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ABSTRACT

The formation of paraspeckle, a stress-induced nuclear body, increases in response to viral infection or
proinflammatory stimuli. Paraspeckle consists of IncRNA (nuclear paraspeckle assembly transcript 1,
NEAT1) and protein components including NONO, SFPQ, PSPC1, etc., which are shown to be involved in
viral infection and cancer. Both NEAT1 and NONO expression increase in human hepatocellular carci-
noma (HCC) samples according to TCGA data. However, the role of paraspeckle in HCC progression
needs further identification. IL-6 signaling is well known to contribute to HCC progression. Here we
reported that IL-6 signaling increased paraspeckle formation in HCC cells. Destruction of paraspeckle
formation by silencing the paraspeckle essential components NEAT1_2 or NONO could suppress IL-6-
induced STAT3 phosphorylation in HCC cells, and consequently repressed IL-6-promoted in vitro HCC
cell invasion, cell cycle progression and survival. Mechanistically, paraspeckle promotes IL-6-induced
STAT3 phosphorylation by binding and trapping peroxiredoxin-5 (PRDX5) mRNA in nucleus, decreasing
protein level of PRDX5 which can directly interact with STAT3 and inhibit STAT3 phosphorylation.
Besides, glutathione S-transferase P (GSTP1) protein, which inhibits DNA damage and apoptosis through
its detoxification and anti-oxidation function, was also trapped within paraspeckles under IL-6 stimula-
tion. Paraspeckle-trapping of both PRDX5 mRNA and GSTP1 protein contributes to IL-6-increased DNA
damage in HCC cells. Our results demonstrate that paraspeckle can nuclear entrap the inhibitors of IL-6/
STAT3 signaling as well as DNA damage, and then strengthen the promoting effect on HCC progression
by IL-6. Therefore, paraspeckle contributes to the inflammation-related HCC progression and might be a
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potential therapeutic target for HCC.

Introduction

Hepatocellular carcinoma (HCC) is one of the most com-
mon malignant tumors and the third leading cause of
cancer-related mortalities in the world. Although multiple
treatments had been developed to control HCC in clinic,
the therapeutic approaches have limited efficacy, and the
poor prognosis of HCC patients is mainly ascribed to high
risk of metastasis and high recurrence rate.' Therefore,
further exploring the molecular mechanisms of HCC pro-
gression and developing more effective treatments for HCC
are urgently needed. Furthermore, HCC is one representa-
tive example of inflammation- and infection-associated can-
cers with continuous hepatocyte death, long-lasting local
infiltration, reactive oxygen and nitrogen species accumula-
tion. MyD88-dependent production of IL-6 is in the centre
of the inflammation, HCC and sex triangle.” Besides, IL-6
signaling promotes the development of HCC via preventing
DNA-damage-induced hepatocytes apoptosis and promot-
ing tumor angiogenesis.” Tumor-associated macrophages
promote expansion of HCC stem cells by producing IL-6.*
Constitutive STAT3 activation has been found in various

cancers including HCC, promoting tumor development by
enhancing cell proliferation and preventing apoptosis.”™®
Targeting IL-6 or its downstream transcription factor
STAT3 have been proved to suppress tumor growth and
metastasis of HCC,”'? suggesting the important role of IL-
6/STATS3 signaling in HCC tumorigenesis. Identifying reg-
ulators which are responsible for overactivation of IL-6/
STATS3 signaling in HCC cells would be helpful for reveal-
ing the molecular mechanism for inflammation-induced
tumorigenesis and progression of HCC as well as providing
new potential targets for treating HCC.

Compared with messenger RNAs, there exist a variety of
large and small non-coding RNAs which do not encode
proteins.'' Beside microRNAs,'” long non-coding RNAs
(IncRNAs) which are defined with length over 200 nucleotides
have been revealed to play important roles in HCC tumor-
igenesis and progression.'>'* With the development of
IncRNA  microarray and whole-genome transcriptome
sequencing platforms, deregulation of intergenic, antisense,
and other IncRNAs such as circular RNAs and competitive
endogenous RNAs have been also observed in HCC."
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Both cytoplasmic and nuclear IncRNAs are suggested to be
involved in the regulation of signaling pathways such as WNT
and STATS3 signaling which are overactivated in HCC, and
epithelial to mesenchymal transition (EMT) and determina-
tion and maintenance of hepatic cancer stem cells (CSCs).'®
For the molecular mechanisms, IncRNAs can mediate epige-
netic dysregulation in HCC, e.g. IncTCF7, highly expressed in
liver cancer tissues and CSCs, recruits the SWI/SNF chroma-
tin remodeling complex to promote the TCF7 gene transcrip-
tion, leading to activation of the Wnt signaling pathway;'”
LncRNAs can mediate post-transcription regulation of mRNA
levels, e.g. IncRNA-ATB activated by TGF-p in HCC upregu-
lates mRNA levels of ZEB1, ZEB2 and IL-11 through compe-
titively binding microRNAs and other mechanisms;'®
IncRNAs can regulate post-translational modification of pro-
teins, e.g. Inc-B-Catm, highly expressed in human HCC
tumors and liver CSCs, promotes methylation of B-catenin
mediated by methyltransferase EZH2, thereby stabilizing -
catenin;'® IncRNAs can recruits transcription factors, e.g.
LncSox4, highly expressed in HCC tissues and in liver
tumour-initiating cells, interacts with and recruits STAT3 to
activate Sox4 promoter.”” However, there are large numbers
of IncRNAs which are highly expressed in HCC, the roles of
which in HCC progression are largely unknown. Therefore,
new molecular mechanisms regulating HCC-related pathways
mediated by specific IncRNAs remains to be revealed.

