deeptools
(v3.5.1) bamCoverage. Bigwig files of seCLIP-seq biological replicates were merged by
calculating the average between the two biological replicates using deeptools bigwigCompare
(--scaleFactors 1:1 --operation mean). Log2 fold-change bigwig files between merged seCLIP-
seq replicates and corresponding inputs were generated with deeptools bigwigCompare (--

scaleFactors 1:1 --operation log2 --pseudocount 1).

Dimethyl sulfate mutational profiling combined with Nanopore sequencing (Nano-DMS-
MaP-seq)

For in vivo structural probing of RNA, cells were incubated with 25 mM DMS for 6 min at
37°C, placed on ice, washed with cold PBS containing 1% p-mercaptoethanol, harvested by
scraping, centrifuged (1200 rpm, 5 min) and resuspended in TRIzol to recover RNA. After
RNA extraction, 10 pg of total RNA was treated with Turbo DNase (Invitrogen) and
subsequently purified using NucleoSpin PCR Clean-up columns (Macherey Nagel). NEAT1

cDNA was synthesized with the Marathon RT probing protocol as described(51) using an

anchored polydT primer (TTTTTTTTTTTTTTTTTTTTVN). cDNA was amplified by PCR
with selective primers (PCR A: fwd, 5’-GGAGTTAGCGACAGGGAGGGATG-3’; rev, 5°-
AGAACAAAAGAGCACTACCGGTGTAC-3’; PCR B: fwd, 5’-
ATTTGTGCTGTAAAGGGGAAGAAAAGTGATTAG-3’; rev, 5’-
TCTGTGTGTGAGAAATGGCAGGTCTAG-3"). Subsequent library preparation and
analysis steps were performed as described(51), with sequencing being carried out with the

ONT native barcoding kit 14 (SQK-NBD114.96) on a MinION R10.4.1 flow cell.

RESULTS

DNA damage increases the levels of NEAT1 isoforms
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NEAT]1 transcripts are upregulated in about 65% of all tumours(36, 37, 52). We hypothesized
that high levels of NEATI protect tumour cells from excessive DNA damage and used RT-
qPCR to quantify the total amount of NEAT1 (NEAT1 1+NEAT1 2, hereinafter NEAT1) and
the level of the NEAT1 2 isoform in human U20S cells the absence or presence of etoposide.
Incubation with etoposide elevated both NEAT1 and NEAT1 2 levels ~5-fold in the nuclear,
but not the cytoplasmic fraction (Fig. 1A; Fig. S1A). The onset of DNA damage was confirmed
by immunoblotting for the DNA damage marker ser-139 phosphorylated histone H2.X variant
(YH2A.X) (Fig. SIB). The etoposide-responsive NEAT1 induction phenotype could also be
observed in HEK293 cells (Fig. SIC). NEAT]1 levels were further assessed by RNA-FISH and
were increased upon treatment with etoposide (Fig. 1B). The integrity of the RNA-FISH assay
was confirmed by colocalization of NEAT 1-probes with the bona fide NEAT1 interactor SFPQ

(Fig. S1D). Thus, etoposide treatment elevates NEAT1 levels in human cells.

METTL3 places m6A marks on NEAT1 upon DNA damage

The N6-methyladenosine (m6A) RNA modification is rapidly induced by UV-irradiation(53).
Interestingly, four m6A sites have been mapped to the 5° end region NEAT]1 that overlaps
between NEAT1 and NEAT1 2(54). The m6A marks are placed by the DSB-inducible RNA
methyltransferase 3 (METTL3), a direct target of ATM, and stabilise NEATI(55, 56). We
speculated that METTL3 places m6A marks on NEAT1 upon DNA damage. First, we wished
to test if the DDR indeed engages METTL3 in U20S cells. METTL3 accumulates at DSBs
upon phosphorylation(55). Lacking a phospho-specific METTL3 antibody, we tested for
colocalization of METTL3 with DSB foci as a proxy for METTL3 activation. We incubated
cells in the absence or presence of etoposide, or preincubated them with the selective ATM
inhibitor KU-55933 and assessed the subcellular localization of METTL3 and yYH2A.X by

PLAs and confocal microscopy. Indeed, we measured a strong increase in METTL3/yH2A.X
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PLA signals upon etoposide treatment, which was sensitive to the ATM inhibitor and suggests
DNA damage-induced accumulation of METTL3 at DSBs (Fig. S1E). Partial colocalization of
METTL3/yH2A.X antibody signals upon etoposide treatment was also visible by indirect
immunofluorescence (Fig. S1F). We also performed dot blots with a selective m6A antibody
and observed >5-fold increase in m6A antibody reactivity on total RNA from etoposide-treated
cells (Fig. S1G). This suggests that METTL3 is responsive to etoposide incubation in U20S
cells. To assess m6A marks on NEAT1, we incubated U20S cells in the absence or presence
of etoposide, or pre-treated them with the validated METTL3 inhibitor STM2457(57) and
performed RIP-RT-qPCR with the m6A antibody (Fig. 1C). The m6A antibody selectively
enriched NEATI in all 4 conditions. Strikingly, however, NEAT1 enrichment was particularly
strong upon etoposide treatment and partially sensitive to STM2457 preincubation.
Importantly, the RNA integrity was monitored by urea-PAGE (Fig. S2A). Next, we employed
a selective METTL3 antibody for immunoprecipitation and asked if NEAT] is differentially
associated with METTL3 upon DNA damage. Again, we found significant amounts of NEAT1
coenriched with METTL3, which were modestly increased by etoposide incubation and
sensitive to STM2457 pre-treatment (Fig. 1D; Fig. S2B). As expected, pre-treatment with
STM2457 prevented the etoposide-responsive induction of NEAT1 levels, but had little impact
on the NEAT]1 steady-state levels in unperturbed cells (Fig S2C). We wished to corroborate
our findings in a different system and employed CRISPR/Cas9 technology to introduce an array
of 24 stem loop-forming MS2 RNA-binding sequences (MS2-tag) upstream of the TSS of the
NEATI locus in HEK293 cells. The heterozygous knock-in of the MS2-tag was validated by
PCR in a subset of clones and generated the monoclonal cell line HEK293:24xMS2-NEAT1
(Fig. S2D). To test if MS2-NEAT]1 transcripts could be enriched from HEK293:24xMS2-
NEATTI1 cells, we expressed GFP-tagged MS2 coat protein (MCP-GFP) and used a GFP

antibody for immunoselection (Fig. S2E). Indeed, the selective enrichment of NEAT1 from
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HEK?293:24xMS2-NEAT]1, but not wild type HEK293 cells was confirmed by RT-qPCR (Fig.
1E). Next, we used RNA mass spectrometry to determine the relative abundance of m6A marks
on immunoselected MS2-NEAT1 (Fig. 1F). Reassuringly, m6A marks were modestly
increased upon etoposide incubation and sensitive to STM2457 preincubation, further
suggesting that METTL3 places m6A marks on NEATT.

To test if METTL3 binds NEATI in vitro, we immobilized in vitro transcribed, UTP-
biotinylated NEAT1 1 on streptavidin-coated beads and incubated the RNA with whole cell
lysates from HEK293 cells expressing wild type FLAG-METTLS3 or a catalytic inactive point
mutant (APPA) in the absence or presence of etoposide. We found increased binding of wild
type, but not APPA FLAG-METTL3 upon treatment with etoposide, which was sensitive to
benzonase digestion, in streptavidin pull-downs (Fig. 1G). Next, we performed a fluorescence-
based SAMfluoro in vitro methylation assay (Fig. 1H). We immunoselected wild type or APPA
mutant FLAG-METTL3, which were again ectopically expressed in HEK293 cells in the
absence or presence of etoposide or STM2457, from whole cell lysates and incubated the
samples with in vitro transcribed, non-methylated NEAT1 1 and SAMfluoro reagents. The
reaction product Resorufin was quantified as a proxy for methyltransferase activity. We found
elevated levels of Resorufin upon immunoselection of wild type, but not mutant FLAG-
METTL3 from etoposide treated cells, which were sensitive to STM2457. The
immunoselection of FLAG-METTL3 variants and the integrity of in vitro transcribed
NEATI1 1 were confirmed by immunoblotting and agarose gel electrophoresis, respectively
(Figs. S2F, S2@G). To test if METTL3 binding to NEAT1 is modulated by DNA damage in vivo,
we performed seCLIP-seq and determined several regions within NEAT1 2 that displayed
enrichment of reads upon METTL3 immunoselection irrespective of etoposide treatment (Fig.
S2H). Moreover, METTL3 to NEAT1 seems to be selectively increased upon etoposide

treatment at a subset of regions, including the 3° end region of NEAT1 1 (Fig. 1I), further
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suggesting enhanced binding of METTL3 to NEAT1 upon DNA damage. We conclude that

NEAT]1 increases in levels and is hyper-methylated by METTL3 upon DNA damage.

