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Abstract 34 

Alternative RNA 3’-end processing provides an important source of transcriptome diversification, 35 

which impacts various biological processes and the etiology of diseases, including cancer. A prime 36 

example of this is the transcript isoform switch that leads to the read-through expression of the long 37 

non-coding RNA NEAT1_2, at the expense of the shorter polyadenylated transcript NEAT1_1. 38 

Expression of NEAT1_2 is required for the formation of paraspeckles (PS), nuclear bodies that 39 

protect cancer cells from oncogene-induced replication stress and chemotherapy. Searching for 40 

proteins that modulate this isoform switching event we identified factors involved in the 3’-end 41 

processing of polyadenylated (pA+) RNA as well as several components of the Integrator complex. 42 

Perturbation experiments established that, by promoting the cleavage of NEAT1_2, Integrator 43 

forces NEAT1_2 to NEAT1_1 isoform switching and, thereby, restrains PS assembly. Consistently, 44 

low expression levels of several Integrator subunits correlated with poorer prognosis of cancer 45 

patients exposed to chemotherapeutics. Our study identifies Integrator as a key regulator of PS 46 

biogenesis and establish a link between Integrator, cancer biology and chemosensitivity, which may 47 

be exploited therapeutically. 48 

 49 

Teaser 50 

Integrator is a key regulator of NEAT1 isoform switching and, thereby, paraspeckles biogenesis and 51 

chemosensitivity. 52 

 53 

 54 

 55 

 56 

  57 
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MAIN TEXT 58 

 59 

Introduction 60 

Most human genes have multiple sites at which RNA 3ʹ-end cleavage and polyadenylation can 61 

occur (1). Alternative 3’-end cleavage gives rise to transcript isoforms that differ either in their 62 

coding sequences (CDSs) or their 3ʹ-UTRs and, thus, contribute to transcriptome diversification (1, 63 

2). Remodeling of 3ʹ-UTRs can have particularly profound phenotypic consequences, as such 64 

transcript isoforms may differ in their relative stability, localization, translation rate, and/or function 65 

(2). Although it is well-known that RNA 3ʹ-end processing can be finely regulated depending on 66 

the cellular needs, the factors involved in alternative 3’-end processing are only partially 67 

characterized.  68 

The core pre-mRNA 3ʹ-end processing complex consists of four subcomplexes, namely cleavage 69 

and polyadenylation factor (CPSF), cleavage stimulation factor (CSTF), cleavage factor I (CFI) and 70 

CFII. A few other proteins, including Symplekin and poly(A) polymerase (PAP), are also involved 71 

in completing the 3’-end formation of polyadenylated (pA+) RNA (3). In metazoans, sites of pre-72 

mRNA polyadenylation are primarily defined by the canonical poly(A) signal AAUAAA, which is 73 

positioned ~21 nucleotides upstream of the cleavage site (3). This hexamer is recognized by the co-74 

transcriptionally recruited CPSF subcomplex, which carries out the endonucleolytic cleavage event 75 

followed by the addition of a poly(A) tail to the 5’ cleavage product by PAP. Deregulation of protein 76 

expression levels and/or activity of core 3ʹ-end processing factors can obviously contribute to 3’-77 

end processing rewiring either globally or specifically, and thereby affect transcriptome 78 

diversification in response to specific environmental cues. Moreover, many other RNA binding 79 

proteins (RBPs) can influence RNA 3’-end processing, often depending on the binding positions 80 

within mRNA target 3’-UTRs (4). 81 

Other protein complexes are involved in the 3’-end processing of non-polyadenylated RNA species. 82 

For instance, the Integrator complex, which binds to the C-terminal domain (CTD) of the RNA 83 

polymerase II, is responsible for the RNA 3’-end processing of UsnRNA (5). This complex has 84 

been shown to control termination of transcription and 3’-end processing at enhancer RNA (eRNA) 85 

and replication-dependent histones loci (6, 7). Furthermore, Integrator binding to the proximal 86 

promoter region of polyadenylated genes negatively regulates their expression (7). 87 

Alternative 3’-end processing-dependent transcriptome diversification plays key roles in various 88 

important biological processes (4). Individual 3’-end processing events have also been implicated 89 

in pathological conditions, including autoimmune disorders and cancer (4). Consistent with a 90 

reported general association between the expression of short RNA 3ʹ-UTRs and a proliferative 91 
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cellular state (8), most cancers express transcripts with shorter 3ʹ-UTRs than those expressed in 92 

corresponding normal tissues (4). Some studies have attributed cancer-related 3’-end RNA patterns 93 

to the deregulated activity of specific 3ʹ-end processing factors, such as CSTF2 (9) and CFIm25 94 

(10). However, the motifs recognized by these core 3ʹ-end processing factors do not explain the 95 

observed quantitative changes in poly(A) site usage between tumor and normal tissue samples from 96 

The Cancer Genome Atlas (11), indicating that other unknown modulators also contribute.  97 

Deregulation of RNA 3’-end processing at specific loci may also contribute to tumor growth as 98 

illustrated in recent findings implicating the lncRNA locus NEAT1 in cancer development (12). 99 

This locus produces two lncRNA isoforms (13). The shorter isoform, NEAT1_1 (3700 nt in length), 100 

contains a functional polyA site. The long NEAT1_2 isoform (22700 nt in length), which is not 101 

polyadenylated, is produced as a read-through transcript when the 3’-end processing of NEAT1_1 102 

is inefficient (14). The mechanisms underlying NEAT1 isoform switching remain poorly 103 

understood. The ubiquitous nucleic acid binding protein hnRNPK has been implicated in this 104 

process, by competing with CPSF6 for the binding of NUDT21 and impairing NEAT1_1 105 

polyadenylation (14). Moreover TDP-43 enhances NEAT1_1 polyadenylation in pluripotent cells 106 

(15). Whereas the function of NEAT1_1 still needs to be established (16, 17), NEAT1_2 is an 107 

essential architectural component of paraspeckles (PS) (18), which are highly ordered and phase-108 

separated nuclear stress bodies (19). Thus, PS assembly critically depends on the poorly understood 109 

NEAT1 isoform switch. Expression of NEAT1_2, and thereby PS assembly, can only be detected 110 

under specific physiological conditions (i.e. lactating mammary glands) and in response to various 111 

forms of stresses, including oncogenic stress (12, 20–22). Accordingly, PS appear in over 65% of 112 

human epithelial cancers (12), where they predict poor prognosis (23) and are either completely 113 

absent, or only sporadically detectable, in normal tissues (12, 24). In a classical two-stage 114 

chemically-induced skin cancer mouse model, PS are induced in skin epidermal cells exposed to 115 

oncogenic stress, while genetic ablation of NEAT1 dramatically impairs tumor initiation and 116 

progression into aggressive and invasive lesions (12). However, mouse skin that lacks only the 117 

short Neat1_1 isoform does not exhibit these protective properties (17). Critically, specific 118 

downregulation of NEAT1_2 using antisense oligonucleotides sensitized a series of epithelial 119 

cancer cell lines to various clinically-relevant anti-cancer therapeutics (12). Hence, these studies 120 

identified NEAT1_2, and by extension PS, as promising cell-specific therapeutic targets for the 121 

chemo-sensitization of a wide range of epithelial cancers. We therefore reasoned that a better 122 

understanding of pathways and factors/enzymes involved in the molecular mechanisms underlying 123 

NEAT1 isoform switching and, thereby, PS biogenesis may lead to the identification of targets that 124 

are amenable to conventional therapeutics. 125 
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 126 

Results  127 

Identification of Integrator as a novel NEAT1 RNA interactor  128 

To identify proteins that modulate NEAT1_2 expression, and consequently PS biogenesis, we 129 

adapted an RNA Antisense Purification (RAP) protocol that we had previously used to identify 130 

interactors of the melanoma-specific lncRNA SAMMSON (25). Complexes directly bound to the 131 

endogenous NEAT1 transcript were purified from freshly isolated nuclei of MCF-7 cells exposed to 132 

UV crosslinking, using tiling DNA-based biotinylated oligonucleotides, targeting the 5’ portion of 133 

NEAT1 (N1_5’). In parallel, control probes (Ctrl) were designed against the melanoma-specific 134 

LINC00698 transcript, which is not expressed in the human breast adenocarcinoma MCF-7 cells (Fig. 135 

1A). The quality of the nuclear isolation was verified by RT-qPCR, assessing the cytoplasmic RNA 136 

encoding the 40S ribosomal protein S14, as well as NEAT1 and MALAT1, both of which are 137 

exclusively nuclear transcripts (Fig. 1B). The efficiency and specificity of the N1_5’ pull-down was 138 

confirmed by RT-qPCR. Whereas a robust signal was detected for total NEAT1 (NEAT1) and 139 

NEAT1_2 transcripts in the isolated RAP extracts, neither the housekeeping TBP and HPRT1 mRNAs 140 

nor the lncRNA MALAT1, used as negative controls, were detectable (Fig. 1C).  141 

RAP experiments were performed in biological triplicates and purified proteins were analyzed by 142 

label-free mass spectrometry (MS).  Principal component analysis (PCA) of the replicates confirmed 143 

the clustering of the samples into two groups: the control (Ctrl) and the RAP pull-down performed 144 

with NEAT1 specific probes (N1_5’) (fig. S1A). We identified 34 proteins, which were significantly 145 

enriched by the N1_5’ probes (t-test p value<0.05 and FC>1.6), as high-confidence NEAT1 146 

interactors (table S1). Two of these were known PS proteins (Fig. 1D). Gene Ontology (GO) 147 

Analysis using the Search Tool for Recurring Instances of Neighboring Genes (STRING; 148 

https://string-db.org), indicated that the remaining NEAT1 interactors are mainly involved in key 149 

aspects of RNA biogenesis and processing (table S2). Among these were multiple subunits of the 150 

Integrator and mRNA 3’-end processing complexes, including INTS1, INTS3, INTS6, CSTF1, 151 

CSTF2, CSTF2T, CSTF3, CPSF1, WDR33, SYMPK and FIP1L1 (Fig. 1E, top panels). In fact, one 152 

third (11 out of 34) of all high-confidence interactors belonged to these two multi-component protein 153 

complexes. Three additional previously unknown NEAT1 interactors were also identified, namely the 154 

F-box protein FBXO11 and its binding partner CUL1, as well as the transcription factor TCF7L2 155 