LncRNA NEAT1 (nuclear paraspeckle assembly transcript 1)
exists in two isoforms: NEAT1_1 (human 3.7kb) and NEAT1_2
(human 22.7kb). Through arresting binding of CPSF6-NUDT21
complex in the vicinity of alternative polyadenylation site of
NEATI 1, heterogeneous nuclear ribonucleoprotein K pro-
motes the production of NEAT1 2. Thus, NEAT1_1 and
NEATI1_2 have the same promoter and NEAT1_1 sequence is
consistent to the front sequence of NEAT1_2.>' Paraspeckle is a
kind of highly structured and organized nonmembranous
nuclear body.”> LncRNA NEAT1_2 is essential for assembling
of paraspeckles, acting as the scaffold for enrichment of RNA-
binding proteins in the Drosophila behavior and human splicing
(DBHS) family including NONO, SFPQ and PSPC1 which are
also essential for the structural maintenance of paraspeckles.”
Through structural analysis of paraspeckles using structured
illumination microscopy, paraspeckle is found to consist of
core-shell structures with 3’ region and 5’ region of NEAT1_2
distributing in the shell, and the middle region of NEAT1_2 and
its core protein components including NONO, SFPQ and
PSPCI1 arranging in the core of paraspeckle spheres.”*
Previous data showed that paraspeckle could alter nuclear reten-
tion of mRNAs containing inverted repeats of Alu sequences in
their 3'-untranslated regions (UTRs) by NONO.” Upon
immune stimuli, splicing factor proline/glutamine-rich (SFPQ)
is relocated from II8 gene promoter to the paraspeckles, leading
to transcriptional activation of IL-8.*° Notably, based on TCGA
database, expression of NEAT1 and NONO increases in HCC
samples. However, the role of paraspeckles in HCC progression
is still unknown.

In the present study, we provide evidence that paraspeckle
is engaged in IL-6/STAT3 signaling-involved HCC progres-
sion. Through nuclear trapping of mRNAs and proteins,
paraspeckle strengthens IL-6-induced STAT3 phosphorylation

and DNA damage in HCC. These data illustrate the impor-
tance of paraspeckles in HCC progression and its potential as
the target for the control of HCC.

Results
IL-6 increases paraspeckle formation in HCC cells

We first analyzed the expression levels of IncRNA NEAT1 and
paraspeckle assemble-related protein NONO in normal liver
and hepatocellular carcinoma tissues based on TCGA data. As
shown in Fig. S1A and B, both NEAT1 and NONO mRNAs
are more abundant in primary HCC tumor samples compared
with the normal liver controls, indicating that paraspeckle
sub-structure may be involved in HCC progression. We
found that IL-6 stimulation could elevate the expression of
both NEAT1_2 and NEAT1 (contains both NEAT1_1 and
NEATI1_2) in HepG2 and QGY-7703 HCC cells (Figure 1A,
B), while the expression of paraspeckle assemble-related pro-
teins NONO and SFPQ remained unchanged following IL-6
stimulation (Fig. S2A). It has been shown that NEAT1_2 but
not NEATI1_1 is indispensable for paraspeckle formation.*!
NEAT1_1 alone is unable to maintain paraspeckle integrity.*”
And, NEAT1_2 (but not Neatl_1) acts as a scaffold for RNA/
DNA binding proteins and its transcription is essential for
paraspeckle formation.”®*® co-IP and RIP assays showed that
interactions between SFPQ and NONO or between NONO
and NEAT1_2 were both strengthened under IL-6 stimulation
(Figure 1C, D). We further used super-resolution microscopy
assay to confirm the effect of IL-6 on paraspeckle formation
by showing the dramatically increased co-localizations
between NONO and NEATI1 2 in nucleus of HepG2 and
QGY-7703 HCC cells (Figure 1E). These results indicate that
IL-6 signaling contributes to the increased expression of para-
speckle subunits in HCC, and increases NEAT1_2-dependent
paraspeckle formation in the nucleus of HCC cells.

IL-6 increases NEAT1_2 transcription in HCC cells through
STAT3 and histone modifications

To reveal the mechanism of IL-6-mediated upregulation of
NEATI1_2 transcription, we detected the DNA methylation
level of the CpG island and histone methylation level at
NEATI1_2 promoter, both of which were reported to play
important roles in regulating NEAT1_2 transcription.”’32
By methylation specific polymerase chain reaction (MSP)
assay, we found that IL-6 could not affected DNA methylation
level in the CpG island at NEAT1_2 promoter in QGY-7703
cells (Figure 2A). Through ChIP assay using antibodies
against several types of histone methylation, we found that
IL-6 stimulation increased the level of histone H3 lysine 4
trimethylation ~ (H3K4me3) at NEATI_2  promoter
(Figure 2B). As STAT3 is a major transcription factor acti-
vated by IL-6, and STATS3 is involved in NEAT1 transcription
regulation during HSV-1 infection in HeLa cells,””> we found
that STAT3 silencing decreased IL-6-promoted NEAT1 2
transcription (Figure 2C) and ectopic expression of STAT3
strengthened  IL-6-induced = NEATI_2  transccription
(Fig. S2D), suggesting that STAT3 mediates IL-6-increased
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Figure 1. IL-6 increases paraspeckle formation in HCC cells.
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NEAT1_2 transcription in QGY-7703 cells. Furthermore, we
also observed direct binding of STAT3 to NEAT1_2 promoter
region in QGY-7703 cells upon IL-6 stimulation (Figure 2D).
These results indicate that IL-6/STAT3 signaling increases
transcription of NEAT1_2 in HCC cells.

