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Genome-wide screening of NEAT1 regulators
reveals cross-regulation between paraspeckles
and mitochondria

Yang Wang'*, Shi-BinHu 23 and
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145 Meng-Ran Wang?5, Run-Wen Yao', Di Wu', Li Yang

The long noncoding RNA NEATT (nuclear enriched abundant transcript 1) nucleates the formation of paraspeckles, which con-
stitute a type of nuclear body with multiple roles in gene expression. Here we identify NEAT1 regulators using an endogenous
NEAT1 promoter-driven enhanced green fluorescent protein reporter in human cells coupled with genome-wide RNAI screens.
The screens unexpectedly yield gene candidates involved in mitochondrial functions as essential regulators of NEAT1 expres-
sion and paraspeckle formation. Depletion of mitochondrial proteins and treatment of mitochondrial stressors both lead to
aberrant NEAT1 expression via ATF2 as well as altered morphology and numbers of paraspeckles. These changes result in
enhanced retention of mRNAs of nuclear-encoded mitochondrial proteins (mito-mRNAs) in paraspeckles. Correspondingly,
NEAT1 depletion has profound effects on mitochondrial dynamics and function by altering the sequestration of mito-mRNAs in
paraspeckles. Overall, our data provide a rich resource for understanding NEAT1 and paraspeckle regulation, and reveal a cross-

regulation between paraspeckles and mitochondria.

regulators in gene expression networks. Yet, the understand-

ing of how IncRNA genes themselves are modulated has lagged
behind. The IncRNA NEATI (nuclear enriched abundant transcript
1) is the main structural RNA component of paraspeckles'™, which
are a type of nuclear body form in close proximity to the site of
NEAT] transcription’. The number of paraspeckles varies in differ-
ent cell types. For example, each HeLa cell contains about 10 to 30
paraspeckles. The NEAT1 locus produces two isoforms of NEATI.
The long-isoform NEAT1_2 (23,000 nt in humans) is stabilized by a
triple helix structure processed by RNase P at its 3’ end, whereas the
short-isoform NEAT1_1 (3,700 nt) is polyadenylated and processed
from NEAT1_2*%* Transcription of NEATI and the NEAT1_2 iso-
form are essential for paraspeckle formation and maintenance®*’. In
the absence of NEAT1_2, NEAT1_1 alone can form ‘microspeckles’
that are located close to nuclear speckles'’.

Paraspeckles are organized in the form of a core-shell spheroi-
dal structure, as revealed by electron microscopy (EM)'" and super-
resolution structural illustration microscopy (SIM)*. The middle
region of NEATI_2 forms the core, which is surrounded by the 5’
and 3’ ends of NEAT1_2 and NEAT1_1. More than 40 proteins are
now defined as paraspeckle proteins®"?, including NONO, SFPQ
and FUS, which are exclusively co-localized with the middle region
of NEAT1_2 in paraspeckles. Under normal conditions in murine
corpus luteum cells, the majority of paraspeckles appear as disperse
spheroids, but a small subpopulation of paraspeckles exhibit elon-
gated, sausage-like paraspeckles'?, which could be induced by pro-
teasome inhibition*.

|_ong noncoding RNAs (IncRNAs) are emerging as important

It has been shown that mice congenitally without NEATI
stochastically fail to become pregnant due to defects in the for-
mation of corpus luteum' and have impaired mammary gland
morphogenesis and lactation'®. At the cellular level, paraspeckles
play multiple roles in gene regulation by sequestrating proteins
(such as SFPQ, which prevents binding to promoters of specific
immune-related genes'*'”) or mRNAs with inverted repeats (IR)
in their 3’ untranslated regions (UTRs). Most of these repeats
are short interspersed nuclear elements (SINEs) in mouse and
Aly elements in human, and their retention is mediated by
NONO"*'*22_ The sequestration of mRNAs in paraspeckles is
dynamically regulated in response to cellular stresses® and
during circadian rhythm regulation”. Mechanistically, STAU1
outcompetes NONO binding to 3" UTR IRAlus* or NONO
methylation?' could suppress nuclear retention of mRNAs con-
taining IRAlus (IRAlus-mRNAs), leading to altered gene expres-
sion. Furthermore, recent genome-wide analyses have indicated
that NEAT1 also associates with active chromatin sites'’. Despite
these advances in understanding the functional implications of
paraspeckles, little is known about how the NEATI gene itself
is regulated and how paraspeckles communicate with other cell
compartments.

Here, we set up an endogenous NEATI promoter-driven
enhanced green fluorescent protein (EGFP) reporter cell line via
transcription activator-like effector nuclease (TALEN)-mediated
genome editing for genome-wide small interfering (si) RNA screen-
ing of NEATI regulators, which allowed us to identify an unex-
pected cross-regulation between paraspeckles and mitochondria.
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Results

Genome-wide screening uncovers mitochondrial proteins
as NEATI regulators. To globally identify the factors regulat-
ing NEAT1] transcription, we developed an endogenous NEATI-
promoter-driven EGFP reporter HeLa cell line by TALEN-mediated
insertion of the EGFP sequence downstream of the transcription
start site (TSS) of NEATI. As egfp mRNA fusion with the nuclear
retained NEATI IncRNA was inefficiently exported for transla-
tion”, we placed two copies of poly(A) sequences downstream of
EGFP to terminate NEATI transcription, and thus silenced one
allele of NEATI expression (Fig. la and Supplementary Fig. 1a).
Individual clones (NEAT1¢-HeLa) with single allele insertion were
validated by genomic PCR (Fig. 1b); consistently, NEATI expres-
sion remained 50% of that in wild-type (WT) cells (Fig. 1c). To
exclude genes that are potentially toxic to cells during screening,
we introduced the EF1a promoter-driven mCherry by lentivirus to
NEAT1%-HeLa cells. Single clones (NEAT1¢-HeLa-R) with EGFP
expressed from the endogenous NEAT1 promoter and mCherry as
a normalization control were then used for screening to identify
factors regulating NEAT1 transcription (Fig. 1a and Supplementary
Fig. 1a,b).

Next, we performed genome-wide RNAI screening with human
ON-TARGETplus (OTP) siRNA libraries (Supplementary Fig.
1c). Screens were performed on 384-well plates in duplicate, and
the distribution of fluorescence densities of all genes in two inde-
pendent screens was highly correlated (Supplementary Fig. 1d,e).
We selected candidates that could affect the activity of the NEAT1
promoter by comparing EGFP and mCherry intensities to scramble
siRNA treated NEAT19-HeLa-R cells and confirmed these to be
expressed in HeLa cells by analysing the available RNA-sequencing
(RNA-seq) data sets (Supplementary Fig. 1f). Knockdown of 108
and 63 genes that co-occurred in both screens resulted in reduced
or enhanced EGFP expression, indicating down- or upregulation
of NEAT1 transcription, respectively, while having little effect on
mCherry expression (Fig. 1d and Supplementary Fig. 1f).

Gene ontology (GO) revealed the enrichment of chromatin
modulators and transcription factors (TFs), as well as proteins in
different organelles, as potential NEATI regulators (Fig. le and
Supplementary Fig. 1g). Among the hits located in the cytosol,
nuclear encoded genes with reported roles in regulating mitochon-
drial functions (Fig. 1f and Supplementary Fig. 1gh) represent
the largest group of cellular factors that potentially affect NEAT]I
expression.

We randomly selected eleven candidates, including two chro-
matin modulators, three TFs and seven mitochondrial proteins
(Supplementary Fig. 1g), for validation. The effect of each candidate
on the expression of total NEATI (including both short and long
isoforms) was confirmed by at least two short hairpin (sh) RNAs in
WT Hela cells (Fig. 1g), suggesting high confidence for this endog-
enous promoter-based screening. Similar results were observed in
HEK?293 and U20S cells (Fig. 1h). We also attached the NEAT1 pro-
moter to a promoter-less dual luciferase reporter and confirmed the
results (Fig. 11i).

