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SUMMARY

Paraspeckle promotes hepatocellular carcinoma immune

escape by sequestering IFNGR1 mRNA.

BACKGROUND & AIMS: Hepatocellular carcinoma (HCC) is the
most common type of hepatic malignancies, with poor prognosis
and low survival rate. Paraspeckles, which are unique subnuclear
structures, are recently found to be involved in the development
of various tumors, including HCC, and are related to induction in
chemoresistance of HCC. This study aimed to investigate the
possibility of paraspeckle in HCC cells participating in immune
escape and its underlying mechanism in vitro and in vivo.

METHODS: Expression of NEAT1_2, the framework of para-
speckle, in HCC cells and tissues was detected by qRT-PCR and
RNA-FISH. mRNAs interacted with NEAT1_2 were pull-downed
and sequenced in C-terminal S1-aptamer-tagged NEAT1_2
endogenously expressed HCC cells constructed using CRISPR-
CAS9 knock-in technology. The effects of paraspeckle on HCC
sensitivity to T-cell-mediated cytolysis were detected by T-cell
mediated tumor cell killing assay. The roles of NEAT1 2 or
NONO on IFNGR1 expression and IFN-y signaling by applying

gene function loss analysis in HCC cells were detected by qRT-
PCR, RNA immunoprecipitation, Western blotting, and ELISA.
The role of paraspeckle during adoptive T-cell transfer therapy
for HCC in vivo was performed with a subcutaneous xenograft
mouse.

RESULTS: Paraspeckle in HCC cells is negatively related to T-
cell-mediated cytolysis. Destruction of paraspeckle in HCC cells
by knockdown of NEAT1_2 or NONO significantly improved the
sensibility of resistant HCC cells to T-cell killing effects.
Furthermore, IFNGR1 mRNA, which is sequestered by NEAT1_2
and NONO, is abundant in paraspeckle of T-cell killing-resistant
HCC cells. Incapable IFN-y-IFNGR1 signaling accounts for par-
aspeckle mediated-adoptive T-cell therapy resistance. More-
over, NEAT1_2 expression negatively correlates with IFNGR1
expression in clinical HCC tissues.

CONCLUSIONS: Paraspeckle in HCC cells helps tumor cells
escape from immunosurveillance through sequestering IFNGR1
mRNA to inhibiting IFN-y-IFNGR1 signaling, thereby avoiding
T-cell killing effects. Collectively, our results hint that NEAT1_2
highly expressed HCC patient is more resistant to T-cell therapy
in clinicc and NEAT1_2 may be potential target for HCC
immunotherapy. (Cell Mol Gastroenterol Hepatol
2021;12:465-487; https://doi.org/10.1016/jjcmgh.2021.02.010)
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H epatocellular carcinoma (HCC) is the fourth most
common cancer in terms of cancer-related mortal-
ity, causing more than 850,000 deaths globally each year."*
Although great developments have occurred in the treat-
ment strategies of HCC, including surgical resection, radiation
therapy, transarterial chemoembolization, liver trans-
plantation, and systemic therapy, the therapeutic effects are
still not satisfactory, and HCC patients still have low 5-year
survival and high recurrence rate.* > Thus, developing more
effective therapeutic approaches for HCC is urgently needed.

Tumor immunotherapies using immune checkpoint block-
ades or chimeric antigen receptor-engineered T cells have
become a research hotspot in the field of cancer therapy and
have achieved great clinical benefits.”” Several monoclonal
antibodies (mAbs) targeting immune checkpoint inhibitors,
such as cytotoxic T-lymphocyte-associated antigen 4, pro-
grammed death 1 (PD1), or programmed cell death-ligand 1
(PD-L1), have now been approved by the U.S. Food and Drug
Administration to treat some cancers through rescuing the
cytotoxic function of CD8™ T cells.® *° Activated T cells provide
anti-tumor effects by production of effector cytokines and
cytotoxic molecules, including tumor necrosis factor «, inter-
feron-y (IFNy), perforin, granzymes, and granulysin.*"'*
However, statistical analysis of recent clinical trials of pa-
tients with advanced HCC showed that anti-PD1 therapy only
achieves a 16%-20% objective response rate.'*'* Thus, it is
necessary to explore the underlying mechanism in low CD8*
T-cell responses in HCC with immunotherapy.

Paraspeckle is a unique subnuclear structure composed of
RNA elements, primarily the long non-coding RNA (IncRNA)
nuclear enriched abundant transcript 1 (NEAT1), associated
with RNA binding proteins (RBPs), and is involved in various
aspects of gene regulation.'” LncRNA NEAT1 is composed of
2 isoforms NEAT1_1 and NEAT1_2, of which the latter is
essential for the assembly of nuclear paraspeckle."® Among
the RBPs associated with LncRNA NEAT1, non-POU domain-
containing octamer-binding protein (NONO), splicing factor
proline and glutamine-rich protein (SFPQ), and paraspeckle
component 1 protein (PSPC1) are required for the production
or stabilization of NEAT1_2 and essential for structural
maintenance of nuclear paraspeckle.'” Recently, IncRNA
NEAT1_2 has been reported to be involved in the develop-
ment of several cancers, including gallbladder cancer, breast
cancer, colorectal cancer, and HCC.'®?! In addition, nuclear
paraspeckle is found to be close to induction in chemo-
resistance and prediction for poor survival of HCC,** and
IncRNA NEAT1 is found to regulate malignant phenotype of
cancer cell and cytotoxic T-cell infiltration in lung cancer.”?
However, whether paraspeckle is involved in immuno-
therapy for HCC is completely unknown.

In the present study, we investigated the possibility of
paraspeckle participating in the response of HCC cells to T-
cell-mediated cytolysis and its underlying mechanism
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in vitro and in vivo. We found that paraspeckle in HCC cells
is negatively related to T-cell-mediated HCC cell Killing.
Destruction of paraspeckle in HCC cells by knockdown of
NEAT1_2 or NONO significantly improved the sensibility of
resistant HCC cells to T-cell killing effects. Furthermore,
through RNA immunoprecipitation and sequencing, we found
that interferon gamma receptor 1 (IFNGR1) mRNA, which is
sequestered by NEAT1_2 and NONO, is abundant in para-
speckles of T-cell killing resistant HCC cells. Incapable IFN-y-
IFNGR1 signaling accounts for paraspeckle mediated-adoptive
T-cell therapy resistance. Moreover, NEAT1 2 expression
negatively correlates with IFNGR1 expression in clinical HCC
tissues. Overall, our results suggest that HCC patients with
NEAT1_2 high expression may be more resistant to immuno-
therapies and indicate paraspeckle is a potential therapeutic
target for improving immunotherapy efficacy of HCC.

