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Highlights 
 

• Induction of lncRNA Neat1 and paraspeckle formation correlates with activation of 
IRES-dependent translation in hypoxic cardiomyocytes.  

 
• Neat1, an essential paraspeckle component, is the key IRES trans-acting factor (ITAF) 

of (lymph)angiogenic and cardioprotective factor mRNA IRESs. 
 

• Paraspeckle proteins p54nrb and PSPC1 as well as nucleolin and Rps2, two p54nrb-
interacting proteins, are ITAFs of IRES subgroups. 
 

• Paraspeckle appears as a platform for IRESome formation in nucleus. 
 

• The Neat1_2 isoform plays a pivotal role in translation of mRNA containing IRESs and 
of genes involved in the stress response. 
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SUMMARY  

Internal ribosome entry sites (IRESs) drive translation initiation during stress. In response to 
hypoxia, (lymph)angiogenic factors responsible for tissue revascularization in ischemic 
diseases are induced by the IRES-dependent mechanism. Here we searched for IRES trans-
acting factors (ITAFs) active in early hypoxia in mouse cardiomyocytes. Using knock-down 
and proteomics approaches, we show a link between a stressed-induced nuclear body, the 
paraspeckle, and IRES-dependent translation. Our data reveal that the long non-coding RNA 
Neat1, an essential paraspeckle component, is a key translational regulator, active on IRESs of 
(lymph)angiogenic and cardioprotective factor mRNAs. In addition, paraspeckle proteins p54nrb and 
PSPC1 as well as nucleolin and Rps2, two p54nrb-interacting proteins identified by mass 
spectrometry, are ITAFs for IRES subgroups. Paraspeckle thus appears as the site of IRESome 
assembly in the nucleus. Polysome PCR array shows that the Neat1_2 isoform widely affects 
translation of mRNAs containing IRESs, involved in stress response, angiogenesis or 
cardioprotection. 
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INTRODUCTION 
 
Cell stress triggers major changes in the control of gene expression at the transcriptional and 
post-transcriptional levels. One of the main responses to stress is the blockade of global 
translation allowing cell to save energy. This process results from inactivation of the canonical 
cap-dependent mechanism of translation initiation (Holcik and Sonenberg, 2005). However, 
translation of specific mRNAs is maintained or even increased during stress via alternative 
mechanisms of translation initiation. One of these mechanisms involves internal ribosome entry 
sites (IRES), structural elements mostly present in the 5’ untranslated regions of specific 
mRNAs, which drive the internal recruitment of ribosomes onto mRNA and promote cap-
independent translation initiation (Godet et al., 2019). 
Hypoxia, or the lack of oxygen, is a major stress occurring in pathologies such as cancer and 
cardiovascular diseases (Pouysségur et al., 2006). In particular, in ischemic heart failure disease, 
coronary artery branch occlusion exposes cardiac cells to hypoxic conditions. The cell response 
to hypoxia induces angiogenesis and lymphangiogenesis to reperfuse the stressed tissue with 
new vessels and allow cell survival (Morfoisse et al., 2014; Pouysségur et al., 2006; Tatin et al., 
2017). The well-known response to hypoxia is the transcriptional induction of specific genes 
under the control of the hypoxia-induced factors 1 and 2 (HIF1, HIF2) (Hu et al., 2003; Koh et 
al., 2011). However we have recently reported that most mRNAs coding (lymph)angiogenic 
growth factors are induced at the translatome level in hypoxic cardiomyocytes (Hantelys et al., 
2019). Expression of these factors allows the recovery of functional blood and lymphatic 
vasculature in ischemic diseases including myocardial infarction (Tatin et al., 2017; Ylä-
Herttuala & Baker, 2017). The mRNAs of the major (lymph)angiogenic growth factors 
belonging to the fibroblast growth factor (FGF) and vascular endothelial growth factor (VEGF) 
families all contain IRESs that are activated in early hypoxia (Morfoisse et al., 2014; Hantelys 
et al., 2019).  
IRES-dependent translation is regulated by IRES trans-acting factors (ITAFs) that are in most 
cases RNA-binding proteins acting as positive or negative regulators. A given ITAF can 
regulate several IRESs, while a given IRES is often regulated by several ITAFs (Godet et al., 
2019), depending on the cell type or physiology. This has led to the concept of IRESome, a 
multi-partner ribonucleic complex allowing ribosome recruitment onto the mRNA via the IRES. 
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ITAFs often exhibit several functions in addition to their ability to control translation. Many of 
them play a role in alternative splicing, transcription, ribosome biogenesis or RNA stability 
(Godet et al., 2019). Clearly, a large part of ITAFs are nuclear proteins able to shuttle between 
nucleus and cytoplasm. Previous data have also shown that a nuclear event is important for 
cellular IRES activity, leading to the hypothesis of IRESome formation in nucleus (Ainaoui et 
al., 2015; Semler & Waterman, 2008; Stoneley et al., 2000).  
Interestingly, several ITAFs are components of a nuclear body, the paraspeckle, formed in 
response to stress (Choudhry et al., 2015; Fox et al., 2002). These ITAFs include several 
hnRNPs, as well as major paraspeckle proteins such as P54nrb nuclear RNA binding 
(P54nrb/NONO) and splicing factor proline and glutamine rich (SFPQ/PSF). P54nrb and SFPQ 
belong to the family of drosophila melanogaster behavior and human splicing (DBHS) proteins 
whose third member is the paraspeckle protein C1 (PSPC1). P54nrb and SFPQ are essential for 
paraspeckle formation while PSPC1 is not. These three DBHS proteins are known to interact 
with each other and to function in heteroduplexes (Fox et al., 2005; Lee et al., 2015; Passon et 
al., 2012). In addition, P54nrb and SFPQ interact with the long non-coding RNA (lncRNA) 
Neat1 (nuclear enriched abundant transcript 1), that constitutes the skeleton of the paraspeckle 
(Clemson et al., 2009; Sunwoo et al., 2009). This lncRNA, a paraspeckle essential component, 
is present as two isoforms Neat1_1 and Neat1_2 whose sizes in mouse are 3.2 and 20.8 
kilobases, respectively (Sunwoo et al., 2009). Its transcription is induced during hypoxia by 
HIF2 and promotes paraspeckle formation (Choudhry et al., 2015). Neat1 is overexpressed in 
many cancers (Yang et al., 2017). Recently, its induction by hypoxia has been shown in 
cardiomyocytes where it plays a role in cell survival (Kenneweg et al., 2019).  
According to previous reports, paraspeckle is able to control gene expression via the retention 
of edited mRNAs and transcription factors (Hirose et al., 2014; Imamura et al., 2014; Prasanth 
et al., 2005). In 2017, Shen et al. have also shown that the paraspeckle might inhibit translation 
by sequestering p54nrb and SFPQ which are ITAFs of the c-myc IRES (Shen et al., 2017). 
In this study we were interested in finding new ITAFs responsible for the activation of 
(lymph)angiogenic factor mRNA IRESs in HL-1 cardiomyocytes, during early hypoxia. We 
have previously shown that the two paraspeckle proteins p54nrb and hnRNPM are ITAFs, 
activators of the FGF1 IRES during myoblast differentiation (Ainaoui et al., 2015). This incited 
us to investigate the potential role of the paraspeckle and of Neat1 in the control of IRES-
dependent translation in hypoxic cardiomyocytes. We show here that Neat1 expression and 
paraspeckle formation are correlated with the activation of the FGF1 IRES during hypoxia. 
Furthermore the knock-down of p54nrb, PSPC1 or Neat1 generates a decrease in FGF1 IRES 
activity and in endogenous FGF1 expression. By quantitative mass spectrometry analysis of the 
p54nrb interactome, we identified two additional ITAFs able to control the FGF1 IRES activity: 
nucleolin and the ribosomal protein Rps2. Analysis of IRESs in the knock-down experiments 
showed that p54nrb and PSPC1 are activator of several but not all other IRESs of 
(lymph)angiogenic and cardioprotective factor mRNAs whereas Neat1 appears as a strong 
activator of all the cellular IRESs tested. The data suggest that the paraspeckle, via Neat1 and 
several protein components would be the site of IRESome assembly in the nucleus. Polysome 
PCR array reveals that Neat1_2 isoform activates the translation of most IRES-containing 
mRNAs and of several mRNA families involved in hypoxic response, angiogenesis and 
cardioprotection. 
 
