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The p53 tumor suppressor is inactivated in most cancers through 
mutations in the TP53 gene or via alternative mechanisms, such as 
overexpression of mouse double minute 2 (MDM2) or MDM4, which 
promote p53 degradation and/or inactivation of function1. Tumors are 
addicted to loss of p53 function2, and pharmacological reactivation of 
p53 has become a potential therapeutic strategy. The observation that 
Nutlin-3a, a small-molecule inhibitor of the p53–MDM2 interaction, 
triggers p53 activation and suppresses tumor growth in a TP53 wild-
type (WT) osteosarcoma murine xenograft model3 paved the way to 
the development of more potent and selective small-molecule inhibi-
tors of MDM2, some of which are now in clinical development4.

However, the pleiotropic effects of p53 complicate p53 reactivation 
strategies. p53 triggers antagonistic cellular responses such as apop-
totic cell death, senescence, reversible cell cycle arrest, DNA repair 
and autophagy. In contrast to activation of apoptosis, which helps to 
eliminate defective cells, induction of cell cycle arrest and the asso-
ciated DNA repair program leads to cell survival5. The molecular 

events that initiate p53-dependent cell cycle arrest (life) or apoptotic 
(death) transcriptional programs remain elusive. As MDM2 antago-
nists induce mainly G1 cell cycle arrest and apoptosis or senescence 
only rarely6, a clear understanding of the mechanisms that control 
cell fate determination by p53 may inform development of therapies 
to kill cancer cells more efficiently.

A putative contribution of the noncoding portion of the human 
genome in cell fate decision downstream of p53 has been largely under-
explored. The noncoding genome is transcribed in vast numbers of 
RNA species, including lncRNAs7. Many lncRNAs have been suggested 
to regulate tumorigenesis on the basis of transfection studies and/or 
correlative expression analyses, although Xist (encoding X-inactive 
specific transcript) and Malat1 (encoding metastasis-associated  
lung adenocarcinoma transcript 1) are the only two lncRNAs for 
which a clear genetic link with tumorigenesis has been established8,9. 
Relevant to p53, several lncRNAs, including NEAT1 (encoding nuclear 
paraspeckle assembly transcript 1), have already been identified as p53 
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p53 induces formation of NEAT1 lncRNA-containing 
paraspeckles that modulate replication stress response 
and chemosensitivity
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In a search for mediators of the p53 tumor suppressor pathway, which induces pleiotropic and often antagonistic cellular 
responses, we identified the long noncoding RNA (lncRNA) NEAT1. NEAT1 is an essential architectural component of paraspeckle 
nuclear bodies, whose pathophysiological relevance remains unclear. Activation of p53, pharmacologically or by oncogene-induced 
replication stress, stimulated the formation of paraspeckles in mouse and human cells. Silencing Neat1 expression in mice, which 
prevents paraspeckle formation, sensitized preneoplastic cells to DNA-damage-induced cell death and impaired skin tumorigenesis. 
We provide mechanistic evidence that NEAT1 promotes ATR signaling in response to replication stress and is thereby engaged in a 
negative feedback loop that attenuates oncogene-dependent activation of p53. NEAT1 targeting in established human cancer cell 
lines induced synthetic lethality with genotoxic chemotherapeutics, including PARP inhibitors, and nongenotoxic activation of p53. 
This study establishes a key genetic link between NEAT1 paraspeckles, p53 biology and tumorigenesis and identifies NEAT1 as a 
promising target to enhance sensitivity of cancer cells to both chemotherapy and p53 reactivation therapy.
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targets10–13. Here we provide genetic evidence that NEAT1 is engaged 
in a negative feedback loop with p53 and thereby modulates cancer 
formation in mice by dampening oncogene-dependent activation of 
p53. Consistent with this finding, NEAT1 targeting sensitized estab-
lished human cancer cells to both chemotherapy and p53 reactiva-
tion therapy. These data further illustrate the relevance of lncRNAs 
in tumorigenesis and their potential as therapeutic targets.

RESULTS
NEAT1 is a p53 target gene
To gain a comprehensive view of the p53 downstream signaling 
network, we established the transcriptome (RNA-seq) and genome-
wide occupancy of p53 (chromatin immunoprecipitation sequenc-
ing (ChIP-seq)) in TP53 WT MCF-7 breast cancer cells exposed to 
Nutlin-3a to stabilize p53 (ref. 14). We identified 110 and 147 anno-
tated lncRNAs that were downregulated and upregulated, respectively, 
in cells treated with Nutlin-3a (|log2 fold change (FC)| > 1, adjusted 
P < 0.05). To determine which of these transcripts are bona fide p53 
targets, we searched for p53-binding sites within 10 kb upstream 
and downstream of their transcription start sites (TSS) by adapting 
the i-cisTarget method15. The p53-responsive element was the most  
significantly enriched motif within the upregulated genes, whereas 
it was undetectable among the downregulated loci. Among 73 loci in 
which at least one p53-binding motif was identified, 16 exhibited p53 
ChIP-seq peak(s) within 10 kb of their TSS (Supplementary Table 1  
and Supplementary Fig. 1). We curated this list for reliability of 
the annotation and identified five lncRNA genes likely to be direct 
p53 targets (Supplementary Table 1 and Supplementary Fig. 1).  

One of these, NEAT1, was previously reported to be induced by p53 
(ref. 13) and is required for the assembly of subnuclear bodies known 
as paraspeckles16. Indeed, we observed a p53 ChIP-seq peak upstream 
of the NEAT1 promoter and significant (P = 5.314 × 10−11) induction 
of the 3.7-kb polyadenylated NEAT1 transcript (NEAT1_1) in Nutlin-
3a-treated cells (Fig. 1a and Supplementary Fig. 2a), indicating that 
NEAT1 is a direct p53 target gene.