The depletion of NEAT1 impairs the DDR

METTL3 has recently been described as amplifier of the tumour suppressor protein p53-
dependent stress response in mouse embryonic fibroblasts(58). Murine METTL3 stabilizes p53
to promote the transactivation of target genes and places m6A marks on a subset of p53-
responsive transcripts, including NEATI upon treatment with the DNA intercalator
doxorubicin. To test if METTL3 and NEATI display genetic interaction upon DNA damage
in human cells, we utilized the plasmid-based DSBR reporter construct DR-GFP, which
contains an inactive GFP reporter locus and a target site for the restriction enzyme I-Scel to
cleave the reporter in vivo and prevent GFP expression. The repair of the I-Scel restriction site
restores functional GFP expression and can be used as a proxy for HR-mediated DSBR
efficacy. As expected, we observed expression of the GFP reporter product upon cotransfection
of DR-GFP- and I-Scel-encoding plasmids in HEK293 cells (Fig. S3A). In contrast, GFP
expression was markedly reduced upon combining the transfection of reporter plasmids with a
pool of NEAT I-selective siRNA or siRNA to deplete METTL3. Next, we combined etoposide
treatment with the depletion of NEAT1 and METTL3 and assessed the amount of broken
chromatin by neutral comet assays in U20S cells (Fig. 2A). As expected, the depletion of
NEAT1 and METTL3 did not cause the formation of broken chromatin in the absence of
etoposide and the incubation with etoposide induced prominent formation of DNA tails.
However, the depletion of both NEAT1 and METTL3 enhanced the etoposide-induced tail
phenotype and could be observed most prominently upon co-depletion of NEAT1 and
METTL3. The siRNA knockdown efficacy of NEAT1 and METTL3 was monitored by RT-

qPCR and immunoblotting (Figs. S3B, S3C). This suggests that NEAT1 and METTL3 promote
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the efficient repair of etoposide-induced DSBs. Next, we performed etoposide pulse-chase
kinetics and used confocal imaging to assess the impact of NEAT1 depletion on the formation
and clearance of 53BP1-positive DSB foci (Fig. 2B). Surprisingly, the depletion of NEAT1 by
siRNA impaired the formation of such foci. Next, we depleted NEAT1 by DNA-RNA chimeric
antisense oligonucleotides (ASOs) and assessed DSB signalling efficacy by immunoblotting
(Fig. 2C; Fig. S3D). Indeed, the depletion of NEAT1 with pooled ASOs impaired the efficient
phosphorylation of ATM/ATR substrate and the accumulation of YH2A.X marks in etoposide
pulse-chase kinetics. Likewise, we observed defects in the formation of etoposide-induced
YH2A X-positive DSBs foci in NEATI-deficient cells (Fig. 2D). We noticed that the
transfection of NEAT1 2 targeting ASOs depleted both NEAT1 1 and NEAT1 2 to similar
extent, which may perhaps reflect feedback inhibition of RNA synthesis at the NEAT! locus,
but also raised concerns about viability and cell cycle-dependent secondary effects upon ASO
transfection. To test the latter, we performed FACS analysis and compared the cell cycle
profiles of NEATI-proficient and -deficient U20S cells (Fig. S3E). We found that the
depletion of NEAT1 modestly increased the number of cells in G1-phase, but neither impaired
progression through S-phase, nor triggered the appearance of cells in sub-Gl-phase. We

conclude that NEAT1 promotes efficient DSB signalling and genome stability.

NEAT1 accumulates at DSBs in a METTL3-dependent manner

NEATI associates with several hundred protein-coding gene promoters to regulate RNAPII
transcriptional activity in human tissue culture cells(59, 60). We reasoned that NEATI
chromatin association may be altered by DNA damage. To investigate NEAT1 in context of
locus-specific DSBs, we employed U20S DIVA cells, which stably express the 4-
hydroxytamoxifen(4-OHT)-inducible endonuclease AsiSI (Fig. S4A). AsiSI cleavage

produces ~80 mostly promoter-associated DSBs(61). First, we monitored the induction of
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AsiSI-induced DSBs by immunoblotting and confocal imaging (Figs. S4B, S4C). We observed
increased YH2A.X level and prominent formation of partially colocalising YH2A.X- and
53BP1-positive foci in DIVA, but not wild type cells upon incubation with 4-OHT. However,
a modest increase in YH2A.X levels and some DSB foci were also detectable in DIVA in the
absence of 4-OHT. Subsequently, we compared DIVA cells with 4-OHT-incubated wild type
U20S cells and performed manual ChIP for YH2A.X at the AsiSI site DS1 (CCBL2/RBMXL1
promoter) for further validation (Fig. S4D). As expected, 4-OHT incubation of DIVA, but not
wild type U20S cells elevated YH2A.X levels up to 2000 nts upstream of the DS1 cleavage
site. Next, we wished to confirm that the depletion of NEAT1 impairs the formation of
YH2A . X-positive DSB foci also in the DIVA system, and indeed observed diminished YH2A.X
foci intensities upon incubation with 4-OHT (Fig. 3A). Intriguingly, NEAT1 depletion did not
prevent the formation of NBS1-positive foci. NBSI is an upstream component of the DSB-
sensing machinery. This suggests that the induction of DSBs by AsiSI per se is not impaired
by NEAT1 depletion. Likewise, we observed loss of YH2A.X occupancy around the DS1 site
in NEAT-deficient cells (Fig. 3B). In contrast, NEAT1 depletion increased the levels of
histone H2B lys-120 acetylation (H2B120ac), a DSB signalling marker upstream of
YH2A.X(61), close to DS1 (Fig. 3C). These findings encouraged us to perform CHART-
seq(60), which assesses the chromatin occupancy of IncRNA upon immunoselection with
hybridized biotinylated DNA oligonucleotides and qPCR-based quantification of coenriched
DNA (Fig. 3D). Strikingly, we coenriched DNA from a subset of promoter-associated DSBs
in the presence of 4-OHT, but not upon STM2457 preincubation from DIVA cells (Fig. 3E).
The enrichment of DNA was dependent on a pool NEAT 1-selective capturing oligos and could
not be observed in wild type U20S cells. CHART-seq data were confirmed by inspection of
browser tracks of the promoter-associated AsiSI target site RNF§ (Fig. 3F), the originating

NEATI 1 locus (Fig. S4E) and by manual CHART at DS1 (Fig. S4F). To corroborate our

26


https://doi.org/10.1101/2024.02.05.578920
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.05.578920; this version posted February 5, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-ND 4.0 International license.

biochemical data, we employed RNA-FISH for confocal imaging-based localization studies of
NEATI. Reassuringly, we observed elevated NEAT1 probe signals upon treatment with
etoposide, which partially colocalized with 53BP1-positive DSB foci and were sensitive to
STM2457 preincubation (Fig. 3G). Next, we used the RNA-PLA assay, which generates
signals upon combining a selective antibody with a selective DNA oligonucleotide probe(62).
Indeed, etoposide treatment selectively increased RNA-PLA signals when combining YH2A.X
staining with a NEAT-selective probe (Fig. 3H; Fig. S4G). We conclude that NEAT1

accumulates at DSBs to promote DSB signalling in a METTL3-dependent manner.

DNA damage alters NEAT1 secondary structure in a METTL3-dependent manner

The m6A modification is associated with alterations in the structure and function of IncRNA.
mo6A methylation of the metastasis-associated lung adenocarcinoma transcript 1 (MALATI),
for instance, triggers conformational changes that alter the structure of MALATT1 itself as well
as the composition and function of MALAT I-dependent nuclear speckles(63, 64). To assess,
if DNA damage alters the structure of NEAT 1, we applied dimethyl sulfate mutational profiling
combined with Nanopore sequencing (Nano-DMS-MaP-seq), which we have recently
established in HEK293 cells(51). Nano-DMS-MaP-seq is an extension of the previously
described DMS-MaP-seq method and allows in vivo RNA structural probing with long read
sequencing(65). It relies on selective methylation of unpaired adenine and cytosine bases at
their Watson-Crick face when they are located within accessible regions of RNA, such as in
loops or single-stranded motifs. These methylations can trigger nucleotide exchanges upon
reverse transcription that are mapped by Nanopore sequencing (Fig. 4A). Prior to sequencing,
we tested primer binding sites to efficiently reverse transcribe NEAT1 from unprobed (-DMS)
or DMS-probed (+DMS) HEK?293 cells that were incubated in the absence or presence of

etoposide or pre-treated with STM2457. Using two binding sites in the middle and 3 end of
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NEATI1 1, we were able to generate cDNA that covers full length NEAT1 1 from all
conditions (Fig. S5A). However, we failed to amplify cDNA for the NEAT1 2 isoform, likely
due to the length, high GC-content, or abundant G-quadruplex structures within NEAT1 2(66).
Next, we performed Nano-DMS-MaP-seq from two biological replicates. As expected, DMS
probing was selectively modifying A and C residues, independently of etoposide or STM2457
pre-treatments (Fig. S5B). Quantitation and computational analysis of DMS reactivities
revealed that NEAT1 contains a flexible region at the 3’ end that shows distinct folding upon
distinct treatments (Fig. 4B). Importantly, the predicted RNA-RNA interactions in that region
were selectively altered by etoposide and suppressed by preincubation with STM2457. The
calculated Pearson correlation of DMS reactivities was close to 0.9 across all replicates (Fig.
S5C), indicating high-quality structural probing data and supporting experimental
reproducibility. We conclude that etoposide treatment alters the secondary structure at the 3’

end region of NEAT1 1 in a METTL3-dependent manner.

CHD4 associates with NEAT1 in vivo and in vitro

So far, our data suggest that METTL3 places m6A marks on NEATI to promote the
accumulation of NEAT1 at promoter-associated DSBs, which likely is accompanied with
alterations in NEATI secondary structure. We hypothesized that NEAT1 hyper-methylation
may alter the association to RBPs that are involved in the DDR. To identify potential
candidates, we merged a recently published NEAT1 interactome with a DNA-RNA hybrid (R-
loop) interactome, as both NEATI and R-loop tend to accumulate close to promoter
regions(67—-69). Among the 64 identified candidates were the bona fide NEAT]1 interactors
NONO, SFPQ and PSPC1 as well as several RNA metabolic RBPs and components of the
RNAPII machinery (Fig. SA). Interestingly, the list of candidates also contained two DSBR

factors (RADS50 and CHD4). The histone deacetylase CHD4 caught our attention as it is both
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validated as DSBR factor and binder of several IncRNA(70-72), including NEAT1(73). Using
our HEK293:24xMS2-NEAT1 cells, we confirmed the selective enrichment of CHD4 with
MCP-GFP by immunoblotting (Fig. 5B). To test if CHD4 interacts with NEAT1 directly, we
incubated radio-labelled in vitro transcribed NEAT1 1 with CHDA4, which was
immunoselected from HEK293 whole cell lysates, and determined the amount of
coimmunoprecipitated NEAT1 1 by autoradiography (Fig. 5C). Indeed, the co-enrichment of
NEATI1 1 was dependent on CHD4 and sensitive to benzonase digestion. Next, we incubated
equal amounts of whole cell lysates from HEK293 cells expressing recombinant, GFP-tagged
full-length CHD4 (CHD4-GFP) with streptavidin-coated beads that were conjugated with or
without in vitro transcribed, UTP-biotinylated NEAT1 1, and compared the amount of pulled
down CDH4-GFP (Fig. 5D). Again, CHD4-GFP was efficiently coenriched in the presence of
conjugated NEATI1 1, which also impaired the enrichment of endogenously biotinylated
proteins. Interestingly, the protein domains that mediate binding of CHD4 to RNA have
recently been mapped to the N-terminal part of CHD4 in D. melanogaster and human cells(74).
Thus, we created the N-terminal deletion mutant AN-CHD4-GFP (Fig. S6A). We expressed
both full length and AN-CHD4-GFP in HEK293 cells and compared the efficacy of binding to
in vitro transcribed NEAT1 1 (Fig. 5E; Fig. S6B). Indeed, CHD4-GFP bound NEATI1 1 ~2-
fold stronger than the mutant. Of note, we also expressed CHD4-GFP variants in cells and
noticed mislocalization of AN-CHD4-GFP to the cytoplasm irrespective of etoposide treatment
(Fig. S6C). Thus, we did not attempt in vivo binding assays with CHD4-GFP variants. We
conclude that CHD4 binds recombinant NEAT1 1 via its N-terminal part in vitro and

associates with NEAT1 in vivo.