Results
Paraspeckle in HCC Cells Is Negatively Related

to T-Cell-Mediated HCC Cell Killing Effects

To explore the possibility of paraspeckle participating in
the response of HCC cells to T-cell-mediated cytolysis, we
first examined the expression levels of IncRNA NEAT1_2, the
framework of paraspeckle, in 13 HCC cell lines and normal
liver cell line HL7702. The results showed that SKhepl,
HCCLM3, PLCPRF5, and BEL7402 cells have higher
NEAT1_2 expression than other HCC cell lines and normal
liver cell line HL7702 (Figure 1A). Furthermore, T-
cell-mediated tumor cell killing assay showed that SKhep1
and HCCLM3 cells were more resistant to human T-
cell-mediated cytolysis than other HCC cell lines and normal
liver cell line (Figure 1B). Then we analyzed the correlation
of NEAT1_2 expression level and crystal violet staining in-
tensity of leftover HCC cells after co-culture with activated T
cells and found that NEAT1_2 expression was positively
correlated with violet staining intensity of HCC cells (R* =
0.5981, P < .01) (Figure 1C). From these results, we spec-
ulated that the content of paraspeckle may be correlated
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with the killing effects of T cells on HCC cells. Subsequently,
to visualize the discrepancy of paraspeckle content in T-cell
killing sensitive or resistant HCC cells, cellular distributions
of NEAT1_2 and NONO, which binds NEAT1_2 to promote
paraspeckle particle initial formation,'” were detected by
immunofluorescent staining, and the results showed that T-
cell killing resistant HCC cells such as HCCLM3, SKhep1, and
BEL7402 had more paraspeckles than T-cell killing sensitive
HCC cells including HB611, Hep3b, and HepG2 (Figure 1D).
Moreover, we explored whether destruction of paraspeckle
formation by knockdown of NEAT1_2 or NONO with specific
small interfering (si) RNAs (Figure 1E-G) could rescue the
sensibility of resistant HCC cells to T-cell killing effects. As
shown in Figure 1H, destruction of paraspeckle significantly
improved the sensibility of resistant HCC cells, such as
HCCLM3 and SKhep1 cells, to T-cell killing effects. Overall,
these results indicate that paraspeckle in HCC cells is
negatively related to T-cell-mediated HCC cell killing effects.

IFNGR1 mRNA Is Abundant in Paraspeckle of
T-Cell Killing Resistant HCC Cells

Next, to clarify how paraspeckle reverses the response of
HCC cells to T-cell killing effects, C-terminal S1-aptamer-
tagged NEAT1_2 endogenously expressed HCCLM3 and
SKhepl cell lines were constructed using CRISPR-CAS9
knock-in technology (Figure 24). We first verified that S1-
tag knock-in did not affect NEAT1_2 expression, prolifera-
tion, or apoptosis of HCCLM3 and SKhepl cells
(Figure 2B-D), and S1-tagged-NEAT1_2 could be purified by
streptavidin magnetic beads specifically (Figure 2B). To
further ensure that S1-tagged NEAT1_2 participates in
paraspeckle formation, we performed RNA immunoprecip-
itation (RIP) assays by using anti-NONO antibody and found
that NONO could interact with S1-tagged NEAT1_2
(Figure 34). Through sequencing mRNAs potentially inter-
acted with NEAT1_2 by S1-tag mediated purification, we
found 339 overlapping mRNAs in SKhepl and HCCLM3
(Figure 3B-D). Furthermore, Kyoto Encyclopedia of Genes
and Genomes analysis showed that the 339 overlapping
genes were most enriched in cancer-related pathways,
immune-regulatory signaling, and cytokine signaling
(Figure 3E). Interestingly, IFNGR1, which is essential for
anti-tumor responses and required for immune thera-
pies,”**° is among the top 10 enriched genes and specif-
ically detected in S1-tagged-NEAT1_2 of HCCLM3 or SKhep1
cells (Figure 3F and G). Moreover, IFNGR1 mRNA was
demonstrated to be preserved in paraspeckle particles by
performing RIP using Sl-tag mediated pull-down
(Figure 3H) or using NONO antibody-mediated purification
(Figure 3I) in HCCLM3 and SKhepl cells, respectively.
Overall, these results indicate that IFNGR1 mRNA is abun-
dant in paraspeckle of T-cell killing resistant HCC cells.

Paraspeckle-Mediated Inhibiting IFNGR1
Expression Contributes to T-Cell Killing

Resistance of HCC Cells

Because IFNGR1 mRNA is preserved in paraspeckle of
HCC cells, we suspected that paraspeckle could regulate
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IFNGR1 expression by entrapping IFNGR1 mRNA. Knock-
down of NEAT1_2 using 2 different siRNAs to destroy para-
speckle up-regulated IFNGR1 protein expression in HCCLM3
and SKhep1 cells (Figure 44), which was also confirmed by
flow cytometry analysis (Figure 4B). Furthermore, we
explored whether paraspeckle could regulate IFNGR1 mRNA
expression. Through examining the IFNGR1 mRNA levels
from total cell lysate or cytoplasmic/nuclear lysate, respec-
tively, we found destruction of paraspeckle formation did not
affect total IFNGR1 mRNA expression level in HCCLM3 and
SKhep1 cells (Figure 4C) but led to more IFNGR1 mRNA
distribution in cytoplasm (Figure 4D).