(Fig. 1E, panels below).  156 

These findings were next validated by RAP-western blotting experiments. Using the N1_5’ probes, 157 

the interactions between NEAT1 and FBXO11, TCF7L2, CPSF2 (component of the mRNA 3’-end 158 

processing machinery), INTS3, INTS11 (catalytic subunit of Integrator complex), INIP (auxiliary 159 
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component of the complex), H3 (used as negative control) and the PS proteins PSF, PSPC1, NONO, 160 

TDP-43 (used as a positive control) was confirmed (Fig. 1F). 161 

 162 

Integrator limits PS biogenesis by promoting NEAT1 isoform switching  163 

The identification of several components of the Integrator complex as high-confidence NEAT1 RNA 164 

interactors, raises the possibility that the complex contributes to the regulation of NEAT1 isoform 165 

switching. To test this hypothesis, we first checked for interaction between NEAT1 transcript and 166 

INTS11, the catalytic subunit of Integrator. To this end, enhanced cross-linking and 167 

immunoprecipitation (eCLIP), a well-established and comprehensive procedure for the identification 168 

of RNA-binding protein targets (26), was performed in HeLa cells using two distinct INTS11 specific 169 

antibodies (Fig. 2A). Quantification of the eCLIP signal (size-matched coverage) relative to the 170 

control IgG showed an enrichment of INTS11 binding to the NEAT1_1 transcript (Fig. 2B). RNU11 171 

and other non-coding RNAs are shown as positive and negative controls respectively. Note that the 172 

binding between integrator and NEAT1_1 could also be validated in MCF-7 cells by RIP qPCR (Fig. 173 

2C; fig. S1B). In agreement with previous findings (7, 27), eCLIP detects two major peaks at the 174 

5’-end of the transcript that may be implicated in premature transcriptional termination. 175 

Interestingly, another peak is detected immediately upstream of the 3’-end of NEAT1_1 (Fig. 2D).  176 

To determine whether Integrator contributes to the 3’-end maturation of NEAT1_1, we performed 177 

RNA-sequencing (RNA-seq) in HeLa cells expressing a doxycycline-inducible shRNA construct 178 

targeting INTS11 or GFP as a control (shCtrl) (Fig. 2E). We observed an accumulation of the long 179 

NEAT1_2 isoform in the INTS11 knockdown cells (Fig. 2F and fig. S1C). In agreement with the 180 

total RNA sequencing data, small-RNA sequencing (smRNA-seq) analysis, which captures 181 

cleavage products of INTS11 catalysis (RNA species smaller than 75nt), indicated a decrease in the 182 

small-RNA cleavage product of NEAT1_1 (Fig. 2F, panel below). Likewise, 3’ mRNA sequencing 183 

(3’ mRNA-seq), which detects selectively polyadenylated transcripts, confirmed a decrease in the 184 

NEAT1_1 3’-ends upon integrator KD (fig. S1D). 185 

Importantly, this phenotype was not an off-target effect as it was rescued by concomitant expression 186 

of a wild-type form of INTS11 (WT), but not a catalytic dead mutant (E203Q) (Fig. 2G; fig. S1E), 187 

indicating that the NEAT1 isoform switching is dependent on INTS11 enzymatic activity. Similar 188 

results were obtained for the snRNA RNU11, a well-known integrator target (fig. S1F-G).   189 

The phenotype was not cell type-specific as it could be recapitulated in the breast cancer cell line 190 

MCF-7 in which INTS11 was silenced by siRNA (Fig. 2H; fig. S1H).  As expected, the levels of the 191 

3’-end extended product of two well-established Integrator targets, RNU11 and RNU12, as indicated 192 

by the percentage of long transcript relative to the gene body (Fig. 2H). Together, these data further 193 
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supported a direct contribution of Integrator in the regulation of NEAT1 isoform switching and 194 

indicated that the catalytic activity of Integrator is required for the correct processing of the NEAT1 195 

transcript. 196 

The observed increase in NEAT1_2 levels upon silencing of INTS11 raised the possibility that 197 

Integrator activity limits the formation of PS. Consistent with this possibility, an increase in the 198 

number and size of NEAT1_2 foci was observed by RNA FISH in MCF-7 cells depleted for INTS11 199 

(Fig. 2I). Importantly, RNA FISH coupled to immunofluorescence revealed that the foci co-localized 200 

with the PS-specific protein PSPC1, thus demonstrating an increase in PS assembly in INT11-201 

depleted cells (Fig. 2J; fig. S1I). This observation indicated that Integrator restrains the formation of 202 

PS nuclear bodies by promoting NEAT1_1 expression, at the detriment of NEAT1_2, in steady-state 203 

conditions. 204 

 205 

Stress does not disrupt NEAT1-Integrator interaction and promotes accumulation of 206 

Integrator at PS 207 
 208 

Various forms of stress stimulate PS formation (28, 29). It was recently shown that exposure of cells 209 

to Hydroxy Urea (HU), which inhibits deoxyribonucleotide synthesis and thus causes DNA 210 

replication stress, induces the formation of large PS (17). Accordingly, increased PS formation was 211 

detected by RNA FISH and RNA FISH combined to immunofluorescence for PSPC1 in HU-exposed 212 

MCF-7 cells (Fig. 3A).  The increase in PS formation was the result of the transcriptional upregulation 213 

of the NEAT1 locus (particularly NEAT1_2) as demonstrated by the fact that treatment with 214 

Actinomycin D (RNA Pol II inhibitor) abolished HU-induced NEAT1 upregulation (Fig. 3B). We 215 

reasoned that stress-induced NEAT1_2 expression and PS formation may be caused, at least in part, 216 

by a decrease in the recruitment of Integrator to the NEAT1 transcript. To test this hypothesis, we 217 

performed RAP-MS experiments on freshly isolated nuclei of MCF-7 cells exposed to HU (fig. S2A-218 

B). As expected, the recovery of NEAT1_2 RNA in this assay was higher in HU- than in DMSO-219 

treated cells (fig. S2A). Surprisingly our RAP-MS data revealed that most of the previously enriched 220 

candidates from unstimulated cells were also recovered in stimulated cells (Fig. 3C, fig. S2C, and 221 

table S3). Integrator subunits and mRNA 3’-end processing factors were also efficiently pulled-down 222 

by the RAP N1_5’ probes in these experimental conditions. These interactions were further validated 223 

by RAP-western blotting analysis (Fig. 3D). Immunofluorescence for the PS protein PSPC1, in 224 

intact cells exposed to HU, was performed to confirm the co-localization of CPSF1 and CPSF2 (as 225 

well as FBXO11 and TCF7L2) with PSPC1 (fig. S2D) and thus their recruitment to PS. Moreover, 226 

STochastic Optical Reconstruction Microscopy (STORM) showed a significant co-localization of the 227 

Integrator subunit INTS1 with the PS protein NONO in cells exposed to HU (Fig. 3E). Taken together 228 
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these data demonstrated that DNA damage-induced stress is not sufficient to disrupt the interaction 229 

between NEAT1 and Integrator. Moreover, these experiments also showed that Integrator 230 

accumulates to PS nuclear bodies in DNA-damaged cells. 231 

DNA-damage-induced PS formation is, at least partly, a consequence of activation of the p53 232 

transcription factor (fig. S2B), which in turn enhances NEAT1 promoter activity (12, 22). 233 

Accordingly, exposure to the MDM2 antagonist Nutlin-3a, which causes stabilization of p53 without 234 

inducing cellular stress responses, was sufficient to increase NEAT1_2 transcription and enlarged PS 235 

(Fig. 4A-B). Consistently, just like HU, exposure to Nutlin-3a did not disrupt NEAT1-Integrator 236 

association as demonstrated by RAP-MS (Fig. 4C; fig. S2E and table S4). PCA analysis of all the 237 

RAP-MS experiments under control and stressed conditions confirmed the consistency of these 238 

results (fig. S2F). RAP-western blotting (Fig. 4D), confocal microscopy and super resolution 239 

microscopy (Fig. 4E, and fig. S2G) further confirmed that activation of p53 by Nutlin-3a is not 240 

sufficient to disrupt the interaction between NEAT1 and Integrator, and that Integrator accumulates 241 

to PS nuclear bodies in these experimental conditions. 242 

Note that exposure to HU or Nutlin-3a did not significantly alter the expression levels of various 243 

Integrator subunits (Fig. 5A). Importantly, the processing of several well-known Integrator targets, 244 

including histones (7), was severely compromised upon induction of DNA damage or p53 activation 245 

(Fig. 5B-C). Further evidence of impaired Integrator activity was also obtained in MCF-7 treated 246 

with Nutlin-3a, with HU, or transfected with siINT11, by using a reporter construct that directs 247 

expression of GFP upon read-through of RNU7 (30) (fig. S3A-B-C). These data indicated 248 

that Integrator activity is compromised in cells exposed to stress, possibly as a consequence of its 249 

recruitment to PS. Together with the observation that stress does not disrupt the interaction 250 

between NEAT1 and Integrator, these data favor a model in which  upregulation of NEAT1_2 levels 251 

and PS formation in stressed cells (exhibiting elevated transcriptional rates of NEAT1) occurs 252 

because the amount of functional Integrator available to process NEAT1 transcripts becomes rate-253 

liming. Consistent with such model, overexpression of exogenous INTS11 (fig. S3D) abolished 254 

stress-induced upregulation of NEAT1_2 (Fig. 5D-E), decreased paraspeckles assembly (Fig. 5F) 255 

and phenocopied the decrease in p53 activation and increase in levels of DNA damage observed 256 

following NEAT1_2 KD (Fig. 5G-H). 257 

 258 

Low levels of Integrator components correlate with poorer survival and response to 259 

chemotherapy 260 

We previously established a genetic link between PS formation and tumorigenesis and demonstrated 261 

that PS can be detected in about 65% of the human carcinomas analyzed, including skin SCC and 262 
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ovarian carcinomas. Importantly, we also showed that expression of NEAT1_2, but not 263 

NEAT1_1, reliably predicts the response of ovarian cancer to platinum-based chemotherapy (12). 264 

Given that Integrator modulates NEAT1_2 expression and PS biogenesis, we therefore assessed 265 

whether correlations between (altered) expression of Integrator subunits and overall patient survival 266 

(OS) may exist. Analysis of patients that underwent chemotherapy in the ovarian cancer cohort 267 

(GSE30161) analyzed in our previous study (12), confirmed that lower levels of INTS10 and 268 

INTS11 significantly correlated with worse OS (Fig. 6A). Importantly in this cohort the differential 269 

expression levels of INT11 and INT10 exhibit an inverse relationship with that of NEAT1_2 as 270 

shown in Fig. 6B. Analysis was then expanded to publicly available TCGA datasets corresponding 271 

to 11 epithelial cancer cohorts. In addition to gene expression levels, the results were adjusted for 272 

the effect of other risk factors (covariates) such as age, race, stage and gender by performing a 273 

multivariate analysis using the Cox proportional hazards model (table S5). Moreover, within these 274 

studies only subjects who underwent treatment with various chemotherapeutic agents were retained. 275 