RESULTS  
 
FGF1 IRES activation during hypoxia correlates with paraspeckle formation and with 
Neat1 induction. 
In order to analyze the regulation of IRES activity during hypoxia, HL-1 cardiomyocytes were 
transduced with the “Lucky Luke” bicistronic lentivector validated in our previous reports, 
containing the renilla luciferase (LucR) and firefly luciferase (LucF) genes separated by the   
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Figure 1. FGF1 IRES activation during hypoxia correlates with Neat1 induction and paraspeckle formation. 
(A) Schema depicting the Lucky Luke bicitronic construct and HL-1 cell transduced by a lentivector carrying the 
transgene. The LucF/LucR ratio indicates the IRES activity. 
(B) Activity of the human FGF1 IRES in  HL-1 cardiomyocytes at 4 h, 8 h or 24 h of hypoxia normalized to 
normoxia.  
(C) Detection of endogenous mouse FGF1 by capillary Simple Western in normoxic and hypoxic (2 h) 
cardiomyocytes. The curve corresponds to chemiluminescence signal detected with FGF1 antibody. A numerical 
blot is represented. Below the blot is shown the quantification of FGF1 normalized to total proteins and to control 
gapmer. Total proteins are detected by a dedicated channel in capillary Simple Western. 
(D)  HL-1 cells were subjected to normoxia (0 h) or to hypoxia during 4 h, 8 h and 24 h. Neat1 and Neat1_2 
expression was analyzed by droplet digital PCR (Primer sequences in Table S1). RNA expression is normalized 
to normoxia time point.  
(E) Schema depicting the Neat1 mouse gene and the Neat1_1 and Neat1_2 RNA isoform carrying a poly(A) tail 
or a triple helix, respectively. Black arrowheads represent FISH probes against Neat1 and Neat1_2 (sequences in 
Table S1). 
(F-K) Neat1 (F) or Neat1_2 (I) FISH labelling in  HL-1 cardiomyocytes in normoxia or at 4 h, 8 h and 24 h of 1% 
O2. DAPI staining is represented in blue and Neat1 or Neat1_2 cy3 labelling in red. Nuclei are delimited by dotted 
lines. Scale bar=10µm. 
(G and J) Quantification of Neat1 (G) or Neat1_2 (J) foci per cell by automated counting (ImageJ).  
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(H and K) Percentage of cell harboring at least one focus of Neat1 (H) or Neat1_2 (K); Histograms correspond to 
means + standard deviation, with Mann-Whitney (n=12) (B) or one way ANOVA (G-H, n=269-453 ) and (J-K, 
n=342-499); **p<0.01, ***<0.001, ****p<0.0001. 
 