Subsequently, we further examined whether IFNGR1 is
involved in T-cell-mediated killing HCC responses. By using
CRISPR/CAS9 method, we generated IFNGR1-knockout (KO)
HCCLM3 and SKhep1 cell lines, which were confirmed by
Western blotting and flow cytometry analysis (Figure 54
and B). As expected, IFNGR1-KO HCC cells were more
resistant to T-cell killing effects but did not affect prolifer-
ation or apoptosis of HCC cells (Figure 5C-E), and NEAT1_2
knockdown did not further promote T-cell killing resistance
of IFNGR1-KO HCC cells (Figure 5F), suggesting that
paraspeckle-mediated T-cell killing resistance of HCC cells
depends on IFNGR1 expression. Next, we further investi-
gated the role of IFNGR1 in adoptive anti-tumor immunity
in immunodeficient RAG”~ mouse with tumor xenograft
model. Equal numbers of IFNGR1-wild type (WT) or
IFNGR1-KO HCC cells were subcutaneously transplanted in
RAG”" mouse, and 12 days later activated T cells were
intravenously injected. The results showed that mice
transplanted with IFNGR1-KO HCC cells had larger tumor
size than WT group, and adoptive T-cell transfer signifi-
cantly decreased the tumor size of WT group but not
IFNGR1-KO group (Figure 64 and B). Moreover, to ensure
the role of paraspeckle during adoptive T-cell transfer
therapy, RAG”/" mice were injected with adeno-associated
virus (AAV)-shR-NEAT1_2 by tail vein injection every 4
days after 6 days of transplantation of IFNGR1-WT or
IFNGR1-KO HCC cells. All mice were intravenously injected
with activated T cells at 12 days after transplantation. As
shown in Figure 6C-E, destruction of paraspeckle formation
by AAV-shR-NEAT1_2 significantly reduced the tumor size
of WT group after adoptive T-cell transfer therapy but had
no evident effect on IFNGR1-KO group after adoptive T-cell
transfer therapy. Taken together, these results indicate that
paraspeckle-mediated inhibiting IFNGR1 expression con-
tributes to T-cell killing resistance of HCC cells.

Incapable IFN-y-IFNGR1 Signaling Accounts for
Paraspeckle Mediated-Adoptive T-Cell Therapy
Resistance

It is known that IFN-y is an essential cytokine for T-
cell-mediated anti-tumor effects, and all effects of IFN-y are
mediated by IFN-stimulated genes (ISGs) such as C-X-C
motif chemokine receptor 4 (CXCR4), interferon regulatory
factor 9 (IRF9), and suppressor of cytokine signaling 1
(SOCS1), which are induced through IFNGR1 followed by
activation of the Janus kinase (JAK)-signal transducer and
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activator of transcription (STAT) signaling.”® Because par-
aspeckle inhibits IFNGR1 protein expression via seques-
tering IFNGR1 mRNA (Figure 3), we suspected that
destruction of paraspeckle formation promotes activation of
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IFN-v signaling. As shown in Figure 74 and B, NEAT1_2
knockdown significantly promoted STAT1 701tyr phos-
phorylation, an activation marker of IFN-y signaling
(Figure 7A), and increased CXCR4, IRF9, and SOCS1
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Figure 2. S1-tag knock-in did not affect NEAT1_2 expression, proliferation, or apoptosis of HCC cells. (A) Diagram of
RIP-seq. (B) RIP analysis of NEAT1_2 relative expression in S1-tagged HCCML3 or SKhep1 cells with streptavidin (SA).
Endogenous expression (Endo-exp) of NEAT1_2 was detected by qRT-PCR. (C) Proliferation of WT or S1-tagged HCCLMS3 or
SKhep1 cells was detected by MTT assay. (D) Apoptosis of WT or S1-tagged HCCLMS3 or SKhep1 cells was detected by flow
cytometry. Data are represented as means + SD (n = 3; *P < .05, **P < .01). IP, intraperitoneal.

expressions (Figure 7B). We also detected the transcription = Next, we performed in vivo tumor xenograft experiments to
and secretion of IFN-v and found destruction of paraspeckle investigate the role of IFN-y-IFNGR1 signaling in
formation promoted IFN-y expression (Figure 7C and D). paraspeckle-mediated adoptive anti-tumor immunity

Figure 1. (See previous page). Paraspeckle in HCC cells is negatively related to T-cell-mediated HCC cell killing effects.
(A) Relative expression of NEAT1_2 in the indicated HCC cell lines and human normal liver cell line HL7702 were detected by
gRT-PCR. (B) Response of HCC cells and normal liver cells HL7702 to T-cell-mediated cytolysis was detected by T-
cell-mediated tumor cell killing assay. (C) Correlation analysis of relative expression of NEAT1_2 in HCC cells and response of
HCC cells to T-cell-mediated cytolysis. (D) Cellular distribution of NEAT1_2 and NONO in the indicated HCC cells was
detected by FISH and immunofluorescence assay. White scale bar in all images denotes 5 um. (E) gRT-PCR analysis of
knockdown efficacy of NEAT1_2 in HCCLM3 or SKhep1 cells. (F) gRT-PCR analysis of knockdown efficacy of NONO in
HCCLMS3 or SKhep1 cells. (G) Cellular distribution of NEAT1_2 and NONO in HCCML3 cells transfected with si-NC, si-
NEAT1_2, or si-NONO was detected. (H) Response of HCCML3 or SKhep1 cells transfected with si-NC, si-NEAT1_2, or si-
NONO to T-cell-mediated cytolysis was detected. Data are represented as means + standard deviation (SD) (n = 3; *P <
.05, =P < .01).
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resistance in immunodeficient RAG”~ mouse model. The
results showed that destruction of paraspeckle formation by
AAV-shR-NEAT1_ 2 significantly reduced the tumor size
under adoptive T-cell transfer therapy, compared with the

precipitation with streptavidin. (C)
Genome regions of transcripts
potentially interacted with
NEAT1_2 in S1-tagged HCCML3
or SKhep1 cells. (D) Binding re-
gions of transcripts potentially
interacted with NEAT1_2 in S1-
tagged HCCML3 or SKhepi
cells. (E) Kyoto Encyclopedia of
Genes and Genomes analysis of
the overlapped genes in
Figure 2B. (F) Heatmap of the top
10 genes of the overlapped
genes. (G) Assay for transposase
accessible chromatin with RNA-
seq at the IFNGR1 locus. (H) RIP
analysis of S1-tagged NEAT1_2
interacted with IFNGR1 mRNA
with streptavidin. (/) RIP analysis
of NONO interacted with IFNGR1
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control AAV-shR-NC group (Figure 84 and B), whereas
blocking IFNGR1 with anti-IFNGR1 mAb evidently abolished