Consistently, patients with lower levels of INTS6, INTS7, INTS8, INTS10, INTS11 and INTS12 276 

exhibited poorer OS (Fig. 6C and fig. S4). Notably, the most striking effect was observed with the 277 

catalytic subunit of Integrator, INTS11. We subsequently performed a similar analysis using 278 

multiple Affymetrix gene expression cancer datasets, including two Colorectal Cancer cohorts 279 

(GSE33113 and GSE39582), two breast cancer cohorts, one of which is split into 2 GEO 280 

submissions (GSE9195, GSE6532.1 and GSE6532.2). Again a significant correlation between low 281 

expression levels of Integrator subunits and a poorer OS was observed (table S5). Together these 282 

data support a model in which decreased levels/activity of the Integrator complex may affect 283 

chemotherapeutic response via modulation of the biogenesis of NEAT1_2 and PS.  284 

 285 

Discussion  286 

Using an unbiased proteomics screen, we have identified known and previously unknown NEAT1 287 

RNA binding partners, such as the transcription factor TCF7L2 and a member of the F-box protein 288 

family, FBXO11, which were both subsequently validated as bona fide NEAT1 interactors and 289 

novel PS proteins. This study therefore provides a new list of factors that may modulate NEAT1 290 

and PS biology. Remarkably, a large proportion of the identified NEAT1 interactors belongs to two 291 

functionally related protein complexes, namely the core 3’-end processing and Integrator 292 

complexes. The Integrator complex contains two essential Integrator subunits, INTS11 and INTS9, 293 

which are homologous of CPSF73 (alias CPSF3) and CPSF100 (alias CPSF1), respectively. 294 

Integrator interacts with the C-terminal domain (CTD) of RNA Pol II and processes newly 295 

transcribed RNA molecules, mainly non-polyadenylated transcripts and uridylate-rich small-296 
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nuclear RNA transcripts (UsnRNAs). Integrator has also been recently implicated in the modulation 297 

of gene expression via regulation of protein-coding gene transcription initiation and premature 298 

termination (7, 27), in RNA Pol II pause-release (31, 32), and in the biogenesis of enhancer RNAs 299 

(6). Here, we provide functional evidence for an unexpected role of Integrator in the regulation of 300 

the isoform switching of the lncRNA NEAT1. Our data are compatible with a model in which 301 

Integrator is recruited to the NEAT1 transcript and participates in the cleavage and subsequent 302 

processing of the polyadenylated NEAT1_1 isoform (Fig. 6D). Although eCLIP data indicate that 303 

Integrator is also recruited to the 5’-end of the NEAT1 transcript, our data highlight a role for 304 

Integrator in the processing of the 3’-end of NEAT1_1 to restrain the expression of the long isoform 305 

and, thereby, PS formation. Moreover, our previous observation that NEAT1_1 is constantly made 306 

and degraded by the exosome (17) raise the possibility that processing of this 3’-end site by 307 

Integrator is a critical step in this degradation process. Interestingly, previous data have already 308 

implicated the 3’-end cleavage factor Im (CFIm) complex in the processing of NEAT1_1. Whether 309 

Integrator and the core 3’-end-processing machinery cooperate to process polyadenylated 310 

transcripts such as NEAT1_1 or work independently on different pools of transcripts remains to be 311 

addressed.  312 

The interaction between NEAT1 and Integrator is not disrupted in cells exposed to stress (i.e. 313 

HU-induced replication stress) or in cells in which we artificially increased the transcription rate of 314 

NEAT1 (i.e. upon Nutlin-3a exposure). These data therefore favor a model in which bypassing 315 

NEAT1 cleavage may occur because the pool of Integrator available is not sufficient to process the 316 

high amounts of NEAT1 transcripts being produced in cells exposed to stress (or in which the 317 

transcriptional rate of NEAT1 is artificially elevated). The ratio between the rate of NEAT1 318 

transcription and overall expression levels of the Integrator complex may therefore determine whether 319 

NEAT1_2 remains expressed and whether PS are being assembled (Fig. 6D). This model is further 320 

supported by the fact that NEAT1 is an unusually abundant lncRNA (in fact, the “A” in NEAT1 refers 321 

to “Abundant”), being expressed at levels that rival highly expressed housekeeping genes, such as 322 

GAPDH. 323 

The observation that the NEAT1-Integrator association is not disrupted in stressed cells may have 324 

important functional implications. We indeed showed that several components of Integrator 325 

colocalize with PS in stressed cells. PS assembly is thought to phase separate its content from the 326 

nucleoplasm  (19, 28) and thus Integrator recruitment to PS may affect its recruitment and activity at 327 

other loci. Paralleling this possibility, a comparable cross-regulation between TDP-43 and NEAT1/PS 328 

was recently shown to promote pluripotency-differentiation transition (15). In addition to repressing 329 

the formation of PS by enhancing the maturation of NEAT1_1, TDP-43 also regulates alternative 3’-330 
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end processing of transcripts encoding pluripotency factors, such as SOX2. PS sequesters TDP-43, 331 

just like Integrator, and thereby reduce its binding to polyadenylated RNAs to promote exit from 332 

pluripotency (15). In a similar way, sequestration of Integrator to PS may contribute to an overall 333 

decrease in the processing of small and/or enhancer RNAs in stressed cells and thereby cause an 334 

overall downregulation of gene expression and/or rewiring towards a “stress” transcriptome that help 335 

cells cope with (chemotherapy-induced) stress. In support of this hypothesis, our data show that the 336 

processing of two well-known Integrator targets RNU11 and RNU12 is compromised in cells exposed 337 

to HU and Nutlin-3a (Fig. 5B). Similarly, the 3’-end processing of the replication-dependent 338 

histones, previously shown to be affected by silencing of INTS3 (7) was also compromised in these 339 

experimental conditions (Fig. 5C). On the other end, overexpression of INT11 in condition of stress 340 

abolished the increase of NEAT1_2 and PS, and increased DNA damage, thus phenocopying the 341 

effects observed upon NEAT1_2 KD (Fig. 5G-H). This model is compatible with the switch from 342 

cell cycle arrest/dormancy to apoptotic cell death we observed in cancer cells exposed to 343 

chemotherapy following NEAT1_2 silencing (and PS disruption) and suggests a role for PS as key 344 

modulators of 3’-end RNA processing. 345 

Finally, our data also establish an important mechanistic link between Integrator and PS 346 

biology. Given the recently recognized role of PS as a modulator of cancer development and 347 

sensitivity to cancer therapy, our work therefore highlights the importance of studying Integrator in 348 

a cancer biology context. In keeping, we provide evidence that decreased expression of various 349 

components of the Integrator complex, and in particular its catalytic subunit INTS11, correlates 350 

with poorer clinical outcome for patients exposed to chemotherapy. These observations may 351 

ultimately bear important therapeutic implications. Indeed, agents that may increase either the half-352 

life or the recruitment of Integrator to the NEAT1 locus, or stimulate INTS11 catalytic activity, 353 

would be expected to impair PS formation and thereby increase chemosensitivity. 354 

 355 

 356 

 357 

 358 

 359 

 360 

 361 

 362 

 363 

 364 

 365 

 366 

 367 

 368 
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Materials and Methods 369 

 370 

Cell culture and cloning 371 

All cell lines were acquired from the LCG ATCC Cell Biology collection and kept in culture at 372 

37°C and 5% CO2 in medium supplemented with 1% penicillin and streptomycin (Invitrogen) 373 

and 10% FBS (Invitrogen). All cell lines tested negative for mycoplasma contamination. MCF-374 

7 breast cancer cell line was grown in RPMI 1640-glutamax (Gibco, Invitrogen) supplemented 375 

with 10µg/ml of insulin (Sigma, I9278). 376 

INTS11 and GFP inducible knockdown clones (HeLa cells) were established as previously 377 

described in (6). HeLa rescue cells were established by cloning the same shINTS11 sequence 378 

into Tet-pLKO-neo vector (Addgene) and single clones were selected with G418 (500μg/ml). 379 

shRNA-resistant N terminal Flag-tagged WT or E203Q mutant INTS11 cDNA (5) were cloned 380 

into Cumate-pLenti-Cloning-2A-GFP vector (ABM Inc.), and transfected into a shINTS11-Tet-381 

pLKO-neo single clone. Stable cell lines were maintained in puromycin (2μg/ml) and G418 382 

(200μg/ml) containing DMEM medium. Knockdowns were induced by adding of 1μg/ml 383 

doxycycline (Dox) into the culture medium daily for 3 days.  384 

WT INTS11 cDNA was cloned into a VP16 plasmid (Addgene) to transiently overexpress (OE) 385 

INTS11 in MCF-7 cells to perform rescue experiments.  386 

 387 

Cell transfections 388 

For transient knockdown experiments MCF-7 cells were seeded in 6 well plates (200,000 389 

cells/well) and transfected with Lipofectamine RNAiMax (Thermo Fisher Scientific) according 390 

to the manufacturer instructions, using 30nM of siNEAT1 or siNEAT1_2 siPOOLs (siTOOLS 391 

Biotech), or 35nM of ON-TARGET plus siCPSF3L (siINTS11 - Dharmacon). Transient 392 

transfections with the plasmid of interest were performed in 6 well plates (120,000 cells/well) 393 

using Lipofectamine 2000 (Thermo Fisher Scientific) according to the manufacturer 394 

instructions. We transfected either 10µg of DNA for the pVP16-INTS11 overexpression 395 

construct, or 60µg of DNA for the U7-GFP reporter construct (30). Cell media was refreshed 396 

after 8h from transfection and treatments started 24h post transfection. 397 

 398 

Cell treatments 399 

MCF-7 cells were treated with 5µM of Nutlin-3a (Sellekchem) for 24 hours, or with 1mM 400 

hydroxyurea (HU) (Sigma) for 44 hours. For Actinomycin D experiments in Fig. 3B and Fig. 4B, 401 

MCF-7 cells were seeded in 6 well plates (180,000 cells/well) and exposed to 1 hour pulse of 3µM 402 



Science Advances                                               Manuscript Template                                                                           Page 13 of 41 
 