In addition to the 3.7-kb transcript, NEAT1 produces a long  
(21.7 kb) isoform (NEAT1_2). This transcript is not polyadenylated17 
(Supplementary Fig. 2b) and, accordingly, was not detected in our 
poly(A)+ RNA-seq data sets. Although both NEAT1_1 and NEAT1_2  
are present in paraspeckles, their formation is strictly dependent 
on NEAT1_2 (refs. 16,18–20). To assess whether NEAT1_2 is also 
induced by p53, we quantified its expression by RT-qPCR in cells 
exposed to Nutlin-3a. We generated cDNA using random hexamers 
(instead of oligo-dTs) to amplify both NEAT1 isoforms. Because these 
overlap completely at the 5′ end, primer pair A detects both isoforms, 
whereas primer pair B detects NEAT1_2 specifically (Supplementary 
Fig. 2b). Both total NEAT1 and NEAT1_2 were induced in human 
TP53 WT MCF-7, NGP, HCT116 and U2OS cells but not in MCF-7 
or NGP cells expressing small hairpin RNAs (shRNAs) targeting TP53 
(shTP53), TP53 knockout (KO) HCT116 cells or TP53 mutant MM118 
cancer cells (Fig. 1b–f). Induction of the p53-target gene CDKN1A 
confirmed activation of p53 in all TP53 WT Nutlin-3a-treated cells 
(Fig. 1b–f). Expression of NEAT1 and NEAT1_2 was also induced in 
normal human embryonic cells (hES), immortalized fibroblasts (BJ) 
and low-passage mouse embryonic fibroblasts (MEFs) exposed to 
Nutlin-3a (Fig. 1g and Supplementary Fig. 2c,d).
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h iFigure 1  p53 induces NEAT1 expression and paraspeckle formation.  
(a) NEAT1 locus showing the p53 ChIP-seq signal (green) and the  
RNA-seq signal (blue) for control (untreated) or Nutlin-3a-stimulated  
MCF-7 cells (24 h) in two biological replicates (rep1 and rep2). Track  
heights represent raw read depth. Asterisk indicates significant  
(P = 5.314 × 10−11) fold change compared to input. (b–g) RNA levels  
in MCF-7 cells (b) or NGP neuroblastoma cells (c) stably expressing  
control shRNA (shCtrl) or shTP53; WT and TP53 KO isogenic colon  
carcinoma HCT116 cells (d); TP53 WT U2OS cells (e); a TP53 mutant short-term melanoma culture (f); and hES cells  
(g) exposed to Nutlin-3a (5 µM) for 24 h. Values are normalized to the levels of RNA expression in untreated cells,  
was set to 1. Error bars, mean ± s.e.m. (n = 3 (b,f) 2 (c), 5 (d), 6 (e) or 4 (g) biological replicates). (h) Confocal images after NEAT1 RNA–FISH (red) 
with nuclear DAPI counterstain (blue) in MCF-7 cells treated with vehicle (left) or Nutlin-3a (right). Scale bars, 50 µm (main) and 12.5 µm (inset).  
(i) Quantification of paraspeckles as determined by RNA–FISH in shCtrl and shTP53 MCF-7 cells, untreated (ctrl) or treated with Nutlin-3a. Data are 
mean ± s.d. of two biological replicates. *P < 0.05; **P < 0.01 and ***P < 0.001, unpaired two-sided t-tests (b,c,e–h) or Mann–Whitney U-test (d).
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p53 induces paraspeckle formation
Assembly of paraspeckles, which is dependent on NEAT1_2 expression, 
is thought to widely affect gene expression via distinct mechanisms21. 
Because p53 stimulates NEAT1_2 expression, we asked whether p53 
can promote paraspeckle formation using NEAT1_2 RNA–fluores-
cence in situ hybridization (RNA–FISH). We observed a marked 
increase in the NEAT1_2 RNA–FISH signal, which was distributed in 
a characteristic punctate pattern, in MCF-7 cells after treatment with 
Nutlin-3a. This increase was attenuated in MCF-7 cells expressing 
TP53-targeting shRNAs (Fig. 1h,i) but was not completely abrogated, 
as silencing of TP53 was not complete (data not shown). Likewise, 
human diploid fibroblasts (BJ cells) and TP53 WT HCT116 cells 
showed increased numbers of paraspeckles upon Nutlin-3a exposure,  
but BJ cells expressing shTP53 and isogenic TP53 KO HCT116 cells 
did not (Supplementary Fig. 2e,f). We conclude that pharmacological 
activation of p53 stimulates paraspeckle formation.

Oncogenic stimuli induce NEAT1 paraspeckle formation in vivo
p53 is induced by a variety of stress signals, many of which activate, 
either directly or indirectly, the DNA-damage response (DDR)22. Such 
signals include exposure to the DNA-damaging agent doxorubicin; 
increases in reactive oxygen species (ROS) owing to treatment with 
the mitochondrial uncoupler rotenone or passaging in nonphysi-
ological O2 levels; and telomere attrition upon long-term culturing. 
We observed induction of NEAT1 and NEAT1_2 expression in all 
these experimental conditions, in both cancer cell lines (i.e., MCF-7) 
and immortalized diploid fibroblasts (WI38 and BJ cells) and this 
induction was accompanied by an increase in paraspeckle formation 
(Fig. 2a–c and Supplementary Fig. 3a–c). NEAT1 and NEAT1_2 were 
induced in parental MCF-7 cells exposed to doxorubicin, but this 

increase was attenuated in cells expressing shTP53 (Fig. 2a). Hence, 
expression of NEAT1 and NEAT1_2 is induced upon DNA damage, 
and this induction is at least partly p53 dependent.

The specific physiological conditions under which paraspeckles 
form in vivo are still unclear. We assessed whether paraspeckles are 
assembled in the epidermis of mice exposed to DMBA, a carcinogen 
known to induce p53. Whereas paraspeckles were barely detectable 
in the skin of untreated mice, we detected them after one dose of 
DMBA in WT (Fig. 2d,e) but not Neat1 KO mice (Supplementary 
Fig. 3d), and the number of paraspeckle-positive cells increased after 
the second DMBA application (Fig. 2d). Mice were also exposed to 
the proinflammatory agent TPA at day 4. However, TPA exposure 
alone did not induce paraspeckle assembly (Supplementary Fig. 3e),  
indicating that the latter is a consequence of DMBA-induced gen-
otoxic stress and not TPA-induced inflammation. To test whether 
DMBA-induced paraspeckle formation depends on the presence of 
functional p53, we exposed Trp53 KO mice to the DMBA–TPA pro-
tocol. The number and intensity of the Neat1 foci were substantially 
higher in Trp53 WT than in Trp53 KO tissues (Fig. 2e). Genotoxic 
stress, therefore, induces Neat1 expression and paraspeckle formation 
in vivo in a p53-dependent manner.