FGF1 IRES (Créancier et al., 2000, Hantelys, 2019) (Fig. 1A). In this construct, the first cistron 
LucR is expressed in a cap-dependent manner and the second cistron LucF is under the control 
of the IRES. The ratio LucF/LucR reflects the IRES activity.  
The ratios LucF/LucR were measured in HL-1 cells subjected to hypoxia during 4 h, 8 h or 24 
h, revealing a significant activation of the FGF1 IRES and induction of endogenous FGF1 after 
4 h of hypoxia, as previously shown (Hantelys et al., 2019) (Fig. 1B and 1C). Neat1 and 
Neat1_2 expression in cells was measured by reverse transcription and droplet digital PCR (RT 
ddPCR), showing an increase of Neat1 and Neat1_2 at 4 h with a peak of expression of Neat1 
at 8 h of hypoxia, while the peak of expression of Neat1_2 was observed after 4 h of hypoxia 
(Fig. 1D). The same data were also obtained by classical RT-qPCR (data not shown), in 
agreement with our previous report showing Neat1 induction by hypoxia in HL-1 cells 
(Hantelys et al., 2019).  
In parallel, paraspeckle formation was studied by fluorescent in situ hybridization (FISH) 
targeting the non-coding RNA Neat 1, considered as the main marker of paraspeckles. The 
fluorescent probes targeted either the common part of the two Neat1 isoforms, or only the large 
isoform Neat1_2 (Fig. 1E). After 4 h of hypoxia, the number of foci increased and reached 2 
foci per cell in average, while the number of cells containing at least one focus shifted from 20% 
to 70% (Fig. 1F-K, Fig. S1). This was observed with both Neat1 and Neat1_2 probes. The 
values observed at 4 h did not change after 8 h and 24 h of hypoxia with the Neat1 probe (Fig. 
1F-H). In contrast, the number of foci containing Neat1_2 decreased after longer times of 
hypoxia: at 8 h and 24 h, the number of foci per cell reached 1 and 0.5 while only 50% and 40% 
of the cells contained at least one focus, respectively (Fig. 1I-K). 
These data revealed that FGF1 IRES activation correlates with the increase in Neat1 expression 
and paraspeckle formation after 4 h of hypoxia in HL-1 cardiomyocytes. This correlation fits 
better with Neat1_2 than with the total Neat1, suggesting a link between expression of the long 
Neat1 isoform and IRES activation.  
 
LncRNA Neat1 knock-down drastically affects the FGF1 IRES activity and endogenous 
FGF1 expression. 
To determine whether Neat1 could have a role in the regulation of FGF1 IRES activity, we 
depleted HL-1 for this non-coding RNA using locked nucleic acid (LNA) gapmers, antisense 
modified oligonucleotides described for their efficiency in knocking-down nuclear RNAs. HL-
1 cells transduced with the bicistronic vector were transfected with a pool of gapmer targeting 
Neat1 and with a control gapmer (Table S1). The knock-down efficiency was measured by 
smiFISH and ddPCR and showed a decrease in the number of paraspeckle, which shifted from 
5 to 2 foci per cell (Fig. 2A-B, Fig. S2). In these experiments the number of paraspeckles was 
high in normoxia (almost 5 foci per cell), suggesting that cells were already stressed by the 
gapmer treatment, before being submitted to hypoxia. 
To evaluate the IRES activity, the ratio LucF/LucR was measured in normoxia or after 4 h of 
hypoxia, revealing that the IRES activity decreased by two times upon Neat1 depletion (Fig. 
2C, Table S2). This effect was also observed on endogenous FGF1 protein expression, 
measured by capillary Simple Western, which decreased by three times (Fig. 2D). 
These data suggested that Neat1 regulates FGF1 expression, and acts as an ITAF of the FGF1 
IRES. 
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Figure 2. LncRNA NEAT1 knock-down 
drastically affects the FGF1 IRES activity and 
endogenous FGF1 expression. 
(A) SmiFISH imaging of Neat1 knock-down by 
a pool of gapmers targeting both isoforms 
(Sequences in Table S1C). Scale	bar=10µm 
(B) Neat1 foci counting per cell for the control 
gapmer and Neat1 LNA gapmer pool, using 
unpaired two-tailed student t-test with n=249 for 
control and 187 for Neat1 gapmer LNA.  
(C) FGF1 IRES activities in HL-1 cells 
transduced with Lucky Luke bicistronic reporter 
and treated with gapmer Neat1 or control during 
normoxia or hypoxia (1% O2). Histograms 
correspond to means + standard deviation of the 
mean. Non parametric Mann-Withney test was 
performed with n=9. *p<0.05, ***<0.001, 
****p<0.0001. For each IRES the mean has been 
calculated with nine cell culture biological 
replicates, each of them being already the mean 
of three technical replicates (27 technical 
replicates in total). Detailed values of biological 
replicates are presented in Table S2. 
 (D) Detection of endogenous mouse FGF1 by 
capillary Simple Western. The curve corresponds 
to chemiluminescence signal detected with FGF1 
antibody. A numerical blot is represented. Below 
the blot is shown the quantification of FGF1 
normalized to total proteins and to control 
gapmer. Total proteins are detected by a 
dedicated channel in capillary Simple Western. 
	