Actinomycin D (Sigma) 24 hours after seeding. After two washes in PBS cells were treated with 403 

either DMSO (vehicle), 5µM Nutlin-3a, or 1mM HU for 24 hours. RNA was extracted with TRIzol 404 

lysis reagent (Qiagen), according to the manufacturer instructions, and DNAse treated to measure 405 

the transcript levels of the ribosomal RNA 16S, the lncRNA NEAT1 (NEAT1) and its long form 406 

specifically (NEAT1_2), and SRSF1 (used here as positive control) by RT-qPCR.  407 

In the rescue experiments cells were first transfected with either INTS11 overexpressing construct, 408 

or with siN1_2 siPooLs, and then continuously treated with DMSO, Nutlin-3a (5µM) or HU 409 

(1mM) for 24 hours (rescue with siN1_2), or 72 hours (rescue with INTS11 OE plasmid). For 410 

the RNA read-through experiments of Fig. 5B-C, MCF-7 cells were either transfected with 35nM 411 

of ON-TARGET plus against CPSF3L (siINTS11) or exposed to stress for 108h (5µM Nutlin-412 

3a or 1mM HU). 413 

 414 

Cell fractionation 415 

Nuclear and cytoplasmic extracts were prepared from 15-cm plates using the Nuclei EZ prep kit 416 

(Sigma-Aldrich) according to the manufacturer’s instructions. The quality of the nuclear isolation 417 

was verified by RT-qPCR, assessing the cytoplasmic RNA encoding the 40S ribosomal protein S14, 418 

the exclusively nuclear non-coding RNAs NEAT1 and MALAT1.  419 

 420 

RNA Antisense Purification (RAP) and quantitative label-free Mass Spectrometry (MS) 421 

Briefly, for antisense purification of the protein interactors of NEAT1, 100μg of Streptavidin 422 

Sepharose High Performance beads (GE Healthcare) were coupled overnight at 4°C to 800pmol 423 

of biotinylated RAP probes against the 5’ portion of the NEAT1 transcript (N1_5’ - Biosearch 424 

Technologies) or RAP probes designed against the melanoma-specific LINC00698 (Ctrl - 425 

Biosearch Technologies). MCF-7 breast cancer cells (1.5 × 107 cells per treatment) were washed 426 

twice in PBS and UV crosslinked dry at 400mj/cm2 with a CL-1000 Crosslinker (254 nm lamp). 427 

After performing cell fractionation as indicated above, nuclei were lysed in pull-down buffer 428 

(20mM Tris-HCl pH 8.0, 200mM NaCl, 2.5mM MgCl2, 0.05% Triton X-100 in DEPC water) 429 

supplemented with a cocktail of protease inhibitors (Halt Protease and Phosphatase Inhibitor 430 

Single-Use Cocktail (100X) – Thermo Fisher), 1mM dithiothreitol and 60U/ml of SUPERase• In™ 431 

RNase Inhibitor (Life Technologies). Lysates were incubated with the beads coupled to the RAP 432 

probes at 4°C for 3 hours. Beads were rinsed 3 times with pull-down buffer and twice with 433 

DEPC-treated water. For mass spectrometry analysis proteins were rinsed in 434 

trypsin digestion buffer (20mM Tris-HCl pH 8.0, 2mM CaCl2) and eluted by on-beads digestion 435 

with 1µg of trypsin (Promega) over night at 37°C. Peptides were purified with OMIX tips (C18 436 
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resin) and dried to be stored till MS analysis (see LC-MS/MS analysis paragraph). For western blot, 437 

proteins were directly eluted in 30µl of Laemmli-buffer supplemented with TCEP, boiled for 15 438 

minutes at 95°C and stored at -80°C. For RNA elution samples were first decrosslinked at 56°C in 439 

decrosslinking buffer (100mM Tris-HCl pH 7.5, 50mM NaCl, 10mM EDTA, 0.5% SDS) with 440 

Proteinase K (Roche) to a final working concentration of 2 mg/ml for 30-40 minutes, and then 441 

extracted in TRIzol – clorophorm and precipitated overnight at -80°C in 1/10th (v/v) NaCl and EtOH 442 

100%. The purified RNA was treated with DNAse, measured with a nanodrop, and stored at -80°C. 443 

 444 

LC−MS/MS analysis 445 

The cleaned peptide mixtures were dried completely and re-suspended in 20µl loading solvent 446 

(0.1% TFA in water/acetonitrile, 2/98 (v/v)). 2µl of the peptide mixtures were analyzed by 447 

LC−MS/MS on an Ultimate 3000 RSLC nano LC (Thermo Fisher Scientific, Bremen, Germany) 448 

in-line connected to a Q Exactive mass spectrometer (Thermo Fisher Scientific). Peptides were 449 

separated with a linear gradient at 300nl/min from 98% solvent A (0.1% formic acid in water) to 450 

55% solvent B (0.1% formic acid in water/acetonitrile, 20/80 (v/v)) in 120 min before ultimately 451 

reaching 99% solvent B. The mass spectrometer was operated in data-dependent, positive ionization 452 

mode, automatically switching between MS and MS/MS acquisition for the 10 most abundant peaks 453 

in a given MS spectrum. 454 

 455 

Proteomics data analysis 456 

Data analysis was performed with MaxQuant (version 1.5.4.1) using the Andromeda search engine 457 

with default search settings including a false discovery rate set at 1% on both the peptide and protein 458 

level. Spectra were searched against human proteins in the UniProt/Swiss-Prot database (database 459 

release version of August 2016 containing 20,210 human protein sequences, www.uniprot.org). 460 

The mass tolerance for precursor and fragment ions was set to 20 and 4.5 ppm, respectively, during 461 

the main search. Enzyme specificity was set to C-terminal to arginine and lysine, also allowing 462 

cleavage at arginine/lysine-proline bonds with a maximum of two missed cleavages. Variable 463 

modifications were set to oxidation of methionine (to sulfoxides) and acetylation of protein N-464 

termini. A minimum of one peptide was required for protein identification. We allowed for 465 

matching between runs using a 1 minute match time window and a 20 minute alignment time 466 

window. Proteins were quantified by the MaxLFQ algorithm integrated in the MaxQuant software. 467 

A minimum ratio count of two unique or razor peptides was required for quantification.  468 

Further data analysis was performed with the Perseus software (version 1.5.5.3) loading the protein 469 

groups file from MaxQuant. First, proteins only identified by site, reverse database hits and 470 
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potential contaminants were removed. The LFQ intensities were Log2 transformed, the replicate 471 

samples were grouped and protein groups with less than 3 valid values in at least one group were 472 

removed. Missing values were then imputed with values from the lower part of the normal 473 

distribution representing the detection limit, leading to a list of 1063 reliably quantified proteins. 474 

Moreover, we filtered out proteins identified by less than 3 peptides (n=995). Then, a t-test was 475 

performed (FDR=0.05) to compare the RAP N1_5’ with the RAP Ctrl samples and generate the 476 

volcano plots depicted in Fig. 1E, Fig. 3C, Fig. 4C and fig. S2C and fig. S2E. Of the 995 quantified 477 

protein candidates, 698 candidates were enriched by N1_5’ RAP probes. Significantly enriched 478 

proteins (p value<0.05) with a N1_5’/Ctrl fold change >1.6 (arbitrary cut-off) were considered as 479 

highly confident NEAT1 interaction partners (table S1, S3, S4).  480 

PCA analysis: ellipses represent 95% confidence intervals, around each cluster’s centroid, 481 

calculated using Hotelling’s T2
 statistics. The axes are the respective first and second principal 482 

components (PCs) with the percent variance captured by each PC in the parentheses. The figure 483 

was generated in R using the “factoextra” package. 484 

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium 485 

via the PRIDE partner repository with the dataset identifier PXD015158. 486 

 487 

RIP 488 

RNA ImmunoPrecipitation (RIP) was performed on freshly isolated nuclei from MCF-7 cells (2.5 489 

107 cells/sample) after UV-crosslinking with 0.4 J cm−2 of UV254 nm. Nuclei were lysed with 490 

polysome buffer (20mM Tris-HCl pH 8.0, 200mM NaCl, 2.5 mM MgCl2, 1% Triton X-100, DEPC 491 

water) supplemented with a cocktail of protease inhibitors (Halt Protease and Phosphatase 492 

Inhibitor Single-Use Cocktail (100X) - Thermo Fisher), 1mM dithiothreitol and 60U/ml of 493 

SUPERase• In™ RNase Inhibitor (Life Technologies), and precleared with protein A beads for 1h 494 

at 4°. RIP was performed overnight at 4 °C on a rotating wheel using 5µg of the specific antibody 495 

INTS11 (Sigma, A107128) or Normal rabbit IgG (Millipore, 12-370) used as control. On the 496 

following day 50µl of protein A Dynabeads (Invitrogen) were coupled to the antibody for 3h at 4°. 497 

The beads were rinsed 5 times with polysome buffer and split in two, to either elute proteins or 498 

RNA (see RAP protocol for elution steps). 499 

 500 

RT–qPCR 501 

Total RNA was extracted with TRIzol lysis reagent (Qiagen) according to the manufacturer 502 

instructions, DNAse treated and reverse transcribed using the High-Capacity complementary DNA 503 

Reverse Transcription Kit (Thermo Fisher Scientific). RNA expression levels were measured by 504 
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qPCR on a LightCycler 480 (Roche). Data was analyzed in qbase + 3.0 (Biogazelle) 505 

using HPRT1, TBP and GAPDH as reference genes. For the sequences of the RT qPCR primers see 506 

table S6. Primers for HIST transcripts (Fig. 5C) were taken from (7). 507 

 508 

RAP (and RIP) analysis 509 

The RAP (and RIP) efficiency was estimated by RT-qPCR starting from 0.2µg of RNA/sample. 510 

The enrichment of the gene of interest for the RAP (RIP) experiment (NEAT1 and NEAT1_2 511 

primers) was calculated applying the ∆(∆Ct) method. In brief, the Ct value of the RAP (RIP) elution 512 

was subtracted from the Ct value of the input for every gene, thus obtaining the ∆Ct for each gene 513 

in the RAP (RIP) sample. From the RAP (RIP) ∆Ct was subtracted the ∆Ct of the RAP control (Ctrl 514 

probes, targeting the melanoma-specific LINC00698), or of the Normal IgG (RIP), for every gene, 515 

thus obtaining the ∆(∆Ct). The equation “fold enrichment = 2−Δ(ΔCt)” was used to calculate the 516 

fold change for each gene and was plotted as such. 517 

 518 

Immunoblotting 519 

Cells were scraped on ice in RIPA buffer containing protease and phosphatase inhibitor cocktails 520 