Loss of mitochondrial proteins leads to generation of elongated
paraspeckles. Both NEATI IncRNA and its transcription are essen-
tial for paraspeckle formation, and the number and morphology of
paraspeckles are dynamic in cells®'>. We were thus drawn to exam-
ine how paraspeckle integrity would be affected following the dis-
ruption of the proteins that have an effect on NEAT1 expression.
Paraspeckle numbers and morphologies were examined under
SIM with RNA fluorescence in situ hybridization (FISH) probes'” that
target both the 5" and 3’ regions or the middle sequence of NEAT1_2
(Fig. 2a). HeLa cells were treated with shRNAs targeting identi-
fied NEAT]I regulators, followed by detection of NEAT1 expression
and paraspeckle morphology. The initial SIM observations included

7 of 11 validated screening targets (Fig. 2b,c). We found that the
number of paraspeckles in cells was largely correlated with the level
of NEAT] expression in response to depletion of individual exam-
ined genes (Fig. 2¢): a decreased level of NEAT1 resulted in reduced
numbers of paraspeckles, and enhanced NEATI level resulted in
increased numbers of paraspeckles. However, we observed distinct
morphological changes in paraspeckles following knockdown of
some genes. Remarkably, knockdown of nuclear genes encoding
mitochondrial proteins led to about 20% increased proportion of
elongated paraspeckles, yet no detectable morphological changes
were found on disruption of other examined chromatin modulators
or TFs, except ATF2 (Fig. 2b,c).

Similar findings were observed using a different set of shRNAs
(Supplementary Fig. 2a-c). Depletion of other validated mitochon-
drial proteins (Supplementary Fig. 1g) also led to an increased
proportion of elongated paraspeckles (Supplementary Fig. 2d,e).
Similarly, ATF2 and BCL2 knockdown led to an augmented pro-
portion of elongated paraspeckles in HEK293 cells (Fig. 2d and
Supplementary Fig. 2f). Collectively, these findings reveal the
involvement of mitochondrial proteins in the regulation of NEAT]
expression and paraspeckle morphogenesis.

Loss of mitochondrial proteins affects NEAT1 expression via
ATF2. As mitochondrial proteins are unlikely to be direct regula-
tors of NEAT transcription in the nucleus, we speculated that TF(s)
might sense the loss of mitochondrial proteins, and subsequently
affected NEATI expression. ATF2 is a nuclear TF activated by mul-
tiple phosphorylation sites including Thr52, Thr69 and Thr71**%,
and mitochondrial stresses can activate ATF2?"*. ATF2 is also a
mitochondrial protein that can increase mitochondrial permeabil-
ity and promote apoptosis under genotoxic stress”. Such dual roles
of ATF2 in the nucleus and mitochondria suggested that it might
play a role in mediating mitochondria-paraspeckles (mito—para-
speckle) communication.

In keeping with this potential role, both the mRNA and pro-
tein levels of ATF2 were remarkably reduced in response to loss of
mitochondrial proteins that have an impact on NEATI transcrip-
tion (Figs. 1 and 2e-g and Supplementary Fig. 3a,b). These proteins
play important roles in mitochondrial functions (Supplementary
Fig. 1h), including the mitochondrial pathway of apoptosis (BCL2
and BAX™), fatty acid metabolism (ACSM5" and ACADI11%),
metabolism of glucose and amino acids (GPT2*) and oxidative
stress (MSRB2*). As disruption of ATF2 had no detectable effect on
the expression of BCL2 (Fig. 2f) and several other examined mito-
chondrial proteins (Fig. 2h), we speculated that ATF2 could act as
a downstream sensor of mitochondrial signals to modulate NEAT1
transcription as a TE. Note that not all observed NEAT1 reduction
following the loss of cellular proteins was ATF2-dependent. For
example, loss of PPRCI1, a protein involved in mitochondrial bio-
genesis”, or depletion of ERLIN2, another screening hit of NEAT1
repression localized to endoplasmic reticulum, had little effect on
ATF2 (Supplementary Fig. 3¢,d).

Next, we asked whether ATF2 could directly act on NEAT1 tran-
scription. First, analysis of the NEAT1 promoter revealed a consen-
sus ATF2 binding site, called the cyclic adenosine monophosphate
(cAMP) response element (CRE, 5-TGACGTCA-3")**¥, located
536 bp upstream of the NEATI TSS (Fig. 3a). Second, ATF2 chro-
matin immunoprecipitation (ChIP) assays revealed that ATF2 was
enriched on the NEATI promoter near CRE (Fig. 3a). Third, we
cloned WT or CRE-deleted NEATI promoter to the upstream of a
promoter-less luciferase reporter. The luciferase mRNA transcribed
from the CRE site-deleted NEATI promoter was reduced compared
to that from the WT promoter (Supplementary Fig. 3e). Sodium
arsenite (SA) is a known mitochondrial stressor that can trigger
oxidative stress and activate ATF2?**. So next we tested whether
ATF2-regulated NEAT1 expression was affected by SA stimulation.
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Fig. 1| Genome-wide screening uncovers mitochondrial proteins as NEATT regulators. a, Workflow to generate the TALEN-mediated NEAT1°-Hela-R cell
lines and the strategy of screening. b, Top, Schematic drawing of the EGFP-2xp(A) inserted into the endogenous NEATT locus. Primers used for PCR are
indicated by arrows. Bottom, PCR of the genomic DNA extracted from NEAT1%-Hela clones confirmed that EGFP-2xp(A) was inserted into the promoter
region of one NEATT allele. Data shown represent results from four independent experiments. €, RT-gPCR validation of both total NEATT and long isoform
NEATT_2 expression in WT and NEAT16-HeLa cells; two NEATT isoforms and primer sets used are indicated on the top (n=3 independent experiments).

d, Results of human ON-TARGETplus (OTP) RNAi screenings, shown by plotting the averaged fluorescence intensities of EGFP over mCherry of individual
siRNA-targeted genes obtained from two independent experiments. e, Enrichment of gene candidates from RNAi screenings in cellular organelles. The x
axis shows the ratio of the number of genes in a given organelle divided by the total number of gene candidates from d (one-sided Fisher's exact test). The
y axis shows the category of organelles. f, Summary of screening candidates involved in regulation of NEATT transcription. Candidates with reported roles
in chromatin modulation, transcription regulation and mitochondrial function are listed. g, Validation of screening candidates by shRNAs in WT Hela cells
(n=3 independent experiments). ROS, reactive oxygen species. h, Validation of screening candidates ATF2 (activating transcription factor 2) and BCL2
(B-cell ymphoma 2) by shRNAs in HEK293 and U20S cells (n=3 independent experiments). i, Dual luciferase reporter assays confirmed that randomly
selected targets could regulate the activity of NEATT promoter. The vector used is shown on the top (n=3 independent experiments). KD, knockdown.
Data in all bar graph are presented as mean +s.d. P values in g-i are calculated using two-tailed unpaired Student'’s t-test; *P < 0.05; **P < 0.01. Statistical
source data, including precise P values for ¢, e, g-i, are provided in Supplementary Table 6. Unprocessed blots for b are shown in Supplementary Fig. 8.
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Fig. 2 | Loss of mitochondrial proteins leads to generation of elongated paraspeckles. a, Probes used for NEATT FISH. b, Representative images from two
independent experiments of paraspeckles in shRNA-treated Hela cells under SIM. Scale bar, 500 nm. See also Supplementary Fig. 2c. ¢, Left, Statistics

of paraspeckle number (n=164, 123, 60, 60, 94, 97,148, 57 cells randomly selected under each condition). Right, Bar graph showing distribution of
different paraspeckles. Paraspeckles were classified into three categories as described in ref. . Data collected from two independent FISH experiments

in b. d, Representative images from three independent experiments of paraspeckles in shRNA-treated HEK293 cells under SIM. Scale bar, 500 nm. See
also Supplementary Fig. 2f. Bar graph (top right) shows the distribution of different paraspeckles. e, Knockdown nuclear-encoded mitochondrial proteins
reduced atf2 expression, shown by RT-gPCR (n=3 independent experiments). f, Knockdown BCL2 impaired ATF2 expression, whereas ATF2 disruption
had no effect on BCL2, shown by western blot. Data represent two independent experiments. g, Knockdown nuclear-encoded mitochondrial proteins
reduced ATF2 expression, shown by western blot. Data represent two independent experiments. h, ATF2 knockdown had little effect on the expression

of nuclear-encoded mitochondrial proteins revealed by RT-gPCR. Data represent two independent experiments. Data in ¢, e and h are presented as