The DNA damage response triggers the release of CHD4 from NEAT1 to promote

chromatin occupancy
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Chromatin-associated NEAT]1 scaffolds the recruitment of some histone modifying enzymes
and chromatin-remodelling factors(75, 76). Since NEAT1 interacts with CHD4, we asked if
this association is altered by DNA damage. Using our HEK293:24xMS2-NEAT1 system, we
repeated MS2-NEAT1 immunoselection from cells incubated in the presence or absence of
etoposide or after preincubation with STM2457. Indeed, etoposide incubation largely impaired
the association of CHD4 with MS2-NEAT1, but did not severely alter the expression levels of
CHD4 (Fig. STA). Vice versa, we incubated lysates of U20S cells that were cultured in the
absence or presence of etoposide with antibodies against CHD4 or the nucleolar RBP
Fibrillarin and determined the amount of coimmunoprecipitating NEAT1 by RT-qPCR (Fig.
6A). Again, the association of NEAT1 to CHD4 was partially impaired by etoposide treatment,
and not detectable by the Fibrillarin antibody. To test for DNA damage-responsive alterations
in CHD4 RNA binding more globally, we performed sucrose gradients with lysates from cells
that were incubated in the absence or presence of etoposide or pre-treated with STM2457. We
observed a strong etoposide-responsive decrease of CHD4 in the higher molecular weight
fractions 16 and 17, which was sensitive to STM2457 preincubation and accompanied by a
relative decrease of NEAT] in fractions 16 and 17 (Figs. 6B, 6C). The integrity of the assay
was monitored by RNase digestion and probing for Vinculin and the bona fide RBP
Nucleophosmin 1. The latter strongly shifted to lower molecular weight fractions in RNase-
treated samples (Fig. S7B). Finally, we wished to test if CHD4 accumulates on broken
chromatin in a METTL3-dependent manner. We performed CUT&RUN-seq. Assessing 80
accessible AsiSI cleavage sites, we found prominent occupancy of CHD4 around AsiSI-
induced DSBs, which was partially impaired by STM2457 preincubation (Fig. 6D). When
stratifying for promoter- and non-promoter-associated AsiSI sites, the CHD4 phenotype could
also be observed at 63 non-promoter-associated AsiSI sites, which display poor NEAT1

occupancy in CHART-seq. In striking contrast, STM2457 preincubation partially reversed the
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phenotype at 17 promoter-associated AsiSI sites, which display high NEAT1 occupancy in
CHART-seq. Visual inspection of browser tracks and manual ChIP for CHD4 at DSI1
confirmed our analysis (Fig. 6E; Figs. S7C, S7D). Together, we conclude that METTL3 is
required to release CHD4 from NEAT1 and promotes the spreading of CHD4 to DSB that are

not occupied by NEATI.

DISCUSSION

We describe NEAT1 as direct regulator of the DDR. NEATI undergoes structural
rearrangement and accumulates at DSBs upon METTL3-dependent methylation to promote the
release of CHD4 from NEAT1, which facilitates the efficient recognition and repair of a subset
of DSBs (Fig. 7). It is important to clarify that we neither claim that METTLS3 is solely targeting
NEATTI nor that NEATT is the sole regulator of CHD4 in DSBR. METTL3 has widespread
roles in regulating RNA metabolism upon DNA damage, which includes the turnover of R-
loops and the amplification of p53-signalling(55, 58). Likewise, the recruitment of CHD4 to
broken chromatin is well-documented and, for instance, requires interaction with sequence-
specific DNA binding proteins(77, 78). Intriguingly, CHD4 has also been described as binder
of pre-mRNA transcripts(74). In this scenario, nascent pre-mRNA synthesis shields CHD4
from actively-transcribed promoters and thus maintains RNAPII activity. We observed that the
inhibition of METTL3 diminished the occupancy of CHD4 at the bulk of AsiSI-induced DSBs.
Thus, it is tempting to speculate that CHD4 binding to NEAT1 provides an additional layer to
regulate promoter activity and that the release of CHD4 from NEAT1 upon DNA damage-
responsive METTL3 activation may inhibit RNAPII activity at promoter-associated DSBs,
which is a prerequisite for efficient DSBR(6, 7). It will be important to determine the impact

of NEATT1 depletion on RNAPII activity in context of DSBR in the future.
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A recent study observed prominent reduction of DDR factor expression upon NEAT1
depletion in leukaemia cells, which was accompanied with elevated levels of YH2A.X and
endogenous DNA damage(45). Thus, our observation that elevated DNA damage in NEAT1-
deficient cells is accompanied by diminished, rather than elevated induction of DSB signalling
markers, such as the increase in YH2A.X levels and the formation of 53BP1-positive foci, is
intriguing and may seem counterintuitive at first glance. Moreover, we observed prominent
defects in genome stability only upon combining NEAT1 depletion with etoposide treatment.
These apparent discrepancies may, at least in part, be explained by the different cellular
systems used or due to differences in the expression level and depletion efficacies of NEAT1
itself. As our data have been obtained mostly under pulse-chase conditions, we postulate that
NEAT]1-deficient cells comprise defects in early and acute steps of DSB signalling. In line with
this, we observed a modest accumulation of H2BK120ac marks, a DSB marker upstream of
YH2A.X, NEAT]1-deficient cells. This suggests a supportive rather than essential role for
NEATTI1 in genome stability. The diminished DSB signalling observed in NEAT1-deficient
cells may be rather transient and may not fully translate into differences in the activation of
downstream DSBR factors, which has also been concluded for other modes of RNA-dependent
DSBR(13, 23).

Why do yH2A.X- and 53BP1-positive foci not form efficiently in NEAT1-deficient
cells? Firstly, one or more components of the DSB signalling cascade may not be sufficiently
expressed in NEAT1-deficient cells, which may prevent the efficient formation of YH2A.X-
and 53BP1-positive foci. Studies in mice and murine cells suggest that the knockout NEAT1
provokes global changes in gene expression, which drives neoplastic cell growth in murine
embryonic fibroblasts, but does not seem to be required for stress-induced cell cycle arrest or
apoptosis(39). We did not observe severe alterations in the cell cycle distribution upon NEAT1

depletion and no obvious impact on the expression of METTL3 or CHD4. However, it remains

32


https://doi.org/10.1101/2024.02.05.578920
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.05.578920; this version posted February 5, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-ND 4.0 International license.

to be determined to what extent the multi-layered post-transcriptional gene regulatory roles of
NEATI1, which include pre-mRNA editing, miRNA biogenesis and translational control(34,
79-81), modulate our phenotypes. Secondly, and perhaps more appealing, NEAT1 may
comprise an intrinsic property to promote DSB condensation. Arguing for the latter, we indeed
observed the formation of YH2A.X- and 53BP1-positive foci in NEAT I-deficient cells, albeit
to a lesser degree. Intriguingly, functional domains of NEAT1 have been identified in the
middle domain of NEAT1 2, which promote the formation and condensation of nuclear
paraspeckles via phase-separation(82). Since 53BP1 and other early recruiting DSB factors
utilize DNA damage-induced transcripts for the efficient recruitment to DSBs(83-85), it
appears possible that the intrinsic phase-separating property of NEAT1 2 is hijacked by the
DDR to foster foci formation and thereby promote DSB condensation.

Our model suggests that NEAT1 engages at a subset of promoter-associated DSBs to
modulate CHDA4. In line with our model, recent ATAC-seq data from human colorectal cancer
cells suggest that NEAT1 is indeed required for chromatin remodelling in response to
genotoxic stress(38). However, whether NEAT1 engages in DSB signalling exclusively on
chromatin or also in context of paraspeckles remains unclear. Whilst our CHART data suggest
DNA damage-induced association of NEAT1 with a subset of DSBs, a rather modest
colocalization of NEAT1 with 53BP1-positive DSBs foci could be observed in our RNA-FISH
data, albeit displayed as non-staked confocal sections. Interestingly, the core paraspeckle
components NONO, SFPQ and PSCP1 also occupy chromatin at a subset of protein-coding
gene promoters in unperturbed cells(33). Moreover, the DDR triggers mobility of DSBs and
formation of DNA damage-induced higher-order chromatin structures(86). Thus, it seems
likely that only a fraction of the NEAT1 pool is amenable to the DDR and that a subset of

DSBs may cluster in specialised subnuclear domains, including paraspeckles.
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Of note, our data do not allocate the repair-promoting function of NEATT to a distinct
isoform, as we used pooled probe set and oligonucleotides that cover both NEAT1 1 and
NEATI1 2 for hybridization in most cases. This is partially due to technical constraints in
sensitivity and also due to the biology of NEAT1, which is mostly accessible for hybridization
studies in the regions that we were targeting, as determined by RNase H mapping,
previously(60). Nevertheless, our in vitro data indicate that the short isoform is necessary and
sufficient for at least some of the observed phenotypes.

