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Abstract: Paraspeckles are nuclear condensates formed by NEAT1_2 lncRNA and different RNA-
binding proteins. In general, these membraneless organelles function in the regulation of gene
expression and translation and in miRNA processing, and in doing this, they regulate cellular
homeostasis and mediate pro-survival in the cell. Despite evidence showing the importance of
paraspeckles in the stress response, the dynamics of paraspeckles and their components under
conditions of osmotic stress remain unknown. We exposed HEK293T cells to sorbitol and examined
NEAT1_2 expression using real-time PCR. Localization and quantification of the main paraspeckle
components, NEAT1_2, PSPC1, NONO, and SFPQ, in different cellular compartments was performed
using smFISH and immunofluorescence. Our findings showed a significant decrease in total NEAT1_2
expression in cells after osmotic stress. Sorbitol shifted the subcellular localization of NEAT1_2, PSPC1,
NONO, and SFPQ from the nucleus to the cytoplasm and decreased the number and size of NEAT1_2
foci in the nucleus. PSPC1 formed immunoreactive cytoplasmic fibrils under conditions of osmotic
stress, which slowly disassembled under recovery. Our study deepens the paraspeckle dynamics
in response to stress, suggesting a novel role for NEAT1_2 in the cytoplasm in osmotic stress and
physiological conditions.

Keywords: NEAT1_2; osmotic stress; paraspeckle proteins; cytoplasmic aggregates; membraneless
organelles

1. Introduction

Paraspeckles are nuclear membraneless organelles formed by micellization, a novel
type of intracellular phase separation mechanism of biomolecular condensates [1–3]. These
membraneless organelles are widespread in the nucleus of mammalian cells except for
human embryonic stem cells (hESCs) [4]. Paraspeckles play crucial roles in gene expression
by sequestering proteins from their gene regulatory functions and mRNAs from translation,
thus controlling cellular homeostasis [5–7]. In addition, key paraspeckle components
have been described to globally enhance pri-miRNA processing [8]. Paraspeckles are
involved in development, stress response, differentiation, and diseases such as cancer and
neurodegeneration [9–11].

Paraspeckles are formed by a specific long non-coding RNA (lncRNA), nuclear
paraspeckle assembly transcript 1 (NEAT1), and over 40 different proteins through
RNA–protein and protein–protein interactions. NEAT1 has two isoforms, NEAT1_1
(3.7 kb) and NEAT1_2 (23 kb), of which NEAT1_2 is essential for the recruitment of
paraspeckle proteins (PSPs) [5,12]. The main paraspeckle proteins include non-POU
domain-containing octamer-binding protein (NONO, also known as P54nrb), splicing factor
proline/glutamine rich (SFPQ; also known as PTB-associated splicing factor (PSF)) and
paraspeckle protein component 1 (PSPC1), all members of the drosophila behavior human
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splicing (DBHS) protein family and well-known paraspeckle components that form homo
or heterodimers and modulate paraspeckle dynamics [13,14].

Evidence indicates that paraspeckles function as cytoprotective organelles that sense
and respond to different stressors [9]. Several studies have shown that different stress condi-
tions such as proteasome inhibition, mitochondrial stress, heat shock, and hypoxia elevate
the number of paraspeckles and NEAT1_2 expression [5,15–17]. In osmotic stress, where
alterations in the homeostasis of the cell volume trigger phase separation and formation of
stress granules (SGs) and processing bodies (P-bodies), the effects on paraspeckles and their
components remain unclear [18–21]. Alterations in the osmoregulation of the cell drive
pathophysiological conditions observed in inflammation, cerebral edema, and aging [22].
Different studies using hyperosmotic stress have also observed that it leads to changes
in the aggregation of neurodegeneration-associated proteins and their subcellular local-
ization [23–25]. Therefore, studying the effect of osmotic stress on paraspeckle dynamics
could shed light on understanding the underlying mechanisms of different diseases.

In this study, we investigated the effect of osmotic stress on the localization dynamics
of the main paraspeckle components in HEK293T cells. We showed that under conditions
of osmotic stress induced by sorbitol, total NEAT1_2 expression and the number of nuclear
NEAT1_2 foci significantly decreased. We observed that osmotic stress changes the subcel-
lular distribution of NEAT1_2; the main PSPs, PSCP1, NONO, and SFPQ; and the size of
NEAT1_2 particles. This suggests a role for these paraspeckle components in the cytoplasm
during stress.

2. Results
2.1. Osmotic Stress Decreases NEAT1_2 Expression

Previously, it has been reported that NEAT1_2 expression increases under various
stress conditions [5,16,26]. To study if this also happens in osmotic stress, we incubated
HEK293T cells with sorbitol and performed qPCR to detect total NEAT1_2 expression.
Interestingly, we observed a significant reduction in NEAT1_2, which later returned to
control levels after recovery (Figure 1A). We used smFISH and RNA probes against the
middle segment of NEAT1_2 to confirm the qPCR results. After quantification we observed
a significant decrease in total NEAT1_2 foci in cells under osmotic stress compared to the
control condition (Figure 1B). As expected, HEK293T cells treated with the proteasome
inhibitor MG132, known to induce NEAT1_2 expression and the number of paraspeck-
les [5,27], showed an increase in NEAT1_2 foci confirming the detection of NEAT1_2
(Supplementary Figure S1).
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(A) qPCR shows that total NEAT1_2 expression was significantly reduced under conditions of 

Figure 1. NEAT1_2 expression decreases under the conditions of osmotic stress in HEK293T cells.
(A) qPCR shows that total NEAT1_2 expression was significantly reduced under conditions of osmotic
stress (sorbitol, 4 h) and returned to control levels after 4 h of recovery (Rec, 4 h) (∆Ct values were
used for statistical analyses, one-way ANOVA, * p < 0.05, ** p < 0.01, n = 5, error bars indicate SEM).
(B) Single-molecule FISH (smFISH) using Stellaris RNA probes against the NEAT1_2 middle segment
shows that the number of NEAT1_2 foci in the cells decreased under conditions of osmotic stress
(t-test, ** p < 0.01).
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2.2. Subcellular Localization of NEAT1_2 in HEK293T Cells