mean = s.d. All P values are calculated using two-tailed unpaired Student'’s t-test; **P < 0.01, ***P < 0.001. Statistical source data, including precise P values,
are provided in Supplementary Table 6. Unprocessed blots for f and g are provided in Supplementary Fig. 8.
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Fig. 3 | Mitochondrial signals regulate NEATT expression via ATF2. a, Top, ATF2 binding site (CRE) and primers used in ATF2 ChIP. Bottom, ATF2 is
enriched on NEATT promoter (n=3 independent experiments). b, Western blot showing SA (500 pM, 4 h) treatment elevated Thr71 phosphorylation of
ATF2 in Hela cells. Data represent two independent experiments. ¢, SA-treatment-induced NEATT expression, shown by RT-gPCR (n=3 independent
experiments). d, SA-treatment-induced NEATT expression depended on ATF2, as shown by RT-gPCR (n=3 independent experiments). e, Phosphorylated
ATF2 bound to the NEATT promoter following SA treatment. Numbers shown on the x axis correspond to primers indicated in a (n=3 independent
experiments). f, Cells were transfected with NEATT promoter-luciferase constructs (WT or ACRE) and pmCherry-C1 (control) followed by SA treatment.
Luciferase expression was normalized to mCherry (n=3 independent experiments). g,h, Mitochondrial stressors FCCP (2 pM, 24 h) and oligomycin
(2puM, 24 h) induced NEATT (g) and atf2 (h) expression, as shown by RT-gPCR. DMSO was used as control (n=3 independent experiments). i,
Phosphorylated ATF2 bound to NEATT promoter following FCCP and oligomycin (2 pM, 24 h) treatments. Numbers shown on the x axis correspond to
primers indicated in a (n=3 independent experiments). j, FCCP and oligomycin-induced NEATT expression depended on ATF2, as shown by RT-gPCR
(n=3independent experiments). kI, RT-gPCR revealed that SA (500 pM, 12 h) (k) and oligomycin (2 uM, 24 h) (I) induced NEATT expression in HEK293
cells (n=3 independent experiments). m, RT-qPCR revealed that oligomycin-induced atf2 expression in HEK293 cells (n=3 independent experiments).
n, Phosphorylated ATF2 bound to NEATT promoter following oligomycin treatment in HEK293 cells (n=3 independent experiments). Data in a, c-n are
presented as mean +s.d. All P values were calculated using two-tailed unpaired Student's t-test; **P < 0.01. Statistical source data, including precise

P values, are provided in Supplementary Table 6. Unprocessed blots for b are shown in Supplementary Fig. 8.
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SA could activate ATF2 by enhancing its phosphorylation (Fig. 3b)
and robustly induce NEAT1 expression (Fig. 3c). Importantly, this
induction depended on ATF2 (Fig. 3d), and enrichment of phos-
phorylated ATF2 at the NEATI promoter was increased on SA treat-
ment (Fig. 3e). Finally, the CRE site was essential for SA-induced
activation of the NEAT1 promoter, as shown by assays using WT or
CRE-deleted NEAT1 luciferase reporters (Fig. 3f).

Similarly, other mitochondrial stressors (mito-stressors) such as
carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP),
oligomycin (Fig. 3g), rotenone and doxycycline (Supplementary
Fig. 3f) all led to increased NEAT1I transcription. FCCP and oligo-
mycin also induced ATF2 expression (Fig. 3h). Further analyses on
FCCP and oligomycin showed that enrichment of phosphorylated
ATEF?2 at the NEAT1 promoter increased following these treatments
(Fig. 31) and that such NEATI upregulations were no longer detected
in ATF2-depleted cells (Fig. 3). Finally, increased NEAT1 transcrip-
tion induced by different mito-stressors was also detected in other
types of cell (Fig. 3k-n and Supplementary Fig. 3g-i).

Together, these results show that ATF2 directly binds to the
NEATI promoter to enhance NEAT1 transcription in response to
mitochondrial defects involving loss of mitochondrial proteins and
mito-stressor treatments.

Increased production of NEAT1_2 promotes formation of elon-
gated paraspeckles. The majority of paraspeckles were globu-
lar under normal conditions (Fig. 2b,c)", so it was interesting to
observe the formation of elongated paraspeckles in response to
mitochondrial defects (Fig. 2b-d and Supplementary Fig. 2). It has
been shown that increasing NEATI1_2 levels could promote the
generation of elongated paraspeckles in cells by proteasome inhi-
bition", so we asked whether NEATI transcription in response to
mitochondrial defects might lead to altered processing of NEAT1_1
and NEATI_2 for elongated paraspeckle formation. RT-PCR
revealed that the percentage of NEAT1_2 was augmented in cells
depleted of the examined mitochondrial proteins (Fig. 4a and
Supplementary Fig. 3a,b), even though overall levels of NEATI
expression were reduced to about 50% (Fig. 1g,h). Similar observa-
tions were confirmed by RNase protection assays following BCL2
knockdown (Fig. 4b).

To further confirm that the defect in NEAT1 processing of its two
isoforms, rather than the abundance of total NEAT], is the direct
cause of elongated paraspeckle formation, we used CRISPR/Cas9 to
disrupt the 3’-end poly(A) site of NEAT1_1 (Fig. 4c) for favourable
NEATI_2 production. Two individual clones with desired double-
allele deletions at NEAT1 (NEATI_I Ap(A)) were selected, both of
which exhibited increased NEAT1_2 expression to twofold, while
the total NEAT1 level remained unchanged (Fig. 4c). As expected,
SIM observations of NEATI_1 Ap(A) cells revealed an obvious
increase in elongated paraspeckles (Fig. 4d,e and Supplementary
Fig. 3j), confirming that increased NEAT1_2 promotes the genera-
tion of elongated paraspeckles.

Elongated paraspeckles have reduced dynamic behaviour of
NONO and increased capability of mRNA sequestration. Next,
we asked whether elongated paraspeckles have any functional dif-
ference compared to normal, globular bodies. NONO is one of the
paraspeckle structural protein components and is localized in the
core region of paraspeckles™>. NONO binds to mRNAs with IRAlus
in their 3’ UTRs and contributes to their nuclear retention within
paraspeckles"®'®-?!, Thus, the characteristics of NONO in these two
types of morphologically distinct paraspeckle may indicate their
functional difference, if any.

Cells under BCL2 knockdown or NEATI1_1 Ap(A) conditions
show a remarkable increase in elongated paraspeckles (Figs. 2c
and 4e). We examined the kinetics of NONO by fluorescence recov-
ery after photobleaching (FRAP) within individual globular or

elongated paraspeckles in these cells. Transfection of EGFP-NONO
was found to be richly localized to both types of paraspeckle, with-
out a noticeable difference under prebleach condition (Fig. 4f). We
observed an exchange rate of NONO in globular paraspeckles with
t,,=27-31s (Fig. 4f,g), which is comparable to other paraspeckle
proteins (such as GFP-PSP1) examined in HeLa cells*. However, the
recovery of NONO was strikingly delayed in elongated paraspeckles
compared to globular paraspeckles in cells under BCL2 depletion or
altered NEAT1 processing (Fig. 4f,g). Their t,,, could not be accu-
rately measured because NONO recovery in elongated paraspeck-
les never reached a plateau, but a reasonable estimation suggests
t,,>45-50s. These analyses indicate a distinct effect of paraspeckle
proteins in elongated and globular paraspeckles.

The reduced exchange of NONO within elongated paraspeckles
would suggest an increased interaction between NONO and NEAT!
and hence an augmented capability of mRNA paraspeckle retention.
To test this possibility, we performed NONO immunoprecipitation
assays followed by detection of NEAT1 and previously known para-
speckle-retained IRAlus-mRNAs by this protein®*~*' in cells having
increased elongated paraspeckles. As expected, we observed that
more RNAs were associated with NONO in BCL2 knockdown or
NEATI1_1 Ap(A) cells than in normal cells (Fig. 4h,i).

Together, these results suggest that elongated paraspeckles
formed in response to mitochondrial protein depletion are func-
tionally different from the regular, globular bodies.

Sequestration of mRNAs of nuclear-encoded mitochondrial pro-
teins by NEAT1 and paraspeckles. Why might it be important to
have elongated paraspeckles in response to loss of mitochondrial
proteins? As a global inspection of RNAs trapped by paraspeckles
in human cells has been lacking, we performed CHART (capture
hybridization analysis of RNA targets) assays with antisense probes
recognizing both NEAT1I isoforms at the 5’ ends followed by RNA-
seq in HeLa cells (Supplementary Fig. 4a,b). A total of 197 nuclear-
encoded mitochondrial proteins (mito-mRNAs) were potentially
associated with paraspeckles (Fig. 5a), and were over-presented com-
pared to the CHART-enriched mRNAs of nuclear genes that encode
other reported cellular functions (Fig. 5b). Among these CHART-
enriched mito-mRNAs, 15 mRNAs contain IRAlus in their 3" UTRs,
the known cis-elements for paraspeckle-mediated retention.