	

 
Paraspeckle proteins P54nrb and PSCP1, but not SFPQ, are ITAFs of the FGF1 IRES. 
The correlation between paraspeckle formation and FGF1 IRES activation incited us to study 
the role of other paraspeckle components in the control of IRES activity. Three major 
paraspeckle proteins were chosen, the DBHS proteins, SFPQ, p54nrb and PSPC1 (Fig. 3A). 
SFPQ and p54nrb have been previously described for their ITAF function (Ainaoui et al., 2015; 
Cobbold et al., 2008; Lampe et al., 2018; Sharathchandra et al., 2012; Shen et al., 2017). In 
particular, p54nrb regulates the FGF1 IRES activity during myoblast differentiation (Ainaoui et 
al, 2015). 
HL-1 cells transduced by the “Lucky Luke” bicistronic construct were transfected with siRNA 
smartpools targeting each of the three proteins. The knock-down efficiency was checked by 
capillary Simple Western, classical Western or RT qPCR (Fig. S3).  
SFPQ knock-down did not affect the IRES activity (Fig. 3B, Table S3). In contrast, we observed 
a decrease in IRES activity with p54nrb and PSPC1 knock-down, both in normoxia and in 
hypoxia (Fig. 3C-D, Tables S4 and S5), despite a knock-down efficiency below 50%. p54nrb 
and PSPC1 knock-down also inhibited the expression of endogenous FGF1 protein (Fig. 3E-F). 
These data confirmed the ITAF role of p54nrb in HL-1 cardiomyocyte, and indicated that PSPC1 
is also an ITAF of the FGF1 IRES. The ability of three paraspeckle components, Neat1, p54nrb 
and PSPC1 to regulate the FGF1 IRES activity led us to the hypothesis that the paraspeckle 
might be involved in the control of IRES-dependent translation. 
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Figure 3. Paraspeckle proteins 
p54nrb and PSCP1, but not 
SFPQ, are ITAFs of the FGF1 
IRES. 
(A) Schema of paraspeckle and 
DBHS proteins  possibly bound 
to an IRES-containing mRNA.  
(B-D) FGF1 IRES activity upon 
knock-down of SFPQ (B), 
P54nrb (C) or PSPC1 (D) in HL-
1 cell transduced with Lucky 
Luke bicistronic reporter during 
normoxia or hypoxia was 
measured as in Figure 2. Cells 
were harvested 72 h after siRNA 
treatment. The IRES activity 
values have been normalized to 
the control siRNA. Histograms 
correspond to means + standard 
deviation of the mean, with a 
non parametric Mann-Whitney 
test with n=9; *p<0.05, 
***<0.001. For each IRES the 
mean has been calculated with 
nine cell culture biological 
replicates, each of them being 
already the mean of three 
technical replicates (27 
technical replicates in total). 
Detailed values of biological 
replicates are presented in 
Tables S3, S4 and S5.  
(E and F) Capillary Simple 
Western detection of 
endogenous FGF1 protein with 
P54nrb (E) or PSPC1 (F) knock-
down.		
	
	

 
 
P54nrb interactome in normoxic and in hypoxic cardiomyocytes. 
The moderate effect of p54nrb or PSPC1 depletion on FGF1 IRES activity suggested that other 
proteins are involved. In addition, previous data from the literature support the hypothesis that 
the IRESome is a multi-partner complex. In order to identify other members of this complex, 
we analysed the p54nrb interactome in HL-1 cell nucleus and cytoplasm using a label-free 
quantitative mass spectrometry approach. For this purpose, cells were transduced by a 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 10, 2021. ; https://doi.org/10.1101/2021.02.10.430272doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.10.430272
http://creativecommons.org/licenses/by-nc-nd/4.0/


Godet, David, Roussel et al, February 2021   

lentivector expressing an HA-tagged p54nrb (Fig. 4A). After cell fractionation (Fig. 4B), protein 
complexes from normoxic and hypoxic cells were immunoprecipitated with anti-HA antibody. 
Immunoprecipitated interacting proteins (three to four biological replicates for each group) 
were isolated by SDS-PAGE, in-gel digested with trypsin and analysed by nano-liquid 
chromatography-tandem mass spectrometry (nanoLC-MS/MS), leading to the identification 
and quantification of 2013 proteins (Table S6). To evaluate p54nrb interaction changes, pairwise  
  
 

 
 