Overall, our study describes a novel RNA-mediated DDR pathway and a new function
for NEATI in the regulation of DSBR. Given that NEAT]1 is highly abundant in many tumours,
the validation of the genome-protective pathway in primary cancer material promises to be a
powerful approach to understand the role of NEAT1 in patients and could pave the way for
novel, RNA-centric therapeutic approaches. Current approaches to interfere with NEATI
function in cancer cells, for instance, include the application of ASOs(87). This non-genotoxic
strategy could be combined with chemotherapy to hypersensitize cancer cells to genotoxic

drugs in the future.

DATA AVAILABILITY

Sequencing data are available at the gene expression omnibus under the accession number
GEO:GSEpending (reviewer token: pending), and are viewable on the integrated genome
browser (IGB) or other suitable genome browsers. Further information and requests for

resources and reagents should be directed to the corresponding author.

FUNDING
This work was supported by grants from the German Cancer Aid (the Dr. Mildred Scheel

Stiftung fiir Krebsforschung, Mildred-Scheel-Nachwuchszentrum, MSNZ, grant number

34


https://doi.org/10.1101/2024.02.05.578920
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.05.578920; this version posted February 5, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-ND 4.0 International license.

8606100-NG1) awarded to K.B., the Deutsche Forschungsgemeinschaft (DFG; grant number
449501615) awarded to T.G; the European Research Council (ERC, SENATR grant number
101096948) and the Excellence Program of the German Cancer Aid (grant number 70114538)
awarded to M.E.; and the Helmholtz Association (grant VH-NG-1347) awarded to R.S. This
publication was supported by the Open Access Publication Fund of the University of

Wiirzburg.

ACKNOWLEDGMENTS

We acknowledge Elmar Wolf, Mathias Munschauer and Markus Diefenbacher for feedback
and discussions. We thank Christian Janzen, Juliane Miiller, Giacomo Cossa, Carsten Ade, Lea
Boten, An Binh Nguyen and Tobias Roth for excellent technical support, and all members of
the department for sharing reagents and collegial atmosphere. We apologize to authors whose
work could not be cited due to limitations.

Author contributions: Conceptualization, V.M. and K.B.; Methodology, V.M., B.T., A.-S.G.-
B.,P.B.,P.P., W.S,, P.G., D.P. and K.B.; Investigation, V.M., B.T., A.-S.G.-B., W.S. and K.B.;
Formal Analysis, V.M., B.T., W.S., P.B., P.G., D.P. and K.B.; Writing — Original Draft, V.M.
and K.B.; Writing — Review & Editing, V.M. and K.B.; Funding Acquisition, M.E., T.G.,

R.P.S. and K.B.; Supervision, M.E., T.G., R.P.S. and K.B.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

SUPPLEMENTARY DATA

Supplementary Data are available online.

35


https://doi.org/10.1101/2024.02.05.578920
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.05.578920; this version posted February 5, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-ND 4.0 International license.

REFERENCES

1. Jackson SP, Bartek J. The DNA-damage response in human biology and disease. Nature.
2009 Oct 22;461(7267):1071-8. doi: 10.1038/nature08467. PMID: 19847258; PMCID:
PMC2906700.

2. Ciccia A, Elledge SJ. The DNA damage response: making it safe to play with knives. Mol
Cell. 2010 Oct 22;40(2):179-204. doi: 10.1016/j.molcel.2010.09.019. PMID:
20965415; PMCID: PM(C2988877.

3. Groelly FJ, Fawkes M, Dagg RA, Blackford AN, Tarsounas M. Targeting DNA damage
response pathways in cancer. Nat Rev Cancer. 2023 Feb;23(2):78-94. doi:
10.1038/s41568-022-00535-5. Epub 2022 Dec 5. PMID: 36471053.

4. Marnef A, Legube G. R-loops as Janus-faced modulators of DNA repair. Nat Cell Biol. 2021
Apr;23(4):305-313. doi: 10.1038/s41556-021-00663-4. Epub 2021 Apr 9. PMID:
33837288.

5. Garcia-Muse T, Aguilera A. R Loops: From Physiological to Pathological Roles. Cell. 2019
Oct 17;179(3):604-618. doi: 10.1016/j.cell.2019.08.055. Epub 2019 Oct 10. PMID:
31607512.

6. Machour FE, Ayoub N. Transcriptional Regulation at DSBs: Mechanisms and
Consequences. Trends Genet. 2020 Dec;36(12):981-997. doi:
10.1016/j.tig.2020.01.001. Epub 2020 Jan 28. PMID: 32001024.

7. Caron P, van der Linden J, van Attikum H. Bon voyage: A transcriptional journey around
DNA breaks. DNA Repair (Amst). 2019 Oct;82:102686. doi:
10.1016/j.dnarep.2019.102686. Epub 2019 Aug 7. PMID: 31476573.

8. Kastan MB, Lim DS. The many substrates and functions of ATM. Nat Rev Mol Cell Biol.
2000 Dec;1(3):179-86. doi: 10.1038/35043058. PMID: 11252893.

9. Blackford AN, Jackson SP. ATM, ATR, and DNA-PK: The Trinity at the Heart of the DNA
Damage Response. Mol Cell. 2017 Jun 15;66(6):801-817. doi:
10.1016/j.molcel.2017.05.015. PMID: 28622525.

10. Klaric JA, Wist S, Panier S. New Faces of old Friends: Emerging new Roles of RNA-Binding
Proteins in the DNA Double-Strand Break Response. Front Mol Biosci. 2021 May
7,8:668821. doi: 10.3389/fmolb.2021.668821. PMID: 34026839; PMCID:
PM(C8138124.

11. Dutertre M, Lambert S, Carreira A, Amor-Guéret M, Vagner S. DNA damage: RNA-binding
proteins protect from near and far. Trends Biochem Sci. 2014 Mar;39(3):141-9. doi:
10.1016/].tibs.2014.01.003. Epub 2014 Feb 14. PMID: 24534650.

12. Michelini F, Jalihal AP, Francia S, Meers C, Neeb ZT, Rossiello F, Gioia U, Aguado J, Jones-
Weinert C, Luke B, Biamonti G, Nowacki M, Storici F, Carninci P, Walter NG, d’Adda di
Fagagna F. From ‘Cellular’ RNA to ‘Smart’ RNA: Multiple Roles of RNA in Genome

36


https://doi.org/10.1101/2024.02.05.578920
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.05.578920; this version posted February 5, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-ND 4.0 International license.

Stability and Beyond. Chem Rev. 2018 Apr 25;118(8):4365-4403. doi:
10.1021/acs.chemrev.7b00487. Epub 2018 Mar 30. PMID: 29600857; PMCID:
PMC7717669.

13. Zong D, Oberdoerffer P, Batista PJ, Nussenzweig A. RNA: a double-edged sword in
genome maintenance. Nat Rev Genet. 2020 Nov;21(11):651-670. doi:
10.1038/s41576-020-0263-7. Epub 2020 Aug 6. PMID: 32764716.

14. Burger K, Schlackow M, Potts M, Hester S, Mohammed S, Gullerova M. Nuclear
phosphorylated Dicer processes double-stranded RNA in response to DNA damage. J
Cell Biol. 2017 Aug 7;216(8):2373-2389. doi: 10.1083/jcb.201612131. Epub 2017 Jun
22. PMID: 28642363; PMCID: PMC5551710.

15. Burger K, Gullerova M. Nuclear re-localization of Dicer in primary mouse embryonic
fibroblast nuclei following DNA damage. PLoS Genet. 2018 Feb 2;14(2):e1007151.
doi: 10.1371/journal.pgen.1007151. PMID: 29394246; PMCID: PMC5812656.

16. Burger K, Schlackow M, Gullerova M. Tyrosine kinase c-Abl couples RNA polymerase Il
transcription to DNA double-strand breaks. Nucleic Acids Res. 2019 Apr
23;47(7):3467-3484. doi: 10.1093/nar/gkz024. PMID: 30668775; PMCID:
PMC6468493.

17. Francia S, Michelini F, Saxena A, Tang D, de Hoon M, Anelli V, Mione M, Carninci P,
d’Adda di Fagagna F. Site-specific DICER and DROSHA RNA products control the DNA-
damage response. Nature. 2012 Aug 9;488(7410):231-5. doi: 10.1038/nature11179.
PMID: 22722852; PMCID: PMC3442236.

18. Wei W, Ba Z, Gao M, Wu Y, Ma Y, Amiard S, White Cl, Rendtlew Danielsen JM, Yang YG,
Qi Y. Arole for small RNAs in DNA double-strand break repair. Cell. 2012 Mar
30;149(1):101-12. doi: 10.1016/j.cell.2012.03.002. Epub 2012 Mar 22. PMID:
22445173.

19. Michelini F, Pitchiaya S, Vitelli V, Sharma S, Gioia U, Pessina F, Cabrini M, Wang Y,
Capozzo |, lannelli F, Matti V, Francia S, Shivashankar GV, Walter NG, d’Adda di
Fagagna F. Damage-induced IncRNAs control the DNA damage response through
interaction with DDRNAs at individual double-strand breaks. Nat Cell Biol. 2017
Dec;19(12):1400-1411. doi: 10.1038/nch3643. Epub 2017 Nov 27. PMID: 29180822;
PMCID: PMC5714282.

20. Keskin H, Shen Y, Huang F, Patel M, Yang T, Ashley K, Mazin AV, Storici F. Transcript-RNA-
templated DNA recombination and repair. Nature. 2014 Nov 20;515(7527):436-9.
doi: 10.1038/nature13682. Epub 2014 Sep 3. PMID: 25186730; PMCID:
PM(C4899968.

21. Chakraborty A, Tapryal N, Venkova T, Horikoshi N, Pandita RK, Sarker AH, Sarkar PS,
Pandita TK, Hazra TK. Classical non-homologous end-joining pathway utilizes nascent
RNA for error-free double-strand break repair of transcribed genes. Nat Commun.
2016 Oct 5;7:13049. doi: 10.1038/ncomms13049. PMID: 27703167; PMCID:
PMC5059474.