(Thermo Fisher). The cell lysates were pushed through a 22-gauge needle with syringe five times 521 

and vortexed, incubated on ice for 10 minutes and then centrifuged at 21,000 × g for 15 minutes 522 

at 4°C. 30μg or 20µg of total protein lysate were loaded on NuPAGE Novex 4–12% Bis-Tris 523 

Protein Gels (Invitrogen) and probed with primary antibodies at 4°C overnight (see Antibodies 524 

paragraph below).  525 

 526 

eCLIP Assay 527 

eCLIP was performed in HeLa cells in duplicates as previously described in (26). In brief, 2 x 107 528 

cells were crosslinked by UV-C irradiation (254 nm, 400 mJ/cm2) and lysed on ice followed by 529 

sonication. Antibodies (INTS11: Abcam ab75276 or Sigma Prestige HPA029025) were incubated 530 

with Dynabeads™ M-280 Sheep Anti-Rabbit IgG (Invitrogen, 11204D) for 1 hour. After limiting 531 

RNase I (Ambion) digest in presence of DNase, the lysate was subjected to immunoprecipitation at 532 

4˚C for 16 hours. In the following, 2% of the lysate was removed for size-matched input control. 533 

IP efficiency and specificity were verified by immunoblot using 20% of the IP material. Co-534 

immunoprecipitated RNA was dephosphorylated, followed by 3’RNA adapter ligation using T4 535 

RNA Ligase (NEB). Input and IgG controls and INTS11-RNA complexes were run on a 536 

NuPAGETM 4-12% Bis-Tris Gel, transferred to nitrocellulose and cut from the membrane between 537 

65-145kDa. Protein-bound RNA was released from the membrane by Urea/ Proteinase K digest, 538 
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followed by acid Phenol/ Chloroform/ Isoamyl alcohol RNA extraction and purification using RNA 539 

Clean & Concentrator (Zymo Research). After reverse transcription (AffinityScript reverse 540 

transcriptase, Agilent), RNA was treated with exonuclease (ExoSAP-IT, Affymetrix) and removed 541 

by combined NaOH/ HCl treatment. A 3’Linker was ligated to the cDNA, and the resulting library 542 

was PCR amplified using Q5 Polymerase (NEB), purified and size selected for sequencing. Single-543 

end (SE100) sequencing was performed to an average of 40 million reads per sample using Illumina 544 

HiSeq 3000 sequencer. Data was processed according to (26), including removal of repetitive 545 

sequences prior to mapping against the human genome version hg19. eCLIP sequencing coverage 546 

of non-coding RNAs (MALAT1, RN7SL, TUG1, CRNDE, RNU11, NEAT1_1, NEAT1_2 only) was 547 

quantified using bigWigAverageOverBed (33). Mean eCLIP signal per transcript was normalized 548 

to the expression levels of the lncRNA based on total RNA-seq (with the NEAT1_2 transcript 549 

arbitrarily set to 1). Significant INTS11 binding compared to input was determined using the 550 

CLIPper tool with a threshold of Log2>3.7 and a p value<10-26 (34). 551 

 552 

RNA-sequencing 553 

~3x107 cells were used for total RNA extraction using TRIzol reagent (Thermo Fisher Scientific, 554 

#15596026) according to the manufacturer’s instructions. Genomic DNA was removed by Turbo 555 

DNAse treatment (Invitrogen, #AM1907).  Total RNA-seq libraries were produced using Truseq 556 

Stranded Total RNA library prep kit (Illumina, #20020596) with 500ng of DNAse-treated Input 557 

RNA. Genome-wide experiments were performed as two independent biological replicates. To 558 

avoid a batch effect in library preparation and sequencing flow cell, these replicates were processed 559 

together. Raw fastq RNA-seq data were processed with Trimmomatic v0.32 (35) and aligned to the 560 

human genome (hg19 version) using STAR aligner v2.5.3a (36) with default parameters. For 561 

visualization on the UCSC Genome Browser, all tracks were CPM (count per million) normalized 562 

against the total number of usable reads in that data set using deepTools2 (37). 563 

 564 

Small RNA analysis 565 

~3x108 cells were used for nuclear fractionation and RNA was extracted using TRIzol reagent 566 

(Thermo Fisher Scientific, #15596026) according to the manufacturer’s instructions. Genomic 567 

DNA was removed by Turbo DNAse treatment (Invitrogen, #AM1907). Small RNA libraries were 568 

prepared using the SMARTer smRNA-seq kit (Takara, #635030) with 750ng of Nuclear-enriched 569 

total RNA and the experiments were performed as two independent biological replicates. Raw fastq 570 

reads were then adapter trimmed (AAAAAAA) as recommend by SMARTer smRNA-seq kit 571 

(Takara, #635030) protocol using Cutadapt (v1.14) and reads less than 17bp were discarded.  First, 572 
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we aligned the reads against human elements in RepBase (v23.08) with STAR (v2.5.3a) (36)4), 573 

repeat-mapping reads were removed, all others were then mapped against the full human genome 574 

(hg19 version) and we keep all unique aligned reads. For visualization on the UCSC Genome 575 

Browser, all tracks were CPM (count per million) normalized against the total number of usable 576 

reads in that data set using deepTools2 (37). 577 

 578 

3’ end RNA- seq (3’ Quant-seq) and data analysis  579 

Total RNA was extracted and treated with TURBO DNase for 60min at 37°C. We used QuantSeq 580 

3’ mRNA-Seq Library Prep Kit REV (Lexogen) to prepare 3’ end libraries. 3’Quant-seq was 581 

performed on NEXTSeq 500 machine with single-end 75bp sequencing. For the data analysis we 582 

followed the Lexogen protocol. Briefly raw fastq data was processed with BBMap 583 

(https://sourceforge.net/projects/bbmap/) to remove the adapter contamination, polyA read through 584 

and low quality tails, and aligned to the human genome (hg19 version) using STAR aligner v2.5.3a 585 

(36) with the following parameters (– outFilterType BySJout – outFilterMultimapNmax 20 –586 

alignSJoverhangMin 8 – alignSJDBoverhangMin 1 – outFilterMismatchNmax 999 –587 

outFilterMismatchNoverLmax 0.1 – alignIntronMin 20 – alignIntronMax 1000000 –588 

alignMatesGapMax 1000000 – outSAMattributes NH HI NM MD). For visualization on the UCSC 589 

Genome Browser, all tracks were CPM (count per million) normalized against the total number of 590 

usable reads in that data set using deepTools2 (37). 591 

 592 

RNA–fluorescence in situ hybridization  593 

RNA–fluorescence in situ hybridization (FISH) was performed using Stellaris FISH probes 594 

(Biosearch Technologies) for human NEAT1: SMF-2036-1 for NEAT1_5 and VSMF-2251-5 for 595 

NEAT1_m. FISH was performed according to the manufacturer's protocol. In brief: cells were 596 

grown on slides (round cover glasses - VWR), fixed in 4% formaldehyde and permeabilized in 597 

EtOH 70% over night at 4°C. Cells can be stained within the following 2 weeks maximum. Cells 598 

were washed twice in PBS and incubated for 5 minutes in FISH washing buffer (2xSSC and 10% 599 

formamide). Hybridization of FISH probes was carried out overnight at 37°C in 2× SSC, 10% 600 

formamide and 10% dextran, in a dark humid chamber. After 3 washes with FISH washing buffer, 601 

slides were mounted in ProLong Gold Antifade Mountant with DAPI (Thermo Fisher Scientific) 602 

and images acquired on a confocal microscope Nikon C2. Imaging panels were prepared using 603 

Imaris 7.2.3 and ImageJ (plugins such as Interactive 3D surface plot and JACoP were used 604 

respectively to produce the 3D plots to show colocalization, and to quantify fluoresce and signal 605 

colocalization). 606 
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 607 

Immunofluorescence 608 

Cells were grown on slides, fixed in 4% formaldehyde and permeabilized in EtOH 70% over night 609 

at 4°C. Cells were washed twice in PBS and blocked for 1 hour in 3% BSA (Sigma-Aldrich), 10% 610 

goat serum (DAKO), 0.2% Triton X-100 (Sigma-Aldrich). Slides were incubated with primary 611 

antibodies at room temperature for 1 hour, washed 3 times in PBS and incubated with secondary 612 

antibodies, either anti-rabbit or anti-mouse AlexaFluor-488 or AlexaFluor-555 (Life 613 

Technologies) at room temperature for 45 minutes. After 3 washes in PBS, slides were mounted in 614 

ProLong Gold Antifade Mountant with DAPI (Thermo Fisher Scientific). Images were acquired 615 

on a confocal microscope Nikon C2. Imaging panels were prepared using Imaris 7.2.3 and ImageJ. 616 

 617 

Immunofluorescence combined to RNA FISH 618 

Cells were grown on slides and fixed in 4% PFA, permeabilized in EtOH 70% over night at 4°C 619 

and stained within the following 2 weeks maximum. The protocol for RNA FISH was performed 620 

first by incubation over night at 37°C with FISH probes (NEAT1_5 Quasar 560 and NEAT1_m 621 

Quasar 670). The following day cells were incubated 30 minutes in FISH wash buffer at 37°C, 622 

washed twice in PBS and fixed again at room temperature for 15 minutes in 2% PFA. After two 623 

washes in PBS cells were blocked for 1 hour in IF buffer: 3% BSA (Sigma-Aldrich), 10% goat 624 

serum (DAKO), 0.2% Triton X-100 (Sigma-Aldrich) and 60 U/ml of SUPERase• In™ RNase 625 

Inhibitor (Life Technologies), used also for further washes and antibody-incubations. Slides were 626 

incubated with the primary antibody for 1 hour at room temperature in the dark. After 3 washes, 627 

cells were incubated for 45 minutes in secondary antibody anti-mouse or anti-rabbit AlexaFluor-628 

488 (Life Technologies), washed again in PBS prior of mounting the slides with ProLong Gold 629 

Antifade Mountant with DAPI (Thermo Fisher Scientific). Images were acquired on a confocal 630 

microscope Nikon C2. Imaging panels were prepared using Imaris software 7.2.3 and ImageJ (the 631 

plugin Interactive 3D surface plot was used to produce the 3D plots to show colocalization; JACoP 632 

was used to quantify fluoresce and signal colocalization). 633 

 634 

Antibodies 635 

Western blotting experiments and/or IF and IF combined to FISH were performed using the 636 

following primary antibodies: PSPC1 (Sigma, SAB4200503), PSF (Sigma, P2860), FBXO11 637 

(Novus Biologicals, NB100-59826), TCF7L2 (Cell Signaling, 2565), CPSF1 (Santa Cruz, sc-638 

166281), CPSF2 (Santa Cruz, sc-165983), GAPDH (Abcam, ab9485), NONO (Bethyl, A300-639 