Additional mRNAs with AG- or U-rich motifs were also found
to be associated with NEAT1 paraspeckles (Supplementary Fig. 4c),
consistent with a study performed in mice'”. Selected mito-mRNAs
enriched by NEAT1 with or without IRAlus could be validated by
independent CHART assays (Fig. 5¢). These mito-mRNAs include
CYCS, which encodes cytochrome ¢, a key player in mitochon-
drial-mediated apoptosis®'’; NDUFA13, which encodes a subunit
of mitochondrial membrane respiratory chain NADH dehydroge-
nases”; and CPTIA, which encodes an integral outer membrane
protein that converts activated fatty acids into acylcarnitines*>*
(Fig. 5d). Representative examples are shown in Supplementary
Fig. 4d. Importantly, their paraspeckle localizations were con-
firmed using dual-colour single-molecule RNA FISH (smFISH)
with probes only targeting the NEATI_2 isoform and individual
NEAT1-enriched mito-mRNAs in single cells (Fig. 5e,f). Finally,
generation of network maps of these retained mRNAs revealed that
their encoded proteins are involved in mitochondrial functions and
diseases (Supplementary Fig. 4e).

Enhanced nuclear retention of mito-mRNAs in paraspeckles in
response to mitochondrial defects. Paraspeckle-retained mito-
mRNAs with or without 3’ UTR IRAlus were associated with
NONGO, and exhibited an augmented interaction with this protein
in cells that have elongated paraspeckles in response to depletion
of BCL2 (Fig. 6a) or NEAT1_1 poly(A) site (Fig. 6b). At the single
cell level, three examined mito-mRNAs—cycs and cptla, whose
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of NEAT1_2 to total NEATT in mitochondrial-protein-depleted cells, detected by RT-gPCR (n=3 independent experiments). b, Top, Schematic drawing
showing the probe used in the RNase protection assay (RPA). Bottom, Increased proportion of NEAT1_2 following BCL2 knockdown revealed by RPA. Data
shown represent three independent experiments. ¢, Top, Schematic drawing shows the polyadenylation site p(A) of NEATT_1 and sgRNAs used to delete
the poly(A) site to increase the proportion of NEAT1_2. Bottom, Poly(A) site deletion results in increased NEAT1_2 accumulation in two Ap(A) clones,
shown by RT-gPCR using primer sets indicated in blue on the top (n=3 independent experiments). d, Representative images of SIM observations of
paraspeckles in two Ap(A) clones. Scale bars, 500 nm. Data represent two independent experiments. e, Bar graph showing the distribution of different
paraspeckles from two independent FISH experiments. f,g, Representative fluorescent recovery after photobleaching (FRAP) images (f) of the EGFP-
NONO and kinetics (g) of NONO recovery in BCL2 knockdown (KD) cells (top, n=13 and 27 for globular and elongated paraspeckles, respectively) or
NEAT1_T Ap(A) cells (bottom, n=18 and 21 for globular and elongated paraspeckles, respectively). Data are from two independent FRAP experiments.
Scale bars, 2pm. h,i, Enhanced association of NONO with NEATT (top) and IRAlus-mRNAs"??' (bottom) in BCL2 knockdown (h) and Ap(A) (i) cells. Bar
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of cells across different samples. 18S rRNA was a control (n=3 independent experiments). Data in g are presented as mean+s.e.m.and ina, ¢, h, i as
mean = s.d. All P values calculated using two-tailed unpaired Student'’s t-test; *P < 0.05, **P < 0.01. Statistical source data, including precise P values, are
provided in Supplementary Table 6. Unprocessed blots for b are shown in Supplementary Fig. 8.
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mean + s.d. d, Representative wiggle tracks of the NEATT-enriched mito-mRNAs in one RNA-seq from three independent CHART experiments. Red arrows
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Fig. 4d. e, Validation of mito-mRNAs enriched by NEATT CHART-RNA-seq including cycs, cptla and ndufal3 by smFISH. Scale bars, 5pm (uncropped) and

500 nm (cropped). Data represent three independent smFISH experiments. f, Line graphs of both fluorescence intensities in e showing co-localization
along the entire length of each dashed line. Data represent three independent experiments with similar results. Statistical source data are provided in

Supplementary Table 6.

3" UTRs contain IRAlus, as well as ndufal3, which does not have
IRAlus—all exhibited remarkably increased co-localization sig-
nals with NEATT in elongated paraspeckles in BCL2-depleted cells
(Fig. 6¢,d and Supplementary Fig. 5a-c).

We next examined whether the nuclear retention of mito-
mRNAs within paraspeckles was altered in cells treated with

mito-stressors. First, previously reported paraspeckle-localized
mRNAs (Fig. 4h,i) and newly identified mito-mRNAs all exhib-
ited increased association with NONO in cells treated with FCCP
(Fig. 6e and Supplementary Fig. 5d,e). SIM images of paraspeck-
les in cells treated with FCCP showed no apparent morphological
changes (Supplementary Fig. 5f), but exhibited increased numbers
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Fig. 5h. Data represent three independent experiments. h, Numbers of co-localized foci between NEATT and NEATT CHART-enriched mito-RNAs following
FCCP and oligomycin (2 uM, 24 h) treatments using smFISH (n=40, 37, 34, 34, 36, 40, 45, 67, 32 cells randomly collected separately from three
independent smFISH experiments). Data in a, b, e, f and h are presented as mean +s.d. Box and whisker plot in d are shown with centre line at median,
box limits at 25th/75th centiles and whiskers from minimum to maximum. All P values are calculated using two-tailed unpaired Student's t-test; *P < 0.05,
**P<0.01, ***P< 0.001. Statistical source data, including precise P values, are provided in Supplementary Table 6.
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of globular paraspeckles (Fig. 6f). These SIM observations are con-
sistent with the notion that total NEAT]I levels increased with an
unchanged ratio of the two NEAT1 isoforms (Supplementary Fig. 5g).
Correspondingly, NEATI-co-localized mito-mRNAs (cycs, captla
and ndufal3) were increased in cells with increased numbers of
paraspeckles following FCCP and oligomycin treatments (Fig. 6g,h
and Supplementary Fig. 5h). As a control, the subcellular distribu-
tion of actin mRNA was not changed under the same treatments
(Supplementary Fig. 5i).

Collectively, these findings suggest a communication between
paraspeckles and mitochondria. Paraspeckle function and mito-
chondrial signals are coupled by controlling NEATI transcription
and processing, which are associated with increased numbers of
globular paraspeckles or formation of elongated paraspeckles in
response to mito-stressors or loss of mitochondrial proteins. Cells
under these conditions show enhanced capability to trap mito-
mRNAs in the nucleus, which can act as one way to quickly perturb
mito-mRNAs exporting to the cytoplasm for translation.

NEATTI and paraspeckles are essential for mitochondrial homeo-
stasis. Communication between mitochondria and the nucleus
is tightly coordinated during homeostasis and mitochondrial
stress”. The observed changes of paraspeckle dynamics and func-
tion in response to mitochondrial protein depletion and different
mito-stressors (Figs. 2-6) indicated a previously unknown view
that paraspeckles may regulate mitochondrial homeostasis. To
test this hypothesis, we knocked out (KO) NEATI in HeLa cells
(Supplementary Fig. 6a,b), then examined a number of factors that
indicate mitochondrial features.

Strikingly, NEAT1-depleted single cell clones showed a consis-
tent reduction in mitochondrial DNA (mtDNA) (Fig. 7a), reduced
mitochondrial respiration (by detection of the oxygen consumption
rate (OCR); Fig. 7b) and adenosine triphosphate (ATP) production
(Fig. 7c), reduced OCR and extracellular acidification rate (ECAR)
rate (Fig. 7d), suggesting that the aberrant NEAT1 expression could
cause mitochondrial dysfunction. Furthermore, in agreement with
the impaired mitochondrial function (Fig. 7a-d), NEATI knock-
out cells showed reduced proliferation rate (Fig. 7e). In addition,
NEAT]-depleted single cell clones tended to have elongated mito-
chondria (Fig. 7f and Supplementary Fig. 6c). The fission and
fusion of mitochondria (collectively termed mitochondrial dynam-
ics) work in concert to maintain the normal morphology, number
and health of mitochondria*’. Mitochondrial dynamics is regulated
by a group of highly conserved large dynamin-related GTPase pro-
teins (DRPs), including MFN1 and MFN?2 (required for fusion) and
DRP1 (responsible for fission)*. We found that DRP1 expression,
as well as phosphorylated DRP1, were both decreased in NEATI
knockout cells, whereas MFN1 and MFN2 expression remained
unchanged (Fig. 7g), indicating that a defect of mitochondrial fis-
sion contributed to elongated mitochondria in NEATI-depleted
cells. Similar impaired mitochondrial function and dynamics were
observed in antisense oligonucleotide (ASO)-mediated NEATI
knockdown in HeLa (Supplementary Fig. 6d-i) and HEK293 cells
(Supplementary Fig. 6j-n).