Oncogene activation also induces p53 by engaging the ARF–MDM2 
pathway and a DNA replication stress response22. In the two-stage 
DMBA and TPA carcinogenesis protocol, after the initial and transient 
DMBA-induced DDR, TPA administration results in a progressive 
selection of cells carrying oncogenic Ras mutations23. Paraspeckle-
positive cells were absent from untreated epidermis but readily  
detectable in hyperplastic interfollicular epidermis 1 week after 
DMBA–TPA administration and in differentiated K1-positive cells 
from benign skin tumors (papillomas) (Fig. 2f). Paraspeckle-positive 
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Figure 2  DNA damage induces  
NEAT1 paraspeckle formation.  
(a–c) RT-qPCR analysis of NEAT1  
and NEAT1_2 expression in shCtrl  
and shTP53 MCF-7 cells (n = 4)  
(a), WI38 lung diploid fibroblasts  
(n = 4) (b) and BJ cells (n = 5)  
(c) after 24 h doxorubicin (doxo,  
150 ng/ml) (a,b) or rotenone (rot)  
exposure (c). Values are normalized  
to expression levels in untreated  
cells, which was set to 1. Error  
bars represent mean ± s.e.m.  
(d,e) Representative images and  
quantification of paraspeckle (PS) formation, assessed by Neat1 RNA–FISH with DAPI counterstain in the skin of WT and Trp53 KO mice exposed 
to DMBA and TPA. In d, dots represent individually quantified images of n = 7 (not treated (NT)), 3 (1, 3, 7 d) or 2 (2 d) mice per time point. In e, 
error bars represent mean ± s.d of n = 7 and 4 mice (top) or 5 and 3 (bottom). Scale bars, 10 µm. White arrowheads in e indicate paraspeckles. (f,g) 
Chemical (f, left) or genetic (g, left) strategies used to induce skin carcinogenesis and RNA–FISH of Neat1 (red) with immunostaining for cytokeratin  
1 (K1) and nuclear counterstain (DAPI) in skin from mice exposed to DMBA and TPA (f, right) or expressing oncogenic Kras (g, right). Scale bars, 10 µm 
(f, main), 5 µm (f, inset), 40 µm (g, main) and 10 µm (g, inset). IFE, interfollicular epidermis; SCC, squamous cell carcinoma; HF, hair follicle; n.s., not 
significant; *P < 0.05; **P < 0.01; ***P < 0.001, unpaired two-sided t-test.
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cells were also observed in roughly half of the lesions that progressed 
into malignant squamous cell carcinoma (SCC) (Fig. 2f).

To rule out the possibility that paraspeckle formation is specific 
to carcinogen-induced tumorigenesis, we measured paraspeckles in 
a genetically induced skin cancer mouse model24. We crossed mice 
bearing an oncogenic KrasG12D allele silenced by an upstream loxP-
flanked (floxed) transcriptional stop cassette (KrasLSL-G12D) with mice 
bearing a tamoxifen-inducible Cre allele driven by the keratin 14 (K14) 
promoter. Analysis of skin from TAM-exposed KrasG12D knock-in, but 

not wild-type (WT), mice showed the presence of paraspeckles in skin 
hyperplasias and papillomas (Fig. 2g and Supplementary Fig. 3f). 
Paraspeckle assembly is therefore induced in response to oncogene 
activation and is maintained as tumors are established and progress.

Neat1 promotes skin tumor formation
The presence of paraspeckles during the early stages of carcinogen-
esis prompted us to determine whether genetic inactivation of Neat1 
modulates tumor formation. We used previously described mice in 
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two-sided t-test (c,d) or Mann–Whitney U-test (e). Data in c–e represent mean ± s.d.; dots represent number of positive cells per mm epidermis in each mouse 
(c) or number of positive cells per mm epidermis in individually quantified pictures (5 pictures per mouse) (d,e). Scale bars, 30 µm (c,e) or 50 µm (d).  
(f,g) Immunostaining of skin sections for p53 (f) and γ-H2A.X (g) in n = 3, 5, 4 and 3 WT and n = 3, 4, 3 and 4 Neat1 KO mice. Dots indicate the number of 
positive cells per cell layer and mm of epidermis of individually quantified pictures (5 per mouse per time point per genotype). Box boundaries represent 25th 
and 75th percentiles; whiskers, minimum and maximum; center line, median. n.s., not significant; *P < 0.05; **P < 0.01, Holm–Šidák method (individual 
time points) or two-way ANOVA (to compare genotypes). Representative images of immunostaining at 11 d are shown. Scale bars, 50 µm. 
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which the Neat1 locus is silenced by insertion of a transcriptional stop 
cassette upstream of its TSS25 (Supplementary Fig. 4a). We exposed 
these Neat1 KO mice, which are viable and healthy25, to DMBA and 
TPA and quantified benign papillomas and invasive SCC (Fig. 3). 
Fewer and smaller papillomas were observed before the onset of 
SCC formation in Neat1 KO and heterozygous mice compared with 
WT controls (Fig. 3a–c). When more than 50% of the WT mice had 
developed invasive skin lesions, none of the Neat1 KO mice showed 
SCC (Fig. 3d–f), indicating that Neat1 is required for tumor progres-
sion. Neat1 haploinsufficiency also decreased the number and size 
of DMBA- and TPA-induced SCC (Fig. 3d–f). DMBA–TPA-induced 
paraspeckle formation was abolished in Neat1 KO mice and compro-
mised in Neat1 heterozygous mice (Fig. 3h).

Neat1 prevents accumulation of DNA damage
WT mice treated with DMBA–TPA showed diffuse hyperplasia on 
day 7 and severe hyperplasia on day 11, after two applications of 
DMBA. In contrast, Neat1 KO mice showed no hyperplasia on day 7 
and only mild focal hyperplasia on day 11 (Fig. 4a,b). Keratinocyte 
proliferation was lower after DMBA exposure in Neat1 KO mice 
than in WT mice (Fig. 4c,d). In addition, we observed a transient 
apoptotic response in keratinocytes of WT mice after the first DMBA 
application until the first TPA administration (Fig. 4a). In contrast,  
apoptosis was sustained for up to 11 d after the start of the  

treatment in Neat1 KO mice (Fig. 4e). Differences in cell proliferation 
and viability were significant only after the second DMBA application  
(Supplementary Fig. 4b–e).

p53 stabilization after DMBA administration was more pronounced 
and persistent in Neat1 KO mice than in WT mice (Fig. 4f). Similarly, 
the number of cells expressing the DNA damage marker histone 2A.X 
phosphorylated at S139 (γ-H2A.X) decreased in WT mice 2 to 3 d 
after DMBA exposure but continued to increase in Neat1 KO mice 3, 
7 and 11 d after treatment (Fig. 4g). These results indicate that Neat1 
prevents accumulation of excessive DNA damage and concomitant 
activation of p53 in cells after DMBA-induced oncogenic stress.