Figure 4. P54nrb interactome in normoxic and in hypoxic cardiomyocytes. 
(A) Experimental workflow : p54nrb-HA transduced  HL-1 cells were subjected to normoxia or hypoxia, then 
nucleus and cytoplasm fractionation was performed and extracts were immunoprecipitated using anti-HA antibody. 
Enriched interacting proteins were identified by using a label-free quantitative mass spectrometry approach. 
(B) Western blot of fractionation experiment of HL-1 cell in normoxia and hypoxia. Histone H3 was used as a 
nuclear control and GAPDH as a cytoplasm control. The dotted line delineates two different blots of the same 
fractionation experiment.  
(C) Schema of the four pairwise comparisons submitted to statistical analysis. 
(D and E) Volcano plots showing proteins significantly enriched in the nucleus for hypoxia (purple) versus 
normoxia (red) (D) or in the cytoplasm for hypoxia (green) versus normoxia (E). An unpaired bilateral student t-
test with equal variance was used. Enrichment significance thresholds are represented by an absolute log2-
transformed fold-change (FC) greater than 1 and a -log10-transformed (p-value) greater than 1.3. 
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comparisons based on MS intensity values were performed for each quantified proteins between 
the four groups, cytoplasmic and nuclear complexes from cells subjected to normoxia or 
hypoxia (Fig. 4C). Enriched proteins were selected based on their significant protein abundance 
variations between the two compared group (fold-change (FC) > 2 and < 0.5, and Student t test 
P < 0.05) (see STAR Method for details) (Fig. 4D, Fig. 4E and Fig. S4). Globally, the HA-tag 
capture revealed an enrichment of hnRNP in nucleus and of ribosomal proteins in cytoplasm 
(Fig S4A-B). In nucleus P54nrb also interacted with itself (endogenous mouse Nono), PSPC1 
and SFPQ, as well as with other paraspeckle components and ITAFs such as hnRNPA1, 
hnRNPC, hnRNPI and hnRNPK (Fig. S4A)(Godet et al., 2019). As regards cytoplasmic 
proteins, we identified Rps25, a ribosomal protein previously described as an ITAF for many 
IRESs (Fig. S4A)(Hertz et al., 2013). Interestingly, p54nrb also interacted with Rps5, Rps18 and 
Rps19, and other Rps, mainly from the small ribosome subunit. Only few proteins were 
enriched when comparing hypoxic versus normoxic extracts. In hypoxic nucleus the enriched 
proteins are hnRNPM, nucleolin (both previously described as ITAFs) (Hertz et al., 2013; Shi 
et al., 2016, 2017) and the ribosomal protein Rps2/uS5 (Fig. 4D), while the helicase Ddx17, the 
enolase Eno3 and the heat shock protein Hspa2 are enriched in hypoxic cytoplasm (Fig 4E).  
These data showed that p54nrb interacts in normoxia and hypoxia with several ITAFs known as 
paraspeckle components, suggesting that the paraspeckle might be involved in the formation of 
the IRESome. Its interaction with numerous Rps also suggests that it interacts with the small 
ribosome subunit in the cytoplasm. 
 
p54nrb-interacting proteins, nucleolin and Rps2, control the FGF1 IRES activity. 
The three candidates identified in nuclear extracts of hypoxic cardiomyocytes, hnRNPM, 
nucleolin and Rps2 represent potential candidates as ITAFs of the FGF1 IRES in hypoxia. 
Among them, hnRNPM has been previously described as an ITAF during myoblast  
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Figure 5. p54nrb-interacting proteins, nucleolin and Rps2, control the FGF1 IRES activity. 
(A-C) Quantification of Rps2 (A), hnRNPM (B) and nucleolin (C) RNA expression in HL-1 cells transfected with 
siRNAs against Rps2, hnRNPM or nucleolin, respectively. RNA expression was measured by RT-qPCR and 
normalized to control siRNA. One representative experiment is shown with n=3 biological replicates. Student two-
tailed t-test was performed with n=3 of for E Mann-Whitney test with n=9; *p<0.05, **p<0.01, ***<0.001, 
****p<0.0001. 
(D) Capillary Simple Western of nucleolin following nucleolin knock-down.  
(E) FGF1 IRES activity with knock-down by siRNA interference of candidate ITAF nucleolin in  HL-1 in 
normoxia or hypoxia 1% O2 was performed as in Figure 2. The IRES activity values have been normalized to the 
control siRNA. Histograms correspond to means + standard deviation of the mean, with a non parametric Mann-
Whitney test *p<0.05, **p<0.01. For each IRES the mean has been calculated with nine cell culture biological 
replicates, each of them being already the mean of three technical replicates (27 technical replicates in total but 
the M-W test was performed with n=9). Detailed values of biological replicates are presented in Table S5. 
 (F) Capillary Simple Western of endogenous FGF1 following nucleolin knock-down. Histograms correspond to 
means + standard deviation. 
 