Finally, consistent with observed mitochondrial defects in cells
without NEAT1, HeLa cells with NEAT1 in cis induction by dCas9-
VP64 and specific sgRNAs (Supplementary Fig. 6a) to activate
NEAT1 transcription (Fig. 7h) showed increased mtDNA (Fig. 71),
more fragmented mitochondria (Fig. 7j), increased DRP1 expres-
sion and phosphorylation (Fig. 7g) than those in empty sgRNA vec-
tor treated cells. In addition, NEATI_I Ap(A) cells with increased
elongated paraspeckles (Fig. 4d,e) exhibited similar changes in
mitochondrial defects (Fig. 7k-m), DRP1 expression and phosphor-
ylation (Fig. 7g) as those in NEAT1 upregulated cells. These results
together support a critical role of NEATI and paraspeckles in the
regulation of mitochondrial homeostasis.

Sequestration of mito-mRNAs within paraspeckles is involved
in mito-paraspeckle communication. Consistent with aberrant
mitochondrial homeostasis, paraspeckle-enriched mito-mRNAs
exhibited enhanced nucleocytoplasmic export in NEAT1 knockout
cells (Fig. 8a). In contrast, genome-wide RNA-seq of two NEAT1
knockout clones and their control cells revealed little change
on the transcription of genes encoding mitochondrial proteins
(Supplementary Fig. 7a-d), indicating that hundreds of mRNAs
coding for mitochondrial proteins being enriched in paraspeckles
(Fig. 5) probably plays a role in coordinating the crosstalk between
these two subcellular compartments.

To further illustrate this notion, we focused on CYCS that encodes
cytochrome c. It is well known that the release of cytochrome ¢ from
mitochondria induces the mitochondrial pathway of apoptosis®.
Prolonged treatment with the mitochondrial stressor SA led to cyto-
chrome c release from mitochondria to cytosol (Fig. 8b) and severe
cell death (Fig. 8c and Supplementary Fig. 7e-g). In the meantime,
the cytochrome ¢ protein level being translated in the cytoplasm
was reduced (Fig. 8d and Supplementary Fig. 7h) although the total
cycs mRNA remained unchanged (Fig. 8e). Correspondingly, para-
speckles-retained cycs increased in cells treated with SA (Fig. 8f).
Thus, cycs mRNA nuclear retention represents a quality control
mechanism to prohibit unnecessary cytochrome c¢ from being
translated following stress. Importantly, cells lacking NEAT1 exhib-
ited significantly greater cell apoptosis than WT cells following SA
induction (Fig. 8c and Supplementary Fig. 7e-g). In keeping with
this observation, the cytochrome ¢ protein level was much higher
on SA induction than that in WT cells (Fig. 8d and Supplementary
Fig. 7h) due to the increased nuclear export of cycs mRNAs in cells
without paraspeckles (Fig. 8a).

Thus, NEAT1 and paraspeckles can regulate mitochondrial
homeostasis, at least partially, through the nuclear retention of mul-
tiple mitochondria-related mRNAs. Such a paraspeckle-mediated
mRNA nuclear retention pathway can act as a quality control mech-
anism to sequester or release mRNAs depending on cellular needs.

Discussion

IncRNAs are emerging as regulators of the gene expression net-
work through various modes of action’>*. How the IncRNA genes
contribute to communication with other cell components remains
poorly understood. Using endogenous NEATI-promoter-driven
EGFP expression as a readout for genome-wide screening of NEAT1
regulators (Fig. 1), we uncovered a feedback loop of mitochondrial
stress-NEAT1/paraspeckles-mitochondrial homeostasis (Fig. 8g).
The increase in elongated paraspeckles and augmented capability
for mRNA sequestration in the nucleus following the loss of mito-
chondrial proteins suggests a previously under-estimated regula-
tion on NEAT] transcription and paraspeckle function (Figs. 2-6).
Formation of elongated paraspeckles requires an increased propor-
tion of the long isoform in relation to the short NEAT1 isoform (Fig. 4
and Supplementary Fig. 3j)", although how this transition occurs
remains to be studied (Supplementary Fig. 7i). One possibility is
that ATF2 itself might modulate 3'-end processing of NEATI_I,
in addition to its role in NEAT]I transcription (Figs. 2 and 3 and
Supplementary Fig. 7i).

Several key paraspeckle protein components are RNA binding
proteins' that harbour intrinsically disordered regions that can drive
liquid-liquid phase separation*-*. Examined proteins within para-
speckles exhibit dynamic exchange with the nucleoplasm®* (Fig. 5),
suggesting that paraspeckles represent a type of membrane-less
liquid-like nuclear body. We found suppressed mobility of NONO
and increased mito-mRNA sequestration in elongated paraspeck-
les (Figs. 4 and 6), supporting the view that elongated paraspeckles
behave in a more condensed state. It remains to be determined how
elongated paraspeckles are assembled and whether they are revers-
ible to the globular form. It is possible that an elongated paraspeckle
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Fig. 7 | Altered NEAT1 expression leads to mitochondria defects. a, NEATT deletion led to reduced mtDNA, shown by gPCR of mtDNA normalized to
ACTB gDNA (n=3 independent experiments). b, NEATT deletion impaired mitochondrial respiration, detected by Seahorse assays (n=3 independent
experiments). ¢, NEATT deletion reduced ATP production, detected by ATP viability assays (n=3 independent experiments). d, OCR and ECAR in

control and NEATT knockout (KO) Hela cells (n=3 independent experiments). e, NEATT KO cells have reduced proliferation rates, detected by the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (n=3 independent experiments). f, Left, Mitochondria labelled by
Mitotracker-red under DeltaVision microscopy showed mitochondria hyper-fusion upon NEATT deletion. Scale bar, 10 pm. Right, Bar graph showing three
categories of mitochondria®': elongated (radius,,,./radius,,,>7), normal (~2-7), and fragmented (~1-2). See Methods for details. Data represent three
independent experiments. g, Expression of DRP1, p637-DRP1, MFN1, MEN2 in NEAT1 KO, KD, overexpression (OE) or NEATT_1 Ap(A) cells, shown by
western blot. Data represent four independent experiments. Three NEAT1 KO or KD clones were mixed for western blot. h, NEATT OE by dCas9 in Hela
cells was confirmed by RT-qPCR (n=3 independent experiments). i, gPCR showed increased mtDNA abundance in NEATT OE cells (n=3 independent
experiments). j, Left, Morphological changes of mitochondria in NEATT OE cells. Scale bar, 10 pm. Right, Bar graph showing each category of mitochondria.
Data represent three independent experiments. k, gPCR showed increased mtDNA in NEATT_1 Ap(A) cells (n=3 independent experiments). I, ATP
viability assay showed enhanced ATP production in NEATT_1 Ap(A) cells (n=3 independent experiments). m, Left, Morphological changes of mitochondria
in NEAT1_1 Ap(A) cells. Scale bars, 10 pm. Right, Bar graph showing each category of mitochondria. Data represent three independent experiments. Data
ina-e, h, i, kand I presented as mean+s.d. All P values calculated using two-tailed unpaired Student's t-test; *P < 0.05, **P < 0.01. Statistical source data,
including precise P values, are provided in Supplementary Table 6. Unprocessed blots for g are shown in Supplementary Fig. 8.
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bars, 5pm (uncropped) and 500 nm (cropped). Data represent three independent experiments with similar results. g, Proposed model of cross-regulation
between paraspeckles and mitochondria. See text for details. Data in a, ¢ and e are presented as mean +s.d. All P values calculated using two-tailed
unpaired Student's t-test; *P < 0.05, **P < 0.01. Statistical source data, including precise P values, are provided in Supplementary Table 6. Unprocessed
blots for d are shown in Supplementary Fig. 8.
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is formed by the coalescence of two or more globular paraspeckles
when the NEATI_2 isoform is increased following mitochondrial
defects (Fig. 2). As the NEAT1_2 middle domain is necessary and
sufficient for paraspeckle assembly™, it will be of interest to explore
whether this domain is also required for elongated paraspeckle for-
mation. Alternatively, new paraspeckles may be formed initially as
elongated bodies; as soon as NEATI_1 is processed from its long
isoform, the abundant short isoform may interact with different
paraspeckle proteins to decondensate long paraspeckles, resulting
in the production of round-shaped ones. Thus, the reduced level
of NEATI_I in response to mitochondrial protein depletion could
ultimately result in an increased proportion of elongated paraspeck-
les (Fig. 4). Future development of new methods of imaging RNAs
in live cells via super-resolution microscopy may determine the
stepwise organization of paraspeckle morphogenesis.