NEAT1 depletion causes replication stress
We next asked whether NEAT1 silencing leads to accumulation of DNA 
damage in established human cancer cells, which are by definition sub-
ject to oncogenic stress. To minimize confounding off-target effects, 
we silenced the NEAT1_1 and NEAT1_2 isoforms together or the long 
isoform (NEAT1_2) alone using both small interfering RNAs (siRNAs) 
and locked nucleic acid–modified antisense oligonucleotides (ASOs), 
which trigger RNase-H-mediated degradation of the target transcript 
upon ASO binding. We observed similar knockdown efficiencies 
and biological responses between these approaches (Supplementary 
Fig. 5b,c). Silencing of both NEAT1 isoforms or of NEAT1_2 alone 
in MCF-7 cells led to progressive increases in γ-H2A.X levels, foci 
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Figure 5  NEAT1 paraspeckles modulate  
ATR signaling and chemosensitivity.  
(a) Immunoblot analysis of the indicated  
proteins (top) and immunofluorescence  
images of γ-H2A.X and nuclear DAPI (bottom)  
in NEAT1 (N1) KD and NEAT1_2 (N1_2) KD  
MCF-7 cells. GAPDH, loading control.  
p-, phosphorylated; ctrl, siCtrl pools.  
Scale bar, 10 µm. Representative images of  
three independent experiments. (b) Immunoblot  
analysis and quantification relative to siCtrl  
of p-CHK1 at S345 and p-RPA32 at S33  
in N1 KD and N1_2 KD U2OS cells exposed  
to HU (1 mM). Phosphorylated (p) and total  
(T) vinculin were used as loading controls.  
Representative images of five independent  
experiments. (c,d) FACS analysis (c) and  
quantification of S-phase entry (d) after pulsing  
with EdU of siCtrl (ctrl) and N1_2 KD U2OS  
cells with or without HU exposure (1 mM for 5 h).  
***P < 0.001, unpaired two-sided t-test  
(n = 5). Box boundaries represent 25th and  
75th percentiles; whiskers, minimum and  
maximum; center line, median. Representative  
data from five independent experiments.  
(e) Quantification of γ-H2A.X staining in  
ASO (ctrl), N1 KD and N1_2 KD U2OS cells  
after a 1 h exposure to bleomycin and a 24 h  
recovery period. NT, not treated. Error bars  
represent mean ± s.d. *P < 0.05, **P < 0.01,  
***P < 0.001, two-way ANOVA with Šidák  
post-test correcting for multiple comparisons.  
Data are from two independent experiments.  
(f) Immunoblot analysis of N1 KD and N1_2 KD MCF-7 cells after exposure to doxorubicin for 1 h followed by  
24-h recovery. Representative images of three independent experiments. GAPDH, loading control. (g) Colony formation  
assays using cells described in a exposed to ABT-888, Nutlin-3a or doxorubicin. Error bars represent mean ± s.d. (n ≥ 3  
independent experiments). *P < 0.05, **P < 0.01, ***P < 0.001, Holm–Šidák after two-way ANOVA. (h) Average cell  
viability using a FACS-based assay with annexin V and propidium iodide (PI) staining of cells described in a. *P < 0.05,  
***P < 0.001, two-way ANOVA and Tukey’s post hoc test (n = 3 independent experiments). Doxo, doxorubicin; n.s., not significant.  
Uncropped, unmodified images of gels are shown in Supplementary Figure 8.
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formation and DDR signaling as indicated by 
an increase in phosphorylation of the ATM 
substrate KAP1 at S824 (Fig. 5a).

Oncogenes induce DNA hyper-replication,  
which causes replication fork stalling26. 
Sophisticated mitotic and S-phase checkpoint 
pathways have evolved to ensure replication 
completion and prevent replication fork col-
lapse, which leads to double-strand break (DSB) 
formation and possibly cell death. Activation of 
the kinase ATR prevents formation of DSBs in response to replication 
stress26. To assess whether NEAT1 paraspeckles modulate this critical 
survival pathway, we knocked down NEAT1 in U2OS cells in which rep-
lication fork stalling was exacerbated by hydroxyurea (HU), an agent that 
blocks DNA synthesis27. ATR signaling was compromised in NEAT1 
and NEAT1_2 knockdown (KD) cells exposed to HU, as evidenced by a 
decrease in ATR-mediated phosphorylation of checkpoint kinase CHK1 
at S345 and replication protein RPA32 at S33 (Fig. 5b).

Engagement of the ATR–CHK1 pathway activates G2–M and intra-
S-phase checkpoints; failure of either step leads to replication fork col-
lapse and formation of DSBs28. The cell cycle profile of NEAT1_2 KD 
cells was only moderately affected in the absence of HU (Fig. 5c,d). In 
contrast, progression through S phase was severely compromised in 
cells expressing control siRNA (siCtrl), whereas NEAT1_2 KD cells con-
tinued to progress through S phase in the presence of HU (Fig. 5c,d).  
NEAT1_2 is therefore essential for activation of ATR signaling and 
checkpoint activation in response to replication stress.

NEAT1 targeting sensitizes cancer cells to chemotherapy
Many chemotherapeutic agents cause DNA damage in replicating cells 
and thereby enhance replication stress26. The above results suggest 
that NEAT1_2 targeting may increase the sensitivity of human cancer 
cells to genotoxic chemotherapeutics. Consistently, we detected signif-
icantly higher amounts of γ-H2A.X foci in NEAT1 KD and NEAT1_2  
KD U2OS cells exposed to a 1-h pulse of bleomycin than in cells 
treated with control ASOs (Fig. 5e). Similarly, the increase in phos-
phorylated KAP1 and γ-H2A.X levels and foci formation observed in 
NEAT1 KD and NEAT1_2 KD MCF-7 cells (Fig. 5a) was exacerbated 
upon doxorubicin exposure (Fig. 5f). Knockdown of NEAT1 caused 
a marked decrease in cell growth and viability (Fig. 5g,h).

Poly(ADP-ribose) polymerase (PARP) inhibitors also enhance 
replication stress29. Consistently, knockdown of NEAT1 or NEAT1_2  
increased cancer cells’ vulnerability to the potent PARP inhibitor 
ABT-888 (Fig. 5g,h). We obtained similar results in MCF-7 cells 

treated with shTP53 and in the TP53 mutant SCC cell line SQD9 
(data not shown).

Silencing of NEAT1 or NEAT1_2 also increased Nutlin-3a-induced 
cytotoxicity (Fig. 5g,h), consistent with the idea that increased DNA 
damage sensitizes cells to p53 reactivation therapy30. NEAT1 target-
ing is therefore a promising strategy to enhance the effectiveness of  
DNA-damaging chemotherapeutics and p53 reactivating agents.

NEAT1_2 expression levels predict chemotherapy response
To assess whether paraspeckles are assembled in human primary can-
cers, we performed NEAT1 RNA–FISH on a tissue microarray (TMA) 
containing 97 specimens of diverse origins (Supplementary Table 2). 
Consistent with the absence of paraspeckles in the majority of normal 
adult tissues in mice25, the non-neoplastic component in the TMA 
core, which includes normal resident and stromal cells, systematically 
showed no paraspeckle formation (Fig. 6a and Supplementary Fig. 6a).  
We confirmed the absence of paraspeckles in additional normal skin 
and breast tissue samples (Fig. 6a and Supplementary Fig. 6b). In 
contrast, we detected paraspeckles in about 65% of the human carci-
nomas analyzed, including skin SCC and ovarian carcinomas (Fig. 6a, 
Supplementary Fig. 6a,b and Supplementary Table 2).