To observe details of the structure of NEAT1_2 and investigate changes under con-
ditions of osmotic stress, we performed smFISH experiments using RNA probes against
5’ segments of the short and long variants of NEAT1 (NEAT_2-5’) and the middle segment
of NEAT1_2 (NEAT1_2 middle) (Figure 2A). The long variant of NEAT1 (NEAT1_2) has
been described as a nuclear lncRNA [28,29]. However, our results in HEK293T cells showed
that NEAT1_2 was also localized in the cytoplasm under control conditions and osmotic
stress (Figure 2B). To confirm that these were real cytoplasmic NEAT1_2 foci, we examined
the conformation of NEAT1_2 described previously [28,30]. We used the structural features
of nuclear NEAT1_2 foci in the control as a reference for cytoplasmic and nuclear NEAT1_2
foci in the control and sorbitol samples. Typical shell–core structures, in which the 5’ seg-
ment of NEAT1_2 localizes in the outer part of the foci and the middle segment in the core,
were clearly observed under the control and osmotic stress conditions in the nucleus and
cytoplasm. The signals obtained with the 5’ segment probes also presented the expected
patchy pattern (Figure 2C) [30].
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of NEAT1. (B) NEAT1_2 foci are observed in the cytoplasm at baseline and under conditions of
osmotic stress (arrows). (C) The shell–core structure of NEAT1_2 (5′ segment in the shell and middle
segment in the core) was detected in both cytoplasmic and nuclear NEAT1_2 foci in the control and
sorbitol samples. Insets show the patchy pattern of the 5′ segment of NEAT1_2 foci. (asterisk used to
demonstrate the granules in the insets) (D) 3D reconstruction shows NEAT1_2 foci of varying sizes
and conformations in both the nuclear and cytosolic compartments. This includes clusters (arrows
in 1 and 3) and single granules (arrowhead in 4) with shell–core structures in the nucleus (1) and
cytoplasm (3 and 4) in the sorbitol samples. Small granules that, which lack the shell–core structure
and showed the 5′ and middle segments of NEAT1_2 side by side, were also observed in the nucleus
and cytosol under conditions of osmotic stress (asterisk in 4). Some NEAT1_2 clusters were observed
partially residing within the nucleus and extending into the cytoplasm (arrow in 2).

Using Z-stack imaging and 3D reconstructions, we detected NEAT1_2 foci of different
sizes and conformations, including clusters (Figure 2D1,3) and single granules (Figure 2D4),
in the nucleus and cytoplasm. Large single foci and clusters typically exhibited well-
defined, regular, and organized structures in the nucleus and cytoplasm. Conversely, small
NEAT1_2 foci showed higher structural variability and lacked the organized shell–core
structure (Figure 2D4). We also observed some NEAT1_2 clusters partially residing within
the nucleus and extending into the cytoplasm (Figure 2D2), which might suggest the
transport of NEAT1_2 between the two subcellular compartments.

2.3. Number and Size of NEAT1_2 Foci Change under Osmotic Stress

Next, we studied how NEAT1_2 foci change under conditions of osmotic stress in the
nucleus and cytoplasm. smFISH quantification showed a significant reduction in the num-
ber of NEAT1_2 foci within the nucleus and an increase in the cytoplasm under conditions
of osmotic stress compared to the control condition (Figure 3A). Under normal conditions,
the cytoplasmic NEAT1_2 foci percentage was 2.96%, while it increased to 19.67% under
conditions of osmotic stress. During the recovery phase, the number of nuclear NEAT1_2
foci was restored to levels similar to control conditions, and no significant difference was
observed in the number of cytoplasmic NEAT1_2 foci. Violin plots revealed that NEAT1_2
foci size within the nucleus was significantly decreased under conditions of osmotic stress,
as well as the nuclear NEAT1_2 foci compared to their cytoplasmic counterparts (Fig-
ure 3B,C and Supplementary Table S1). There was no significant difference in cytoplasmic
NEAT1_2 foci size between the control, osmotic stress, or recovery conditions, nor was
there a difference between nuclear and cytoplasmic NEAT1_2 foci size in the control or
recovery samples (Supplementary Figure S2). These findings suggest that osmotic stress
disrupts nuclear NEAT1_2 localization, shifting its localization to the cytoplasm.
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Figure 3. The number and size of NEAT1_2 foci change in HEK293T cells under osmotic stress.
(A) Quantification of smFISH experiments showed that the number of nuclear NEAT1_2 foci de-
creased under conditions of osmotic stress, while the cytoplasmic foci increased (100 cells per n, n = 3,
one-way ANOVA, ** p < 0.01). (B) Violin plots show the distribution of NEAT1_2 foci size under
different conditions. A decrease in NEAT1_2 foci size in the nucleus was observed under osmotic
stress compared to the control and 4 h recovery (C: control; S: 4 h sorbitol; Rec: recovery-4 h; 100 cells
per n, n = 3, One-way ANOVA, * p < 0.05, error bars indicate SEM). (C) Under conditions of osmotic
stress, cytoplasmic NEAT1_2 foci were significantly larger than nuclear NEAT1_2 foci (100 cells per n,
n = 3, t-test, ** p < 0.01, error bars indicate SEM).

2.4. Osmotic Stress Leads to Mislocalization of Paraspeckle Proteins

Previous studies have shown that some PSPs are recruited to the cytoplasm under
stress conditions and disease [27,31,32]. Here, we observed that PSPC1, NONO, and SFPQ
translocate from the nucleus to the cytoplasm under conditions of osmotic stress, colocal-
izing in protein condensates (Figure 4A and Figure S3). Interestingly, we observed that
PSPC1 formed cytoplasmic fibrillar-shaped structures in a subset of cells under conditions
of osmotic stress, which did not colocalize with NONO and SFPQ. These PSPC1 fibrils
were fully formed after 4 h of sorbitol treatment and started to disassemble at 4 h of re-
covery (Figure 4B). After 8 h of recovery, when most of the PSPC1 had returned to the
nucleus, some partially assembled PSPC1(+) fibrils were still observed in the cytoplasm
(Figure 4A,B).



Non-Coding RNA 2024, 10, 23 6 of 14

Non-Coding RNA 2024, 10, x FOR PEER REVIEW 6 of 14 
 

 

translocate from the nucleus to the cytoplasm under conditions of osmotic stress, colocal-
izing in protein condensates (Figures 4A and S3). Interestingly, we observed that PSPC1 
formed cytoplasmic fibrillar-shaped structures in a subset of cells under conditions of os-
motic stress, which did not colocalize with NONO and SFPQ. These PSPC1 fibrils were 
fully formed after 4 h of sorbitol treatment and started to disassemble at 4 h of recovery 
(Figure 4B). After 8 h of recovery, when most of the PSPC1 had returned to the nucleus, 
some partially assembled PSPC1(+) fibrils were still observed in the cytoplasm (Figure 
4A,B). 

 
Figure 4. Paraspeckle proteins colocalize in the cytoplasm of HEK293T cells after osmotic stress. (A) 
Under conditions of osmotic stress, PSPC1, NONO, and SFPQ redistributed from the nucleus to the 
cytoplasm where they colocalized. Pictures show the merging of the PSP staining. (B) After osmotic 
stress, PSPC1 immunoreactive fibrils were formed in the cytoplasm (arrows). After 8 h of recovery, 
cytoplasmic PSPC1 (+) fibrils were observed partially assembled (arrowhead), and SFPQ and 
NONO returned to the nucleus. Nuclei were stained using Hoechst (blue). 