587A), TDP-43 (Proteintech, 12892-1 ap), CPSF3L or INTS11 (Sigma, A107128), INTS1 640 
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(Millipore),  INIP (C9orf80 (E-12), Santa Cruz, SC-137357), INTS3 (Bethyl, A300-427A), INTS6  641 

(Bethyl, A301-658A), INTS8 (Bethyl, A300-269A), p53-DOI (Santa Cruz, sc-126), p21 (Santa 642 

Cruz, sc-6246), phospho-γH2AX (Cell Signaling, 2577), Laminin A+C (Abcam, ab108922), 643 

vinculin (Sigma, V9131), GFP (Clontech, 632375), H3 (Abcam, ab1791). 644 

 645 

STochastic Optical Reconstruction Microscopy (STORM) 646 

Cells were seeded in ibidi µ slide 4 wells and, after the indicated treatments, fixed in 4% 647 

formaldehyde for 10 minutes at room temperature.  Cells were permeabilized in 0.5% Triton X-100 648 

for 15 minutes and incubated overnight at -20°C with the primary antibody (recombinant Anti-649 

nmt55 / p54nrb antibody, (Abcam, ab133574) at a dilution of 1:1500, and with INTS1 antibody 650 

(Millipore-sigma, MABS1984) at a dilution of 1:100.  Finally, samples were incubated for 30 651 

minutes at room temperature with the secondary antibodies diluted 1:500, JF646 anti-rabbit (Novus 652 

biologicals, NB7156JF646) and Alexa568 anti-mouse (Thermo-Fisher, A-11004). 653 

Imaging experiments were carried out with a Nikon eclipse Ti2 microscope equipped with Nikon 654 

Instruments (NSTORM). For two color dSTORM imaging, Janelia 646, and Alexa568 secondary 655 

antibodies were used with MEA STORM imaging buffer and were imaged continuously with 5000 656 

frames collected per filter range at a frequency of 20 ms. Images were acquired using a 100x, 1.49 657 

NA objective, and imaged onto a Hamamatsu C11440 ORCA-flash 4.0 camera. Storm localization 658 

analysis was carried out with Image J, thunderstorm plugin (1.3-2014-11-08). Molecule list files 659 

were then exported from Image J to be further analyzed using Coloc-Tesseler. Cluster analysis, 660 

specifically Voronoi function, was carried out after manually selecting regions of interest. For 661 

quantification, the whole image was compared versus the selected Region of interest (ROI, 1.5µm 662 

x 1.5µm) area of paraspeckle (high NONO signal) for all the treatment groups (at least 13 samples 663 

per group, we used 16 for HU).  A two-tailed t-test was performed using Graphpad prism 5. More 664 

detail on the analysis method have been published previously (38, 39). 665 

 666 

In silico survival analysis  667 

Gene expression data and the corresponding clinical information from 11 cancers were downloaded 668 

from TGCA repository using the GDCquery function of the TCGAbiolinks R package (40). These 669 

data were: breast cancer (BRCA), lung adenocarcinoma (LUAD), colon adenocarcinoma (COAD), 670 

glioblastoma (GBM), low grade glioma (LGG), liver hepatocellular carcinoma (LIHC), kidney renal 671 

cell carcinoma (KIRC), Adrenocortical carcinoma (ACC), skin cutaneous melanoma (SKCM) and 672 

ovarian cancer (OVC).  All the expression and clinical data were then merged and analyzed together 673 

excluding genes whose expression level was zero (0) in 50% of the samples. The data were 674 
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subsequently normalized using the voom normalization (41) and partitioned the data into “normal” 675 

and “tumor” samples based on the information provided with the clinical data. 676 

Differential expression was calculated based on Z-scores calculated on the basis of the difference 677 

between the means of the normal samples and those from tumor samples correcting for sample 678 

heterogeneity using the standard deviation across all genes. With this approach, we assigned 679 

differential expression to correspond to genes whose Z-scores were greater or less than ± 1.96 680 

respectively in line with classical z-statistical theory. We then used a univariate Kaplan-Meier survival 681 

analysis was conducted to test the effect of the levels of expression of each of the genes of interest 682 

(INTS6, INTS7, INTS8, INTS10, INTS11 and INTS12) on the overall survival of the patients that 683 

underwent chemotherapy treatment. In addition, we performed a multivariate Cox proportional 684 

hazards analysis to model the effects of Age, Stage, Race and Gender along with the expression levels 685 

of the genes on the overall survival. 686 

DNA microarray data (Affymetrix dataset) were downloaded from Gene Expression Omnibus (GEO) 687 

database repository. The data downloaded were GSE33113, GSE39582, GSE9195 and GSE6532 and 688 

GSE30161. They were pre-processed using standard tools for microarray data normalization available 689 

through the Affy Package in R (42). Given the lack of “normal” samples in these data, differential 690 

expression was calculated based, again, on the z-score assuming the global mean to represent the 691 

expression levels of “normal” samples. Kaplan-Meier survival analysis was conducted in a similar 692 

way to that described for TCGA data. 693 

The bar plots shown in Fig. 6B represent the Log2 fold changes of INTS10 and INTS11, and the 694 

corresponding fold changes for NEAT1_2 among respective samples. INTS10 and INTS11 “high” 695 

represents the samples for which the log fold changes of the INT subunit is greater than 1.96 (panel 696 

on the left), while INTS10 and INTS11 “low” represents log fold less than 1.96 (panel on the right). 697 

Fold changes were calculated using z-scores (as described above) to represent the classic null 698 

hypothesis of no overall fold change in the mean of all samples. A weighted average of all the 5 699 

NEAT1_2 Affymetrix probes was taken to represent the expression values for NEAT1_2. 700 

 701 

Statistical analysis 702 

The significance between means was determined by two-tailed paired Student′s t-test, or with a 703 

two-way analysis of variation (ANOVA) test. All p values are represented as follows: ns (not 704 

significant; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. All statistical analyses were 705 

performed with GraphPad Prism v7.0a.  706 
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Graphical output 707 

 Figure panels have been generated using Adobe Illustrator 22.1; scientific illustrations were created 708 

with the online web-based software BioRender (https://biorender.com/) and iStock 709 

(https://www.istockphoto.com/).  710 
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Fig. 1. NEAT1 interactome is enriched in 3’-end processing factors 927 
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 928 

(A) Scheme of the RAP-MS approach to study the protein interactome of the lncRNA NEAT1. 929 

MCF-7 cells were in vivo UV crosslinked and fractionated to isolate nuclei. Nuclear lysates were 930 

incubated with RAP biotinylated probes targeting either the melanoma-specific LINC00698 (Ctrl 931 

probes) or the 5’ region of NEAT1 capturing both short and long isoforms (N1_5’ probes). Protein 932 

interactors were eluted by on-bead digestion, and quantified by label-free mass spectrometry (MS). 933 

(B) RT-qPCR of the cytoplasmic and nuclear fractions of MCF-7 cells. Localization is shown as 934 

relative abundancy of each target in the cytoplasmic and in the nuclear fraction. We measured the 935 

cytoplasmic RNA encoding the 40S ribosomal protein S14, and the exclusively nuclear lncRNAs 936 

NEAT1 and MALAT1. (C) RT-qPCR to evaluate the efficiency of the RAP for NEAT1 transcript. 937 

RT-qPCR primers that detect both forms (NEAT1) and the long form specifically (NEAT1_2) were 938 

used. Three abundant transcripts, the lncRNA MALAT1 and the mRNAs TBP and HPRT1, are 939 

shown as negative controls. Error bars represent mean + SD, p values were calculated by two-way 940 

ANOVA, using 3 biological replicates. ****p<0.0001. (D) Venn diagram represents the overlap 941 

between NEAT1 protein partners previously identified (43) (in orange), and candidates identified 942 

in the present study as bona fide novel NEAT1 interactors (brown). In purple are shown the 34 943 

significantly enriched protein interactors of NEAT1 considered for further analysis, including 2 944 

known paraspeckle proteins. (E) The volcano plots indicate the interactors significantly enriched 945 

(t-test p value<0.05 and FC>1.6) by N1_5’ RAP probes. We highlight protein candidates in separate 946 

volcano plots grouping them by protein complexes. The x axis indicates the difference between 947 

N1_5’ and Ctrl RAP probes as a ratio N1_5’/Ctrl, in Log2 scale. The y axis is the – Log10 (t-test p 948 

value). (F) RAP-western blot experiments for the validation of novel NEAT1 protein interactors. 949 

Western blot was probed with the PS proteins PSF, PSPC1, NONO and TDP-43 (as positive 950 

controls) and the putative candidates of NEAT1: CPSF2, INTS3, INTS11, INIP, TCF7L2 and 951 

FBXO11. H3 detection is used as negative control. Input loaded on the gel was either 1% or 2% of 952 

the total nuclear lysate. 953 

 954 

 955 

 956 

 957 

 958 
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Fig. 2. Integrator is a novel NEAT1 interactor that restrains paraspeckle biogenesis 961 

 962 

(A) Schematic representation of the eCLIP approach. After UV crosslink, INTS11-RNA complexes 963 

were immunoprecipitated, separated by PAGE and transferred on nitrocellulose membrane. 964 

INTS11-RNA complexes (sizes 65-145 kDa) were extracted from the membrane, the RNA 965 

recovered and subjected to library preparation followed by sequencing. (B) Quantification of the 966 

eCLIP signal coverage of INTS11 and size-matched IgG (two replicates each) at the following loci: 967 

NEAT1_1 (5’ region) and at the region exclusive of NEAT1_2 (NEAT1_2 only), RNU11 a known 968 

target of INTS11 (here used as positive control), highly expressed ncRNAs such as RN7SL (3000-969 

fold higher expressed than NEAT1_2), the moderately expressed lncRNA MALAT1 (35-fold higher 970 

expressed than NEAT1_2), and low expressed lncRNAs TUG1 (0.5-fold) and CRNDE (0.1-fold). 971 

Normalization was performed relative to lncRNA expression levels based on RNA-seq. (C) RT-972 

qPCR of the RIP for INTS11 (and IgG as negative control) in freshly isolated nuclei of MCF-7 973 

cells. A significant enrichment in NEAT1 transcripts as well as RNU11 and RNU12 (positive 974 

controls) was detected. Error bars represent mean + SD, p values were calculated by two-way 975 