To evaluate whether NEAT1 expression levels correlate with 
response to chemotherapy, we chose a cohort of primary high-grade 
ovarian carcinoma patients31 (GEO GSE30161), because all patients 
included in the cohort had been exposed to a first-line platinum-
based chemotherapy, and expression data were available (owing to 
the presence of specific Affymetrix probes) for both NEAT1_1 and 
NEAT1_2. When we correlated the expression levels of NEAT1_1 with 
progression-free survival (PFS), correcting for race, disease stage, age 
and histology, we found that the correlation was not significant when 
considering a significance threshold of 0.01 (P = 0.011; Fig. 6b). We 
performed a similar analysis using the ovarian cancer cohort from 
the Cancer Genome Atlas32 (TCGA), for which expression data were 
available only for the polyadenylated NEAT1_1 transcript. To obtain 
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Figure 6  Detection of NEAT1 paraspeckles in 
human cancers and correlation of NEAT1_2 
levels with response to platinum-based 
therapy. (a) Representative images of a series 
of paraspeckle-positive cases as assessed by 
NEAT1 RNA–FISH, with normal skin shown as a 
negative control. Scale bars, 20 µm (main) and 
8 µm (inset). Three representative images per 
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in a cohort of primary high-grade ovarian 
carcinoma patients31 (b,d) and in the TCGA 
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a patient population comparable to the high-grade ovarian carcinoma 
cohort (Fig. 6b), we included only patients who had grade 2–3 serous 
ovarian cancers treated with first-line platinum-based chemotherapy 
and for whom recurrence data were available. This analysis con-
firmed that NEAT1_1 expression is a poor predictor of chemotherapy 
response (Fig. 6c). In contrast, we observed a significant correlation 
between expression levels of NEAT1_2 and PFS in the high-grade 
ovarian carcinoma data set (hazard ratio (HR) = 2.99, P = 8.45 × 10−4; 
Fig. 6d). On the basis of the analysis of this data set, it appears that 
expression of NEAT1_2 but not NEAT1_1 reliably predicts response 
of ovarian cancer to platinum-based chemotherapy.

DISCUSSION
We demonstrate here that the lncRNA NEAT1 enables tumorigen-
esis in vivo by promoting the survival of oncogene-targeted cells. 
Although recent studies have indicated that NEAT1 can promote the 
growth and survival of in vitro–cultured cancer cells33,34 and that 
high NEAT1 levels correlate with poor prognosis in various types 
of cancer35–37, our data establish the first clear genetic link between 
NEAT1 and carcinogenesis.

Consistent with published reports13, we provide evidence that 
NEAT1 is a bona fide p53 target gene. Moreover, we show that activa-
tion of p53 stimulates the formation of NEAT1 paraspeckles. Our work 
therefore establishes a direct functional link between p53 and par-
aspeckle biology. There is growing evidence that paraspeckles regulate 
gene expression through a number of mechanisms, including seques-
tration of specific transcription factors and/or hyperedited mRNAs21. 
Consequently, activation of this regulatory program downstream of 
p53 may profoundly influence p53-mediated biological responses 
and, importantly, influence cell fate decisions downstream of p53.

The role of p53 as the ‘guardian’ of the genome has long been rec-
ognized. p53 can modulate virtually all DNA repair processes by both 
transcription-dependent and independent mechanisms38. The observa-
tion that p53 induces NEAT1 paraspeckle formation, which prevents the 
accumulation of excessive DNA damage in cells undergoing replication 
stress, reveals yet another route through which p53 preserves genomic 
integrity. Activation of the p53 network sets in motion an elaborate proc-
ess of autoregulatory positive and negative feedback loops39. Our findings 
that p53 regulates NEAT1 expression to stimulate paraspeckle formation 
and that NEAT1 paraspeckles, in turn, dampen replication-associated 
DNA damage and p53 activation reveal an autoregulatory negative  
feedback loop that attenuates p53 activity in DNA-damaged cells.

Mechanistically, we provide evidence that NEAT1_2 preserves 
genomic integrity and viability of preneoplastic cells by modulating  
ATR signaling. This pathway is crucial for ensuring replication com-
pletion and in preventing replication fork breakage in cells undergoing 
replication stress. Accordingly, ATR or CHK1 deficiency compro-
mises the viability of cells undergoing oncogene-induced replication 
stress26. We therefore propose a model in which paraspeckle assembly 
is one of the mechanisms employed by preneoplastic cells to cope 
with oncogene-induced replication fork stalling and, ultimately, pre-
vent accumulation of replication fork breakage and the deleterious  
consequences associated with excessive DSBs.

The precise molecular mechanisms underlying the role of NEAT1 
in ATR–CHK1 signaling remain to be elucidated. We show that spe-
cific silencing of the NEAT1_2 isoform is sufficient to reduce ATR 
signaling, which indicates that proper ATR activation may depend 
on NEAT1_2-mediated paraspeckle assembly. It is possible that par-
aspeckles promote the retention or sequestration of proteins directly 
involved in the termination of the ATR–CHK1 response (such as 

WT p53–induced phosphatase 1 or protein phosphatase 2A family 
phosphatases)40–42. Alternatively, paraspeckles may act upstream of 
ATR–CHK1 signaling by decreasing the ability of oncogenes to induce 
hyper-replication by, for instance, controlling the availability of key 
replication factors and thereby limiting the firing of additional rep-
lication forks. Paraspeckles may also function as a site of activation  
(for example, through induction of specific post-translational modi-
fications) of proteins that contribute to ATR–CHK1 activation.

In addition to its role in ATR signaling, NEAT1_2 and/or par-
aspeckles may also contribute to DSB repair. However, paraspeckles 
do not colocalize with sites of ionizing radiation (IR)-induced DSBs 
(Supplementary Fig. 7a), suggesting that any influence of paraspeck-
les on DSB repair is indirect. Notably, and in contrast to previous 
reports43–48, we found that all three RNA-binding proteins of the 
Drosophila DBHS family (SFPQ, NONO-p54nrb and PSPC1), which 
are all recruited to and essential components of paraspeckles, are 
excluded from sites of laser-induced DSBs (Supplementary Fig. 7b).  
On the basis of these observations, we propose that paraspeckles 
may contribute indirectly to DSB repair by sequestering DBHS, and  
possibly other, RNA-binding proteins away from DNA breaks to ena-
ble efficient recruitment of the DNA-repair machinery. Consistent 
with this possibility, it has been observed that transcription is inter-
rupted at sites of damage and that RNA-binding proteins are rapidly 
excluded from these sites to allow efficient repair49–51.

Neat1 KO mice do not show the phenotypes typically associated 
with deficiency in genes required for programmed DSB repair, such as 
growth retardation, progeria or defects in lymphocyte development52. 
Paraspeckles are therefore required for cell survival only under specific 
physiological conditions53,54 and, as shown here, in cells undergoing 
replication stress. This finding offers a unique opportunity to develop 
therapeutic modalities that are cancer-cell specific. The deficiency 
of cancer cells to respond to S-phase checkpoint activation could  
provide a basis for development of anticancer therapies that increase 
this vulnerability without affecting normal cells. NEAT1 targeting exac-
erbates the sensitivity of cancer cells to DNA-damaging agents such 
as doxorubicin or platinum compounds. Moreover, and as expected 
if NEAT1 and p53 are engaged in a negative feedback loop, NEAT1 
targeting is also synthetic lethal with nongenotoxic reactivation of 
p53. These data indicate that a wide range of human cancers may 
benefit from NEAT1 targeting, as this approach can sensitize tumors  
expressing WT or mutant p53 to specific combination therapies. 
Given the recent surge of interest in RNA-targeting therapeutics and 
antisense drugs in particular, this therapeutic strategy may be rapidly 
amenable to the clinic.