When we studied the dynamics of formation after osmotic stress, we observed that 
paraspeckles were present in low number in the nucleus of control HEK293T cells and 
had begun to disappear 30 min after the initiation of stress. After 4 h of sorbitol treatment, 
paraspeckles were barely visible in the nucleus (Figure 5A). Additionally, under condi-
tions of osmotic stress, NEAT1_2 was observed in the cytoplasm alone or colocalizing with 
PSPC1, NONO, or SFPQ (Figure 5B). Altogether these observations suggest that HEK293T 
cells do not need paraspeckles to deal with osmotic stress and, in turn, maintain NEAT1_2 
in the cytoplasm and translocate PSPs to potentially exert other functions. 

Figure 4. Paraspeckle proteins colocalize in the cytoplasm of HEK293T cells after osmotic stress.
(A) Under conditions of osmotic stress, PSPC1, NONO, and SFPQ redistributed from the nucleus
to the cytoplasm where they colocalized. Pictures show the merging of the PSP staining. (B) After
osmotic stress, PSPC1 immunoreactive fibrils were formed in the cytoplasm (arrows). After 8 h of
recovery, cytoplasmic PSPC1(+) fibrils were observed partially assembled (arrowhead), and SFPQ
and NONO returned to the nucleus. Nuclei were stained using Hoechst (blue).

When we studied the dynamics of formation after osmotic stress, we observed that
paraspeckles were present in low number in the nucleus of control HEK293T cells and
had begun to disappear 30 min after the initiation of stress. After 4 h of sorbitol treatment,
paraspeckles were barely visible in the nucleus (Figure 5A). Additionally, under conditions
of osmotic stress, NEAT1_2 was observed in the cytoplasm alone or colocalizing with
PSPC1, NONO, or SFPQ (Figure 5B). Altogether these observations suggest that HEK293T
cells do not need paraspeckles to deal with osmotic stress and, in turn, maintain NEAT1_2
in the cytoplasm and translocate PSPs to potentially exert other functions.
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Figure 5. Colocalization of NEAT1_2 with PSPs in the nucleus and cytoplasm of HEK293T cells.
(A) smFISH/IF experiments showed that PSPC1, NONO, and NEAT1_2 form paraspeckles in the
nucleus as expected in the baseline condition. After 30 min of incubation with sorbitol, PSPC1
and NONO redistributed to the cytosol, and paraspeckles began to disappear. After 4 h of sorbitol
treatment, paraspeckles were barely visible in the nucleus. (B) NEAT1_2 localizes in small granules
in the cytosol with (arrowheads) or without PSPC1, NONO, and SFPQ (arrows) under osmotic stress.

2.5. Paraspeckle Components Partially Colocalize with SGs under Conditions of Osmotic Stress

Since RNA is recruited into SGs under certain conditions [33,34], we asked whether
cytoplasmic NEAT1_2 colocalize with SGs. We observed that NEAT1_2 colocalizes with
G3BP1(+) single SGs (Figure 6AI) and clusters (Figure 6AII) in the cytoplasm; however, the
majority of cytoplasmic NEAT1_2 did not colocalize with these granules (Figure 6AIII,IV).

It has been reported that some PSPs, especially PSPC1, localize within SGs in the
cytoplasm under oxidative stress [27]. Thus, we examined whether osmotic stress leads to
the recruitment of PSPs to the SGs in HEK293T cells. We observed that, at 4 h of osmotic
stress, PSPC1, NONO, and SFPQ colocalized with TIA1(+) SGs in a subgroup of cells.
Similarly, we observed that PSPC1 and SFPQ colocalize with G3BP1 and TIA1(+) SGs,
also in a small subpopulation of cells (Figure 6B). SGs and cytoplasmic colocalization with
NEAT1_2 and PSPs were not detected in the control samples (Supplementary Figure S4).
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of osmotic stress. (A) Colocalization images showed that cytoplasmic NEAT1_2 rarely colocalizes
in G3BP1(+) SGs (I and II, asterisk). No extensive colocalization was observed (III and IV, arrow-
head). (B) PSPC1, NONO, and SFPQ were present together in SGs after osmotic stress but only in a
small subpopulation of the cells. Line profiles of the fluorescence intensities on the right show the
colocalization of PSPs with TIA-1 and G3BP1 in areas in the squares.

3. Materials and Methods
3.1. Cell Culture and Stress Treatment

HEK293T cells (ATCC) were cultured in Dulbecco’s modified Eagle’s media (DMEM;
Gibco-Life Technologies, Grand Island, NY, USA) with 4.5 g/L glucose (25 mM), 10%
fetal bovine serum (FBS; Gibco-Life Technologies), 1% penicillin–streptomycin (Pen-Strep;
Gibco-Life Technologies) and 5 µg/mL plasmocin (InvivoGen, San Diego, CA, USA) at
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37 ◦C with 5% CO2. For osmotic stress, HEK293T cells were exposed to 400 mM of sorbitol
(Sigma, St. Louis, MO, USA) for 4 h. For recovery assays, cells were washed with PBS
once and maintained in DMEM for 4 h. To induce proteasome inhibition, cells were
incubated with 10 µM of MG132 for 4 h. For fluorescence in situ hybridization (FISH) and
immunofluorescence, cells were seeded on coverslips coated with attachment factor protein
(Gibco-Life Technologies). Cells on coverslips were fixed with 4% paraformaldehyde
(PFA)-PBS (Electron Microscopy Sciences, Hatfield, PA, USA, 32%) solution for 10 min and
washed with PBS.

3.2. Quantitative Real-Time PCR (qPCR)

Total RNA was isolated from HEK293T cells using TRIzol™ reagent (Life Technologies,
Carlsbad, CA, USA). RNA concentration and purity were checked using spectrophotometry.
The needle shearing method was applied to samples in TRIzol during the RNA isolation
step to increase the extractability of NEAT1_2 [35]. Then, cDNA was synthesized using
SuperScript IV VILO Master Mix with ezDNease Enzyme (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. Real-time PCR experiments were performed
on the ViiA 7 Real-Time PCR System using TaqMan Fast Advanced Master Mix (Ap-
plied Biosystems, Waltham, MA, USA) and TaqMan Assay for NEAT1_2 (Hs01008264_s1).
GAPDH expression (Taqman Assay; Hs02758991_g1) was used as a normalizer.

3.3. Single-Molecule Fluorescence In Situ Hybridization (smFISH)

After fixation, cells were stored in 70% ethanol at 4 ◦C overnight for cell permeabi-
lization. Commercially available probe sets against the NEAT1 5’ segment and middle
segment (Stellaris FISH probes, NEAT1 5’ segment with Quasar 670 dye, and NEAT1 mid-
dle segment with Quasar 570 dye, Biosearch Technologies, Teddington, UK) and wash and
hybridization buffers (Biosearch Technologies) were used according to the manufacturer’s
instructions. Hybridization was performed at 37 ◦C for 5 h. Coverslips were mounted with
Prolong Diamond (Invitrogen, Waltham, MA, USA). Slides were stored at −20 ◦C.