the therapeutic effect of AAV-shR-NEAT1_2

injection

(Figure 84 and B). In addition, to exclude the role of IFN-y,
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Figure 4. Destruction of paraspeckle promotes IFNGR1 expression in HCC cells. (A and B) IFNGR1 protein expressions in
HCCMLS3 or SKhep1 cells transfected with si-NC or si-NEAT1_2 detected by Western blotting (A) and flow cytometry (B). (C)
Relative expressions of IFNGR1 mRNA in HCCML3 or SKhep1 cells transfected with si-NC or si-NEAT1_2 detected by gRT-
PCR. (D) Relative expressions of IFNGR1 mRNA in the cytoplasmic and nuclear fractions of HCCML3 or SKhep1 cells
transfected with si-NC or si-NEAT1_2 detected by qRT-PCR. Data are represented as means + SD (n = 3).

we used anti-IFN-y mAb to neutralize IFN-y by intraperi-
toneal injection. As shown in Figure 8C and D, IFN-y
neutralization also abolished the therapeutic effect of AAV-
shR-NEAT1_2 injection. Taken together, these results indi-
cate that incapable IFN-y-IFNGR1 signaling accounts for
paraspeckle mediated-adoptive T-cell therapy resistance.

NONO Medliates Retention of IFNGR1 mRNA in
Paraspeckle in HCC Cells

Paraspeckle is composed of RNA elements, primarily
IncRNA NEAT1_2 and several RBPs, among which NONO is
highly abundant and essential for paraspeckle assembly.'”
Next, we explored whether NEAT1_2 binding to IFNGR1
mRNA depends on other RBPs. To confirm our speculation,
we performed RIP with proteinase K treatment to eliminate
the effects of proteins and found proteinase K treatment
abolished the binding between NEAT1_2 and IFNGR1 mRNA
(Figure 94). NONO knockdown also significantly reduced
the amounts of IFNGR1 mRNA binding to NEAT1_2
(Figure 9B), indicating that NONO partially mediates the
binding between NEAT1_2 and IFNGR1 mRNA. Further-
more, we performed segmental RIP to detect the regions of
NEAT1_2 associated with NONO and found that NONO
mainly bound to the region 13-15 of NEAT1_2 (Figure 90),
which is consistent to previous structural data.”” Subse-
quently, we generated NEAT1_2 region 13-15-KO WT or S1-
tagged HCCLM3 and SKhepl cell lines by CRISPR/CAS9

method (Figure 9D) and found that KO of region 13-15 of
NEAT1_2 did not significantly affect the proliferation or
apoptosis of HCC cells (Figure 9E and F) but evidently
abolished the binding between NEAT1_2 and IFNGR1 mRNA
(Figure 9G). Moreover, to identify the domain of NONO
responsible for binding to IFNGR1 mRNA, we constructed a
series of NONO truncated plasmids and found that RNA
recognition motifs (RRMs) 1 and 2 of NONO are responsible
for binding to IFNGR1 mRNA (Figure 9H). In addition, KO of
NEAT1_2 region 13-15 also significantly inhibited NONO
binding to IFNGR1 mRNA (Figure 9I), suggesting that
NEAT1_2 interacting with NONO is essential for NONO
associated with IFNGR1 mRNA.

Previous study reported that the RRMs of NONO include
a threonine residue (Thr15) whose phosphorylation inhibits
its RNA binding ability.”® We further explored whether
NEAT1_2 binding to NONO affects NONO chemical modifi-
cation, which in tune regulates the RNA binding capacity of
NONO. Because serine (Ser), Thr, and tyrosine (Tyr) phos-
phorylation are the most conventional chemical modifica-
tion of amino acid, we detected phosphorylated Ser, Thr,
and Tyr of NONO protein and found NEAT1_2 knockdown
decreased phosphorylated Ser/Thr level but did not affect
phosphorylated Tyr level (Figure 9J). Combined with the
results of Figure 9H and previous study,”® we speculated
that ser147 in NONO RRM domain is the most possible
modified amino acid. Then we mutated ser147 of NONO to
alanine147 and found that mutation of ser147 blocked the
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Figure 7. Destruction of paraspeckle promotes activation of IFN-y signaling in HCC cells. (A) STAT3 and phosphorylated
STAT3 (pSTATS3) protein expression levels in HCC cells transfected with si-NC or si-NEAT1_2 and treated with IFN-y (100 ng/
mL) were detected by Western blotting. (B) Relative mRNA expressions of CXCL4, IRF9, and SOCS1 in the indicated HCC cells
were detected by gRT-PCR. (C) Relative mRNA expression of IFN-v in indicated HCC cells was detected by gRT-PCR. (D) IFN-
v production in cultural supernatants of HCC cells was detected by enzyme-linked immunosorbent assay. Data are repre-

sented as means + SD (n = 3; *P < .05, *P < .01).

inhibitory effect of NEAT1_2 knockdown on Ser/Thr phos-
phorylation (Figure 9K). Moreover, mutation of ser147 also
inhibited the binding between NONO and IFNGR1 mRNA
(Figure 9L). Taken together, these results demonstrate that
NEAT1_2 binding to NONO may promote NONO ser147
phosphorylation, which strengthens the interaction between
NONO RRM domain and IFNGR1 mRNA.