Methods
Methods and any associated references are available in the online 
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METHODS
Cell culture. All cell lines were acquired from the LCG ATCC Cell Biology 
collection and kept in culture at 37 °C and 5% CO2 in medium supplemented 
with 1% penicillin and streptomycin (Invitrogen) and 10% FBS (Invitrogen). 
None of the cell lines used were reported in the ICLAC database of commonly 
misidentified cell lines. All cell lines were tested monthly for mycoplasma 
contamination and found negative. After their initial purchase, cell lines were 
not further authenticated. For knockdown experiments with locked nucleic 
acid (LNA)-GapmeRs (Exiqon), cells were transfected using Lipofectamine 
2000 (Thermo Fisher Scientific) with a final concentration of 25 nM GapmeR 
and transfection reagent according to the manufacturer’s instructions. 
NEAT1-specific sequences were 5′-TAAGCACTTTGGAAAG-3′ (N1) and 
5′-CTCACACGTCCATCT-3′ (N1_2), and a validated nontargeting oligonu-
cleotide 5′-TCATACTATATGACAG-3′ was used as a control. For knockdown 
experiments with siPOOLs (siTOOLS Biotech), 30 nM siRNA was transfected 
using Lipofectamine RNAiMAX (Thermo Fisher Scientific).

Mice. Neat1 KO, p53 KO and WT mice were maintained on a pure C57BL/6J 
background in a certified animal facility. All animal experiments were carried 
out in accordance with the guidelines of the University of Leuven Animal Care 
and Use ethical Committee under project license 089/2013. Neat1 and Tp53 KO 
mice were described previously25,55. K14 CreER KRasG12D have been previously 
described56. For chemically induced carcinogenesis with DMBA (D3254, Sigma-
Aldrich) and phorbol 12-myristate 13-acetate (TPA) (P8139, Sigma-Aldrich), 
cohoused 4- to 8-week-old mice were treated as previously described57. For the 
short-term experiments, mice were sacrificed at the indicated time points. For 
the long-term tumor formation assay, mice were sacrificed when the tumors 
exceeded a diameter of 10 mm or showed significant cachexia (weight loss ≥ 20%),  
or when > 50% of WT mice had reached those end points. WT and Neat1 KO lit-
termates were randomly assigned to each of the experiments irrespective of their 
gender. Owing to limited numbers of animals, no power testing was performed 
before the start of the experiments. The size of each group was determined by 
the number of animals at our disposal at the time of the experiment; n ≥ 3 mice 
per group for all experiments.

Quantitative real-time reverse transcription PCR. Total RNA was isolated 
using the NucleoSpin RNA/Protein kit (740933.50, Machery-Nagel) or the 
RNeasy Mini kit (74104, Qiagen) according to the manufacturer’s instructions. 
RNA was quantified with a NanoDrop 1000 (Thermo Scientific) and RNA 
was reverse transcribed using the High-Capacity cDNA reverse transcrip-
tion kit (4368814, Applied Biosystems). Quantitative reverse-transcription  
PCR (RT-qPCR) was performed using Fast SYBR Green 2× master mix accord-
ing to the manufacturer’s instructions (4385612, Applied Biosystems). For 
normalization, the geometric mean of the two most stable reference genes out 
of at least three was used, calculated using geNorm. Real-time PCRs were car-
ried out in a Roche LightCycler-480-384. RT-qPCR primer sequences were  
as follows: NEAT1_1 fw: 5′-GGAGAGGGTTGGTTAGAGAT-3′; NEAT1_1  
rev: 5′-CCTTCAACCTGCATTTCCTA-3′; NEAT1_2 fw: 5′-GGCCAGAGCT 
TTGTTGCTTC-3′; NEAT1_2 rev: 5′-GGTGCGGGCACTTACTTACT-3′; UBC  
fw: 5′-ATTTGGGTCGCGGTTCTTG-3′; UBC rev: 5′-TGCCTTGACATTCTCG 
ATGGT-3′; TBP fw: 5′-CGGCTGTTTAACTTCGCTTC-3′; TBP rev: 5′- CACACG 
CCAAGAAACAGTGA-3′; B2M fw: 5′-TGCTGTCTCCATGTTTGATGTATCT
-3′; B2M rev: 5′-TCTCTGCTCCCCACCTCTAAGT-3′; HPRT1 fw: 5′-TGACA 
CTGGCAAAACAATGCA-3′; HPRT1 rev: 5′-GGTCCTTTTCACCAGCAA 
GCT-3′; mNeat1_2 fw 5′-GCTCTGGGACCTTCGTGACTCT-3′; mNeat1_2  
rev 5′-CTGCCTTGGCTTGGAAATGTAA-3′; mNeat1 fw 5′-TTGGGA 
CAGTGGACGTGTGG-3′; mNeat1 rev 5′-TCAAGTGCCAGCAGACAGCA-
3′; mHmbs fw 5′-GCGGAGTCATGTCCGGTAA-3′; mHmbs rev 5′-GTGGTG 
GACATAGCAATGATTT-3′; mGapdh fw 5′-AGGTTGTCTCCTGCGAC 
TTCA-3′; mGapdh rev 5′-GGTGGTCCAGGGTTTCTTACTC-3′.

Immunoblotting. Cells were scraped on ice in RIPA buffer containing protease 
and phosphatase inhibitor cocktails (Thermo Fisher, 78442). The cell lysates 
were five times pushed through a 22-gauge needle with syringe and vortexed, 
incubated on ice for 10 min and then centrifuged at 21,000 × g for 15 min at 
4 °C. For western blotting, 20 µg total protein lysate was loaded on NuPAGE 

Novex 4–12% Bis-Tris Protein Gels (Invitrogen) and probed with the following 
antibodies: phosphoKAP-1 (S824) (Bethyl Laboratories, A300-767A, 1/1,000); 
KAP1 (BD Biosciences, 610334, 1/1,000); histone H2A.X (p-Ser139) (Millipore, 
05-636, 1/1,000) and GAPDH (Abcam, ab9485, 1/1,000), ATR (N-19) (Santa 
Cruz, sc-1887, 1/200), p-S345 Chk1 (Cell Signaling, 133D3, 1/1,000), total Chk1 
(G4) (Santa Cruz, sc-8408, 1/1,000), p-S33 RPA32 (9H8) (Bethyl Laboratories, 
A300-246A, 1/1,000), total RPA32 (9h8) (Abcam, ab2175, 1/1,000), total H2A.
X (Abcam, ab11175, 1/5,000).

Cell growth assays. Cells were seeded and transfected in 96-well plates at a 
concentration of 3,000 cells per well. At different time points, WST1 reagent 
was added according to the manufacturer’s instructions (Roche, 05 015 944 
001) and luminescence was measured with VICTOR X3 Multilabel Plate Reader 
(PerkinElmer).