3.4. Immunofluorescence

Fixed cells were permeabilized using 0.2% Triton X-100 in PBS for 10 min and incubated
with 50 mM ammonium chloride in PBS to quench PFA for 30 min. Cells were incubated
with 4% bovine serum albumin (BSA) in PBS for 1 h at room temperature (RT) with primary
antibody: mouse anti-PSPC1 (1:100, Sigma, St. Louis, MO, USA, Cat. No. SAB4200503),
rabbit anti-PSPC1 (1:100, Abcam, Cambridge, UK, Cat. No. ab104238), mouse anti-NONO
(1:100, BD Transduction, Franklin Lakes, NJ, USA, Cat. No. 611279), rabbit anti-SFPQ
(1:100, Proteintech, Rosemont, IL, USA, Cat. No. 15585-1-AP), mouse anti-G3BP1 (1:300,
Proteintech, Cat. No. 66486-1-Ig), or goat anti-TIA1 (1:100, Santa Cruz, CA, USA, Cat.
No. sc-1751). Following washing, Alexa Fluor 488, Alexa Fluor 555, or Alexa Fluor 633
secondary antibodies were applied to coverslips for 1 h at RT. Nuclei were stained with
Hoechst (2 µg/mL).

3.5. Confocal Microscopy and Image Analysis

Samples were imaged using a Leica TCS SP8 confocal microscope and LAS X software
(Version 3.5.5.19976) using the LIGHTNING module. Z-stack series images were used
to generate 3D image reconstructions using the Leica LAS X 3D Viewer. One hundred
cells per slide across three slides of control, sorbitol, and recovery samples were used for
quantification and size measurement of NEAT1_2 foci. Manual analysis was conducted
using the “analyze particles” function in the FIJI/ImageJ software (Image J 2.9.0/1.54f)
(National Institutes of Health).
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3.6. Statistical Analysis

Graphs and statistical analyses were performed using GraphPad Prism software
(Version 10.2.0 (392)). Students t-tests and one-way ANOVA with Tukey post hoc tests were
used to compare two or multiple groups. Results were considered significant at p < 0.05.

4. Discussion

In this study, we investigated the effect of osmotic stress in the dynamics of subcel-
lular localization of paraspeckle components. We observed a significant decrease in total
NEAT1_2 expression and the size of nuclear NEAT1_2 foci under osmotic stress in HEK293T
cells. Interestingly, we showed that NEAT1_2 localizes in the cytoplasm, in addition to
its well-defined nuclear localization. Our results suggest that osmotic stress leads to the
translocation of paraspeckle components, NEAT1_2, PSPC1, NONO, and SFPQ from the
nucleus to the cytoplasm, and that PSPC1, in particular, forms fibrillar structures in the
cytosol under conditions of osmotic stress.

Osmotic stress, unlike other types of stress conditions, induces physical alterations
in cells, such as reduced cell volume and shrinkage of the nucleus due to water loss.
These alterations cause molecular crowding, increase molecule concentration, and can
trigger phase separation with membraneless organelle formation [18,36]. It has been shown
that PSPC1, NONO, and SFPQ can form heterodimers and complexes [13,37]. SFPQ and
NONO have nuclear export signals in addition to their nuclear retention signals, and
NONO can be continuously exported from the nucleus to the cytoplasm with an exportin
1-independent pathway [38]. Additionally, the phosphorylation of SFPQ leads its shuttling
to the cytoplasm [39]. PSPs translocate to the cytoplasm and form aggregates in the stress
response, neurodegenerative diseases, and cancer [13,31,40,41]. This evidence is in line
with our results in which we observed a nucleocytoplasmic shift of paraspeckle proteins
and the formation of cytosolic condensates under osmotic stress. Although the transport
mechanism of PSPs has not been fully identified yet, the evidence suggests that an active
transport mechanism leads to their translocation from the nucleus to the cytoplasm.

Osmotic stress also induces the formation of some stable fibrillar cytoplasmic ag-
gregates of different proteins like TAU and polyglutamine (polyQ)-repeat–containing
proteins [42,43]. The observation of the delayed resolution of PSPC1(+) fibrils follow-
ing removal of the osmotic stress is unique for this group of paraspeckle proteins, since
NONO and SFPQ formed typical condensates of irregular shape that rapidly resolved
under recovery conditions.

In addition, we observed the colocalization of PSPs with TIA1 and G3BP (+) SGs in
a small percentage of cells in the osmotic stress samples. This observation is consistent
with findings that G3BP1 colocalizes with NONO and SFPQ in mouse retinal ganglion cells
in a stress-independent but differentiation-related manner [44]. Cytoplasmic aggregates
containing SFPQ and TIA1 have also been observed in an in vivo Alzheimer’s disease
model [45]. However, our findings revealed a different colocalization pattern of PSPs
with SGs under osmotic stress from what has been reported in the literature for oxidative
stress. For example, broad colocalization of PSPC1 with TIAR, an SG marker, it has been
observed, while no SFPQ colocalization was found in SGs under oxidative stress [27]. This
distinctive pattern of concurrent localization suggests a unique response of these proteins
to osmotic stress.

Few studies have suggested that NEAT1_2 could have function(s) in the cytoplasm
beyond nuclear paraspeckle assembly. A mutation in ASLXL1, a gene that encodes for a
histone modifier, has been shown to induce an increase in the cytoplasmic localization of
NEAT1_2, NONO, and SFPQ in mouse hematopoietic stem and progenitor cells [46]. In
breast cancer, the cytoplasmic localization of NEAT1_1 has been linked to a putative role in
glycolysis [47]. Our observation of NEAT1_2 in the cytoplasm, with or without PSPs even
under control conditions, and the absence of visible alterations in the nuclear membrane
integrity observed with confocal microscopy, suggest that there is active transport of
NEAT1_2 from the nucleus to the cytoplasm. Maintaining certain levels of this NEAT1_2
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in the cytosol might be necessary for the cell to cope with osmotic stress because this
shuttling occurs even when sorbitol causes nuclear pore constriction, thus reducing nuclear
transport [48]. Studying the transport of NEAT1_2 and its function in the cytoplasm in
normal and pathological conditions could provide a broader view of the physiological role
of this lncRNA.

Many studies have demonstrated elevated paraspeckle numbers and NEAT1_2 ex-
pression in various stress conditions. The consensus is that this increase facilitates cellular
homeostasis and cell survival. However, in our study we observed a significant decrease
in NEAT1_2 expression and NEAT1_2 foci in the nucleus under osmotic stress [5,16,17].
A similar reduction was reported before in the presence of chemicals that induced DNA
single-strand breaks (SSBs) [49]. NEAT1_2 levels depend on its transcriptional activity
and stability. It has been shown that proteins such as breast cancer susceptibility gene 1
(BRCA1) [50] and E2F transcription factor 1 (E2F1) [51] reduce NEAT1_2 transcription. On
the other side, SFPQ and NONO have essential roles in NEAT1_2 stabilization [12,52,53].
Other proteins that stabilize NEAT1_2 include serine/arginine-rich splicing factor 1 (SRSF1),
polymerase 1 and transcript release factor (PTRF/Cavin-1), arsenic resistance protein 2
(ARS2), and AU-binding factor 1 (AUF1) [54–57]. The reduction we observed in nuclear
NEAT1_2 suggests that paraspeckles are not needed for the cell to cope with osmotic stress.
Because of this, repression of the transcription and/or destabilization of NEAT1_2 might
be necessary. Determining which processes and proteins are critical for NEAT1_2 changes
could be an interesting goal for future studies.