ANOVA, using 3 biological replicates. ****p<0.0001, **p<0.01. (D) eCLIP for INTS11 performed 976 

in biological duplicates in HeLa cells, with paired size IgG isotype at the NEAT1 locus was 977 

visualized in the UCSC genome browser (GRCh37/hg19). The binding site of INTS11 on NEAT1 978 

transcript was determined by CLIPper peak calling (using a cut off of an enrichment Log2>3.7 and 979 

a p value<10-26) and is indicated in pink. In the insert panel below we highlight the 3’end peak with 980 

the corresponding nt position annotated on the NEAT1 transcript. (E) FISH staining for NEAT1 981 

(both transcripts - red) and NEAT1_2 (long transcript – green) in HeLa stable cell lines expressing 982 

a doxycycline-inducible knock down of INTS11 (shINTS11) or Control (shCtrl). (F) UCSC 983 

genome browser (GRCh37/hg19) tracks derived from total RNA-seq (above) and small RNA-seq 984 

(below) data obtained in HeLa cells at the NEAT1 locus upon doxycycline induction of INTS11 985 

knock down (shINTS11) or  Control  (shCtrl). The blue shade indicates NEAT1 termination site. 986 

(G) Here the experiment described in (F), was performed in HeLa cells stably expressing a catalytic 987 

dead mutant of INTS11 (E203Q). HeLa cells stably expressing an empty vector (empty), or wild-988 

type INTS11 (WT) are shown as a control. (H) RT-qPCR of MCF-7 transiently transfected for 72 989 

hours with siRNA against INTS11. Relative abundancy of NEAT1 and NEAT1_2 transcripts, 990 

normalized on siC. Two well established Integrator targets (RNU11, RNU12) with their read-991 

through transcripts are also shown as positive controls. Error bars represent mean + SD, p values 992 

were calculated by two-tailed Student’s t-test, using 3 biological replicates. ****p<0.0001, 993 

***p<0.001. (I) Quantification of the signal intensity of the FISH staining for both forms of NEAT1 994 
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(FISH NEAT1) and specific for the long form NEAT1_2 (FISH NEAT1_2) in MCF-7 cells. A total 995 

of 25 cells were selected from 3 biological replicates. Error bars represent mean + SD, p values 996 

were calculated by paired two-tailed Student’s t-test. ****p<0.0001. (J) Immunofluorescence for 997 

the PS protein PSPC1 (green) combined to RNA FISH for NEAT1 isoforms (total NEAT1: red, 998 

NEAT1_2: magenta; nuclei are counterstained with DAPI, blue) in MCF-7 cells upon INTS11 999 

depletion. Scale bars are represented for both the full field image and for the insert panel. The last 1000 

right panel is a 3D representation of the cell shown in the insert panel, peaks represent signal 1001 

intensities at the site of colocalization. 1002 

 1003 

 1004 
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 1006 
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Fig. 3. NEAT1 interactors do not dissociate upon DNA damage-induced paraspeckle 1021 

formation 1022 

 1023 

(A) RNA FISH for NEAT1 isoforms (total NEAT1: red, NEAT1_2: green, nucleus: blue DAPI –1024 

panel above) and RNA-FISH combined to immunofluorescence (total NEAT1: red; NEAT1_2: 1025 

magenta; PSPC1: green; nucleus: blue DAPI – panel below) in MCF-7 cells exposed to the DNA 1026 

damaging agent HU (1mM for 44 hours). Scale bars are indicated. (B) RT-qPCR measures the 1027 

levels of total NEAT1 transcript (NEAT1) and of the long form (NEAT1_2), in MCF-7 exposed to 1028 

HU after a pulse treatment with 3µM of Actinomycin D (Pol II inhibitor). SRSF1 is used as positive 1029 

control and the ribosomal RNA 16S as negative control (transcribed by Pol I). Error bars represent 1030 

mean + SD, p values were calculated by two-way ANOVA, using 3 biological replicates. *p<0.05, 1031 

**p<0.01, ***p<0.001, ****p<0.0001. (C) Scheme of the RAP-MS experimental approach in 1032 

MCF-7 cells treated with 1mM of HU for 44 hours. In the volcano plots we separately highlight the 1033 

significantly enriched protein candidates (t-test p value<0.05 and FC>1.6) that are part of different 1034 

protein complexes. (D) RAP – western blot performed in MCF-7 cells exposed to 1mM of HU for 1035 

44 hours. RAP capture was performed with Ctrl probes, or N1_5’ probes for both forms of NEAT1. 1036 

Western blot was probed with the PS proteins PSF, PSPC1, NONO, TDP-43 (positive controls) and 1037 

the newly identified NEAT1 interactors: CPSF2, INTS3, INTS11, INIP, TCF7L2 and FBXO11. H3 1038 

is used as negative control. Input loaded is either 1% or 2% of the total nuclear lysate. (E) STORM 1039 

images of the PS protein NONO (red) and INTS1 (green) in MCF-7 cells treated with 1mM of HU 1040 

for 44 hours. Scale bars are indicated. Voronoi analysis of the colocalization between NONO (class 1041 

A) and INTS1 (class B). For quantification the whole image was compared to the selected Region 1042 

of interest (ROI, 1.5µm x 1.5µm) defining the area of the paraspeckle (high NONO signal), 13 1043 

images were acquired for DMSO (vehicle) and 16 images for HU.   1044 

 1045 

 1046 

 1047 

 1048 

 1049 

 1050 



Science Advances                                               Manuscript Template                                                                           Page 35 of 41 
 

 1051 

 1052 

 1053 



Science Advances                                               Manuscript Template                                                                           Page 36 of 41 
 

Fig. 4. NEAT1 interactome does not change upon paraspeckle induction driven by oncogenic 1054 

stress 1055 

 1056 

(A) RNA FISH for NEAT1 isoforms (total NEAT1: red; NEAT1_2: green; nucleus: blue DAPI) and 1057 

RNA-FISH combined to immunofluorescence (total NEAT1: red; NEAT1_2: magenta; PSPC1: 1058 

green; nucleus: blue DAPI) in MCF-7 cells exposed to Nutlin-3a (5µM for 24 hours). Scale bars 1059 

are represented. (B) RT-qPCR to measure the levels of total NEAT1 transcript (NEAT1) and of the 1060 

long form (NEAT1_2), in MCF-7 exposed to Nutlin-3a after a pulse treatment with 3µM of 1061 

Actinomycin D (RNA Pol II inhibitor). SRSF1 is used as positive control and the ribosomal RNA 1062 

16S as negative control (RNA Pol I transcript). Error bars represent mean + SD, p values were 1063 

calculated by two-way ANOVA using 3 biological replicates. *p<0.05, ***p<0.001, 1064 

****p<0.0001. (C) Scheme of the RAP-MS approach in MCF-7 cells treated with 5µM of Nutlin-1065 

3a for 24 hours. In volcano plots we separately highlight the significantly enriched protein 1066 

candidates (t-test p value<0.05 and FC>1.6) that are part of different protein complexes. (D) RAP 1067 

– western blot performed in MCF-7 cells exposed to 5µM of Nutlin-3a for 24 hours. RAP capture 1068 

was performed with Ctrl probes, or N1_5’ probes for both forms of NEAT1. Western blot was 1069 

probed with the PS proteins PSF, PSPC1, NONO, TDP-43 (positive controls) and the newly 1070 

identified NEAT1 interactors: CPSF2, INTS3, INTS11, INIP, TCF7L2 and FBXO11. H3 is used as 1071 

negative control. Input loaded is either 1% or 2% of the total nuclear lysate. (E) STORM images 1072 

of the PS protein NONO (red) and INTS1 (green) in MCF-7 cells treated with 5µM of Nutlin-3a 1073 

for 24 hours. Scale bars are indicated. Voronoi analysis of the colocalization between NONO (class 1074 

A) and INTS1 (class B). For quantification the whole image was compared versus the selected 1075 

Region of interest (ROI, 1.5µm x 1.5µm) defining the area of the paraspeckle (high NONO signal). 1076 

13 images were acquired for DMSO (vehicle) and 13 images for Nutlin-3a.   1077 
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Fig. 5. Stress compromises Integrator activity and determines read-through at target genes  1090 

 1091 

(A) (Left panel) RT-qPCR of MCF-7 cells exposed to either DMSO (vehicle), 5µM of Nutlin-3a 1092 

for 24h, or 1mM of HU for 44h, to measure the expression levels of all the integrator subunits. 1093 

Error bars represent mean + SD, p values were calculated by two-way ANOVA, using 3 biological 1094 

replicates (ns for all samples). (Right panel) Western blot analysis of total cell lysate or nuclear 1095 

extracts of MCF-7 cells, and detection of some Integrator subunits: INTS3, INTS11, INTS6, INIP 1096 

and INTS8. GAPDH and Laminin A+C are used as loading controls, p53, p21 and phospho-γH2AX 1097 

(p-γH2AX) confirm the efficacy of the treatment. (B-C) RT-qPCR of MCF-7 cells exposed to a 1098 

prolonged stress (108h - DMSO, HU or Nutlin-3a) or to INTS11 KD (siINTS11) to measure the 1099 

read-through effect on known targets of INTS11: RNU11 and RNU12 (B), and on the Histone 1100 

transcripts H2A, H2B, H3 and H4 (C). Primers recognize the total gene body, or a region 1101 

downstream of the 3’end, corresponding to the unprocessed long transcript. After normalization of 1102 

the expression levels on three housekeeping genes (TBP, HPRT1, GAPDH), ratios between read-1103 

through and gene body have been calculated and used to build the graph (unprocessed/gene body). 1104 

Error bars represent mean + SD, p values were calculated by two-way ANOVA using 3 biological 1105 

replicates. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ****p<0.0001, ns (not significant). (D) 1106 

RT-qPCR of MCF-7 cells overexpressing WT INTS11 (or empty vector as control) and constantly 1107 

exposed to prolonged stress (for 80 hours). Total NEAT1 and NEAT1_2 expression levels are 1108 

normalized on three housekeeping genes (TBP, HPRT1 and GAPDH) and represented relative to 1109 

the control condition (DMSO). Error bars represent mean + SD, p values were calculated by two-1110 

way ANOVA using 3 biological replicates. *p<0.05, ***p<0.001, ****p<0.0001. (E) Western blot 1111 

analysis shows the overexpression (OE) of WT INTS11 and the endogenous levels of INTS11. 1112 

Moreover p53, p21 and phospho-γH2AX (p-γH2AX) indicate the effect of the rescue of INTS11 1113 

expression on p53 activity and DNA damage; vinculin is used as loading control. (F) FISH staining 1114 

and relative quantification (biological triplicate) of NEAT1 (both transcripts – red) and NEAT1_2 1115 

(long transcript – green) in MCF-7 cells with WT INTS11 OE and exposure to prolonged stress. 1116 