37


https://doi.org/10.1101/2024.02.05.578920
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.05.578920; this version posted February 5, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

perpetuity. It is made available under aCC-BY-ND 4.0 International license.

Sharma V, Misteli T. Non-coding RNAs in DNA damage and repair. FEBS Lett. 2013 Jun
27;587(13):1832-9. doi: 10.1016/j.febslet.2013.05.006. Epub 2013 May 16. PMID:
23684639; PMCID: PMC3710463.

Chowdhury D, Choi YE, Brault ME. Charity begins at home: non-coding RNA functions in
DNA repair. Nat Rev Mol Cell Biol. 2013 Mar;14(3):181-9. doi: 10.1038/nrm3523.
Epub 2013 Feb 6. PMID: 23385724; PMCID: PMC3904369.

Mattick JS, Amaral PP, Carninci P, Carpenter S, Chang HY, Chen LL, Chen R, Dean C,
Dinger ME, Fitzgerald KA, Gingeras TR, Guttman M, Hirose T, Huarte M, Johnson R,
Kanduri C, Kapranov P, Lawrence JB, Lee JT, Mendell JT, Mercer TR, Moore KJ,
Nakagawa S, Rinn JL, Spector DL, Ulitsky I, Wan Y, Wilusz JE, Wu M. Long non-coding
RNAs: definitions, functions, challenges and recommendations. Nat Rev Mol Cell
Biol. 2023 Jun;24(6):430-447. doi: 10.1038/s41580-022-00566-8. Epub 2023 Jan 3.
PMID: 36596869; PMCID: PMC10213152.

Hirose T, Ninomiya K, Nakagawa S, Yamazaki T. A guide to membraneless organelles and
their various roles in gene regulation. Nat Rev Mol Cell Biol. 2022 Nov 23. doi:
10.1038/s41580-022-00558-8. Epub ahead of print. PMID: 36424481.

Taiana E, Ronchetti D, Todoerti K, Nobili L, Tassone P, Amodio N, Neri A. LncRNA NEAT1
in Paraspeckles: A Structural Scaffold for Cellular DNA Damage Response Systems?
Noncoding RNA. 2020 Jul 1;6(3):26. doi: 10.3390/ncrna6030026. PMID: 32630183;
PMCID: PMC7549348.

Trifault B, Mamontova V, Cossa G, Ganskih S, Wei Y, Hofstetter J, Bhandare P, Baluapuri
A, Nieto B, Solvie D, Ade CP, Gallant P, Wolf E, Larsen DH, Munschauer M, Burger K.
Nucleolar detention of NONO shields DNA double-strand breaks from aberrant
transcripts. Nucleic Acids Res. 2024 Jan 15:gkae022. doi: 10.1093/nar/gkae022. Epub
ahead of print. PMID: 38224452.

Trifault B, Mamontova V, Burger K. In vivo Proximity Labeling of Nuclear and Nucleolar
Proteins by a Stably Expressed, DNA Damage-Responsive NONO-APEX2 Fusion
Protein. Front Mol Biosci. 2022 Jun 6;9:914873. doi: 10.3389/fmolb.2022.914873.
PMID: 35733943; PMCID: PM(C9207311.

Fox AH, Lamond Al. Paraspeckles. Cold Spring Harb Perspect Biol. 2010 Jul;2(7):a000687.
doi: 10.1101/cshperspect.a000687. Epub 2010 Jun 23. PMID: 20573717; PMCID:
PMC2890200.

Fox AH, Nakagawa S, Hirose T, Bond CS. Paraspeckles: Where Long Noncoding RNA
Meets Phase Separation. Trends Biochem Sci. 2018 Feb;43(2):124-135. doi:
10.1016/j.tibs.2017.12.001. Epub 2017 Dec 27. PMID: 29289458.

Lin Y, Schmidt BF, Bruchez MP, McManus CJ. Structural analyses of NEAT1 IncRNAs
suggest long-range RNA interactions that may contribute to paraspeckle
architecture. Nucleic Acids Res. 2018 Apr 20;46(7):3742-3752. doi:
10.1093/nar/gky046. PMID: 29394378; PMCID: PMC5909464.

38


https://doi.org/10.1101/2024.02.05.578920
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.05.578920; this version posted February 5, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

perpetuity. It is made available under aCC-BY-ND 4.0 International license.

West JA, Mito M, Kurosaka S, Takumi T, Tanegashima C, Chujo T, Yanaka K, Kingston RE,
Hirose T, Bond C, Fox A, Nakagawa S. Structural, super-resolution microscopy
analysis of paraspeckle nuclear body organization. J Cell Biol. 2016 Sep
26;214(7):817-30. doi: 10.1083/jcb.201601071. Epub 2016 Sep 19. PMID: 27646274;
PMCID: PMC50374009.

Knott GJ, Bond CS, Fox AH. The DBHS proteins SFPQ, NONO and PSPC1: a multipurpose
molecular scaffold. Nucleic Acids Res. 2016 May 19;44(9):3989-4004. doi:
10.1093/nar/gkw271. Epub 2016 Apr 15. PMID: 27084935; PMCID: PMC4872119.

Jiang L, Shao C, Wu QJ, Chen G, Zhou J, Yang B, Li H, Gou LT, Zhang Y, Wang Y, Yeo GW,
Zhou Y, Fu XD. NEAT1 scaffolds RNA-binding proteins and the Microprocessor to
globally enhance pri-miRNA processing. Nat Struct Mol Biol. 2017 Oct;24(10):816-
824. doi: 10.1038/nsmb.3455. Epub 2017 Aug 28. PMID: 28846091; PMCID:
PMC5766049.

Park MK, Zhang L, Min KW, Cho JH, Yeh CC, Moon H, Hormaechea-Agulla D, Mun H, Ko S,
Lee JW, Jathar S, Smith AS, Yao Y, Giang NT, Vu HH, Yan VC, Bridges MC, Kourtidis A,
Muller F, Chang JH, Song SJ, Nakagawa S, Hirose T, Yoon JH, Song MS. NEAT1 is
essential for metabolic changes that promote breast cancer growth and metastasis.
Cell Metab. 2021 Dec 7;33(12):2380-2397.€9. doi: 10.1016/j.cmet.2021.11.011.
PMID: 34879239; PMCID: PM(C8813003.

Pisani G, Baron B. NEAT1 and Paraspeckles in Cancer Development and
Chemoresistance. Noncoding RNA. 2020 Oct 30;6(4):43. doi: 10.3390/ncrna6040043.
PMID: 33143162; PMCID: PMC7712271.

Klec C, Prinz F, Pichler M. Involvement of the long noncoding RNA NEAT1 in
carcinogenesis. Mol Oncol. 2019 Jan;13(1):46-60. doi: 10.1002/1878-0261.12404.
Epub 2018 Dec 3. PMID: 30430751; PMCID: PMC6322192.

ZhuY, Hu H, Yuan Z, Zhang Q, Xiong H, Hu Z, Wu H, Huang R, Wang G, Tang Q. LncRNA
NEAT1 remodels chromatin to promote the 5-Fu resistance by maintaining colorectal
cancer stemness. Cell Death Dis. 2020 Nov 9;11(11):962. doi: 10.1038/s41419-020-
03164-8. PMID: 33168814; PMCID: PMC7653927.

Mello SS, Sinow C, Raj N, Mazur PK, Bieging-Rolett K, Broz DK, Imam JFC, Vogel H, Wood
LD, Sage J, Hirose T, Nakagawa S, Rinn J, Attardi LD. Neat1 is a p53-inducible lincRNA
essential for transformation suppression. Genes Dev. 2017 Jun 1;31(11):1095-1108.
doi: 10.1101/gad.284661.116. Epub 2017 Jul 11. PMID: 28698299; PMCID:
PM(C5538433.

Naganuma T, Nakagawa S, Tanigawa A, Sasaki YF, Goshima N, Hirose T. Alternative 3’-
end processing of long noncoding RNA initiates construction of nuclear paraspeckles.
EMBO J. 2012 Oct 17;31(20):4020-34. doi: 10.1038/emb0j.2012.251. Epub 2012 Sep
7. PMID: 22960638; PMCID: PMC3474925.

Barra J, Gaidosh GS, Blumenthal E, Beckedorff F, Tayari MM, Kirstein N, Karakach TK,
Jensen TH, Impens F, Gevaert K, Leucci E, Shiekhattar R, Marine JC. Integrator

39


https://doi.org/10.1101/2024.02.05.578920
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.05.578920; this version posted February 5, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

42.

43.

44,

45.

46.

47.

48.

49.

perpetuity. It is made available under aCC-BY-ND 4.0 International license.

restrains paraspeckles assembly by promoting isoform switching of the IncRNA
NEATL. Sci Adv. 2020 Jul 3;6(27):eaaz9072. doi: 10.1126/sciadv.aaz9072. PMID:
32923585; PMCID: PMC7455494.

Modic M, Grosch M, Rot G, Schirge S, Lepko T, Yamazaki T, Lee FCY, Rusha E,
Shaposhnikov D, Palo M, Merl-Pham J, Cacchiarelli D, Rogelj B, Hauck SM, von
Mering C, Meissner A, Lickert H, Hirose T, Ule J, Drukker M. Cross-Regulation
between TDP-43 and Paraspeckles Promotes Pluripotency-Differentiation Transition.
Mol Cell. 2019 Jun 6;74(5):951-965.e13. doi: 10.1016/j.molcel.2019.03.041. Epub
2019 Apr 29. PMID: 31047794; PMCID: PMC6561722.

Lellahi SM, Rosenlund IA, Hedberg A, Kizer LT, Mikkola I, Knutsen E, Perander M. The
long noncoding RNA NEAT1 and nuclear paraspeckles are up-regulated by the
transcription factor HSF1 in the heat shock response. J Biol Chem. 2018 Dec
7;293(49):18965-18976. doi: 10.1074/jbc.RA118.004473. Epub 2018 Oct 10. PMID:
30305397; PMCID: PMC6295718.