differentiation while nucleolin is an ITAF of several IRESs including p53 and VEGFD IRESs 
but has never been described for FGF1 (Ainaoui et al., 2015; Chen et al., 2012; Godet et al., 
2019; Morfoisse et al., 2016; Peddigari et al., 2013; Takagi et al., 2005). 
HL-1 cardiomyocytes transduced by the Lucky Luke lentivector with the FGF1 IRES were 
transfected as above with siRNA smartpools targeting Rps2, hnRNPM or nucleolin (Fig. 5). 
The knock-down was effective, but only 50-60%, for the three mRNAs (Fig. 5A-D). This 
moderate knock-down was probably due to a weak transfection efficiency of HL-1 cells with 
the siRNAs. Nevertheless, we observed a decrease in IRES activity upon depletion of Rps2 and 
nucleolin, significant in normoxia but with the same trend in hypoxia while no effect was 
observed upon hnRNPM depletion (Fig. 5E, Table S3). Nucleolin depletion inhibited 
endogenous FGF1 protein expression (Fig. 5F). These data suggest that nucleolin and Rps2 are 
new ITAFs of the FGF1 IRES. Their nuclear localization and their interaction with p54nrb 
indicate that they could be component of the paraspeckle. Rps2 has never been described as an 
ITAF before the present study. 
 
 
Neat1 is the key activator of (lymph)angiogenic and cardioprotective factor mRNA IRESs. 
We have shown above that three main paraspeckle components, Neat1, p54nrb and PSPC1, 
control the FGF1 IRES activity in HL-1 cardiomyocytes. To determine if a role of paraspeckle 
in translational control may be generalized to other IRESs, we used Lucky Luke lentivectors 
containing a set of other IRESs between the two luciferase genes (Fig. 6). HL-1 cells were 
transduced by the different lentivectors and transfected either by the siRNA smartpools to 
deplete p54nrb and PSPC1, or by the gapmer pool to deplete Neat1. The data revealed that p54nrb 
or PSPC1 depletion affected several IRESs but not all (Fig. 6A-B, Tables S4 and S5), whereas 
Neat1 depletion clearly affected all cellular IRESs but not the viral EMCV IRES (Fig. 6C, Table 
S2). 
These data allowed us to regroup the IRESs in different “regulons” in normoxia and in hypoxia 
(Fig. 6D). According to our data, P54nrb is an activator of the FGF1 and VEGFC IRESs in 
normoxia, and of the FGF1 and VEGFAa IRESs in hypoxia. PSPC1 is an activator of the FGF1, 
FGF2, VEGFAa, VEGFC and IGF1R IRESs in normoxia and of the FGF1 and FGF2 IRESs in  
hypoxia. Neat1 is an activator of the FGF1, FGF2, VEGFAb, VEGFC, VEGFD, IGF1R and c-
myc IRESs but not of the VEGFAa IRES in normoxia while it activates all the cellular IRESs 
in hypoxia. The EMCV IRES does not belong to any of these groups as it is not regulated by 
these three ITAFs, suggesting that this viral IRES is not regulated by the paraspeckle. 
In conclusion, these data suggest that IRESome composition varies for each IRES and with the 
normoxic or hypoxic conditions. The long non-coding RNA Neat1 appears as the key ITAF for 
the activation of all the cellular IRESs, suggesting a crucial role of the paraspeckle in IRESome 
formation and in the control of IRES-dependent translation, at least for cellular IRESs. 
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Figure 6. Neat1 is the key activator of (lymph)angiogenic and cardioprotective factor mRNA IRESs. 
(A-C) HL-1 subjected to normoxia or 1% O2 hypoxia were transduced by Lucky Luke bicistronic lentivectors with 
FGF1, FGF2, VEGFAa, VEGFAb, VEGFC, VEGFD, IGF1R, c-myc or EMCV IRES, then the knock-down of 
p54nrb(A) PCPC1 (B) and Neat1 (C) was performed as in Fig. 2 and Fig. 3. IRES activities were measured and 
normalized to activities in normoxia. IRES activity in normoxia is represented by a dotted line at 1. Histograms 
correspond to means + standard deviation, and Mann-Whitney test with n=9 or n=12 for FGF1 IRES; *p<0.05, 
**p<0.01, ***<0.001, ****p<0.0001. For each IRES the mean has been calculated with nine cell culture biological 
replicates, each of them being already the mean of three technical replicates (27 technical replicates in total). 
Detailed values of biological replicates are presented in Tables S2, S3 and S4. 
(D) Schema depicting groups of IRESs regulated by Neat1, PSPC1 or P54nrb in normoxia or hypoxia. 
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Neat1_2 is a translational activator of genes involved in the stress response. 
The role of Neat-1 on translatome was then studied using a Fluidigm Deltagene PCR array 
targeting 96 genes coding IRES-containing mRNAs, ITAFs or proteins involved in 
angiogenesis and cardioprotection (Table S1E). HL-1 cells were treated with gapmers targeting 
the two Neat1 isoforms or only Neat1_2, before analyzing the recruitment of mRNAs into 
polysomes compared to control gapmer. Recruitment into polysomes decreased for 49% of 
IRES-containing mRNAs following Neat1 invalidation, whereas this decrease concerned 95% 
of these mRNAs after Neat1_2 knock-down (Fig. 7A and 7B, Table S7). In contrast, the global 
level of translation was not affected (Fig. S5). This suggested that the ITAF role of Neat1 may 
be generalized to most IRESs (regarding cellular mRNAs), and that the Neat1_2 isoform is 
probably responsible for this. Interestingly, a similar effect was observed for the other genes 
tested in the PCR array: Neat1 or Neat1_2 knock-down inhibited translation of ITAF-coding 
genes by 71% or 87%, respectively (Fig. 7C and 7D, Table S7). This inhibition concerned 57% 
or 89% of the remaining genes involved in angiogenesis and cardioprotection, for Neat1 or 
Neat1_2 knock-down, respectively (Fig S6). In total, 92% of the genes of the PCR array were 
less recruited into polysomes after Neat1_2 knock-down, versus only 56% after Neat1 knock-
down. These data strongly suggest that Neat1_2 might be a translational activator of families 
of genes involved in the response to hypoxic stress in cardiomyocytes. 
 