The observed remarkable effects of paraspeckles on mitochon-
drial dynamics and function (Figs. 7 and 8) are achieved, at least
in part, by trapping mito-mRNAs within paraspeckles (Figs. 5, 6
and 8). Given that mitochondria are one of the most important cel-
lular organelles, we speculate that sequestration of many (rather
than one) specific mito-mRNAs within paraspeckles accounts for
the striking phenotypes of mitochondrial defects following altered
NEATI expression (Figs. 7 and 8). In addition, as many of these
mito-genes, such as CYCS, which encodes cytochrome c, are essen-
tial for cellular growth under normal conditions, this paraspeckle-
mediated mRNA sequestration offers a more flexible way of gene
regulation than turning transcription of genes on or off (Figs. 6 and
8 and Supplementary Figs. 4, 5 and 7). How exactly mito-mRNAs
trapped in paraspeckles can regulate different aspects of mito-
chondrial homeostasis remains to be explored. As Neatl knockout
mice are viable under normal conditions'>'*, we speculate that the
nuclear sequestration of mito-mRNAs by paraspeckles is unlikely to
be critical in a non-stress scenario.

In summary, we have uncovered a cross-regulation between
paraspeckles and mitochondria. Paraspeckles can sense mito-stress-
ors via ATF2-mediated NEAT1 transcription regulation, which in
turn leads to changes in paraspeckle numbers and assembly, as well
as mitochondrial dynamics and function. Such mito-paraspeckle
communication represents one type of bidirectional signalling
that is generated in reaction to mito-stressors to trigger particular
nuclear paraspeckle responses. As a result, some mitochondrial
mRNAs trapped by paraspeckles are altered in response to mito-
chondrial signals, leading to detectable changes in gene expres-
sion that may be needed to resolve perturbation in mitochondria
through a mito-paraspeckle feedback (Fig. 8g).

Online content
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Methods

Plasmid construction and generation of stable cell lines. TALEN-mediated
EGFP and poly(A) sequences knocking-in to the NEAT] promoter were designed
and assembled as described in ref. 2. The TALEN assembly kit was obtained from
Addgene. The target sequences of the NEATI TALEN plasmid are
5'-GACCCCGGTGACGCG-3" and 5'-AGTTGTGGCAAGTCC-3'. The
homologous arm sequences (chr11:65,421,968-65,422,789, chr11:65,422,798-
65,423,623) for donor plasmids were amplified from the genomic DNA of HeLa
cells, and the different regulatory modules (EGFP and the BGH/SV40 poly(A)
sequences) were amplified from pEGFP-C1 and pLKO.1 vectors, followed by
insertion into pCRII vector. Transfection of plasmids NEAT1-EGFP donor and
NEAT1 TALEN into HeLa cells was carried out with X-tremeGENE 9 Reagent
(Roche). Single clones of NEAT1¢-HeLa were selected by fluorescence intensity

and puromycin selection. To express mCherry in NEAT1¢ -HeLa, pHAGE-EF1Q-
IRES-mCherry was cloned by the KOD-Plus Mutagenesis Kit (TOYOBO) and
mCherry was amplified from pmCherry-Cl. Lentiviral particles were produced

in HEK293 cells by co-transfection of constructs pHAGE-EF10t-IRES-mCherry,
psPAX2 and pMD2.G, followed by infection into NEAT1¢-HeLa cells. Single clones
with an equivalent fluorescence intensity of EGFP and mCherry were selected as
NEAT1¢-HeLa-R clones. Genomic DNA and total RNA of selected single clones
were extracted for genotyping or NEAT1 expression analyses.

pGL3-NEAT1-promoter was cloned by inserting the NEATI promoter
(2,000bp upstream of NEATI TSS) from gDNAs of HeLa cells into pGL3-Basic
Vector (Promega) using XhoI/MIul. Deletion of the CRE site of the NEAT1
promoter in pGL3-NEATI-promoter was created with the Hieff MutTM Site-
Directed Mutagenesis Kit (Yeasen).

To construct shRNA vectors, target sequences of the screening positive gene
candidates and a scramble sequence were cloned into pLKO.1-TRC vector between
the Agel and EcoRI sites.

To generate double-allele NEAT1 KO HeLa cell lines, six sgRNAs (three
targeting upstream and three targeting downstream of the NEATI gene) were
designed and inserted into one CRISPR/Cas9-nuclease vector px330A with the
Multiplex CRISPR/Cas9 Assembly System Kit (Addgene).

To generate Ap(A) HeLa cell lines, four sgRNAs (two targeting upstream
and two targeting downstream of the NEAT1_1 p(A) signal) were designed and
inserted into vector pX330A (Addgene).

To express EGFP-NONO in BCL2 KD and Ap(A) deleted cells, the full-length
NONO DNA sequence was amplified from cDNA of HeLa cells, and inserted into
pEGFP-C1 vector. The primers used are listed in Supplementary Table 4.

Cell culture and transfection. HeLa and HEK293 cells were maintained in DMEM
supplemented with 10% FBS and penicillin/streptomycin. Plasmid transfection
was carried out with X-tremeGENE 9 (Roche) for HeLa and HEK293 cells with
~80-90% transfection efficiency in general.

Lentivirus production and cell infection. To produce lentiviral particles, 0.6 X 107
HEK293 cells were plated in a 10 cm dish for 24 h and then co-transfected with

10 pg pLKO.1, 7.5 pg psPAX2 and 3 pg pMD2.G. The supernatant containing viral
particles was harvested twice at 48 and 72 h after transfection, filtered through

a Millex-GP filter unit (0.45 pm pore size, Millipore), and stored at —80 °C until
use. Cells were cultured in medium containing lentivirus and 1 pgml™ polybrene
(Sigma) under infection and several days of puromycin selection was used to
increase the knockdown efficiency.

Nuclear and cytoplasmic RNA fractionation, RNA isolation and RT-qPCR.
Nuclear and cytoplasmic fractionation was carried out as described in ref. *'. Total
RNA from cultured cells was extracted with Trizol Reagent (Invitrogen). For
RT-qPCR, after treatment with DNase I (Ambion, DNA-free kit), cDNA synthesis
was carried out using SuperScript IIT (Invitrogen) with oligo (dT) and random
hexamers. qPCR was performed using SYBR Green Realtime PCR Master Mix
(TOYOBO) and a StepOnePlus real-time PCR system (Applied Biosystems). Actin
mRNA was used for normalization. The relative expression of each examined gene
was determined with triplicate independent experiments. Primers are listed in
Supplementary Table 4.

Dual luciferase reporter assay. For the NEAT1 promoter luciferase assay, ShRNA
knockdown and control cells were seeded in a 96-well plate and co-transfected
with pGL3-NEAT1-promoter reporter and Renilla luciferase vector in the ratio of
10:1, and Renilla luciferase was used as an internal control for normalization. At
24h after transfection, luciferase activity was measured using a Dual-Glo luciferase
assay system (Promega).

RNase protection assay. Total RNA was prepared as described above. RPA was
performed with an RPAIII kit (Ambion). In brief, total RNA (scramble, 30 pg;
BCL2_KD, 40 pg) was hybridized with 2 ng digoxigenin (DIG)-labelled antisense
RNA probe, which was synthesized with T7 RNA polymerase (Promega) at 42°C
for ~12-16h after denaturation in denaturing buffer. RNase A/T1 digestion (X100
dilution) excluded unhybridized single-stranded RNA probes for 30 min at 37 °C.
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The protected RNA fragments were separated by 8% PAGE containing 8 M urea
and visualized by northern blots (DIG Northern Starter Kit, Roche).