NEAT1_2 Region 13-15 Is Essential for
Paraspeckle-Mediated T-Cell Killing Tolerance

Next, we further explored whether the binding among
NEAT1_2 region 13-15, NONO, and IFNGR1 mRNA affects

IFNGR1 protein expression. As shown in Figure 104,
IFNGR1 protein expression levels were obviously up-
regulated in NEAT1_2 region 13-15 KO HCC cells,
compared with those in WT HCC cells. In addition, NEAT1_2
region 13-15 KO did not significantly affect NONO protein
expression in HCC cells (Figure 10A4). Furthermore,
NEAT1_2 region 13-15 KO also promoted IFN-y secretion of
HCC cells (Figure 10B) and evidently decreased the resis-
tance of HCC cells to T-cell killing (Figure 10C). Then, we
further investigated the role of NEAT1_2 region 13-15 KO in
adoptive anti-tumor immunity in immunodeficient RAG”
mouse with tumor xenograft model. As shown in
Figure 10D, KO of NEAT1_2 region 13-15 significantly
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decreased the tumor size of HCC cells under adoptive T-cell abolished the therapeutic effect of NEAT1_2 region-KO
transfer, whereas blocking IFNGR1 with anti-IFNGR1 mAb  (Figure 6F, Figure 10G and H). Taken together, these re-
abolished the inhibitory effect of NEAT1_ 2 region-KO sults indicate NEAT1_2 region 13-15 is essential for
(Figure 10E and F). In addition, IFN-y neutralization also paraspeckle-mediated T-cell killing tolerance.
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NEATT1_2 Expression Negatively Correlates With

IFNGR1 Expression in Clinical Tumor Tissues

To expand our discovery, we first analyzed the co-
relationship between NEAT1, NONO, and immune cell
infiltration in HCC tissues using clinical database (TIMER).
As shown in Figure 114 and B, the expression levels of
NEAT1 and NONO had weak co-relationship with CD8+ T-
cell infiltration, but NONO had common co-relationship with
macrophage and dendritic cell infiltration. Then, through
analyzing clinical HCC tissues (Table 2) using RNA fluores-
cence in situ hybridization (FISH), we classified HCC tissues
as NEAT1_2 low expression group and NEAT1_2 high
expression group (Figure 11C). T-cell infiltration was
detected by using anti-CD3 and anti-CD8 antibodies through
immunofluorescence, and we found there was no significant
discrepancy of CD3™ or CD8" T-cell infiltration between the
2 groups (Figure 11D), indicating that NEAT1_2 expression
did not affect CD8*" T-cell infiltration in HCC. However,
through Pearson’s correlation coefficient analysis, we found
IFNGR1 protein levels were negatively correlated with
NEAT1_2 RNA levels in HCC (Figure 11E, Figure 12). To
further detect the activation status of IFN-y-IFNGR1
signaling on HCC tissues, we also detected the downstream
ISGs induced by IFN-y and found that ISGs such as CXCR4,
IRF9, and SOCS1 were higher expressed in NEAT1_2 low
expression group, compared with those in NEAT1_2 high
expression group (Figure 11F). Taken together, these results
indicate the phenomenon of paraspeckle negatively related
to IFNGR1 expression also exists in HCC tissues, which may
hint NEAT1_2 highly expressed HCC patient is more resis-
tant to T-cell therapy in clinic.

Discussion

HCC is the most common type of hepatic malignancies,
with poor prognosis and low survival rate.” Recently, im-
munotherapies using immune checkpoint blockades or
chimeric antigen receptor-modified T cells have achieved
great clinical benefits for HCC patients.””” However, during
the process of immunosurveillance, HCC cells could escape
immune attack through secreting immunosuppressive cy-
tokines and manipulating immune checkpoint mole-
cules.’?*! Thus, clarifying the underlying mechanism in
immune escape of HCC cells is essential for improving
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therapeutic effect of immunotherapies for HCC patients. In
this study, we report that paraspeckle in HCC cells helps
tumor cells escape from immunosurveillance through
sequestering IFNGR1 mRNA to inhibiting IFN-v-IFNGR1
signaling, thereby avoiding T-cell killing effects. In addition,
we find that NEAT1_2, the framework of paraspeckle,
negatively correlates with IFNGR1 expression in clinical
HCC tissues, which may hint that HCC patients with
NEAT1_2 high expression may be more resistant to
immunotherapies.

Paraspeckle, which is a unique subnuclear structure, has
been recently found to be involved in the development of
various tumors.®? For example, NEAT1_2 promotes gall-
bladder cancer, gastric cancer, breast cancer, and HCC pro-
gression through sponging miR-335, miR-497-5p, miR-107,
or miR-296-5p, respectively."®**** In addition, paraspeckle
has been shown to enhance chemoresistance in several
cancer types including HCC.?? In this study, we found par-
aspeckle of HCC cells is positively related to resistance to
adoptive T-cell killing effects through retention of IFNGR1
mRNA, because destruction of paraspeckle by knockdown
or KO of NEAT1_2 significantly promoted IFNGR1 protein
expression, enhanced IFN-y-IFNGR1 signaling, and activated
downstream ISG transcription. Besides IFNGR1 mRNA,
many other genes potentially interacted with NEAT1_2 were
identified in HCC cells. For example, neuronally expressed
developmentally down-regulated 4 (NEDD4, also known as
NEDD4-1) E3 ligase plays a critical role in carcinogenesis via
the ubiquitination-mediated degradation of multiple sub-
strates.2® Phosphorylated-AKT, as the substrate of NEDD4-1,
has been reported to promote PD-L1 expression in cancers
for immune suppression.’’*® Whether NEDD4-1 or other
genes are also involved in paraspeckle-mediated resistance
to T-cell killing effects needs to be further explored in future
studies.

NONO, which is required for stabilization of Neat1_2 and
structural maintenance of nuclear paraspeckle, is involved
in transcriptional control, transcription termination, and
RNA processing and has been recently found to have
participated in nuclear retention of hyperedited RNA.3%*°
We found that NONO specifically interacts with IFNGR1
mRNA via RRM domains, which is consistent with previous
study that RRM domains are essential for NONO binding to
RNAs.?® The RRM domains preceded by an HQ-rich region