DISCUSSION 
 
The present data demonstrate a link between the paraspeckle and the control of IRES-dependent 
translation during hypoxia in mouse cardiomyocytes. We have identified a paraspeckle-related 
IRESome involving at least five ITAFs. Among them, three major paraspeckle components 
p54nrb, PSPC1 and Neat1, as well as two proteins present in the p54nrb nuclear interactome, 
nucleolin and Rps2. PSPC1, Rps2 and Neat1 are novel ITAFs. Neat-1 appears as the key of this 
paraspeckle-related activation of translation in response to hypoxia : this lncRNA is an activator 
of all cellular IRESs tested, but not of the viral EMCV IRES. More broadly, Neat1_2 isoform 
activates the translation of most IRES-containing mRNAs and of several families of mRNAs 
involved in the response to hypoxia. 
It may be noted that the inhibition of IRES activities resulting from ITAF depletion are quite 
moderate for the different proteins (20-40%) while stronger for the lncRNA Neat1 (40-70%). 
This cannot be explained only by differences in knock-down efficiency. Our hypothesis is that 
several proteins are present in the IRESome complex and that there may be a certain redundancy 
between them. Thus the depletion of a single ITAF would not be sufficient to completely 
abolish the IRES activity. Also, to understand why paraspeckle ITAFs such as p54nrb and 
PSPC1 do not inhibit all the IRESs, we propose that the paraspeckle IRESome protein 
composition varies, depending on the IRES and on the hypoxic or normoxic condition. The 
only constant component of the IRESome formed in paraspeckle would be Neat1, the central 
player of the process. According to the data, the main actor of this mechanism is Neat 1_2: the 
peaks of Neat1_2 expression and its presence in paraspeckles fully correlate with the peak of 
IRES activation. Furthermore Neat 1_2 knock-down has a wider effect on translation control 
than Neat1 knock-down that targets the two Neat1 isoforms (Fig. 1 and Fig. 7).  
We searched for an ITAF able to regulate a set of IRESs during hypoxia and we have found the 
lncRNA Neat1 as a wide activator of IRES-dependent translation. However, our data show that 
Neat1 also regulates IRES activities both in normoxia and in hypoxia. One explanation may be 
that Neat1 is already expressed in normoxia in HL-1 cells, which are transformed cells despite 
their cardiomyocyte beating phenotype (Claycomb et al., 1998). Although Neat1 expression 
and paraspeckle number increase in response to hypoxia, a significant percentage of cells 
already contain paraspeckles in normoxia, which may explain why IRESs are already active in 
normoxia. It has been reported that Neat1_2 is not expressed in all tissues in vivo, whereas it is 
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found in all transformed or immortalized cell lines (data not shown) (Nakagawa et al., 2011). 
In concordance with this observation, previous reports show that cellular IRESs are active in 
all cultured cell lines while inactive or tissue-specific in mice (Créancier et al., 2000, 2001).  
  

	

	
Figure 7. Neat1-2 knock-down 
down-regulates translation of 
most IRES-containing RNAs 
as well as mRNAs coding 
ITAFs. 
HL-1 cardiomyocytes were 
transfected with gapmer Neat1, 
Neat1-2, or control. Polysomes 
were purified on sucrose 
gradient as described in Star 
Methods. The polysome profile 
is presented in Fig. S5. RNAs 
were purified from cytoplasmic 
extracts and from pooled 
polysomal fractions and 
analyzed on a Fluidigm 
deltagene PCR array from two 
biologicals replicates (cell 
culture dishes and cDNAs), each 
of them measured in three 
technical replicates (PCR 
reactions) (Table S7). IRES-
containing mRNAs (A-B) and 
ITAF mRNA levels in 
polysomes (C-D) (polysomal 
RNA/ total RNA) were 
analyzed.  
Relative quantification (RQ) of 
mRNA level was calculated 
using the 2–	 ΔΔCT method with 
normalization to GAPDH 
mRNA and to HL-1 tranfected 
by gapmer control, and is shown 
as fold change of repression 
(red) or induction (blue). 
	