Paraspeckle participates in il-6-promoted invasion and
survival of HCC cells

To explore the role of paraspeckle in IL-6-promoted HCC
progression in vitro, we silenced expression of NEAT1_2 or
NONO (Fig. S2B, C) to destroy the paraspeckle formation
under IL-6 stimulation.>® In Matrigel invasion assay, silen-
cing of NEATI_2 or NONO alone could not changed the
migration of QGY-7703 and HepG2 cells, but significantly
decreased IL-6-promoted migration of both cells
(Figure 3A). Furthermore, silencing of NEAT1_2 or
NONO also suppressed IL-6-promoted cell cycle progres-
sion, with decreased S phase and increased Gl phase in
NEATI_2- or NONO-silenced QGY-7703 cells, and
increased Gl phase and decreased G2/M phase in

NEAT1_2- or NONO-silenced HepG2 cells, as compared
with control cells after IL-6 stimulation (Figure 3B).
Moreover, silencing of NEAT1_2 or NONO alleviated the
IL-6-mediated inhibition of cis platinum-induced apoptosis
of QGY-7703 cells and HepG2 cells (Figure 3C). We also
detected the level of 8-OHDG (8-hydroxy-2-deoxy guano-
sine), produced by oxidative damage of DNA caused by
reactive oxygen and nitrogen species, under IL-6
stimulation.”>® As shown in Fig. S3A and C, IL-6 signifi-
cantly increased 8-OHDG levels in nuclear lysis; whereas
silencing of NEAT1_2 or NONO suppressed IL-6-increased
8-OHDG levels in nuclear lysis of QGY-7703 cells and
HepG2 cells (Fig. S3B, D). Therefore, paraspeckle is involved
in IL-6-induced invasion and survival of HCC cells.

Paraspeckle promotes IL-6/STAT3 signaling through
trapping PRDX5 mrna in nucleus of HCC cells

We further investigated whether paraspeckles are capable of
regulating IL-6/STAT3 signaling in HCC cells. Silencing of
NEAT1 2 or NONO impaired IL-6-induced Tyr705
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phosphorylation of STAT3 (Figure 4A, B). In addition, ectopic
expression of mNEAT1v2 or NONO strengthened it (Fig. S4A,
B). The mRNA and protein expression of downstream targets of
IL-6/STAT3 signaling pathway, including Bcl-2, c¢-myc and
Mmp2, were also decreased in NEAT1_2- or NONO-silenced
HCC cells (Figure 4C-F). To investigate the mechanism involved
in paraspeckle-promoted IL-6/STAT3 activation, we performed
RIP-seq using anti-NONO antibody to precipitate protein-RNA
complexes in QGY-7703 cells with or without IL-6 stimulation.
Specific and common transcripts that bound NONO before and
after IL-6 stimulation were identified (Fig. S5A). The transcrip-
tomic distributions of NONO-binding RNAs were similar
between the control group and IL-6 group, and about 60%
were within introns (Fig. S5B). In mature RNA elements, peaks
are more distributed in CDS (Fig. S5C). KEGG pathway analysis
showed that RNA-associated genes were most enriched in three
cancer-related pathways, with highest rich factors in these three
pathways, further indicating a role of NONO in regulating
cancer-related gene transcripts (Fig. S5D).

Among the transcripts in RIP-seq results of the IL-6 group, we
noticed peroxiredoxin-5 (PRDX5) which may be involved in
regulating STAT3 activation.”” We found that ectopic overex-
pression of PRDX5 suppressed IL-6-induced STAT3 phosphor-
ylation (Figure5A). IL-6 stimulation increased the association
between NONO and PRDX5 mRNA (Figure 5B), which was
decreased by NEAT1_2 knockdown (Figure 5C), further con-
firming that PRDX5 mRNA was a paraspeckle-associated RNA.

We then measured the mRNA and protein expression of PRDX5
and found that IL-6 stimulation did not change PRDX5 mRNA
level but decrease PRDX5 protein level (Figure 5D), indicating
that IL-6 stimulation may promote paraspeckle-mediated nuclear
trapping of PRDX5 mRNA, inhibiting protein translation from
mRNA. Through fractionation of nuclear and cytoplasmic RNAs,
we found that IL-6 stimulation indeed increased mRNA level of
PRDX5 in nuclear fraction, and destruction of paraspeckles by
silencing of NEAT1_2 or NONO impaired IL-6 stimulation-
promoted nuclear retention of PRDX5 mRNA (Figure 5E).
Moreover, knockdown of PRDXS5 partly canceled the inhibitory
effect of NEAT1_2 or NONO silencing on IL-6-induced STAT3
activation (Figure 5F). These results indicate that paraspeckle can
promote IL-6/STAT3 signaling through nuclear trapping of
PRDX5 mRNA, therefore decreasing protein level of PRDX5
and then the interaction of PRDX5 and STATS3.

PRDXS5 interacts with STAT3 and represses STAT3
phosphorylation in HCC cells

We further investigated the mechanism of the PRDXS5-
mediated repression of STAT3 activation, and found that
PRDX5 could interact with STAT3, which was decreased by
IL-6 stimulation (Figure 6A). By performing co-immunopre-
cipitation assay with various constructs containing different
functional domains of STAT3 and PRDXS5, we found that the
N-terminal conserved domain of STAT3 and C-terminal
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Figure 3. The effects of paraspeckle destruction on HCC cell invasion, proliferation and apoptosis under IL-6 stimulation.