Figure 9. (See previous page). NONO mediates retention of IFNGR1 mRNA in paraspeckle of HCC cells. (A) RIP analysis
of S1-tagged NEAT1_2 interacting with IFNGR1 mRNA in S1-tagged HCCMLS cells treated with proteinase K or not. (B) RIP
analysis of S1-tagged NEAT1_2 interacting with IFNGR1 mRNA in S1-tagged HCCMLS cells transfected with si-NONO or si-
NC. (C) RIP analysis of interacting regions of NEAT1_2 with NONO in HCCMLS cells. (D) gRT-PCR analysis of region 13-15 of
NEAT1_2 expression in region 13-15 of NEAT1_2-KO HCCMLS cells. (E) Proliferation of WT or region 13-15 of NEAT1_2-KO
HCCLMS3 or SKhep1 cells was detected by MTT assay. (F) Apoptosis of WT or region 13-15 of NEAT1_2-KO HCCLMS or
SKhep1 cells was detected by flow cytometry. (G) RIP analysis of NEAT1_2 interacting with IFNGR1 mRNA in region 13-15 of
NEAT1_2-KO HCCMLS cells using streptavidin. (H) Diagram of NONO domains (left). RIP analysis of interacting domains of
NONO with IFNGR1 mRNA using anti-Flag antibody (right). (/) RIP analysis of NONO interacting with IFNGR1 mRNA in region
13-15 of NEAT1_2-KO HCCMLS3 cells using anti-NONO antibody. (J) Western blotting analysis of phosphorylated modifica-
tions of immunoprecipitated NONO using anti-NONO antibody in HCCMLS3 cells transfected with si-NONO or si-NC. (K)
Western blotting analysis of phosphorylated modifications of immunoprecipitated Flag-NONO mutant using anti-Flag antibody
in HCCMLS cells transfected with pcmv-Flag-NONO mutant vector and si-NONO or si-NC. (L) RIP analysis of NONO inter-
acting with IFNGR1 mRNA in HCCML3 cells transfected with pcmv-Flag-NONO (WT) or NONO mutant using anti-Flag anti-
body. Data are represented as means + SD (n = 3; *P < .05, *P < .01).
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include a threonine residue (Thr15) whose phosphorylation
inhibits NONO’s RNA binding ability, except for G-rich RNAs
such as NEAT1_2.%® Here we found that knockdown of the

region 13-15 of NEAT1_2 responsible for interacting with
NONO significantly inhibited NONO binding to IFNGR1
mRNA, and knockdown of NEAT1_2 evidently decreased
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phosphorylated Ser/Thr modification of NONO in HCC cells.
We speculate that NEAT1_2, NONO, and other proteins
especially phosphokinase may form the complex to regulate
phosphorylated modification of NONO, thereby affecting the
RNA binding ability of NONO. The detailed phosphokinase
involved in regulating phosphorylated modification of
NONO needs to be investigated in future studies by mass
spectrometry. In addition, SFPQ, which is another core
protein of paraspeckle and interacts with NEAT1_2 and
NONO, has been reported to induce ISG expression.*!
Whether paraspeckle sequesters protein that affects IFN-vy
downstream gene transcription still needs to be explored.

Currently, immunotherapy with immune checkpoint
blockade, including nivolumab, pembrolizumab, durvalu-
mab, and tremelimumab, has been applied for advanced
HCC therapy in clinical use and has yielded promising re-
sults.” However, the objective response rate of immuno-
therapy still needs to be improved. Our results report that
paraspeckle expression negatively relates to IFNGR1 in HCC
tissues, but paraspeckle does not affect T-cell infiltration in
the tumor microenviroment of HCC, hinting that NEAT1_2
highly expressed HCC patient may be more resistant to T-
cell therapy in clinic. Thus, NEAT1_2 and NONO may be
important factors for guidance to select treatment methods
for HCC patients and also as potential targets for HCC
therapy.

In conclusion, our results indicate that paraspeckle in
HCC cells helps tumor cells escape from immuno-
surveillance through sequestering IFNGR1 mRNA to inhib-
iting IFN-y-IFNGR1 signaling, thereby avoiding T-cell killing
effects.

Methods
Cells and Cell Culture

Human HCC cell lines HepG2, Hep3b, BEL7404, Huh7,
SKhep1, and PLCPRF5 were all purchased from American
Type Culture Collection (ATCC, Manassas, VA). Human
normal liver cell line HL7702 and human HCC cell lines
BEL7402, BEL7405, HCCLM3, MHCC97h, QGY-7701, QGY-
7703, and SMMC-7721 were purchased from Cell Bank of
Shanghai Institute of Biochemistry and Cell Biology, Chinese
Academy of Sciences (Shanghai, China). All cells were
cultured in Dulbecco modified Eagle medium (Thermo
Fisher Scientific Inc, Waltham, MA) containing 10% fetal
bovine serum (Thermo Fisher Scientific, Inc), 1% penicillin
and streptomycin solution at 37°C in an incubator with a
humidified atmosphere and 5% CO,.
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Quantitative Real-Time Polymerase Chain
Reaction

Total RNA of HCC cells was extracted by using Trizol
Reagent (Invitrogen, Carlsbad, CA). RNA from each sample
was reverse transcribed into cDNA using the PrimeScript RT
reagent kit (TOYOBO, Osaka, Japan). Quantitative real-time
polymerase chain reaction (qRT-PCR) was performed by
using the Q7 real-time PCR system (Applied Biosystems,
Foster City, CA) with SYBR Green Master Mix (TOYOBO).
The obtained data were normalized to GAPDH expression
levels in each sample. The primers for qRT-PCR are listed in
Table 1.

Western Blotting and Co-immunoprecipitation

Western blotting was performed as previously
described.”’ Briefly, cells were harvested and lysed using
cell lysis buffer (Cell Signaling Technology, Danvers, MA).
After measuring the protein concentration using BCA kit
(Thermo Fisher), protein was loaded into 10% poly-
acrylamide sodium dodecyl sulfate gel after transfer onto
polyvinylidene difluoride membranes (Millipore, Burlington,
MA) and incubated with primary antibodies at 4°C over-
night. Polyvinylidene difluoride membranes were washed 3
times with phosphate-buffered saline (PBS) for a total of 15
minutes and incubated with specific secondary antibodies
(1:10000; Cell Signaling Technology) for 1 hour at room
temperature. Later the signals were detected by using
electrochemiluminescence kit (Pierce). Primary antibodies
against IFNGR1 (1:1000, ab134070; Abcam, Cambridge,
UK), glyceraldehyde-3-phosphate dehydrogenase (1:2000,
GAPDH) (ab8245; Abcam), STAT1 (1:1000, 14994; Cell
Signal Technology), phosphorylated STAT1 (pSTAT1)
(1:1000, 9167; Cell Signal Technology), NONO (1:1000,
ab70335; Abcam), flag (1:2000, ab18230; Abcam), Phospho-
(Ser/Thr) (1:500, ab117253; Abcam), and Phospho-
Tyrosine (P-Tyr) (1:500, 8954; Cell Signal Technology)
were used. Co-immunoprecipitation was performed as
previously described.”