Long-term growth assays. 24 h after transfection, cells were counted and seeded 
for the long-term growth assay. 24 h after seeding, cells were treated with a 1-h 
pulse of 2.5 µM doxorubicin (Sigma-Aldrich), or with a constant dose of either 
80 µM ABT-888 PARP inhibitor (Enzo Life Sciences, ALX-270-444-M001) or 
5 µM Nutlin-3a (Roche). After 4 or 7 d in culture (5–8 d after transfection), 
colonies were stained with crystal violet (Sigma-Aldrich) and quantified using 
ImageJ software.

FACS analysis. To detect cell death, cells were stained for 15 min with Annexin 
V and PI using the FITC Annexin V Apoptosis Detection Kit II (BD Biosciences) 
according to the manufacturer’s instructions. Cell death was detected on a BD 
FACSCanto (BD Biosciences), and data were analyzed with FlowJo software 
(Tree Star). For cell cycle distribution analysis in NEAT1_2 KD conditions, cells 
were treated with vehicle or 1 mM HU for 5 h 48 h after transfection and pulsed 
for 30 min with 10 µM EdU. After trypsinization and washing once in cold PBS, 
cells were fixed for 20 min in 2% PFA in PBS. They were washed with PBS +  
1 mg/ml BSA (PBS-B) and permeabilized with PBS + 0,02% Triton X-100 for 
20 min then washed again with PBS-B. Subsequently, the cells were spun down 
and resuspended in the Click-reaction cocktail (per sample: 43.75 µl PBS, 1 µl 
100 mM CuSO4, 0.25 µl 200 µM azide dye and 5 µl 100 mM sodium ascorbate), 
incubated for 40 min, washed in PBS-B, resuspended in 0.5 ml PBS containing 
0.5 µg/ml DAPI and analyzed on a BD FACS Canto. Data were analyzed using 
FlowJo software (Tree Star).

RNA-seq. MCF-7 cells were plated onto 24-well plates (60,000 cells/well). The 
next day, cells were treated with either 5 µM Nutlin-3a or ethanol vehicle. After 
24 h, cells were washed in PBS (Gibco) and prepared for RNA extraction accord-
ing to the RNeasy protocol (Qiagen), which yielded ~2 µg of total RNA per 
sample. The quality of the RNA samples was checked using a Bioanalyzer 1000 
DNA chip (Agilent), after which libraries were constructed according to the 
Illumina TruSeq RNA sample preparation guide. Final libraries were pooled 
and sequenced on a HISeq 2000 (Illumina), generating approximately 30 million 
reads of 50 bp in length. After removing adaptor sequences, reads were mapped 
to the human reference genome (hg19) using TopHat v1.3.3 (ref. 58) with default 
settings. Reads were aggregated with HT-Seq59 (-str = no parameter, version 
0.5.3p3) using the human Gencode annotation V18 (ref. 60), lncRNAs only. 
DESeq61 was used to normalize and to calculate differential expression between 
Nutlin-3a-stimulated and unstimulated samples. A final list of differentially 
expressed genes was obtained using adjusted P value < 0.05 and |log2FC| > 1.  
The RNA-seq data are available in the GEO database (GEO GSE47043).

ChIP-seq. MCF-7 cells were seeded at a density of 5 million cells per 15-cm 
dish to ~80% confluency and grown overnight at 37 °C. Cells were stimulated 
with 5 µM Nutlin-3a for 24 h. ChIP samples were prepared following the Magna 
ChIP-Seq preparation kit using the p53 antibody (DO-1, SCBT, 1 µg/sample). 
Per sample, 5–10 ng of precipitated DNA was used to perform library prepara-
tion according to the Illumina TruSeq DNA sample preparation guide. In brief, 
the immunoprecipitated DNA was end-repaired, A-tailed, and ligated to diluted 
sequencing adapters (dilution of 1/100). After PCR amplification with 15–18 
cycles and gel size selection of 200- to 300-bp fragments, the libraries were 
sequenced using the HiSeq 2000 (Illumina). Cleaned reads were mapped to the 
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human reference genome hg19 (UCSC) using bowtie (v2.0.0-beta3) with the 
addition of the parameter -local, allowing for further soft clipping of the reads. 
Reads with a mapping quality <4 were removed. Peak calling was performed 
using MACS62 (version 1.4.2) with the default P value threshold yielding 3,634 
peaks. The ChIP-seq data are available in the GEO database (GEO GSE47043).

Motif discovery and network analysis. To detect putative p53 binding sites we 
adapted the i-cisTarget method15. In short, a region of 10 kb flanking the TSS 
of each lncRNA (GENCODE annotation V18) was scored for 6,863 different 
position weight matrices (PWM), representing a large collection of transcrip-
tion factors. This led to a ranking of all lncRNAs for each of these PWMs. Next, 
for each PWM we retrieved the rank position of all upregulated lncRNAs and 
calculated an enrichment score for this set using the normalized area under the 
recovery curve, as described15. This score recapitulates how many of the upregu-
lated lncRNAs are enriched at the top of the ranking for a particular PWM and 
whether this enrichment is significantly higher than expected by chance. From 
this analysis we selected the PWM with the highest enrichment score across 
all 6,863 PWMs, namely TP53. Next, we determined the optimal set of p53 
targets as the rank position in the p53 ranking where the cumulative recovery of  
upregulated lncRNAs is highest compared to the background (i.e., the aver-
age recovery across all PWM rankings). For each predicted target lncRNA, we 
searched for p53 ChIP-peaks within 10 kb of the TSS of each lncRNA. If multi-
ple peaks were detected, the one with the highest score was selected. The final 
network was generated using Cytoscape v2.8.2 (ref. 63).

Kaplan–Meier curve construction. The correlation of NEAT1 expression lev-
els with response to chemotherapy was evaluated in two data sets of ovarian 
tumors (TCGA ovarian data set and GSE30161). We selected ovarian carci-
noma because all the patients were treated with platinum-based chemotherapy. 
The TCGA ovarian data set was generated by poly(A)-based RNA sequencing, 
in which specific expression of the non-polyadenylated long NEAT1 isoforms 
is not available. This data set was extended with in-house-sequenced ovarian 
tumors and primary, high-grade, serous, platinum sensitive tumors with a recur-
rence, excluding the patients with Fédération Internationale de Gynécologie et 
d’Obstétrique (FIGO) 1, were selected. In addition, we assessed the Affymetrix 
Human Genome U133 Plus 2.0 Array data set to discriminate the effect of the 
long and short isoform of NEAT1 on the response of chemotherapy. This micro-
array has probes (227062_at, 234989_at, 238320_at, 225239_at and 239269_at) 
that specifically detect the long NEAT1 isoform, whereas probes 224565_at, 
224566_at and 214657_s_at detect both the short and long isoforms of NEAT1. 
Data set GSE30161 consists of 58 high-grade ovarian tumors that all received 
platinum therapy. A Cox survival analysis of low and high NEAT1 expression 
levels was performed on both data sets including race, stage, age and histology 
as covariates (for GSE30161) and grade, residual disease, FIGO and race for the 
extended TCGA data set. Kaplan–Meier curves were generated and Cox regres-
sion analyses were performed using the survival package in R 3.2.1.