(A) The invasive ability of QGY-7703/HepG2 HCC cells was evaluated by in vitro invasion assay after transfection of NC, si-NEAT1_2 or si-NONO with or without IL-6
stimulation for 48 h (*p < 0.05). (B) Cell cycle was analyzed by flow cytometry when HCC cells were transfected of NC, si-NEAT1_2 or si-NONO with or without IL-6
stimulation for 48 h (*p < 0.05). (C) Apoptotic QGY-7703 or HepG2 cells were analyzed by flow cytometry after transfection of NC, si-NEAT1_2 or si-NONO and
stimulation with or without IL-6 for 24 h and later stimulated by cis-platinum for 24 h (*p < 0.05).

domain of PRDX5 were responsible for the interaction
between STAT3 and PRDX5, respectively (Figure 6B, C).
Together with the results from Figure5A to F, the data indi-
cate that IL-6 represses the PRDX5-STAT3 interaction
through increasing paraspeckle formation, releasing the
repression of STAT3 activation by PRDX5.

Paraspeckle promotes il-6-increased DNA damage
through trapping GSTP1 protein in the nucleus of HCC
cells

As described above, IL-6 stimulation increased the level of 8-
OHDG in HCC cells, partially dependent of paraspeckles. As a
member of peroxiredoxin family of antioxidant enzymes,
PRDXS5 catalyzes the reduction of hydrogen peroxide, which
may contribute to oxidation-induced DNA damage. We found
overexpression of PRDX5 could partially repress IL-6 increased
8-OHDG level in HCCs, indicating other proteins may be
involved in IL-6-induced oxidation DNA damage (Figure 7A).
Paraspeckle can trap not only mRNAs but also proteins in
nucleus, to this end, we further analyzed the NONO-associated
proteins identified by co-immunoprecipitation combined with

protein electrophoresis and subsequent mass spectra analysis
and noticed GSTP1 (glutathione S-transferase P). As previously
reported, loss of GSTP1, which protected the cells against geno-
mic damage mediated by oxidants and electrophiles, led to
accumulation of oxidative DNA products in prostatic epithelium
under chronic intraprostatic inflammation, and increased intra-
cellular production of ROS.*>*® We found that ectopic expres-
sion of GSTP1 indeed could partially decrease IL-6-increased 8-
OHDG production in QGY-7703 cells, and notably in a syner-
gistic manner with PRDX5 (Figure 7A). Furthermore, IL-6 sti-
mulation decreased cytoplasmic GSTP1 protein levels but
increased nuclear GSTP1 protein levels (Figure 7B). Through
co-immunoprecipitation using antibodies against NONO or
GSTP1, we demonstrated that IL-6 promoted the interaction
between NONO and GSTP1 (Figure 7C) as well as GSTP1 and
NEAT1_2 (Figure 7D) in QGY-7703 cells. To evaluate whether
the interaction between NONO and GSTP1 depends on para-
speckle formation, RNase digestion or si-NEAT1_2 transfection
were used to destroy paraspeckle structure.”* The results showed
that destruction of paraspeckle structure suppressed GSTP1
binding to NONO or NEAT1_2 in IL-6-stimulated QGY-7703
cells (Figure 7E, F). The data suggest that, besides trapping
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PRDX5 mRNA, IL-6-increased paraspeckle formation traps
more GSTP1 proteins in the nucleus of HCC cells, leading to
increased oxidative DNA damage.

Discussion

Recently, IncRNAs have been identified as potential key reg-
ulators of the inflammatory response, largely involved in reg-
ulating activation of pro-inflammatory pathways and
transcription induction of inflammatory genes during innate
immune response. Furthermore, dysregulation of IncRNAs
which contributes to overexpression of pro-inflammatory
cytokines and overactivation of pro-inflammatory pathways
are also largely implicated in the pathogenesis of inflammatory
diseases, including cancers.”® Revealing more inflammation-
related IncRNAs and their function, especially for maintaining
chronic inflammation will be helpful for unveiling the patho-
genic mechanisms of inflammatory disease. IncRNA — NEATI
has been found to promote HCC by sponging microRNA,

modulating abnormal lipolysis or affecting the epithelial-
mesenchymal transition.”**"!Moreover, NEAT1 positively
relates to tumorgenesis and metastasis of HCC.** While
these studies focus on NEAT1 1 and HCC, the role of
NEAT1_2 in HCC is still unknown. Our study identified
IncRNA NEAT1_2-mediated paraspeckle as a new regulator
of IL-6/STAT3 proinflammatory signaling pathway, although
in HCC cells, which might also play important roles in innate
immune cells and other IL-6 signaling-responsive cells.
Chronic inflammation leads to genotoxicity, aberrant tis-
sue repair, proliferative responses, invasion and metastasis.*’
Besides nuclear factor-kB, STAT3 is the key transcription
factor which is converged by major inflammatory pathways
that are involved in inflammation-induced liver
carcinogenesis.** Although the main cause of STAT3 activa-
tion in HCC may be due to the elevated expression of pro-
inflammatory IL-6 and related cytokines, such as IL-11 and
IL-22 in cancer microenvironment, the detailed mechanisms
underlying chronic and constant IL-6/STAT3 overactivation
in transformed hepatocytes remain elusive. In the present
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Figure 5. Paraspeckle promotes IL-6-induced STAT3 phosphorylation through trapping PRDX5 mRNA in nucleus.