Adriaens C, Standaert L, Barra J, Latil M, Verfaillie A, Kalev P, Boeckx B, Wijnhoven PW,
Radaelli E, Vermi W, Leucci E, Lapouge G, Beck B, van den Oord J, Nakagawa S, Hirose
T, Sablina AA, Lambrechts D, Aerts S, Blanpain C, Marine JC. p53 induces formation
of NEAT1 IncRNA-containing paraspeckles that modulate replication stress response
and chemosensitivity. Nat Med. 2016 Aug;22(8):861-8. doi: 10.1038/nm.4135. Epub
2016 Jul 4. PMID: 27376578.

Taiana E, Favasuli V, Ronchetti D, Todoerti K, Pelizzoni F, Manzoni M, Barbieri M, Fabris
S, Silvestris |, Gallo Cantafio ME, Platonova N, Zuccala V, Maltese L, Soncini D, Ruberti
S, Cea M, Chiaramonte R, Amodio N, Tassone P, Agnelli L, Neri A. Long non-coding
RNA NEAT1 targeting impairs the DNA repair machinery and triggers anti-tumor
activity in multiple myeloma. Leukemia. 2020 Jan;34(1):234-244. doi:
10.1038/s41375-019-0542-5. Epub 2019 Aug 19. PMID: 31427718.

Yang LZ, Wang Y, Li SQ, Yao RW, Luan PF, Wu H, Carmichael GG, Chen LL. Dynamic
Imaging of RNA in Living Cells by CRISPR-Cas13 Systems. Mol Cell. 2019 Dec
19;76(6):981-997.e7. doi: 10.1016/j.molcel.2019.10.024. Epub 2019 Nov 19. PMID:
31757757.

Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat Methods. 2012
Mar 4;9(4):357-9. doi: 10.1038/nmeth.1923. PMID: 22388286; PMCID: PM(C3322381.

Quinlan AR, Hall IM. BEDTools: a flexible suite of utilities for comparing genomic
features. Bioinformatics. 2010 Mar 15;26(6):841-2. doi:
10.1093/bioinformatics/btq033. Epub 2010 Jan 28. PMID: 20110278; PMCID:
PM(C2832824.

Blue SM, Yee BA, Pratt GA, Mueller JR, Park SS, Shishkin AA, Starner AC, Van Nostrand
EL, Yeo GW. Transcriptome-wide identification of RNA-binding protein binding sites
using seCLIP-seq. Nat Protoc. 2022 May;17(5):1223-1265. doi: 10.1038/s41596-022-
00680-z. Epub 2022 Mar 23. PMID: 35322209.

40


https://doi.org/10.1101/2024.02.05.578920
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.05.578920; this version posted February 5, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

50.

51.

52.

53.

54.

55.

56.

57.

58.

perpetuity. It is made available under aCC-BY-ND 4.0 International license.

Van Nostrand EL, Pratt GA, Shishkin AA, Gelboin-Burkhart C, Fang MY, Sundararaman B,
Blue SM, Nguyen TB, Surka C, Elkins K, Stanton R, Rigo F, Guttman M, Yeo GW.
Robust transcriptome-wide discovery of RNA-binding protein binding sites with
enhanced CLIP (eCLIP). Nat Methods. 2016 Jun;13(6):508-14. doi:
10.1038/nmeth.3810. Epub 2016 Mar 28. PMID: 27018577; PMCID: PMC4887338.

Bohn P, Gribling-Burrer AS, Ambi UB, Smyth RP. Nano-DMS-MaP allows isoform-specific
RNA structure determination. Nat Methods. 2023 Jun;20(6):849-859. doi:
10.1038/s41592-023-01862-7. Epub 2023 Apr 27. PMID: 37106231; PMCID:
PMC10250195.

Knutsen E, Harris AL, Perander M. Expression and functions of long non-coding RNA
NEAT1 and isoforms in breast cancer. Br J Cancer. 2022 Mar;126(4):551-561. doi:
10.1038/s41416-021-01588-3. Epub 2021 Oct 20. PMID: 34671127; PMCID:
PM(C8854383.

Xiang Y, Laurent B, Hsu CH, Nachtergaele S, Lu Z, Sheng W, Xu C, Chen H, Ouyang J,
Wang S, Ling D, Hsu PH, Zou L, Jambhekar A, He C, Shi Y. RNA m6A methylation
regulates the ultraviolet-induced DNA damage response. Nature. 2017 Mar
23;543(7646):573-576. doi: 10.1038/nature21671. Epub 2017 Mar 15. Erratum in:
Nature. 2017 Nov 29;: PMID: 28297716; PMCID: PM(C5490984.

Wen S, Wei Y, Zen C, Xiong W, Niu Y, Zhao Y. Long non-coding RNA NEAT1 promotes
bone metastasis of prostate cancer through N6-methyladenosine. Mol Cancer. 2020
Dec 12;19(1):171. doi: 10.1186/512943-020-01293-4. PMID: 33308223; PMCID:
PMC7733260.

Zhang C, Chen L, Peng D, Jiang A, He Y, Zeng Y, Xie C, Zhou H, Luo X, Liu H, Chen L, Ren J,
Wang W, Zhao Y. METTL3 and N6-Methyladenosine Promote Homologous
Recombination-Mediated Repair of DSBs by Modulating DNA-RNA Hybrid
Accumulation. Mol Cell. 2020 Aug 6;79(3):425-442.e7. doi:
10.1016/j.molcel.2020.06.017. Epub 2020 Jul 1. PMID: 32615088.

Chen J, Liao X, Cheng J, Su G, Yuan F, Zhang Z, Wu J, Mei H, Tan W. Targeted Methylation
of the LncRNA NEAT1 Suppresses Malignancy of Renal Cell Carcinoma. Front Cell Dev
Biol. 2021 Dec 9;9:777349. doi: 10.3389/fcell.2021.777349. PMID: 34957107; PMCID:
PMC8696001.

Yankova E, Blackaby W, Albertella M, Rak J, De Braekeleer E, Tsagkogeorga G, Pilka ES,
Aspris D, Leggate D, Hendrick AG, Webster NA, Andrews B, Fosbeary R, Guest P,
Irigoyen N, Eleftheriou M, Gozdecka M, Dias JML, Bannister AJ, Vick B, Jeremias |,
Vassiliou GS, Rausch O, Tzelepis K, Kouzarides T. Small-molecule inhibition of METTL3
as a strategy against myeloid leukaemia. Nature. 2021 May;593(7860):597-601. doi:
10.1038/s41586-021-03536-w. Epub 2021 Apr 26. PMID: 33902106; PMCID:
PMC7613134.

Raj N, Wang M, Seoane JA, Zhao RL, Kaiser AM, Moonie NA, Demeter J, Boutelle AM,
Kerr CH, Mulligan AS, Moffatt C, Zeng SX, Lu H, Barna M, Curtis C, Chang HY, Jackson
PK, Attardi LD. The Mettl3 epitranscriptomic writer amplifies p53 stress responses.

41


https://doi.org/10.1101/2024.02.05.578920
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.05.578920; this version posted February 5, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

59.

60.

61.

62.

63.

64.

65.

66.

67.

perpetuity. It is made available under aCC-BY-ND 4.0 International license.

Mol Cell. 2022 Jul 7;82(13):2370-2384.e10. doi: 10.1016/j.molcel.2022.04.010. Epub
2022 May 4. PMID: 35512709; PMCID: PMC9807187.

Imamura K, Imamachi N, Akizuki G, Kumakura M, Kawaguchi A, Nagata K, Kato A,
Kawaguchi Y, Sato H, Yoneda M, Kai C, Yada T, Suzuki Y, Yamada T, Ozawa T, Kaneki
K, Inoue T, Kobayashi M, Kodama T, Wada Y, Sekimizu K, Akimitsu N. Long noncoding
RNA NEAT1-dependent SFPQ relocation from promoter region to paraspeckle
mediates IL8 expression upon immune stimuli. Mol Cell. 2014 Feb 6;53(3):393-406.
doi: 10.1016/j.molcel.2014.01.009. Erratum in: Mol Cell. 2014 Jun 19;54(6):1055.
PMID: 24507715.

West JA, Davis CP, Sunwoo H, Simon MD, Sadreyev Rl, Wang PI, Tolstorukov MY,
Kingston RE. The long noncoding RNAs NEAT1 and MALAT1 bind active chromatin
sites. Mol Cell. 2014 Sep 4;55(5):791-802. doi: 10.1016/j.molcel.2014.07.012. Epub
2014 Aug 21. PMID: 25155612; PMCID: PMC4428586.

Clouaire T, Rocher V, Lashgari A, Arnould C, Aguirrebengoa M, Biernacka A, Skrzypczak
M, Aymard F, Fongang B, Dojer N, lacovoni JS, Rowicka M, Ginalski K, C6té J, Legube
G. Comprehensive Mapping of Histone Modifications at DNA Double-Strand Breaks
Deciphers Repair Pathway Chromatin Signatures. Mol Cell. 2018 Oct 18;72(2):250-
262.e6. doi: 10.1016/j.molcel.2018.08.020. Epub 2018 Sep 27. PMID: 30270107,
PMCID: PMC6202423.

Zhang W, Xie M, Shu MD, Steitz JA, DiMaio D. A proximity-dependent assay for specific
RNA-protein interactions in intact cells. RNA. 2016 Nov;22(11):1785-1792. doi:
10.1261/rna.058248.116. Epub 2016 Sep 22. PMID: 27659050; PMCID: PMC5066630.

Liu N, Dai Q, Zheng G, He C, Parisien M, Pan T. N(6)-methyladenosine-dependent RNA
structural switches regulate RNA-protein interactions. Nature. 2015 Feb
26;518(7540):560-4. doi: 10.1038/nature14234. PMID: 25719671; PMCID:
PMC4355918.

Wang X, Liu C, Zhang S, Yan H, Zhang L, Jiang A, Liu Y, Feng Y, Li D, Guo Y, Hu X, Lin Y, Bu
P, Li D. N6-methyladenosine modification of MALAT1 promotes metastasis via
reshaping nuclear speckles. Dev Cell. 2021 Mar 8;56(5):702-715.e8. doi:
10.1016/j.devcel.2021.01.015. Epub 2021 Feb 19. PMID: 33609462.