Activated T-Cell-Mediated Tumor Cell Killing
Assay

To acquire activated T cells, isolated human peripheral
blood lymphocytes were cultured in RPMI 1640 medium
(Gibco, Waltham, MA) containing 5% fetal bovine serum,
recombinant human interleukin 2 (500 U/mL; PeproTech,
Rocky Hill, NJ), anti-CD3-activating antibody (Clone HIT3;
BD Biosciences, Franklin Lakes, NJ), and 10 pug/mL

Figure 10. (See previous page). NEAT1_2 region 13-15 is essential for paraspeckle-mediated T-cell killing tolerance.
(A) Western blotting analysis of protein expressions of IFNGR1 and NONO in WT or region 13-15 of NEAT1_2-KO HCCMLS3 or
SKhep1 cells. (B) IFN-y production in cultural supernatants of indicated HCC cells was detected by enzyme-linked immu-
nosorbent assay. (C) Response of indicated HCC cells to T-cell-mediated cytolysis was detected by T-cell-mediated tumor
cell killing assay. (D) Schematic diagram of animal experimental protocols to assess effects of region 13-15 of NEAT1_2-KO on
adoptive T-cell anti-tumor immunity in immunodeficient RAG”™ mouse (n = 6). (E) Schematic diagram of animal experimental
protocols to assess effects of blocking IFNGR1 with anti-IFNGR1 mAb on adoptive T-cell anti-tumor immunity in immuno-
deficient RAG”" mouse (n = 6). (F) Image showing comparison of excised tumor size of HCC xenografts in RAG1-/- mice. (G)
Schematic diagram of animal experimental protocols to assess effects of neutralizing IFN-vy with anti-IFN-y mAb on adoptive
T-cell anti-tumor immunity in immunodeficient RAG”~ mouse (n = 6). (H) Image showing comparison of excised tumor size of
HCCMLS3 xenografts in RAG1-/- mice. Data are represented as means + SD (n = 6; *P < .05, “*P < .01).
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Figure 11. NEAT1_2 expression negatively correlates with IFNGR1 expression in clinical tumor tissues. (A and B) TIMER
analysis of co-relationship between NEAT1, NONO, and immune cell infiltration. (C) Immunohistochemistry analysis of
NEAT1_2 and immunofluorescence analysis of CD3 (green) and CD8 (red) expressions in HCC tissues. (D) Numbers of CD3*
or CD8™* T cells were calculated. (E) Immunohistochemistry analysis of NEAT1_2 and IFNGR1 expressions in HCC tissues (left).
Correlation analysis of NEAT1_2 expression and IFNGR1 expression in HCC tissues (right). (F) gqRT-PCR analysis of CXCR4,
IRF9, and SOCS1 mRNA relative expressions in NEAT1_2 highly/lowly expressed HCC tissues. Data are represented as

means + SD (n = 3; *P < .05, P < .01).
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nivolumab (HY-P9903; MCE) for 1 week according to the activated T cells in the proportion of 1:5 for 4 days. Then, T
manufacturer’s protocol.”” HCC cells were allowed to cells and cell debris were removed by PBS twice, and the
adhere to the plates overnight and then co-cultured with surviving tumor cells were fixed, stained with a crystal



Table 1.Primers Used in This Study

Sequence

Primers for NONO constructs

NONO F

NONO R

N terminal deletion of NONO (AN) F
N terminal deletion of NONO (AN) R
C terminal deletion of NONO (AC) F
C terminal deletion of NONO (AC) R
DHBS domain of NONO (DHBS) F
DHBS domain of NONO (DHBS) R

RRM1 deletion of NONO DHBS domain (DHBSARRM1) F
RRM1 deletion of NONO DHBS domain (DHBSARRM1) R
Both RRM1 and RRM2 deletion of NONO DHBS domain

(DHBSARRM1+2) F

Both RRM1 and RRM2 deletion of NONO DHBS domain

(DHBSARRM1+2) R

Primers for gqRT-PCR
NEAT1_ 2 F
NEAT1_2 R
IFNGR1 F
IFNGR1 R
S1 RNA-aptamer sequence F
S1 RNA-aptamer sequence R
CXCR4 F
CXCR4 R
IRF9 F
IRF9 R
SOCS1 F
SOCS1 R
GAPDH F
GAPDH R

Sequences of siRNAs
si-NEAT1_2-1
si-NEAT1_2-2
si-NONO
si-NC

Primers used for RIP
NEAT1_2 region 1
NEAT1_2 region 1
NEAT1_2 region 2
NEAT1_2 region 2
NEAT1_2 region 3
NEAT1_2 region 3
NEAT1_2 region 4
NEAT1_2 region 4
NEAT1_2 region 5
NEAT1_2 region 5
NEAT1_2 region 6
NEAT1_2 region 6

N o o o e o e e

R1, 225 bp to 710 bp) F
R1, 225 bp to 710 bp) R
R2, 1135 bp to 187 bp) F
R2, 1135 bp to 1870 bp)
R3, 1902 bp to 2179 bp)
R3, 1902 bp to 2179 bp)
R4, 2833 bp to 3278 bp)
R4, 2833 bp to 3278 bp) R
R5, 3857 bp to 4460 bp) F
R5, 3857 bp to 4460 bp) R
R6, 5286 bp to 5888 bp) F
R6, 5286 bp to 5888 bp) R