The present findings indicate cytoplasmic localization of NEAT1_2 and the nucleocyto-
plasmic shuttling and aggregation of paraspeckle components under conditions of osmotic
stress. Understanding the cytoplasmic dynamics and functions of paraspeckle proteins and
NEAT1_2 in stress conditions may contribute to revealing their role in different diseases.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ncrna10020023/s1, Figure S1: Proteasome Inhibitor MG132 increases
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Figure S4: Subcellular localization of SG markers under control conditions; Supplementary Table S1:
Size distribution of NEAT1_2 foci in groups and subcellular compartments.

Author Contributions: Conceptualization, A.Y.-P. and D.C.-M.; methodology, A.Y.-P., D.C.-M. and
A.A.; formal analysis, A.Y.-P., D.C.-M. and A.A.; investigation, A.Y.-P., D.C.-M. and A.A.; resources,
M.J.S.; data curation, A.Y-P.; writing—original draft preparation, A.Y-P.; writing—review and editing,
A.Y.-P., D.C.-M., A.A. and M.J.S.; supervision, D.C.-M. and M.J.S.; funding acquisition, M.J.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Canadian Institutes of Health Research, grant number
201806SOP-411481.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Dataset available on request from the authors.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Yamazaki, T.; Yamamoto, T.; Hirose, T. Micellization: A new principle in the formation of biomolecular condensates. Front. Mol.

Biosci. 2022, 9, 974772. [CrossRef]
2. Yamazaki, T.; Yamamoto, T.; Yoshino, H.; Souquere, S.; Nakagawa, S.; Pierron, G.; Hirose, T. Paraspeckles are constructed as block

copolymer micelles. EMBO J. 2021, 40, e107270. [CrossRef] [PubMed]
3. Yamamoto, T.; Yamazaki, T.; Hirose, T. Triblock copolymer micelle model of spherical paraspeckles. Front. Mol. Biosci. 2022,

9, 925058. [CrossRef] [PubMed]
4. Chen, L.L.; Carmichael, G.G. Altered nuclear retention of mRNAs containing inverted repeats in human embryonic stem cells:

Functional role of a nuclear noncoding RNA. Mol. Cell 2009, 35, 467–478. [CrossRef]

https://www.mdpi.com/article/10.3390/ncrna10020023/s1
https://www.mdpi.com/article/10.3390/ncrna10020023/s1
https://doi.org/10.3389/fmolb.2022.974772
https://doi.org/10.15252/embj.2020107270
https://www.ncbi.nlm.nih.gov/pubmed/33885174
https://doi.org/10.3389/fmolb.2022.925058
https://www.ncbi.nlm.nih.gov/pubmed/36072433
https://doi.org/10.1016/j.molcel.2009.06.027


Non-Coding RNA 2024, 10, 23 12 of 14

5. Hirose, T.; Virnicchi, G.; Tanigawa, A.; Naganuma, T.; Li, R.; Kimura, H.; Yokoi, T.; Nakagawa, S.; Bénard, M.; Fox, A.H.; et al.
NEAT1 long noncoding RNA regulates transcription via protein sequestration within subnuclear bodies. Mol. Biol. Cell 2014, 25,
169–183. [CrossRef] [PubMed]

6. Jacq, A.; Becquet, D.; Guillen, S.; Boyer, B.; Bello-Goutierrez, M.M.; Franc, J.L.; François-Bellan, A.M. Direct RNA–RNA interaction
between Neat1 and RNA targets, as a mechanism for RNAs paraspeckle retention. RNA Biol. 2021, 18, 2016–2027. [CrossRef]
[PubMed]

7. Wang, Y.; Chen, L.L. Organization and function of paraspeckles. Essays Biochem. 2020, 64, 875–882. [CrossRef]
8. Jiang, L.; Shao, C.; Wu, Q.; Chen, G.; Zhou, J.; Yang, B.; Li, H.; Gou, L.; Zhang, Y.; Wang, Y.; et al. NEAT1 Scaffolds RNA Binding

Proteins and the Microprocessor to Globally Enhance Pri-miRNA Processing. Nat. Struct. Mol. Biol. 2017, 24, 816–824. [CrossRef]
[PubMed]

9. McCluggage, F.; Fox, A.H. Paraspeckle nuclear condensates: Global sensors of cell stress? BioEssays 2021, 43, 2000245. [CrossRef]
10. Pisani, G.; Baron, B. NEAT1 and Paraspeckles in Cancer Development and Chemoresistance. Non-Coding RNA 2020, 6, 43.

[CrossRef]
11. An, H.; Williams, N.G.; Shelkovnikova, T.A. NEAT1 and paraspeckles in neurodegenerative diseases: A missing lnc found?

Non-Coding RNA Res. 2018, 3, 243–252. [CrossRef] [PubMed]
12. Sasaki, Y.T.F.; Ideue, T.; Sano, M.; Mituyama, T.; Hirose, T. MENε/β noncoding RNAs are essential for structural integrity of

nuclear paraspeckles. Proc. Natl. Acad. Sci. USA 2009, 106, 2525–2530. [CrossRef] [PubMed]
13. Knott, G.J.; Bond, C.S.; Fox, A.H. The DBHS proteins SFPQ, NONO and PSPC1: A multipurpose molecular scaffold. Nucleic Acids

Res. 2016, 44, 3989–4004. [CrossRef] [PubMed]
14. Lee, P.W.; Marshall, A.C.; Knott, G.J.; Kobelke, S.; Martelotto, L.; Cho, E.; McMillan, P.J.; Lee, M.; Bond, C.S.; Fox, A.H. Paraspeckle

subnuclear bodies depend on dynamic heterodimerisation of DBHS RNA-binding proteins via their structured domains. J. Biol.
Chem. 2022, 298, 102563. [CrossRef] [PubMed]

15. Wang, Y.; Hu, S.B.; Wang, M.R.; Yao, R.W.; Wu, D.; Yang, L.; Chen, L.L. Genome-wide screening of NEAT1 regulators reveals
cross-regulation between paraspeckles and mitochondria. Nat. Cell Biol. 2018, 20, 1145–1158. [CrossRef]

16. Mohammad Lellahi, S.; Rosenlund, I.A.; Hedberg, A.; Kiær, L.T.; Mikkola, I.; Knutsen, E.; Perander, M. The long noncoding RNA
NEAT1 and nuclear paraspeckles are up-regulated by the transcription factor HSF1 in the heat shock response. J. Biol. Chem. 2018,
293, 18965–18976. [CrossRef]