(A) QGY-7703 cells were transfected with empty vector plasmids or pCMV-myc-PRDX5 plasmids and then treated with IL-6 for the indicated time. Phosphorylation of
STAT3 and total STAT3 were examined by Western blot. (B) Q-PCR detection of NEAT1_2 or PRDX5 mRNA retrieved by anti-NONO antibody or anti-lgG antibody with
or without IL-6 stimulation for 10 h in RIP assay (*p < 0.05). (C) Q-PCR detection of PRDX5 mRNA retrieved by anti-NONO antibody or anti-lgG antibody of QGY-7703
cells transfected with NC or si-NEAT1_2 with or without IL-6 stimulation for 10 h in RIP assay (*p < 0.05). (D) QGY-7703 cells were stimulated with IL-6 for indicated
time and then cells were collected to extract total RNAs or total proteins. The expression of PRDX5 mRNA and NEAT1_2 was quantified by Q-PCR (upper panel) and
the protein level of PRDX5 was detected by Western blot (down panel), with GAPDH as a loading control. (E) Q-PCR of nuclear/cytoplasmic RNA of QGY-7703 cells
transfected with NC, si-NEAT1_2 or si-NONO with or without IL-6 stimulation (upper panel). Total protein was extracted to detect the expression of PRDX5, with
GAPDH as a loading control (down panel) (*p < 0.05). (F) QGY-7703 cells were transfected with NC, si-NEAT1_2 or si-NONO combined with si-PRDX5, with IL-6
stimulation for indicated time. Phosphorylation of STAT3 and total STAT3 were examined by Western blot.

study, we found that IncRNA NEAT1_2-mediated nuclear
sub-structure paraspeckle is involved in promoting IL-6/
STAT3 activation via trapping negative regulators of IL-6
signaling and tumor repressors in nucleus of HCC cells.
These findings indicate that destruction of paraspeckle forma-
tion may offer interesting opportunities to therapeutic inter-
vention as well as prevention.

NEAT1_2 have been found to constitute the crucial struc-
tural framework of organizing paraspeckle.*>*® As one of
nonmembraneous sub-nuclear structures found in mamma-
lian cells, paraspeckle could retain kinds of mRNAs and
proteins, e.g. sequestrating transcription factors from the pro-
moters of target genes.*”*® Paraspeckle play important roles
in both post-transcription and transcription regulation in
multiple biological and pathological processes. And our obser-
vations in this study suggest that paraspeckles are functional
sub-nuclear structures involved in IL-6/STAT3 activation in
HCC cells, and increased formation of paraspeckles is a

positive feedback loop of IL-6/STAT3 signaling to maintain
overactivation of STAT3 in HCCs. Activated STAT3 is
responsible for the increased paraspeckle formation, and para-
speckle promotes activation of STAT3 which activates tran-
scription of pro-survival, inflammation, EMT and CSC
associated genes.*” Thus, paraspeckle may be largely involved
in STAT3-related tumorigenesis and progression of kinds of
cancers in addition to IL-6 signaling in HCC. Furthermore,
paraspeckle was reported to regulate sensing of DNA viruses
and induction of antiviral genes,”>* indicating that para-
speckle may be also take part in the regulating of HBV infec-
tion and HBV-promoted progression of HCCs.

Through transcriptomic analysis of paraspeckle-associated
RNAs, we identified that PRDX5, the protein expression of
which was repressed by paraspeckles, is a negative regulator of
STATS3 phosphorylation. Our data showed direct interaction
between PRDX5 and STAT3, but the detailed mechanism
underlying PRDX5-meidated repression of STAT3 Tyr705
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Figure 6. Protein-protein interaction analysis.

(A) QGY-7703 cells were incubated with IL-6 for 10 h. The cell lysates were collected and immunoprecipitated with anti-STAT3 antibody or IgG. The immuno-

precipitates were subjected to western blotting analysis of STAT3 and PRDX5. (B)

Wild-type or truncated STAT3 vectors were constructed as indicated. Association of

Flag-tagged STAT3 with myc-tagged PRDX5 was determined using co-IP in the transfected HEK293T cells. (C) Wild-type or fragments of PRDX5 was constructed as
indicated. Association of myc-tagged PRDX5 and Flag-tagged STAT3 was determined using co-IP in the transfected HEK293T cells.

phosphorylation was waiting to be revealed in the future. As a
peroxiredoxin, PRDX5 has antioxidative and cytoprotective
functions during oxidative stress, indicating a reciprocal reg-
ulation between antioxidation and STAT3 activation.
Decreased expression of PRDX5 may also contribute to
increased oxidative DNA damage after IL-6 stimulation.
Furthermore, besides PRDX5, there may be other potential
negative regulators of IL-6/STAT3 signaling lying low in our
RIP-seq data.

GSTP1, a well-known tumor repressor protecting cells
against DNA damage by catalyzing the conjugation of glu-
tathione to a wide variety of exo- and endogenous electrophilic
substrates, is frequently silenced by CpG island promoter
hypermethylation in several types of cancers including HCC,

especially HBV-related HCC.”"> GSTP1 also regulates normal
cellular functions through interacting with critical cellular pro-
teins, such as those involved in MAPK signaling cascade.”>** In
our study, we found paraspeckle GSTP1 protein in nucleus,
however, whether catalytic activity of GSTP1 can be influenced
by being trapped to paraspeckle needs further investigation.”
Interestingly, GSTP1 may also inhibit STAT3 activation in
HepG2 cells.”® Sequestering GSTP1 proteins in nuclear para-
speckles may be an oncogenic mechanism of IL-6-promoted
HCC tumorigenesis before DNA methylation-mediated
GSTP1 silencing during HCC progression. Furthermore,
other tumor repressors may be also sequestered in nuclear
paraspeckles. Thus, components in IL-6-increased para-
speckles identified in our transcriptomic and proteomic assays



20 A

E15 N

[

=10 .