Zubradt M, Gupta P, Persad S, Lambowitz AM, Weissman JS, Rouskin S. DMS-MaPseq for
genome-wide or targeted RNA structure probing in vivo. Nat Methods. 2017
Jan;14(1):75-82. doi: 10.1038/nmeth.4057. Epub 2016 Nov 7. PMID: 27819661,
PMCID: PMC5508988.

Simko EAJ, Liu H, Zhang T, Velasquez A, Teli S, Haeusler AR, Wang J. G-quadruplexes
offer a conserved structural motif for NONO recruitment to NEAT1 architectural
IncRNA. Nucleic Acids Res. 2020 Jul 27;48(13):7421-7438. doi: 10.1093/nar/gkaa475.
PMID: 32496517; PMCID: PMC7367201.

Yap K, Chung TH, Makeyev EV. Hybridization-proximity labeling reveals spatially ordered
interactions of nuclear RNA compartments. Mol Cell. 2022 Jan 20;82(2):463-478.e11.

42


https://doi.org/10.1101/2024.02.05.578920
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.05.578920; this version posted February 5, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

perpetuity. It is made available under aCC-BY-ND 4.0 International license.

doi: 10.1016/j.molcel.2021.10.009. Epub 2021 Nov 5. PMID: 34741808; PMCID:
PMC8791277.

Wang IX, Grunseich C, Fox J, Burdick J, Zhu Z, Ravazian N, Hafner M, Cheung VG. Human
proteins that interact with RNA/DNA hybrids. Genome Res. 2018 Sep;28(9):1405-
1414. doi: 10.1101/gr.237362.118. Epub 2018 Aug 14. PMID: 30108179; PMCID:
PMC6120628.

Lu WT, Hawley BR, Skalka GL, Baldock RA, Smith EM, Bader AS, Malewicz M, Watts FZ,
Wilczynska A, Bushell M. Drosha drives the formation of DNA:RNA hybrids around
DNA break sites to facilitate DNA repair. Nat Commun. 2018 Feb 7;9(1):532. doi:
10.1038/s41467-018-02893-x. PMID: 29416038; PMCID: PMC5803274.

Polo SE, Kaidi A, Baskcomb L, Galanty Y, Jackson SP. Regulation of DNA-damage
responses and cell-cycle progression by the chromatin remodelling factor CHD4.
EMBO J. 2010 Sep 15;29(18):3130-9. doi: 10.1038/emb0j.2010.188. Epub 2010 Aug
6. PMID: 20693977; PMCID: PMC2944064.

Hou T, Cao Z, Zhang J, Tang M, Tian Y, Li Y, Lu X, Chen Y, Wang H, Wei FZ, Wang L, Yang
Y, Zhao Y, Wang Z, Wang H, Zhu WG. SIRT6 coordinates with CHD4 to promote
chromatin relaxation and DNA repair. Nucleic Acids Res. 2020 Apr 6;48(6):2982-
3000. doi: 10.1093/nar/gkaa006. PMID: 31970415; PMCID: PMC7102973.

G Hendrickson D, Kelley DR, Tenen D, Bernstein B, Rinn JL. Widespread RNA binding by
chromatin-associated proteins. Genome Biol. 2016 Feb 16;17:28. doi:
10.1186/s13059-016-0878-3. PMID: 26883116; PMCID: PMC4756407.

Zhao Z, Sentiirk N, Song C, Grummt |. IncRNA PAPAS tethered to the rDNA enhancer
recruits hypophosphorylated CHD4/NuRD to repress rRNA synthesis at elevated
temperatures. Genes Dev. 2018 Jun 1;32(11-12):836-848. doi:
10.1101/gad.311688.118. Epub 2018 Jun 15. PMID: 29907651; PMCID: PMC6049515.

Ullah I, Thélken C, Zhong Y, John M, Rossbach O, Lenz J, GoRringer M, Nist A, Albert L,
Stiewe T, Hartmann R, Vazquez O, Chung HR, Mackay JP, Brehm A. RNA inhibits dMi-
2/CHD4 chromatin binding and nucleosome remodeling. Cell Rep. 2022 May
31;39(9):110895. doi: 10.1016/j.celrep.2022.110895. PMID: 35649367.

WangsS, Zuo H, JinJ, Lv W, Xu Z, Fan Y, Zhang J, Zuo B. Long noncoding RNA Neat1l
modulates myogenesis by recruiting Ezh2. Cell Death Dis. 2019 Jun 26;10(7):505. doi:
10.1038/s41419-019-1742-7. PMID: 31243262; PMCID: PMC6594961.

Pistoni M, Rossi T, Donati B, Torricelli F, Polano M, Ciarrocchi A. Long Noncoding RNA
NEAT1 Acts as a Molecular Switch for BRD4 Transcriptional Activity and Mediates
Repression of BRD4/WDRS5 Target Genes. Mol Cancer Res. 2021 May;19(5):799-811.
doi: 10.1158/1541-7786.MCR-20-0324. Epub 2021 Feb 5. PMID: 33547232.

Tong JK, Hassig CA, Schnitzler GR, Kingston RE, Schreiber SL. Chromatin deacetylation by
an ATP-dependent nucleosome remodelling complex. Nature. 1998 Oct
29;395(6705):917-21. doi: 10.1038/27699. PMID: 9804427.

43


https://doi.org/10.1101/2024.02.05.578920
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.05.578920; this version posted February 5, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

78.

79.

80.

81.

82.

83.

84.

85.

86.

perpetuity. It is made available under aCC-BY-ND 4.0 International license.

Zhang Y, LeRoy G, Seelig HP, Lane WS, Reinberg D. The dermatomyositis-specific
autoantigen Mi2 is a component of a complex containing histone deacetylase and
nucleosome remodeling activities. Cell. 1998 Oct 16;95(2):279-89. doi:
10.1016/s0092-8674(00)81758-4. PMID: 9790534.

Grosch M, Ittermann S, Shaposhnikov D, Drukker M. Chromatin-Associated
Membraneless Organelles in Regulation of Cellular Differentiation. Stem Cell
Reports. 2020 Dec 8;15(6):1220-1232. doi: 10.1016/j.stemcr.2020.10.011. Epub 2020
Nov 19. PMID: 33217325; PMCID: PMC7724471.

Chen LL, Carmichael GG. Altered nuclear retention of mRNAs containing inverted
repeats in human embryonic stem cells: functional role of a nuclear noncoding RNA.
Mol Cell. 2009 Aug 28;35(4):467-78. doi: 10.1016/j.molcel.2009.06.027. PMID:
19716791; PMCID: PMC2749223.

Godet AC, Roussel E, David F, Hantelys F, Morfoisse F, Alves J, Pujol F, Ader |, Bertrand E,
Burlet-Schiltz O, Froment C, Henras AK, Vitali P, Lacazette E, Tatin F, Garmy-Susini B,
Prats AC. Long non-coding RNA Neatl and paraspeckle components are translational
regulators in hypoxia. Elife. 2022 Dec 22;11:e69162. doi: 10.7554/eLife.69162. PMID:
36546462; PMCID: PMC9799981.

Yamazaki T, Souquere S, Chujo T, Kobelke S, Chong YS, Fox AH, Bond CS, Nakagawa S,
Pierron G, Hirose T. Functional Domains of NEAT1 Architectural IncRNA Induce
Paraspeckle Assembly through Phase Separation. Mol Cell. 2018 Jun 21;70(6):1038-
1053.e7. doi: 10.1016/j.molcel.2018.05.019. PMID: 29932899.

Pryde F, Khalili S, Robertson K, Selfridge J, Ritchie AM, Melton DW, Jullien D, Adachi Y.
53BP1 exchanges slowly at the sites of DNA damage and appears to require RNA for
its association with chromatin. J Cell Sci. 2005 May 1;118(Pt 9):2043-55. doi:
10.1242/jcs.02336. Epub 2005 Apr 19. PMID: 15840649.

Pessina F, Giavazzi F, Yin Y, Gioia U, Vitelli V, Galbiati A, Barozzi S, Garre M, Oldani A,
Flaus A, Cerbino R, Parazzoli D, Rothenberg E, d’Adda di Fagagna F. Functional
transcription promoters at DNA double-strand breaks mediate RNA-driven phase
separation of damage-response factors. Nat Cell Biol. 2019 Oct;21(10):1286-1299.
doi: 10.1038/s41556-019-0392-4. Epub 2019 Sep 30. PMID: 31570834; PMCID:
PMC6859070.

Ketley RF, Battistini F, Alagia A, Mondielli C, lehl F, Balik¢i E, Huber KVM, Orozco M,
Gullerova M. DNA double-strand break-derived RNA drives TIRR/53BP1 complex
dissociation. Cell Rep. 2022 Oct 25;41(4):111526. doi: 10.1016/j.celrep.2022.111526.
PMID: 36288694; PMCID: PM(C9638026.

Arnould C, Rocher V, Saur F, Bader AS, Muzzopappa F, Collins S, Lesage E, Le Bozec B,
Puget N, Clouaire T, Mangeat T, Mourad R, Ahituv N, Noordermeer D, Erdel F,
Bushell M, Marnef A, Legube G. Chromatin compartmentalization regulates the
response to DNA damage. Nature. 2023 Nov;623(7985):183-192. doi:
10.1038/s41586-023-06635-y. Epub 2023 Oct 18. Erratum in: Nature. 2023
Dec;624(7990):E1. PMID: 37853125; PMCID: PMC10620078.

44


https://doi.org/10.1101/2024.02.05.578920
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.05.578920; this version posted February 5, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-ND 4.0 International license.

87. Naveed A, Cooper JA, Li R, Hubbard A, Chen J, Liu T, Wilton SD, Fletcher S, Fox AH.
NEAT1 polyA-modulating antisense oligonucleotides reveal opposing functions for
both long non-coding RNA isoforms in neuroblastoma. Cell Mol Life Sci. 2021
Mar;78(5):2213-2230. doi: 10.1007/s00018-020-03632-6. Epub 2020 Sep 10. PMID:
32914209.