17. Choudhry, H.; Albukhari, A.; Morotti, M.; Haider, S.; Moralli, D.; Smythies, J.; Schödel, J.; Green, C.M.; Camps, C.; Buffa, F.; et al.
Tumor hypoxia induces nuclear paraspeckle formation through HIF-2α dependent transcriptional activation of NEAT1 leading to
cancer cell survival. Oncogene 2015, 34, 4482–4490. [CrossRef]

18. Jalihal, A.P.; Pitchiaya, S.; Xiao, L.; Bawa, P.; Jiang, X.; Bedi, K.; Parolia, A.; Cieslik, M.; Ljungman, M.; Chinnaiyan, A.M.; et al.
Multivalent Proteins Rapidly and Reversibly Phase-Separate upon Osmotic Cell Volume Change. Mol. Cell 2020, 79, 978–990.e5.
[CrossRef]

19. Aulas, A.; Fay, M.M.; Lyons, S.M.; Achorn, C.A.; Kedersha, N.; Anderson, P.; Ivanov, P. Stress-specific differences in assembly and
composition of stress granules and related foci. J. Cell Sci. 2017, 130, 927–937. [CrossRef]

20. Wall, M.L.; Bera, A.; Wong, F.K.; Lewis, S.M. Cellular stress orchestrates the localization of hnRNP H to stress granules. Exp. Cell
Res. 2020, 394, 112111. [CrossRef]

21. Dewey, C.M.; Cenik, B.; Sephton, C.F.; Dries, D.R.; Mayer, P.; Good, S.K.; Johnson, B.A.; Herz, J.; Yu, G. TDP-43 Is Directed to
Stress Granules by Sorbitol, a Novel Physiological Osmotic and Oxidative Stressor. Mol. Cell. Biol. 2011, 31, 1098–1108. [CrossRef]
[PubMed]

22. Watanabe, K.; Morishita, K.; Zhou, X.; Shiizaki, S.; Uchiyama, Y.; Koike, M.; Naguro, I.; Ichijo, H. Cells recognize osmotic stress
through liquid–liquid phase separation lubricated with poly(ADP-ribose). Nat. Commun. 2021, 12, 1–15. [CrossRef] [PubMed]

23. Hock, E.M.; Maniecka, Z.; Hruska-Plochan, M.; Reber, S.; Laferrière, F.; Sahadevan MK, S.; Ederle, H.; Gittings, L.; Pelkmans, L.;
Dupuis, L.; et al. Hypertonic Stress Causes Cytoplasmic Translocation of Neuronal, but Not Astrocytic, FUS due to Impaired
Transportin Function. Cell Rep. 2018, 24, 987–1000.e7. [CrossRef] [PubMed]

24. Gao, C.; Gu, J.; Zhang, H.; Jiang, K.; Tang, L.; Liu, R.; Zhang, L.; Zhang, P.; Liu, C.; Dai, B.; et al. Hyperosmotic-stress-induced
liquid-liquid phase separation of ALS-related proteins in the nucleus. Cell Rep. 2022, 19, 111086. [CrossRef]

25. Fragniere, A.M.C.; Stott, S.R.W.; Fazal, S.V.; Andreasen, M.; Scott, K.; Barker, R.A. Hyperosmotic stress induces cell-dependent
aggregation of α-synuclein. Sci. Rep. 2019, 9, 1–11. [CrossRef] [PubMed]

26. Adriaens, C.; Standaert, L.; Barra, J.; Latil, M.; Verfaillie, A.; Kalev, P.; Boeckx, B.; Wijnhoven, P.W.G.; Radaelli, E.; Vermi, W.; et al.
P53 induces formation of NEAT1 lncRNA-containing paraspeckles that modulate replication stress response and chemosensitivity.
Nat. Med. 2016, 22, 861–868. [CrossRef] [PubMed]

27. An, H.; Tan, J.T.; Shelkovnikova, T.A. Stress granules regulate stress-induced paraspeckle assembly. J. Cell Biol. 2019, 218,
4127–4140. [CrossRef] [PubMed]

28. Souquere, S.; Beauclair, G.; Harper, F.; Fox, A.; Pierron, G. Highly ordered spatial organization of the structural long noncoding
NEAT1 RNAs within paraspeckle nuclear bodies. Mol. Biol. Cell 2010, 21, 4020–4027. [CrossRef] [PubMed]

29. Nishimoto, Y.; Nakagawa, S.; Hirose, T.; Okano, H.J.; Takao, M.; Shibata, S.; Suyama, S.; Kuwako, K.I.; Imai, T.; Murayama, S.;
et al. The long non-coding RNA nuclear-enriched abundant transcript 1-2 induces paraspeckle formation in the motor neuron
during the early phase of amyotrophic lateral sclerosis. Mol. Brain 2013, 6, 1–18. [CrossRef]

https://doi.org/10.1091/mbc.e13-09-0558
https://www.ncbi.nlm.nih.gov/pubmed/24173718
https://doi.org/10.1080/15476286.2021.1889253
https://www.ncbi.nlm.nih.gov/pubmed/33573434
https://doi.org/10.1042/EBC20200010
https://doi.org/10.1038/nsmb.3455
https://www.ncbi.nlm.nih.gov/pubmed/28846091
https://doi.org/10.1002/bies.202000245
https://doi.org/10.3390/ncrna6040043
https://doi.org/10.1016/j.ncrna.2018.11.003
https://www.ncbi.nlm.nih.gov/pubmed/30533572
https://doi.org/10.1073/pnas.0807899106
https://www.ncbi.nlm.nih.gov/pubmed/19188602
https://doi.org/10.1093/nar/gkw271
https://www.ncbi.nlm.nih.gov/pubmed/27084935
https://doi.org/10.1016/j.jbc.2022.102563
https://www.ncbi.nlm.nih.gov/pubmed/36209820
https://doi.org/10.1038/s41556-018-0204-2
https://doi.org/10.1074/jbc.RA118.004473
https://doi.org/10.1038/onc.2014.378
https://doi.org/10.1016/j.molcel.2020.08.004
https://doi.org/10.1242/jcs.199240
https://doi.org/10.1016/j.yexcr.2020.112111
https://doi.org/10.1128/MCB.01279-10
https://www.ncbi.nlm.nih.gov/pubmed/21173160
https://doi.org/10.1038/s41467-021-21614-5
https://www.ncbi.nlm.nih.gov/pubmed/33649309
https://doi.org/10.1016/j.celrep.2018.06.094
https://www.ncbi.nlm.nih.gov/pubmed/30044993
https://doi.org/10.1016/j.celrep.2022.111086
https://doi.org/10.1038/s41598-018-38296-7
https://www.ncbi.nlm.nih.gov/pubmed/30783136
https://doi.org/10.1038/nm.4135
https://www.ncbi.nlm.nih.gov/pubmed/27376578
https://doi.org/10.1083/jcb.201904098
https://www.ncbi.nlm.nih.gov/pubmed/31636118
https://doi.org/10.1091/mbc.e10-08-0690
https://www.ncbi.nlm.nih.gov/pubmed/20881053
https://doi.org/10.1186/1756-6606-6-31