Tissue staining and image quantification. For histological analysis, mouse 
back skin was dissected, spread on Whatman cellulose filter paper, fixed for 2 or 
24 h in 4% PFA in PBS and processed for OCT or paraffin embedding, respec-
tively. Samples were sectioned at 5–7 µm and routinely stained with hematoxylin 
(C0302, Diapath) and eosin (C0362, Diapath) (H&E). Serial sections obtained 
from the same samples were used for immunohistochemical analysis using 
the following primary antibodies: rabbit polyclonal anti-pH3 (Calbiochem, 
382159; 1/200), chicken polyclonal anti-keratin 14 (Abcam, 13970; 1/1,000), 
rabbit polyclonal anti-p53 (Santa Cruz, sc-6243; 1/1,500), rabbit polyclonal 
anti-Ki67 (Thermo Scientific RM-9106-S, clone SP6; 1/300), rabbit polyclonal 
anti-γ-H2A.X (Cell Signaling, 2577; 1/1,400), rabbit polyclonal anti-cleaved 
caspase 3 (Cell Signaling, Asp175; 1/600), rat monoclonal anti-BrdU (Abcam, 
ab6326; 1/1,500), rabbit polyclonal anti-keratin 5 (Covance, PRB-160P-0100; 
1/1,000). For immunofluorescence, anti-rabbit or rat IgG-A488 or A594 (Life 
Technologies, 1/500) and anti-chicken-IgG-RXX (Elitech, 703-295-155, 1/1,000) 
secondary antibodies were used.

For immunohistochemical (IHC) staining, sections were deparaffinized in 
xylene and rehydrated using an ethanol series. Endogenous peroxidase activ-
ity was blocked by 15 min incubation with 3–4% H2O2 (Perdrogen, 31642,  

Sigma-Aldrich) in dH2O. Epitope retrieval was performed in citrate buffer 
(pH6) or EDTA buffer (pH 8.5, p53 antibody) using a 2100 Retriever (Aptum 
Biologics). The sections were blocked in 1% BSA and 10% NGS for 40 min 
at room temperature (RT) and incubated overnight at 4 °C with the primary 
antibody in 1% BSA in T-TBS. EnVision reagent (K400311, Dako) was then 
applied on the sections for 45 min at RT. Immunoreactivity was revealed via 
a diaminobenzidine chromogen reaction (Peroxidase Substrate Kit, DAB, SK-
4100, Vector Laboratories). Next, slides were counterstained in hematoxylin,  
dehydrated in an ethanol series, cleared in xylene, and permanently mounted 
with a resinous mounting medium (60200, Micromount Diapath). A 0.1% 
Tween-20 in TBS solution was used as washing buffer in between steps. For 
immunofluorescence staining, the same procedure was followed but with block-
ing in 10% NDS, use of fluorescently labeled anti-rabbit, mouse and chicken 
secondary antibodies (Life Technologies, 1/500), nuclear counterstaining with 
DAPI and mounting with VectaShield (H-1000, Vector Laboratories). For pro-
liferation analysis with BrdU, 5 µl/g of a 20 mg/ml BrdU solution was injected  
intraperitoneally 4 h before sacrifice.

To quantify IHC staining, 5 hotspot brightfield images per mouse were taken 
with a Leica DM 2500 microscope at 20× magnification, and positive cells in 
the interfollicular epidermis and infundibulum of hair follicles were counted 
and normalized to the total length of the epidermis measured at the basal layer 
in the image. Counting of total number of individual cells in the same area 
gave near-identical normalized results. For quantification of fluorescent images, 
a similar approach was used employing 20× magnified images taken with a 
Leitz DMRB microscope. LAS software (Leica Microsystems) was used for all 
IHC and IF image acquisition. Quantification of hyperplasia in Figure 4b was 
done in H&E-stained sections (6 images per mouse at 10× magnification) by 
calculating the ratio of the total length of each category of epidermal thick-
ness (1–2, 3–4, 5–7 and >7 cell layers) to the total length of the epidermal tract 
analyzed. All measures or quantifications and analyses were performed by two 
observers blind to genotype and treatment. Exclusion was based on the Grubbs 
test for outlier calculation with α = 0.05; however, no significant outliers were 
detected during the analysis. To determine differences in variance of the groups,  
an F-test was performed with α = 0.05. If the variances showed to be different, 
the Welch-corrected P value was represented. Validation of all antibodies used 
in this study is available on the manufacturer’s websites.

RNA–fluorescence in situ hybridization. NEAT1 RNA–FISH was performed 
using Stellaris FISH probes (human, SMF-2036-1; mouse, SMF-3010-1) accord-
ing to the manufacturer’s protocol. In brief, after deparaffinization and rehydra-
tion, the tissue was immersed in 70% ethanol for >1 h at room temperature, 
washed in PBS, digested with 10 µg/ml proteinase K in PBS, preincubated in wash 
buffer and hybridized overnight at 37 °C. The next day, the tissue was washed 
extensively, counterstained with DAPI and mounted with Vectashield Anti-Fade 
mounting medium (Vector Laboratories). For cryosections and human cells, no 
proteinase K digestion was performed. For simultaneous immunofluorescence, 
the following primary antibodies were used together with the FISH probes:  
rabbit polyclonal anti-keratin 5 (Covance, PRB-160P, 1/1,000) or rabbit polyclo-
nal anti-keratin 1 (Covance, PRB-165P, 1/1,000). Secondary antibodies coupled 
to Alexa 488 (1/500, Life Technologies) were added to the first washing step 
after hybridization for 40 min at 37 °C. Images were taken using a Nikon A1 
confocal microscope acquired through a Hercules grant type 1 AKUL/09/037 
and processed for overlay and brightness and contrast adjustments using ImageJ.  
Red-channel images (Fig. 2e) were smoothened once for aesthetical enhance-
ment of the paraspeckles. Paraspeckle quantification in cell lines was automated 
and used IN Cell Analyzer 2000 (GE Healthcare Life Sciences) and IN Cell 
Developer software (GE Healthcare Life Sciences). Paraspeckle quantification 
in tissues was done by taking 6 images per mouse at a 60× magnification and 
counting the numbers of nuclei with paraspeckles in proportion to the total 
number of nuclei in all layers of the interfollicular epidermis.

Tissue microarray (TMA). Formalin-fixed paraffin-embedded (FFPE) tissue 
blocks were retrieved from the tissue bank of the Department of Pathology, 
Spedali Civili di Brescia, Brescia, Italy. Human tissues included normal tonsils as 
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