FIGURE LEGENDS

Figure 1. DNA damage elevates the levels and METTL3-dependent methylation of NEATI
transcripts. (A) Scheme (top) and RT-qPCR (bottom) assessing transcript levels of NEAT1
isoforms from RNA upon subcellular fractionation into cytoplasm (CP) and nucleoplasm (NP)
of U20S cells. Green arrowhead, RT-qPCR primer. (B) Imaging (left) and quantitation (right)
of Quasar570-labelled RNA-FISH probe signals in U20S cells. Each dot represents an average
from two acquisitions. (C, D) RT-qPCR assessing NEATI1 levels upon m6A RNA
immunoprecipitation (RIP) from total RNA (C) or METTL3 immunoprecipitation (IP) from
whole cell lysates (D) of U20S cells with selective antibodies. IgG, immunoglobulin G control.
(E) RT-gqPCR assessing NEATI levels upon ectopic expression of GFP-tagged MS2 coat
protein (MCP-GFP) and immunoselection from whole cell lysates of wild type HEK293 (-
MS2-tag) or HEK293:24xMS2-NEAT1 (+MS2-tag) cells. (F) Quantitation of N6-
methyladenosine (m6A) levels by RNA mass spectrometry upon ectopic expression of MCP-
GFP and immunoselection from whole cell lysates of HEK293:24xMS2-NEATT cells. (G)
Scheme of pull-down assay (left) and immunoblot (right) displaying ectopically expressed
FLAG-tagged METTL3 variants upon immunoprecipitation with biotin (BIO)-labelled and
immobilized NEAT1 1 in vitro transcription (IVT) product. a.u., arbitrary units; n.d., not
detectable. (H) Scheme of SAMfluoro assay (left) and fluorescent counts (right) displaying
Resorufin levels. Immunoblot (bottom), loading control; AdoHcy, S-adenosine-L-
homocysteine; mock, non-transfected lysate. (I) Browser tracks of METTL3 seCLIP-seq reads

at the NEATI 1 locus in U20S cells. Read log2 fold-changes between merged seCLIP-seq

45


https://doi.org/10.1101/2024.02.05.578920
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.05.578920; this version posted February 5, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-ND 4.0 International license.

duplicates and size-matched input are shown. Red box, region of interest; arrowhead,
transcription start site. */**, p-value <0.05/ <0.001; two-tailed t-test. Error bar, mean £SD.

Representative images are shown. n=number of biological replicates or imaged cells.

Figure 2. Depletion of NEAT1 elevates DNA damage and impairs the DDR in U20S cells.
(A) Imaging (left) and quantitation (right) of neutral comet assay displaying SYBR gold-
stained DNA upon transfection of siRNA. White box, zoom. Each dot represents one
measurement. (B) Imaging (left) and quantitation (right) of 53BP1 signals upon transfection of
siRNA. Each dot represents an average from two acquisitions. (C) Immunoblots detecting
phospho (p)ATM/ATR substrates and serine-139 phosphorylated H2A.X (yYH2A.X) upon
transfection of antisense oligonucleotides (ASOs). Vinculin, loading control. (D) Imaging (left)
and quantitation (right) of YH2A.X signals upon transfection of ASOs. Each dot represents an
average from two acquisitions. */** p-value <0.05/ <0.001; two-tailed t-test. Error bar, mean

+SD. Representative images are shown. n=number of imaged cells.

Figure 3. NEAT1 accumulates at DNA double-strand breaks to promote DDR signalling in
U20S cells. (A) Imaging (left) and quantitation (right) of YH2A.X and NBS1 signals in wild
type (wt) and DIVA U20S cells upon transfection of siRNA and incubation with 4-
hydroxytamoxifen (4-OHT). White box, zoom. Each dot represents one measurement. (B, C)
Manual ChIP for yH2A.X (B) and histone H2B lys-120 acetylation (H2BK120ac) (C) upon
transfection of siRNA. +2000, distance from AsiSI target site in bps, noDSB, non-restricted
control. (D) Scheme of CHART assay. BIO, biotin-tag (E) CHART-seq heatmap for read counts
at 25 AsiSI target sites in wild type U20S or DIVA cells. COs, capturing oligos. (F) NEAT1
CHART-seq browser tracks of RNF8 gene. Red box, region of interest; arrowhead,

transcription start site. (G) Imaging (left) and line scan quantitation of colocalization (right) of

46


https://doi.org/10.1101/2024.02.05.578920
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.05.578920; this version posted February 5, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-ND 4.0 International license.

Quasar570-labelled RNA-FISH probe and 53BP1 antibody merged signals. Broken white
circle, nucleus; white box, zoom. More than 80 cells were assessed. (H) Imaging (left) and
quantitation (right) RNA-PLA signals. Each dot represents one measurement. Broken white
circle, nucleus. */**  p-value <0.05/ <0.001; two-tailed t-test. Error bar, mean +SD.
Representative images are shown. a.u., arbitrary units; n=number of biological replicates or

imaged cells.

Figure 4. DNA damage alters NEAT1 secondary structure in HEK293 cells. (A, B) Scheme
(A) and result (B) of the Nano-DMS-MaP-seq approach. Blue asterisk, DMS (dimethyl sulfate)

modification; red asterisk, base conversion; red box, etoposide-responsive area.

Figure 5. NEAT]1 associates with CHD4 in vivo and in vitro. (A) Interactome analysis
identifies 64 potential interactors of NEAT1. (B) Immunoblots detecting the chromodomain
helicase DNA binding protein 4 (CHD4), GFP, SFPQ and NONO in whole cell lysates of MCP-
GFP-expressing HEK293:24xMS2-NEATTI cells (IN) or upon immunoselection with GFP
antibody. Expression of MCP-Ruby and immunoselection with immunoglobulin G (IgG),
controls. (C) Scheme of pull-down assay (left) and autoradiographic detection of 32P-y-ATP
end-labeled (32P) NEATI1 1 in vitro transcription (IVT) full length (FL) product upon
immunoprecipitation (IP) with immobilized CHD4 from HEK293 whole cell lysates (right).
Immunoblots, loading controls. (D) Scheme of pull-down assay (left) and detection of full
length GFP-tagged CHD4 (CHD4-GFP) or endogenously biotinylated proteins (#1-3) by
immunoblots upon ectopic expression in HEK293 cells and immunoprecipitation from whole
cell lysates (IN) with biotin (BIO)-labelled and immobilized NEAT1 1 in vitro transcription

(IVT) product. #1, Pyruvate carboxylase; #2, Propionyl-CoA carboxylase; #3, J-
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methylcrotonyl-CoA carboxylase. (E) Pull-down assay as in (D), but upon expression of full

length CHD4-GFP (FL) or N-terminal mutant CHD4-GFP (AN). #, non-specific.

Figure 6. DNA damage reduces the association of CHD4 with NEAT1 in U20S cells. (A) RT-
qPCR assessing NEAT1 levels (top) and immunoblots detecting CHD4 in whole cell lysates
(IN) and upon immunoprecipitation with selective antibodies. FBL (Fibrillarin) and IgG,
controls. (B) Immunoblots (top) and quantitation (bottom) of CHD4 upon sucrose gradient
fractionation. IN, input. (C) RT-qPCR assessing NEATI1 levels from sucrose gradient
fractions. (D) CHD4 CUT&RUN-seq at AsiSI sites (dashed line). (E) Browser tracks (left) and
quantitation (right) of CHD4 CUT&RUN-seq. Red box, region of interest; arrowhead,
transcription start site; histone H3 lys-4 tri-methylation (H3K4me3), control. */**, p-value

<0.05/<0.001; two-tailed t-test. Error bar, mean +SD. n=number of biological replicates.

Figure 7. Model illustrating our findings. See main text for details.
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Figure 4
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Figure 5

Interactome analysis

Wang et al. 2018

API5 MATR3 RFC1
AQR MSH2 RFC4
BCLAF1 MSH3 RPRD2
CCAR1 MSH6 SART1
CCAR2 NONO SART3
CDC5L PDS5B SF3A1
CDC73 POLD1 SF3B1
CDKN2AIP POLR2A  SFPQ
CHD4 POLR2B  SMARCCH1
CPSF1 PPP1R10 SMU1
CUL3 PRPF3 SON
DDX23 PRPF6 SUPT5H
DDX46 PRPF19  TCERG1
DHX38 PRPF31 THOC2
DNMT1 PRPF40A TSR1
EWSR1 RAD50 UHRF1
FUBP1 RALY USP39
HCFCA1 RBM14 uspP7
HELLS RBM25 YLPMA1
ILF2 RBM26 ZC3H11A
KHDRBS1 RBM4

KHSRP RBMX

kDa
250

100

100

55

130

50

D

Coimmunoprecipitation

HEK293:24xMS2-NEAT1
IN (10%) GFP IP IgG IP
> > >
8L &L Sk
xoQo xOQo _x0
o o @ oo @ o
O 0% 00 % oo
S =m0 ==a = =
"‘l CHD4
- - GFP
- v SFPQ
- aw == “=_ | NONO
- e Vinculin
- @ G

Pull-down assay

Streptavidin :S; o
beads N % %
A Z Hh n
TPBIO kDa | g -= | CHD4
\ 250 -GFP
(GFP)
UTPB'O 68 06 25
AT StrAY
NEAT1 1 -HRP
(IVT) 2| e
#3

IVT product

C

Pull-down assay

Protein G- +IVT product

beads —_—
o o

‘ <+ 0 0

//( Ab fofo

32P o 20 2

e
Q.
©
‘ (o))
g
= - NEAT1_1 FL
S
=}
<
©
NEAT1_1 @
vty & - NEAT1_1FL
g’ " FNEAT1_1
= truncated
kDa
250 CHD4

BO| = - - — e |gG

- - + + Benzonase

E Pull-down assay
CHDA4-GFP

a1 Z2 a4 Z

L 9 o <

- - + + IVT product
FL 3 &

& CHD4-GFP

AN T LS (GFP)
100 #
kDa

29 58 10.7 5.5



Figure 6
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