Our data contrast with the study of Shen et al who showed that Neat1 depletion allows to 
redistribute p54nrb and SFPQ/PSF onto the c-myc mRNA, in correlation with an increase in c-
Myc protein (Shen et al., 2017). Several reasons may explain this lack of concordance. Firstly, 
we used different cell lines, HL-1 cardiomyocytes for us, HeLa and MCF7 tumor cells for them. 
The regulation of IRES-dependent translation varies depending on cell lines. Secondly, they 
worked with human cell lines while HL-1 cells are of mouse origin. In human, c-myc expression 
is different from mouse as the c-myc gene contains an additional upstream promoter, P0, which 
generates a longer transcript with a second IRES (Nanbru et al., 2001). Thirdly, they have not 
directly analyzed the c-myc IRES activity but only the binding of p54nrb and SFPQ to the c-
myc endogenous mRNA. Moreover an increase of c-myc protein expression does not 
necessarily correspond to an increase in IRES activity as the c-myc mRNA is also translated by 
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the cap-dependent mechanism (Nanbru et al., 1997). Taken together, the two studies are 
different rather than discordant.  
A surprising result has been the finding of a ribosomal protein, Rps2, in the nuclear p54nrb 
interactome. This suggests an extra-ribosomal role of this protein. Its interaction with p54nrb 
favors the hypothesis that Rps2 would impact the IRES activity as an IRESome component in 
the paraspeckle. The presence of nucleolin in the complex also suggests a link of paraspeckle 
with nucleolus and ribosome biogenesis. Supporting this, PSPC1 was first identified in the 
nucleolus proteome (Fox et al., 2002). The nuclear binding of specific ribosomal proteins to 
IRESs might be a mechanism to form specialized ribosomes. 
Neat1 is not the first lncRNA to exhibit an ITAF function. The lncRNA TP53-regulated 
modulator of p27 (TRMP) has been recently described as an ITAF of the p27kip IRES (Yang et 
al., 2018). TRMP inhibits the p27kip IRES activity by competing with the IRES for pyrimidine 
tract binding protein (PTB) binding and prevents IRES activation mediated by PTB. We have 
not yet deciphered the mechanism of action of Neat1. We propose that the paraspeckle would 
be a recruitment platform for IRES-containing mRNAs. Neat1, by interacting with p54nrb and 
other paraspeckle proteins/ITAFs would thus allow IRESome formation in the paraspeckle. Is 
the role of Neat1 exclusively nuclear in the paraspeckle or is it exported to the cytoplasm with 
the IRESome complex? Two observations support the second hypothesis: on the one hand the 
triple helix in the 3’UTR of Neat1_2 has been reported for its role on translation activation 
(Wilusz et al., 2012). On the other hand, we have previously shown that Neat1 is present in HL-
1 cell polysomes and that this association with polysomes is increased in early hypoxia, 
suggesting a direct role in translation (Hantelys et al., 2019).  
The model of IRESome formation mediated by Neat1 in the paraspeckle, and the absence any 
impact of Neat1 on the picornaviral EMCV IRES activity, are both consistent with previous 
reports suggesting that the site of mRNA synthesis is crucial for IRES structure and function 
(Semler & Waterman, 2008). For picornaviruses whose mRNAs are synthesized in the 
cytoplasm, IRES elements would be able to form an IRESome RNP in the cytoplasm. In 
contrast, cellular mRNAs (as well as DNA viruses and retroviruses mRNAs) transcribed in the 
nucleus need a nuclear event (Ainaoui et al., 2015; Stoneley et al., 2000). The present data 
provide a mechanism for this nuclear history and reveal a new function of the paraspeckle, a 
nuclear body, in IRESome formation. 
A role of Neat1 in ischemic heart has been recently reported showing that Neat1 downregulation 
would protect cardiomyocytes from apoptosis by regulating the processing of pri-miR-22 
(Gidlöf et al., 2020). Surprisingly, these authors show that hypoxia downregulates Neat1 
expression in cardiomyocytes. This contradicts our data showing that Neat1 is induced by 
hypoxia. Our data are however in agreement with the rest of the literature showing that Neat1 
is induced by hypoxia in tumors, it transcription being activated by HIF-2 (Choudhry et al., 
2015). Another study also shows that Neat overexpression protects cardiomyocytes against 
apoptosis, by sponging miR125a-5p, resulting in upregulation of the apoptosis repressor gene 
B-cell lymphoma-2-like 12 (BCL2L12)(Yan et al., 2019). These contradictory reports highlight 
the complex impact of Neat1 on miRNA-mediated gene regulation.  
In the present study, we have uncovered a novel role of Neat1 in the control of gene expression, 
by revealing that the longer isoform Neat1-2 impacts the translational control of several families 
of genes involved in stress response, angiogenesis and cardioprotection, while it does not affect 
global translation. These effect is broad, as 92% of the genes present in the PCR array are less 
translated after Neat1-2 knock-down. The increased protein synthesis from mRNAs coding 
ITAFs favors a wide role of Neat1-2 and of the paraspeckle in the activation of IRES-dependent 
translation. Many of the genes involved in angiogenesis or cardioprotection tested here have 
not been described for containing an IRES in their mRNAs. We can make the hypothesis that 
these mRNA families either contain IRESs that have not been identified yet, or are translated 
by another cap-independent mechanism such as m6A-induced ribosome engagement sites 
(MIRES)(Prats et al., 2020). 
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Neat1, as a stress-induced lncRNA, plays a role in many pathologies including cancer and 
ischemic diseases, thus its central role in the translational control of expression of genes 
involved in tissue revascularization and cell survival makes him a potential therapeutic target 
of great interest. 
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