Scale bar is indicated. Quantification of the FISH signal intensity for total NEAT1 and the long 1117 

NEAT1_2 is also shown. Error bars represent mean + SD, p values were calculated by two-way 1118 

ANOVA using 3 biological replicates. *p<0.05, **p<0.01. (G) RT-qPCR to measure NEAT1 and 1119 

NEAT1_2 in MCF-7 cells transiently transfected with siN1_2 and exposed to stress for 24 hours. 1120 

Expression levels are normalized on three housekeeping genes (TBP, HPRT1 and GAPDH) and 1121 

represented relative to the control condition (siC). Error bars represent mean + SD, p values were 1122 

calculated by two-way ANOVA using 3 biological replicates. *p<0.05, **p<0.01.  (H) Western 1123 
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blot analysis shows p53, p21 and phospho-γH2AX (p-γH2AX) to confirm the efficacy of the 1124 

treatments, GAPDH is used as loading control. 1125 

 1126 
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Fig. 6. Low levels of Integrator components correlate with poorer survival and response to 1128 

chemotherapy 1129 

 1130 

(A) Kaplan Meier (KM) survival curves of patients from the ovarian cancer Affymetrix cohort 1131 

(OVC, GSE30161). Patients treated with chemotherapy were selected and stratified based on the 1132 

expression levels of INTS11 and INTS10.The KM log-rank test p values are shown to indicate the 1133 

difference in overall survival between the patients with significantly low (and high) expression 1134 

levels of INT subunit. (B) Bar plots represent the log fold changes of INTS10 and INTS11, and the 1135 

corresponding fold changes for NEAT1_2 among respective samples.  The Integrator subunit (10 1136 

or 11) is considered “high/low” in samples for which the Log2 fold change is greater/less than ±1.96 1137 

respectively. Fold changes were calculated using z-scores to represent the classic null hypothesis 1138 

of no overall fold change in the mean of all samples (C) Kaplan Meier (KM) survival curve of 1139 

patients treated with chemotherapy from 11 epithelial cancer cohorts combined (TCGA database). 1140 

Patients were stratified in 3 groups based on the expression levels of INT subunits (blue=low, 1141 

black=intermediate, red=high). Graphs refer to the subunits INTS11 and INTS10, whose lower 1142 

expression levels significantly correlate with worse prognosis of chemo-treated patients. We also 1143 

indicate the p value of the Cox Analysis and the Hazard Ratio (HR) calculated for INTS11. (D) 1144 

Proposed model: Integrator restrains paraspeckles formation by promoting the processing of 1145 

NEAT1. 1146 
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Fig. S1. Integrator restrains paraspeckle assembly 6 

(A) PCA analysis of MS replicates in untreated MCF-7 cells: ellipses represent 95% confidence 7 

intervals, around each cluster’s centroid, calculated using Hotelling’s T2
 statistics. The axes are the 8 

respective first and second principal components (PCs) with the percent variance captured by each 9 

PC in the parentheses. (B) Western blot analysis of the RIP for INTS11 and IgG. 1% of nuclear 10 

extract (NE) was loaded on the gel. Membrane probed with INTS11, vinculin (used as negative 11 

control) and the known paraspeckle protein PSF. (C-E) Quantification of NEAT1 read-through 12 

(NEAT1_2/NEAT1) calculated using the FPKM values from 2 biological replicates for each 13 

condition. (D) 3’mRNA-seq shows specifically the region of NEAT1_1. A decrease in 3’ processing 14 

is detectable upon INTS11 KD, and is rescued by ectopic expression of wild-type INTS11 (WT) 15 

and not by expressing the catalytic dead mutant of INTS11 (E203Q). (F) UCSC genome browser 16 

(GRCh37/hg19) tracks derived from total RNA-seq data obtained in HeLa cells at the RNU11 locus 17 

(used as positive control). (G) Total RNA-seq of HeLa cells stably expressing a catalytic dead 18 

mutant of INTS11 (E203Q), an empty vector (empty), or wild-type INTS11 (WT) at the locus of 19 

RNU11. (H) Western blot analysis to detect MCF-7 total cell lysate, 72 hours post transfection with 20 

siRNA against INTS11 or control (siC). GAPDH is used as loading control; 20µg of protein lysate 21 

were loaded on the gel. (Panel below) RT-qPCR to evaluate INTS11 KD efficiency. (I) Signal 22 

quantification of FISH for NEAT1 isoforms combine to IF for PSPC1. For each condition (siC and 23 

siINTS11) a total of 25 cells were selected from biological triplicates and the colocalization 24 

between channels was quantified (coefficient of colocalization r). In the right panel a representative 25 

image of a cell, the dashed circle indicates the nucleus, individual channels are shown for PSPC1, 26 

NEAT1 and NEAT1_2.  27 



 28 

 29 



Fig. S2. NEAT1 interactors do not dissociate from PS under stress conditions 30 

(A) RT-qPCR to evaluate the efficiency of purification of NEAT1 transcripts by N1_5’ RAP probes 31 

as opposed to Ctrl probes, in MCF-7 cells exposed to 1mM of HU for 44 hours (or to 5µM of 32 

Nutlin-3a for 24 hours). Primers recognizing total NEAT1 (NEAT1) and primers specific for the 33 

long form of NEAT1 (NEAT1_2) are shown. Two abundant transcripts, the lncRNA MALAT1 and 34 

TBP mRNA, are shown as negative controls. Error bars represent mean + SD, p values were 35 

calculated by two-way ANOVA, using 3 biological replicates. ****p<0.0001. (B) Western blot 36 

analysis of cytoplasmic and nuclear extract (NE) of MCF-7 cells exposed to the abovementioned 37 

stresses. Laminin A+C and GAPDH are used as loading controls and show the purity of the 38 

fractionation, p53 and p21 confirm the efficacy of the treatments. (C) Volcano plot showing 39 

significant enrichment (t-test p value<0.05 and FC>1.6) of FBXO11 and CUL1 by N1_5’ RAP 40 

probes upon 1mM of HU treatment. (D) Immunofluorescence staining of four newly identified 41 

candidates (CPSF1, CPSF2, FBXO11 and TCF7L2 - green) and colocalization with paraspeckle 42 

protein PSPC1 (red) in MCF-7 cells exposed to HU. The nucleus is counterstained with DAPI 43 

(blue). The interactive 3D surface plot indicates as peaks the areas of signal colocalization. Scale 44 

bars are represented. (E) Volcano plot showing significant (t-test p value<0.05 and FC>1.6) 45 

enrichment of FBXO11 and CUL1 by N1_5’ RAP probes upon 5µM of Nutlin-3a treatment. (F) 46 

PCA of all RAP samples to show the consistency of the approach (G) Immunofluorescence staining 47 

of four newly identified candidates (CPSF1, CPSF2, FBXO11 and TCF7L2 - green) and 48 

colocalization with paraspeckle protein PSPC1 (red) in MCF-7 cells exposed to Nutlin-3a. The 49 

nucleus is counterstained with DAPI (blue). The interactive 3D surface plot indicates as peaks the 50 

areas of signal colocalization.  51 



 52 

 53 

Fig. S3. Stress causes read-through at INTS11 target genes 54 

(A) FISH staining for NEAT1 transcripts (red) in MCF-7 cells transiently transfected with the 55 

reporter construct U7-GFP to detect read-through (scheme of the construct on the right). 24h post 56 

transfection cells were exposed to prolonged treatment (108 hours) with DMSO, Nutlin-3a 5µM, 57 

HU 1mM, or to INTS11 KD. GFP intensity was visualized at the microscope and quantified. (B) 58 

RT-qPCR where INTS11 KD efficiency and GFP reporter expression is measured. (C) Western 59 

blot analysis to detect GFP and INTS11 protein levels, as well as p53, p21 and phospho-γH2AX 60 

(p-γH2AX) to confirm the efficacy of the treatments; vinculin is used as loading control. (D) RT-61 

qPCR of MCF-7 cells OE WT INTS11 and exposed to 80 hours of stress. Error bars represent mean 62 

+ SD, p values were calculated by paired two-tailed Student’s t-test. * p<0.05; ****p<0.0001. 63 



 64 

Fig. S4. Integrator levels correlate with survival and response to chemotherapy 65 

Kaplan Meier (KM) survival curve of patients treated with chemotherapy from 11 epithelial cancer 66 

cohorts combined (TCGA database). Patients are stratified in 3 groups based on the expression 67 

levels of INT subunits (blue=low, black=intermediate, red=high). Graphs refer to the subunits 68 

INTS6, INTS7, INTS8, INTS12 whose lower expression levels significantly correlate with worse 69 

prognosis of chemo-treated patients.  70 
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Additional files that cannot be embedded into this Word files are the following data files (excel 81 

tables) 82 

 83 

Table S1. List of the 34 significant candidates (t-test p value<0.05 and FC>1.6) quantified by RAP-84 

MS in unstimulated MCF-7 cells.  85 

 86 

Table S2. Gene Ontology (GO) Analysis for “Biological Processes” using the Search Tool for 87 

Recurring Instances of Neighboring Genes (STRING; https://string-db.org). Performed using the 88 

34 significantly enriched NEAT1 protein interactors (t-test p value<0.05 and FC>1.6, see 89 

Supplementary Table 1) quantified by RAP-MS approach, this analysis indicates that the majority 90 

of NEAT1 interactors are mainly involved in key aspects of RNA biogenesis and processing. 91 

 92 

Table S3. List of the protein candidates quantified by RAP-MS in MCF-7 cells treated with 1mM 93 

HU for 44 hours.  94 

 95 

Table S4. List of the candidates quantified by RAP-MS in MCF-7 cells treated with 5µM of Nutlin-96 

3a for 24 hours. 97 

 98 

Table S5. In silico analysis.  99 

- “TCGA Cox Analysis” sheet: multivariate analysis using the Cox proportional hazards model 100 

on 11 combined TCGA epithelial cancer types. In addition to gene expression levels, we 101 

adjusted for the effect of other risk factors (covariates) such as age, race, stage and gender. 102 

Highlighted in bold the subunits with both a p value<0.05 and HR>1 (increase in hazard). 103 

- “Affymetrix” sheet: Kaplan Meier (KM) survival analysis performed individually on the 104 

following Affymetrix cohorts of patients treated with chemotherapy: 2 colorectal cancers 105 

(CRC), 3 breast cancers (BRCA) and 1 ovarian cancer (OVC). Highlighted in bold the INT 106 

subunits with KM p value<0.05. 107 

 108 

Table S6. Sequence of the RT-qPCR primers.  109 

 110 