Seahorse assay. A Seahorse assay was performed with the Seahorse XF¢ Analyzer
according to the manufacturer’s instructions. HeLa cells (2 X 10*) or HEK293 cells
(4% 10*) were seeded on the XF* 24 microplate and incubated overnight in normal
growth medium, while the sensor cartridge was hydrated overnight. The next day,
the medium was changed to bicarbonate-free low buffered assay medium (25 mM
glucose, 2mM sodium pyruvate, 2 mM glutamine) and incubated at 37°C for 1 h.
Compounds were added (final concentrations: 1 pM oligomycin, 0.5uM FCCP, 1 pM
rotenone and antimycin A) to the reagent ports of the sensor cartridge, and the
sensor cartridge and XF¢ 24 microplate were placed in the XF¢ Analyzer to collect
data.

Apoptosis assay. Cells were plated in 12-well plates at a density of 1.5x 10° cells
per well. Cells were treated at 50% confluence with 500 uM SA. The proportion of
apoptotic cells was measured using an Annexin V-FITC Apoptosis Detection Kit
(Vazyme) after 24 h. Cells were passaged through a mesh (40 pm) after staining,
and then analysed on a BD LSRII SORP flow cytometer.

ChIP. HeLa cells (1 10”) were harvested and suspended in 10 ml PBS with 1%
formaldehyde to fix for 10 min at room temperature (r.t.). Crosslinking was
quenched by the addition of glycine to a final concentration of 0.25 M, followed
by incubation for 5min at r.t. After pelleting cells at 1,000 r.p.m. for 5min, the
cell pellets were resuspended in 1 ml lysis buffer (50 mM Tris pH 8.0, 150 mM
NaCl, 5mM EDTA, 1% Triton X-100 (ABCONE), 0.1% sodium deoxycholate,
phosphatase inhibitor cocktail III (MedChemExpress)), followed by sonication
with an §220 Focused-Ultrasonicator (Covaris) to achieve 300-500 bp DNA
fragments. After centrifugation at 16,000g for 10 min at 4 °C, the supernatant was
precleared with 15 pl Dynabeads Protein G (Invitrogen) with 100 pg BSA and
100 pg ssDNA. Precleared lysates were then incubated overnight at 4°C with 20 pl
Dynabeads Protein G and 2 pg anti-ATF2, anti-p71-ATF2 antibody and rabbit
IgG, individually. The beads were washed with 600 pl lysis buffer, 600 pl high

salt wash buffer (1% Triton X-100, 0.1% sodium deoxycholate, 50 mM Tris-HCl
at pH 8.0, 0.5M NaCl, 5mM EDTA), 600 pl LiCl immune complex wash buffer
(0.25M LiCl, 0.5% Igepal, 0.5% sodium deoxycholate, 10 mM Tris pH 8.0, 1 mM
EDTA) sequentially, followed by two washes with 600 pl TE Buffer (10 mM Tris
pH8.0, 1mM EDTA) at 4°C. The complex was eluted by adding 200 pl freshly
prepared elution buffer (1% SDS, 0.1 M NaHCO,) with rotation at r.t. for 15 min.
Reverse crosslinking was carried out by adding 8 pl 5M NaCl and incubating at
65°C for 4h, followed by a supplement of 4 pl 0.5 M EDTA and 10 pl proteinase K
(10mgml™) at 55°C for 2h. DNAs were purified for PCR. Primers are listed in
Supplementary Table 4, and antibodies are listed in Supplementary Table 5.

Native RNA immunoprecipitation. HeLa cells (2 X 10”) were rinsed twice with
ice-cold PBS and suspended in 1 ml RNA immunoprecipitation (RIP) buffer
(50mM Tris pH 7.4, 150 mM NaCl, 0.5% Igepal, 1 mM phenylmethyl sulfonyl
fluoride (PMSF), 1X protease inhibitor cocktail (Roche) and 2mM ribonucleoside
vanadyl complex (VRC, NEB)) followed by sonication. Cell lysates were
centrifuged at 1,000g for 10 min at 4°C and the supernatants were precleared with
10 pl Dynabeads Protein G (Invitrogen). The precleared supernatants were then
divided into two parts equally and incubated with 20 pl Dynabeads Protein G with
antibodies for NONO or mouse IgG2b for 2h at 4°C, followed by washing three
times with high salt buffer (RIP buffer with 0.5M NaCl, 0.5% sodium deoxycholate
and 0.1% Igepal) and twice with RIP buffer. The beads were incubated with elution
buffer (100 mM Tris pH 6.8, 4% SDS, 10mM EDTA) at r.t. for 10 min. One-third of
the eluted sample was used for western blot and the remainder was used for RNA
extraction. Antibodies are listed in Supplementary Table 5.

NEAT1 CHART. NEAT1 CHART was carried out as described in ref. ** with the
probes indicated in Supplementary Fig. 4a. Probes targeting egfp were used as
mock. HeLa cells (2 x 10”) were crosslinked with 2mM disuccinimidyl glutarate
(Thermo) at r.t. for 45 min and 3% formaldehyde at 37 °C for 10 min. Crosslinking
was quenched by the addition of glycine to a final concentration of 0.25 M followed
by incubation at r.t. for 5min. After spinning at 1,000 r.p.m. for 5min, the cell
pellets were resuspended in 1ml lysis buffer (10mM HEPES (ABCONE) pH?7.5,
20mM NaCl, 1.5mM MgCl,, 1 mM EDTA, 1 mM dithiothreitol (DTT), I mM
PMSE, 0.1% NP40). Cells lysates were transferred into an ice-cold glass dounce for
homogenization by douncing followed by spinning at 3,300 g for 7 min. After
removing supernatant, nuclei were re-suspended in WB100 buffer (10 mM HEPES
pH?7.5,100mM NaCl, 1 mM PMSE, 0.1% N-lauroylsarcosine, 40 U ml™ RNasin)
followed by sonication with an $220 Focused-Ultrasonicator (Covaris) (100 PW,
20% duty cycle, 200 burst, 1.5min, 4°C). The lysate was digested with DNase at
37°C for 15min and stopped by adding 10 mM EDTA and 5mM EGTA. The lysate
was precleared with 50 pl streptavidin C-1 magnetic beads at 4 °C for 20 min. The
precleared lysates were hybridized with 350 nM probes at r.t. for 6 h followed by the
addition of 150 pl strepavidin C-1 magnetic beads and incubation overnight at r.t.
The beads were washed with WB250 buffer (10mM HEPES pH 7.5, 250 mM NaCl,
0.2% SDS, 1 mM EGTA, 2mM EDTA, 1mM PMSE, 0.1% N-lauroylsarcosine) four
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times for 5min each, and then digested by proteinase K at 50 °C for 1h followed by
boiling for 10 min. Finally, 500 pl Trizol was added for RNA isolation.

FRAP. Cells were cultured on 29 mm no.1.5 glass-bottomed dishes (Cellvis).
Plasmid pEGFP-NONO was transfected 24 h before imaging (for BCL2 KD cells,
transfection was carried out after cells were treated with BCL2 shRNAs for 72h).
Photobleaching and subsequent image acquisition (10 prebleached images, and a
sequence of post-bleach images at 200 images every 1s) were performed on a Leica
TSC SP8 STED 3X. Data were calculated as described in ref. ** and fitted in a one-
phase exponential association curve by GraphPad Prism7.

FISH and SIM. For all SIM visualization of NEAT], cells were seeded on high
performance no. 1.5 (18 X 18 mm) glass coverslips (Schott Nexterion), fixed and
permeabilized as described in ref. *°. To visualize NEAT1, cells were incubated
in 50% formamide/2x SSC at r.t. for 10 min. A set of Cy3/488-labelled nick
translation and denatured probes targeting NEATI were added and hybridized
at 37°C in a humid chamber for 16 h. Unbound probes were washed away

by 50% formamide/2x SSC, nuclei were counterstained with 4,6-diamidino-
2-phenylindole. Primers for probes are list in Supplementary Table 4. SIM
observation was carried out as described in ref. *°.