Non-Coding RNA 2024, 10, 23 13 of 14

30. West, J.A.; Mito, M.; Kurosaka, S.; Takumi, T.; Tanegashima, C.; Chujo, T.; Yanaka, K.; Kingston, R.E.; Hirose, T.; Bond, C.;
et al. Structural, super-resolution microscopy analysis of paraspeckle nuclear body organization. J. Cell Biol. 2016, 214, 817–830.
[CrossRef]

31. Widagdo, J.; Udagedara, S.; Bhembre, N.; Tan, J.Z.A.; Neureiter, L.; Huang, J.; Anggono, V.; Lee, M. Familial ALS-associated SFPQ
variants promote the formation of SFPQ cytoplasmic aggregates in primary neurons. Open Biol. 2022, 12, 220187. [CrossRef]
[PubMed]

32. Wang, J.; Rajbhandari, P.; Damianov, A.; Han, A.; Sallam, T.; Waki, H.; Villanueva, C.J.; Lee, S.D.; Nielsen, R.; Mandrup, S.; et al.
RNA-binding protein PSPC1 promotes the differentiation-dependent nuclear export of adipocyte RNAs. J. Clin. Investig. 2017,
127, 987–1004. [CrossRef] [PubMed]

33. Van Treeck, B.; Protter, D.S.W.; Matheny, T.; Khong, A.; Link, C.D.; Parker, R. RNA self-assembly contributes to stress granule
formation and defining the stress granule transcriptome. Proc. Natl. Acad. Sci. USA 2018, 115, 2734–2739. [CrossRef] [PubMed]

34. Van Leeuwen, W.; VanInsberghe, M.; Battich, N.; Salmén, F.; van Oudenaarden, A.; Rabouille, C. Identification of the stress
granule transcriptome via RNA-editing in single cells and in vivo. Cell Rep. Methods 2022, 2, 100235. [CrossRef] [PubMed]

35. Chujo, T.; Yamazaki, T.; Kawaguchi, T.; Kurosaka, S.; Takumi, T.; Nakagawa, S.; Hirose, T. Unusual semi-extractability as a
hallmark of nuclear body-associated architectural noncoding RNA s. EMBO J. 2017, 36, 1447–1462. [CrossRef] [PubMed]

36. Finan, J.D.; Guilak, F. The effects of osmotic stress on the structure and function of the cell nucleus. J. Cell. Biochem. 2010, 109,
460–467. [CrossRef] [PubMed]

37. Kuwahara, S.; Ikei, A.; Taguchi, Y.; Tabuchi, Y.; Fujimoto, N.; Obinata, M.; Uesugi, S.; Kurihara, Y. PSPC1, NONO, and SFPQ are
expressed in mouse sertoli cells and may function as coregulators of androgen receptor-mediated transcription. Biol. Reprod. 2006,
75, 352–359. [CrossRef] [PubMed]

38. Zolotukhin, A.S.; Michalowski, D.; Bear, J.; Smulevitch, S.V.; Traish, A.M.; Peng, R.; Patton, J.; Shatsky, I.N.; Felber, B.K. PSF Acts
through the Human Immunodeficiency Virus Type 1 mRNA Instability Elements To Regulate Virus Expression. Mol. Cell. Biol.
2003, 23, 6618–6630. [CrossRef]

39. Lukong, K.E.; Huot, M.É.; Richard, S. BRK phosphorylates PSF promoting its cytoplasmic localization and cell cycle arrest. Cell.
Signal. 2009, 21, 1415–1422. [CrossRef]

40. Salton, M.; Lerenthal, Y.; Wang, S.Y.; Chen, D.J.; Shiloh, Y. Involvement of Matrin 3 and SFPQ/NONO in the DNA damage
response. Cell Cycle 2010, 9, 1568–1576. [CrossRef]

41. Kessler, S.M.; Hosseini, K.; Hussein, U.K.; Kim, K.M.; List, M.; Schultheiß, C.S.; Schulz, M.H.; Laggai, S.; Jang, K.Y.; Kiemer, A.K.
Hepatocellular carcinoma and nuclear paraspeckles: Induction in chemoresistance and prediction for poor survival. Cell. Physiol.
Biochem. 2019, 52, 787–801. [CrossRef] [PubMed]

42. Wu, Y.; Teng, N.; Li, S. Effects of macromolecular crowding and osmolyte on human Tau fibrillation. Int. J. Biol. Macromol. 2016,
90, 27–36. [CrossRef]

43. Moronetti Mazzeo, L.E.; Dersh, D.; Boccitto, M.; Kalb, R.G.; Lamitina, T. Stress and aging induce distinct polyQ protein aggregation
states. Proc. Natl. Acad. Sci. USA 2012, 109, 10587–10592. [CrossRef] [PubMed]

44. Furukawa, M.T.; Sakamoto, H.; Inoue, K. Interaction and colocalization of HERMES/RBPMS with NonO, PSF, and G3BP1 in
neuronal cytoplasmic RNP granules in mouse retinal line cells. Genes. Cells 2015, 20, 257–266. [CrossRef] [PubMed]

45. Younas, N.; Zafar, S.; Shafiq, M.; Noor, A.; Siegert, A.; Arora, A.S.; Galkin, A.; Zafar, A.; Schmitz, M.; Stadelmann, C.; et al. SFPQ
and Tau: Critical factors contributing to rapid progression of Alzheimer’s disease. Acta Neuropathol. 2020, 140, 317–339. [CrossRef]
[PubMed]

46. Yamamoto, K.; Goyama, S.; Asada, S.; Fujino, T.; Yonezawa, T.; Sato, N.; Takeda, R.; Tsuchiya, A.; Fukuyama, T.; Tanaka, Y.; et al.
A histone modifier, ASXL1, interacts with NONO and is involved in paraspeckle formation in hematopoietic cells. Cell Rep. 2021,
36, 109576. [CrossRef] [PubMed]

47. Park, M.K.; Zhang, L.; Min, K.W.; Cho, J.H.; Yeh, C.C.; Moon, H.; Hormaechea-Agulla, D.; Mun, H.; Ko, S.; Lee, J.W.; et al. NEAT1
is essential for metabolic changes that promote breast cancer growth and metastasis. Cell Metab. 2021, 33, 2380–2397.e9. [CrossRef]
[PubMed]

48. Zimmerli, C.E.; Allegretti, M.; Rantos, V.; Goetz, S.K.; Obarska-Kosinska, A.; Zagoriy, I.; Halavatyi, A.; Hummer, G.; Mahamid, J.;
Kosinski, J.; et al. Nuclear pores dilate and constrict in cellulo. Science 2021, 374, eabd9776. [CrossRef]