O]

25

(@] |—'"—|

® ol
empty vector +  + = = =
myc-PRDX5 — - - + +
myc-GSTP1  — =2 + = +

L6 — + + +

C D

L6 — + - +
IgG + + - -
anti-GSTP1  — i +
NONO e
Input
IL-6 — + = +
IgG + + - =
ant-NONO  — - + +
NONO A B
GSTP1 — —
[N [ @ —
Input
GSTP1 = o s =
IL-6
19G anti-NONO
NC + - — + - -
RNase — + - — + =
si-NEAT1_2 — - + - — +

NONO

NONO | st s e s e

GSTP1 s

ONCOIMMUNOLOGY €1503913-9

IL-6(h) O 6 10 0 6 10

GSTP] e s s S— a— —
GAPDH 4R GER Bl ces cons

5 T T QT
Lamin A/C g g

cytoplasm nucleus
159 *
9
3510
£
S
_
l_
I 51
z
o4
IgG Control IL-6
anti-GSTP1
m NC
* = RNase
5 81 * O si-NEAT1_2
Q
c *
S
~ 6 =
Z
<
w
<
= 41
[
[0}
£
S
£ 2-
o
k]
[
w 04
anti-GSTP1 anti-NONO

Figure 7. Paraspeckle promotes IL-6-induced DNA damage through trapping GSTP1.

(A) QGY-7703 cells were transfected with empty vector, myc-PRDX5 or myc-GSTP1 plasmids stimulated with or without IL-6 for 10 h, and nuclear extracts were used
to detect the level of 8-OHDG using a 8-hydroxy 2 deoxyguanosine ELISA kit (*p < 0.05). (B) QGY-7703 cells were stimulated with IL-6 for indicated time and then
cells were collected to extract cytoplasmic/nuclear proteins. The cytoplasmic/nuclear protein levels of GSTP1 were quantified by Western blot, with GAPDH as a
cytoplasmic protein control and lamin A/C as a nuclear protein control. (C) QGY-7703 cells were stimulated with or without IL-6 for 10 h. The cell lysates were
collected and immunoprecipitated with anti-GSTP1 antibody (upper panel), anti-NONO antibody (down panel) or IgG. The protein complexes were subjected to
Western blotting analysis of NONO and GSTP1. (D) Q-PCR detection of NEAT1_2 retrieved by anti-GSTP1 antibody or anti-lgG antibody in QGY-7703 cells with or
without IL-6 stimulation for 10 h in RIP assay (*p < 0.05). (E) QGY-7703 cells were transfected with NC or si-NEAT1_2, then stimulated with IL-6 for 10 h. The cell
lysates were collected and treated with RNase or not, later immunoprecipitated with anti-NONO antibody or IgG. The protein complexes were subjected to Western
blotting analysis of NONO and GSTP1. (F) Q-PCR detection of NEAT1_2 retrieved by anti-GSTP1 antibody or anti-NONO antibody with IL-6 stimulation for 10 h in RIP

assay (*p < 0.05).

will provide valuable data for future studies for further reveal-
ing new oncogenic role of both paraspeckle and IL-6/STAT3
signaling.

Materials and methods
Cell culture and transfection

HEK293T cells and the human HCC cell lines QGY-7703,
HepG2 cells were from American Type Culture Collection
(ATCC). HEK293T cells were maintained in DMEM media
containing 10% fetal bovine serum (FBS) at 37°C with 5%

CO2 in a humidified incubator. QGY-7703 and HepG2 cells
were cultured in RPMI-1640 supplemented with 10% fetal
bovine serum (FBS). Sequence of siRNA against IncRNA

NEAT1_2 (si-NEAT1_2): 5-GGAACAUUCUCAUUUAA
UAtt-3’  and  5-UAUUAAAUGAGAAUGUUCCat-3;>°
Sequence of siRNA against NONO (si-NONO): 5'-

GGGGUGGUAUUAAACAAGUCA-3" and 5-ACUUGU
UUAAUACCACCCCUC-3"*° Sequence of siRNA against
PRDXS5 (si-PRDX5): 5-GCAAGAAGGGUGUGCUGUUTT-
3" and 5-AACAGCACACCCUUCUUGCTT-3'. Sequence of
siRNA against STAT3 (si-STAT3): 5-GAAGGAGGCGU
CACUUUCA-3' and 5'-UGAAAGUGACGCCUCCUUC-3".%
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Sequence of scrambled siRNA (NC): 5-UUCUCCGAAC
GUGUCACGUTT-3" and 5-ACGUGACACGUUCGGAGA
ATT-3". siRNAs were synthesized by Shanghai GenePharma
Co., Ltd. pCMV-mNEAT1_2 (mouse NEAT1_2) plasmid was
a gift from Tatsuhiko Kodama.”® Full-length ¢cDNAs of
human NONO and STAT3 were amplified using KOD DNA
polymerase (TOYOBO, Japan). NONO cDNA was amplified
by using forward primer (GATATCGTACGACAGATATG
CAGAGTAATAAAACTTT) and reverse primer (TTACTTA
TCGTCGTCATTAGTATCGGCGACGTTTGT). STAT3
c¢DNA was amplified by using forward primer (GATAT
CGTACGACAGATATGGCCCAATGGAATCAGCT)  and
reverse primer (TTACTTATCGTCGTCATCACTGGGGGA
GCTAGCGCA). pCMV-Flag-NONO/STAT3 vector was gen-
erated by ligating the NONO/STAT3 cDNA with the pPCMV-
Flag vector using a ClonExpress II one step cloning kit
(Vazyme, China). The transfections were performed with
jetPRIME reagent (Polyplus-transfection, Illkirch, France)
according to the manufacturer’s instructions.