To visualize mitochondria in living cell, cells were cultured on 29 mm no. 1.5
glass-bottomed dishes (Cellvis). Staining of mitochondria was carried out with
MitoTracker Deep Red FM - Special Packaging (Invitrogen) according to the
manufacturer’s protocol. Cells were washed once with PBS and the medium was
replaced by FluoroBrite DMEM (GIBCO) supplemented with 10% FBS and placed
back in the incubator for 1 h. For imaging of the single time point, sections with
0.125 pm spacing were acquired.

smFISH. All smFISH probes were designed via Stellaris Probe Designer and
labelled with cy3 (cycs, cptla, ndufal3, actin) or cy5 (neatl) on 3’ ends. Briefly,
cells were fixed with 4% PFA for 15 min, followed by permeabilization with 0.5%
Triton X-100 for 5min. Cells were incubated in 10% formamide/2x SSC for 10 min
at r.t. follow by hybridization at 37°C for 16 h. Samples were mounted in ProLong
Diamond antifade reagent (Thermo Fisher).

Imaging analysis of paraspeckle, mitochondria and smFISH. Analyses of
paraspeckle morphology were performed with SIM images. Images were measured
by Imaris using the surface building system. The parameter sphericity was used

to analyse the proportion of paraspeckle morphology and the distribution was
referred to a previous description'”. Paraspeckle numbers were analysed with
images taken by a DeltaVision Elite imaging system. Images were cropped and
processed by Fiji/Image] followed by calculation with Image-Pro Plus.

To collect the statistics of mitochondrial morphology, living cell imaging
of mitochondria was carried out by SIM, and signals were visualized and
deconvoluted with a DeltaVision Elite imaging system (GE Healthcare).
Classification of elongated and fragmented mitochondria was carried out
according to refs *»”7.

Due to the limited resolution in wide-field microscopy, we introduced a
parameter named ‘elongation rate (Er = 1/sphericity — 1)’ to distinguish globular
or elongated paraspeckles. As the linear regression of the individual volume and
Er of paraspeckles showed a high positive correlation (Supplementary Fig. 5a),
we defined paraspeckles as globular or elongated using their volumes, calculated
by signals of NEAT1 smFISH captured via wide-field microscopy. A total of 50
globular or elongated paraspeckles were selected, and the signal intensities of
NEATI-enriched mito-mRNAs in individual paraspeckles were calculated by
Imaris software to compare the retention capacity of globular and elongated
paraspeckles.

To measure changes in mito-mRNAs retained in paraspeckles following FCCP
and oligomycin treatments, the co-localization foci of each NEAT1-enriched mito-
mRNA in globular paraspeckles were counted for DMSO, FCCP and oligomycin
treatments, respectively.

ATP viability assay. Cells were plated in 96-well plates at a density of 1.5x 10*
cells per well and were allowed to grow for 14 h at 37°C in a humidified 5% CO,
atmosphere. The amount of ATP in cells was measured using a luciferase-based
CellTiter-Glo Luminescent Cell Viability Assay (Promega). The relative ATP
viability was normalized to HeLa WT cells.

Cell proliferation assay. WT and NEAT1_KO HeLa cells (2 X 10°) were seeded

in 96-well plates and cell numbers were measured every 24 h by a CellTiter 96
Aqueous One Solution Cell Proliferation Assay (Promega). The cell numbers were
normalized to those in 0 h cells.

Genome-wide RNAi screening of human genes associated with NEAT1
promoter. For RNAI screening, the human ON-TARGETplus (OPT) siRNA
library (GE Dharmacon) targeting 18,104 genes was used to screen potential genes
that have an impact on NEAT] transcription. Briefly, before transfection, RNAi
MAX transfection reagent (0.1 pl RNAi MAX in each well) was added to 384-well
plates in which each well contained four siRNAs targeting one single gene. After

20 min, NEAT19-HeLa-R cells were seeded at a density of 500 cells per well. Cells
were cultured for 72h to knock down gene expression. After washing with PBS
using an LS405 microplate (BioTek), the fluorescence intensities of mCherry and
EGFP were measured, recorded and analysed using Operetta (PerkinElmer). Two
independent experiments were performed.

Analysis of genome-wide RNAIi screening. Raw data were supported by Operetta.
The ratioggepmchenry Was calculated to indicate the level of NEAT1 transcription. Two
replicates were highly correlated (Pearson correlation coefficient=0.9565) and were
merged to identify regulators of NEAT1I transcription (Supplementary Fig. 1a-d).

A permutation test was performed to compute P values™ on ratioggepmcnerry
averaged across replicates. Genes with normalized fluorescencey, < 0.8,
normalized fluorescence,,cper, > 0.8, ratiopgepmcheny < 0.67 and P < 0.05 were
considered as candidates that enhance NEAT1I transcription. Genes with normalized
fluorescence;, > 1.2, normalized fluorescence,,cery < 1.2, ratioggep/mcheny > 1.5 and
P <0.05 were considered as candidates that suppress NEAT] transcription. Only
genes expressed in HeLa cells were further considered as candidates.

RNA-seq and differentially expressed gene analysis. RNA-seq libraries were
prepared using Illumina TruSeq mRNA Sample Prep Kit V2 and subjected to deep
sequencing with Illumina X ten. High-throughput sequencing read quality was
evaluated by FastQC (v0.11.7). Raw fastq files were trimmed using Trimmomatic
(v0.36) to remove sequencing adapter and low quality reads, then mapped to
human GRCh38/hg38 genome using HISAT2 (v2.0.5, —max-seeds 20 -k 10)*.
FPKM of each gene was calculated using featureCounts (v1.5.2). Differentially
expressed gene analysis of two NEATI KO lines were compared with WT HeLa
cells, respectively, with a fold change of FPKMo/FPKMyy > 2.

NEAT1 CHART-RNA-seq. For each sample, CHART-RNA-seq was performed

in one deep sequencing from three independent CHART experiments. Libraries
were prepared using an Illumina TruSeq RNA Sample Preparation Kit v2 and were
subjected to deep sequencing with an Illumina HiSeq 2000 at CAS-MPG Partner
Institute for Computational Biology Omics Core (Shanghai). High-throughput
sequencing read quality was evaluated by FastQC (v0.11.7). Raw fastq files were first
mapped to the human GRCh38/hg38 genome using HISAT2*. Then MACS (v2.1.1,
—bw 200 -m 5 50)°' was used to call peaks between NEATI CHART-RNA and
mock samples based on the statistical model of MACS. Peaks with P<1X10~° were
selected as statistically significant peaks. BEDTools™ was used to determine genes
enriched by NEAT1 CHART-RNA based on selected peaks. Final gene candidates
were obtained by removing false positive genes that are not expressed in HeLa cells.

GO analysis. To classify screening candidates based on their functions and
subcellular location patterns, we used AmiGO 2% to annotate GO terms of
candidates, with a manual check to remove unfaithful annotations. For mito-
mRNAs enriched in NEAT1 CHART-RNA-seq, we used Ingenuity Pathway
Analysis (IPA, QIAGEN) to generate the network maps. To identify NEATI-
enriched RNA motifs, we performed MEME® with full-length sequences of mito-
mRNAs enriched by NEATI CHART-RNA-seq.

Statistics and reproducibility. The data used in this study are presented as

mean =s.d. or s.e.m. Statistical analyses (two-sided Student’s t-test, linear
regression, correlation analysis and so on) were performed using existing

software (GraphPad Prism 7, R and MACS). P<0.05 was considered significant.
Representative pictures for FISH, FRAP, immunofluorescence and western blotting
were obtained from at least two independent experiments. For the statistical
significance and sample size of all graphs, please see figure legends and Methods
for details. Raw data and precise P values are provided in Supplementary Table 6
and unprocessed blots are provided in Supplementary Fig. 8.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

RNAI screening data reported in this Article have been deposited at PubChem
BioAssay with AID 1259429. All sequencing data, including RNA-seq and
CHART-RNA-seq, have been deposited at the Gene Expression Omnibus

(GEO) under accession no. GSE110775. Source data for statistics in Figs. 1-8 and
Supplementary Figs. 2, 3 and 5-7 are provided in Supplementary Table 6. All other
data supporting the findings of this study are available from the corresponding
author on reasonable request.
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Methodology
Sample preparation Cultured cells were collected by trypsinization and operated according to manufacturer's instruction. Cells were suspended in
single-cell condition after passage through a mesh (40 um) after staining.
Instrument BD LSRII SORP
Software FlowJo v 10

Cell population abundance  For data collection: BD FACSDiva v 6.1.2 software; for data analysis: FlowJo v 10.

Gating strategy After cells were selected in the FSC/SSC dot plot to remove debris, gates of Annexin V+ and Pl+ cells were set and compared with
a control sample with no staining.
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