49. Chen, B.; Deng, S.; Ge, T.; Ye, M.; Yu, J.; Lin, S.; Ma, W.; Songyang, Z. Live cell imaging and proteomic profiling of endogenous
NEAT1 lncRNA by CRISPR/Cas9-mediated knock-in. Protein Cell 2020, 11, 641–660. [CrossRef]

50. Lo, P.K.; Zhang, Y.; Wolfson, B.; Gernapudi, R.; Yao, Y.; Duru, N.; Zhou, Q. Dysregulation of the BRCA1/long non-coding RNA
NEAT1 signaling axis contributes to breast tumorigenesis. Oncotarget 2016, 7, 65067–65089. [CrossRef]

51. Zhang, M.; Zheng, Y.; Sun, Y.; Li, S.; Chen, L.; Jin, X.; Hou, X.; Liu, X.; Chen, Q.; Li, J.; et al. Knockdown of NEAT1 induces
tolerogenic phenotype in dendritic cells by inhibiting activation of NLRP3 inflammasome. Theranostics 2019, 9, 3425–3442.
[CrossRef] [PubMed]

52. Lee, M.; Sadowska, A.; Bekere, I.; Ho, D.; Gully, B.S.; Lu, Y.; Iyer, K.S.; Trewhella, J.; Fox, A.H.; Bond, C.S. The structure of human
SFPQ reveals a coiled-coil mediated polymer essential for functional aggregation in gene regulation. Nucleic Acids Res. 2015, 43,
3826–3840. [CrossRef] [PubMed]

53. Naganuma, T.; Nakagawa, S.; Tanigawa, A.; Sasaki, Y.F.; Goshima, N.; Hirose, T. Alternative 3′-end processing of long noncoding
RNA initiates construction of nuclear paraspeckles. EMBO J. 2012, 31, 4020–4034. [CrossRef] [PubMed]

https://doi.org/10.1083/jcb.201601071
https://doi.org/10.1098/rsob.220187
https://www.ncbi.nlm.nih.gov/pubmed/36168806
https://doi.org/10.1172/JCI89484
https://www.ncbi.nlm.nih.gov/pubmed/28192372
https://doi.org/10.1073/pnas.1800038115
https://www.ncbi.nlm.nih.gov/pubmed/29483269
https://doi.org/10.1016/j.crmeth.2022.100235
https://www.ncbi.nlm.nih.gov/pubmed/35784648
https://doi.org/10.15252/embj.201695848
https://www.ncbi.nlm.nih.gov/pubmed/28404604
https://doi.org/10.1002/jcb.22437
https://www.ncbi.nlm.nih.gov/pubmed/20024954
https://doi.org/10.1095/biolreprod.106.051136
https://www.ncbi.nlm.nih.gov/pubmed/16641145
https://doi.org/10.1128/MCB.23.18.6618-6630.2003
https://doi.org/10.1016/j.cellsig.2009.04.008
https://doi.org/10.4161/cc.9.8.11298
https://doi.org/10.33594/000000055
https://www.ncbi.nlm.nih.gov/pubmed/30946555
https://doi.org/10.1016/j.ijbiomac.2015.11.091
https://doi.org/10.1073/pnas.1108766109
https://www.ncbi.nlm.nih.gov/pubmed/22645345
https://doi.org/10.1111/gtc.12224
https://www.ncbi.nlm.nih.gov/pubmed/25651939
https://doi.org/10.1007/s00401-020-02178-y
https://www.ncbi.nlm.nih.gov/pubmed/32577828
https://doi.org/10.1016/j.celrep.2021.109576
https://www.ncbi.nlm.nih.gov/pubmed/34433054
https://doi.org/10.1016/j.cmet.2021.11.011
https://www.ncbi.nlm.nih.gov/pubmed/34879239
https://doi.org/10.1126/science.abd9776
https://doi.org/10.1007/s13238-020-00706-w
https://doi.org/10.18632/oncotarget.11364
https://doi.org/10.7150/thno.33178
https://www.ncbi.nlm.nih.gov/pubmed/31281488
https://doi.org/10.1093/nar/gkv156
https://www.ncbi.nlm.nih.gov/pubmed/25765647
https://doi.org/10.1038/emboj.2012.251
https://www.ncbi.nlm.nih.gov/pubmed/22960638


Non-Coding RNA 2024, 10, 23 14 of 14

54. Zhou, X.; Li, X.; Yu, L.; Wang, R.; Hua, D.; Shi, C.; Sun, C.; Luo, W.; Rao, C.; Jiang, Z.; et al. The RNA-binding protein SRSF1 is a
key cell cycle regulator via stabilizing NEAT1 in glioma. Int. J. Biochem. Cell Biol. 2019, 113, 75–86. [CrossRef] [PubMed]

55. Yi, K.; Cui, X.; Liu, X.; Wang, Y.; Zhao, J.; Yang, S.; Xu, C.; Yang, E.; Xiao, M.; Hong, B.; et al. PTRF/Cavin-1 as a Novel
RNA-Binding Protein Expedites the NF-κB/PD-L1 Axis by Stabilizing lncRNA NEAT1, Contributing to Tumorigenesis and
Immune Evasion in Glioblastoma. Front. Immunol. 2022, 12, 802795. [CrossRef] [PubMed]

56. Machitani, M.; Taniguchi, I.; Ohno, M. ARS2 Regulates Nuclear Paraspeckle Formation through 3’- End Processing and Stability
of NEAT1 Long Noncoding RNA. Mol. Cell. Biol. 2020, 40, e00269-19. [CrossRef]

57. Yoon, J.H.; De, S.; Srikantan, S.; Abdelmohsen, K.; Grammatikakis, I.; Kim, J.; Kim, K.M.; Noh, J.H.; White, E.J.; Martindale, J.L.;
et al. PAR-CLIP analysis uncovers AUF1 impact on target RNA fate and genome integrity. Nat. Commun. 2014, 5, 6248. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.biocel.2019.06.003
https://www.ncbi.nlm.nih.gov/pubmed/31200124
https://doi.org/10.3389/fimmu.2021.802795
https://www.ncbi.nlm.nih.gov/pubmed/35069587
https://doi.org/10.1128/MCB.00269-19
https://doi.org/10.1038/ncomms6248

	Introduction 
	Results 
	Osmotic Stress Decreases NEAT1_2 Expression 
	Subcellular Localization of NEAT1_2 in HEK293T Cells 
	Number and Size of NEAT1_2 Foci Change under Osmotic Stress 
	Osmotic Stress Leads to Mislocalization of Paraspeckle Proteins 
	Paraspeckle Components Partially Colocalize with SGs under Conditions of Osmotic Stress 

	Materials and Methods 
	Cell Culture and Stress Treatment 
	Quantitative Real-Time PCR (qPCR) 
	Single-Molecule Fluorescence In Situ Hybridization (smFISH) 
	Immunofluorescence 
	Confocal Microscopy and Image Analysis 
	Statistical Analysis 

	Discussion 
	References