Quantitative real-time PCR (qrt-PCR)

Cells were treated with or without human IL-6 (50ng/ml,
Peprotech, USA) for the indicated time, and then har-
vested. Total RNA was extracted using Trizol Reagent
(Invitrogen, USA). RNA from each sample was reverse-
transcribed into cDNA using the PrimeScript RT reagent
kit (TOYOBO, Japan). qRT-PCR was performed using the
Q7 real-time PCR system (Applied Biosystems, USA), with
SYBR Green Master Mix (TOYOBO, Japan). The obtained
data were normalized to GAPDH expression levels in each
sample. The primers for qRT-PCR were as follows:
NEATI1_1: F: 5-GAGAACCAAAGGGAGGGGTG-3, R:
5-TGCTGCGTATGCAAGTCTGA-3". NEATI1_2: F: 5'-
ACATTGTACACAGCGAGGCA-3', R: 5'-CATTTGCCTTT
GGGGTCAGC-3'. GAPDH: F: 5-GGAGCGAGATCCCT
CCAAAAT-3". R: 5-GGCTGTTGTCATACTTCTCATGG-
3'. Bcl-2: F: 5-GGTGGGGTCATGTGTGTGG-3', R: 5'-
CGGTTCAGGTACTCAGTCATCC-3". C-myc: F: 5-GGC
TCCTGGCAAAAGGTCA-3', R: 5-CTGCGTAGTTGTG
CTGATGT-3". Mmp-2: F: 5-TACAGGATCATTGGCTAC
ACACC-3, R: 5'-GGTCACATCGCTCCAGACT-3".
PRDX5: F: 5-GCAAGACGGTGCAGTGAAG-3’, R: 5'-
ATGGCATCTCCCACCTTGATT-3".

Western blot

Cells were harvested and lysed using cell lysis buffer (CST,
USA). After measuring the protein concentration using BCA
kit (Thermofisher, USA), protein was loaded into 10% poly-
acrylamide SDS gel. After transferred onto nitrate mem-
branes (Millipore, USA) and incubated with primary
antibodies at 4°C overnight. Nitrate membranes were
washed three times with PBS for a total of 15 min and
incubated with specific secondary antibodies (1:10000, CST,
USA) for 1 h at room temperature. Later the signals were
detected using ECL kit (Pierce, USA). Primary antibodies
used were as follows: rabbit anti-NONO (1:1000, Abcam,
USA), rabbit anti-SFPQ (1:1000, Abcam, USA), rabbit anti-

p-STAT3 (1:1000, CST, USA), rabbit anti-STAT3 (1:1000,
Abcam, USA), rabbit anti-GAPDH (1:2000, Abcam, USA),
mouse anti-Bcl-2 (1:1000, CST, USA), mouse anti-c-myc
(1:1000, CST, USA), rabbit anti-Mmp-2 (1:1000, Abcam,
USA), rabbit anti-PRDX5 (1:1000, Abcam, USA), rabbit
anti-Flag (1:2000, CST, USA), mouse anti-myc (1:2000,
CST, USA), rabbit anti-GSTP1 (1:1000, Abcam, USA) and
mouse anti-LaminA/C (1:1000, CST, USA). Co-immunopre-
cipitation was performed as previously described.””

Rna-immunoprecipitation (RIP)

In brief, after treatments, cells were harvested and lysed in
Polysome lysis buffer (100mM KCl, 5mM MgCl,, 10mM HEPES
pH 7.0, 0.5% NP40, 1mM DTT, 80U/ml RNase Inhibitors, 400uM
VRC and protease inhibitors cocktail) for 30 min on ice. Lysates
were sonicated to fragment chromatins and RNAs, and centri-
fuged, and protein concentration in the supernatant was measured
with BCA assay (Thermofisher, USA). Proteins were incubated
with Protein G-coupled Magnetic Dynabeads (Life Technologies,
USA) pre-coated with rabbit anti-NONO antibody, anti-GSTP1
antibody or IgG control for 4 hr at 4°C. Before the incubation, 1/10
of the supernatant was put aside to be used as input. After incuba-
tion, samples were washed 5 times with NT buffer (50 mM, Tris-
HCl pH 7.4, 150mM NaCl, 1 mM MgClI2, 1% Triton X-100).
Immunoprecipitated RNAs and input RNAs were extracted
using Trizol reagent (Invitrogen). For the RIP-seq analysis, reads
uniquely mapped to the genome were subjected to calling the
peaks in the enriched regions with a fold enrichment of at least 2
over input reads.

RNA FISH and immunofluorescence microscopy

NONO and the NEAT1_2 RNA FISH assays were performed
using the ViewRNA ISH Cell Assay kit (Affymetrix, USA)
following the protocol of the manufacturer. Detailed proce-
dures were as previously described.’®

Cell invasion assay

The invasive abilities of HCC cells were determined using 24-
well transwell chambers coated with Matrigel (BD Pharmingen).
Treated cells (5 x 10* per group) in serum-free medium were
seeded in the top chamber. The bottom chamber was filled with
RPMI-1640 supplement with 10% FBS. After incubated at 37°C
in a humidified incubator containing 5% CO, for 24 hour, cells
that migrated to the underside of the membrane were fixed with
4% paraformaldehyde (Sangon, Shanghai, CHINA), stained
with crystal violet (Beyotime, Shanghai, China), imaged, and
counted with a microscope (Olympus, Japan).

Cell cycle assay

Cells seeded into a 12-well plate were transfected with siRNAs
and later treated with or without IL-6. After 24h, the cells
were collected and washed using PBS, fixed using pre-cold
70% ethanol for 24 h. Centrifuged and stained with
Propidium Iodide (PI), cells were washed using PBS and cell
cycle was analyzed by flow cytometry (LSRII, BD, USA).



Apoptosis assay

In brief, cells were seeded in 6-well plates at 8 x 10> per well.
Seventy-two hours after treatments, cells in the suspension
and that were adhered were both harvested and labeled with
AnnexinV (BD, USA) for 15 minutes in dark. PI was added to
each sample before the cell apoptosis distribution was ana-
lyzed by flow cytometry (LSRIIL, BD, USA).

8-OHDG detection

Cells were treated and lysed using NP40 lysis buffer
(Beyotime, Shanghai, China) on ice. After centrifugation,
undissolved nucleus debris was washed and lyzed using cell
lysis buffer (CST, USA). Supernatant of nuclear lysis was
collected by centrifugation and 8-OHDG level was detected
using a 8-hydroxy 2-deoxyguanosine ELISA kit (Abcam,
USA) according to manufacturer’s instructions.

Nuclear/cytosol RNA fractionation

To isolate cytosolic and nuclear RNAs from treated cells,
we used nuclear/cytosol fractionation kit (Biovision, USA).
In brief, cells were homogenized in Cell Fractionation
Buffer thoroughly before centrifuge for 5 min at 1500rpm.
Supernatant was collected as cytosolic fraction, while
nuclear pellet was washed and lysed by Cell Disruption
Buffer. Such samples were mixed with 2X Lysis/Binding
Solution before extracting RNA according to the manufac-
turer’s protocol.

Chromatin immunoprecipitation (chip)

ChIP was performed as follows: cells were crosslinked with 1%
formaldehyde, lyzed on ice and supernatant was carefully
removed and nuclear pellets were re-suspended in 0.5ml of
nuclear lysis buffer, then sonicated to create appropriately sized
chromatin fragments. After centrifuged to remove insoluble
materials, supernatant was transferred to clean microfuge tubes
in 50u aliquots. Then 3ug anti-H3K4me3 antibody (Abcam,
USA), anti-H3K9me3 antibody (Abcam, USA), anti-H3K27me3
antibody (Abcam, USA), anti-H4K20me3 antibody (Abcam,
USA), or IgG was added to each nuclear extract, and incubated
at 4°C overnight. Nuclear extracts were later incubated with
magnetic protein A/G beads for 2 h at 4°C to capture protein/
DNA complexes, then beads were sequentially washed with low
salt buffer, high salt buffer, LiCl wash buffer and TE buffer, then
protein/DNA complexes were eluted and reverse cross-linked to
free the DNA. Purified DNA was analyzed by qPCR. The primers
for ChIP were as below: 0-1k: F: 5-GTGTTTCCCAGGC
TGGTCTCG-3', R: 5'-CTCCCTGGCGCCTGCTTAGCCC-3
1k-2k: F: 5-GGGAGCAAGCCTGGGCTTGC-3, R: 5-CGCCG
ACCCTGCCCGGAGAG-3'; STAT3 binding site: F: 5-TGCCA
CATCACCACCTTCTG-3', R: 5-GAAGACATTTCGCCTGC
GTC-3'; control-site: F: 5-GAGGGGACGTGTTTCCTGAG-3/,
R: 5-TGTCCCTCGGCTATGTCAGA-3".
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Cpg island methylation measurement

QGY-7703 cells were treated with or without IL-6 for the
indicated times. Cellular DNA was extracted using DNA
extracting kits (Sangon, Shanghai, CHINA). Firstly, bisulfite
conversion of the extracted DNA was performed. Then,
methylation specific polymerase chain reaction (MSP) was
performed to measure DNA methylation level. All these pro-
cesses were performed in strict accordance with kit instruc-
tions. Methylated (M) and Unmethylated (U) primers of MSP
were designed to amplify CpG rich regions using online soft-
ware, MethPrimer (www.urogene.org/methprimer/) and used
for the amplification. The primer sequences were listed as
below: M: F: 5-GGTTTTTGGGAAGAGTTAAAATTAC-3/,
R: 5'-CAAAAAACCAACGAAATACTACGA-3; U: F: 5'-
TTTTTGGGAAGAGTTAAAATTATGA-3', R: 5-CAAAAA
ACCAACAAAATACTACAAA-3'.

Statistical analysis

Statistical significance between two groups was determined by
unpaired two-tailed Student’s t test. And, multiply groups
data was analyzed using one-way ANOVA. Differences were
considered to be significant when p < 0.05. *, p < 0.05.

Abbreviations

GSTPI: Glutathione S-?transferase P

HCC: Hepatocellular carcinoma

MSP: Methylation specific polymerase chain reaction
NEAT1_2: Nuclear paraspeckle assembly transcript 1_2
PRDXS5: Peroxiredoxin-5

SFPQ: splicing factor proline/glutamine-rich

STAT3: Signal transducer and activator of transcription 3.
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