5'-GCCATGGAGGCCCGAATTCGGATGCAGAGTAATAAAACTTTTAACT-3
5'-GGCCGCGGTACCTCGAGTTAGTATCGGCGACGTTTGTTTG-3'
5'-GCCATGGAGGCCCGAATTCGGCGTCTTTTTGTGGGAAATCT-3'
5'-GGCCGCGGTACCTCGAGTTAGTATCGGCGACGTTTGTTTG-3
5'-GCCATGGAGGCCCGAATTCGGATGCAGAGTAATAAAACTTTTAACT-3
5'-GGCCGCGGTACCTCGAGTTAGTATTCCCTTGAATCCTTCC-3'
5'-GCCATGGAGGCCCGAATTCGGCGTCTTTTTGTGGGAAATC-3'
5'-GGCCGCGGTACCTCGAGTTAGTATTCCCTTGAATCCTTCC-3'
5'-GCCATGGAGGCCCGAATTCGGTCCCTTACAGTTCGAAACCT-3
5'-GGCCGCGGTACCTCGAGTTAGTATTCCCTTGAATCCTTCC-3'
5'-GCCATGGAGGCCCGAATTCGGTTAGATGATGAAGAGGGAC-3'

5'-GGCCGCGGTACCTCGAGTTAGTATTCCCTTGAATCCTTCC-3

5'-ACATTGTACACAGCGAGGCA-3’
5'-CATTTGCCTTTGGGGTCAGC-3-3
5'-TCTTTGGGTCAGAGTTAAAGCCA-3
5'-TTCCATCTCGGCATACAGCAA-3'
5'-CCGCACTCAGGTTTTGCTTT-3
5'-TGGAAGGAAGCAGCAACACT-3'
5'-ACTACACCGAGGAAATGGGCT-3
5'-CCCACAATGCCAGTTAAGAAGA-3
5'-GCCCTACAAGGTGTATCAGTTG-3
5-TGCTGTCGCTTTGATGGTACT-3
5'-CACGCACTTCCGCACATTC-3
5'-TAAGGGCGAAAAAGCAGTTCC-3'
5'-GGAGCGAGATCCCTCCAAAAT-3'
5'-GGCTGTTGTCATACTTCTCATGG-3

5'-GAACUCACCUCCUGAUUAUTT-3
5'-GGAGGAGUCAGGAGG AAUAUU-3
5'-GGGGUGGUAUUAAACAAGUCA-3
5'-UUCUCCGAACGUGUCACGUTT-3

5'-CTGGTGGAGGGGGAACTTGACC-3'
5'-CCACATCACTCCTCAGACCA-3
5'-ATGCTTCATGGACCGTGGTT-3'
5'-CTTGTACCCTCCCAGCGTTT-3
5'-GGCAGGTCTAGTTTGGGCAT-3'
5'-CCTCATCCCTCCCAGTACCA-3
5'-GATGGGCTCTTCTGGATTTG-3

5'- ATGTAGTAAAGGCACCTCGCCC-3
5'-GTAGGAGAGCATGGTAACCAC-3
5'-GGCAGTGGCTTCCATTCTAC-3
5'-GTGTTGATGGCAGTGCCAGC-3'
5'-TCAGAGGAAGTTCACAGCCACC-3'

pCMV-Flag-NONO
pCMV-Flag-NONO AN
pCMV-Flag-NONO AC
pCMV-Flag-NONO DHBS
pCMV-Flag-NONO DHBSARRM!1

pCMV-Flag-NONO DHBSARRM1+2

a8y

|e 18 uez
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Table 1.Continued

Sequence

NEAT1_2 region 7
NEAT1_2 region 7
NEAT1_2 region 8
NEAT1_2 region 8
NEAT1_2 region 9
NEAT1_2 region 9
NEAT1_2 region 10 (R10, 9280 bp to 9549 bp) F
NEAT1_2 region 10 (R10, 9280 bp to 9549 bp) R
NEAT1_2 region 11 (R11, 10269 bp to 1065 1bp)
NEAT1_2 region 11 (R11, 10269 bp to 10651 bp)
NEAT1_2 region 12 (R12, 11043 bp to 11497 bp)
NEAT1_2 region 12 (R12, 11043 bp to 11497 bp)
NEAT1_2 region 13 (R13, 12132 bp to 12749 bp)
NEAT1_2 region 13 (R13, 12132 bp to 12749 bp)
NEAT1_2 region 14 (R14, 13253 bp to 13597 bp)
NEAT1_2 region 14 (R14, 13253 bp to 13597 bp)
NEAT1_2 region 15 (R15, 13796 bp to 13934 bp)
NEAT1_2 region 15 (R15, 13796 bp to 13934 bp)
NEAT1_2 region 16 (R16, 14495 bp to 14832 bp)
NEAT1_2 region 16 (R16, 14495 bp to 14832 bp)
NEAT1_2 region 17 (R17, 15302 bp to 15689 bp)
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )

R7, 6481 bp to 6960 bp) F
R7, 6481 bp to 6960 bp) R
R8, 7145 bp to 7464 bp) F
R8, 7145 bp to 7464 bp) R
R9, 8244 bp to 8773 bp) F
R9, 8244 bp to 8773 bp) R

o~ e

NEAT1_2 region 17 (R17, 15302 bp to 15689 bp
NEAT1_2 region 18 (R18, 16347 bp to 16760 bp
NEAT1_2 region 18 (R18, 16347 bp to 16760 bp
NEAT1_2 region 19 (R19, 17221 bp to 17602 bp
NEAT1_2 region 19 (R19, 17221 bp to 17602 bp
NEAT1_2 region 20 (R20, 18484 bp to 19130 bp
NEAT1_2 region 20 (R20, 18484 bp to 19130 bp
NEAT1_2 region 21 (R21, 20366 bp to 21262 bp
NEAT1_2 region 21 (R21, 20366 bp to 21262 bp
NEAT1_2 region 22 (R22, 21841 bp to 22409 bp

F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
NEAT1_2 region 22 (R22, 21841 bp to 22409 bp) R

bp, base pair; F, forward; R, reverse.

5'-TGCCCAGCAGGGAGGGATTT-3'
5'-TTTATGTACTCTTGGGGTGG-3'
5'-CAGAAGACCTTGAGGGCAGG-3
5'-AGTGGCTAGACCTGACGCTA-3
5'-CATTCCATTCCCTCCAGCCTCAG-3
5'-CAAGTGTTGGGGAGGATGTG-3'
5'-GTTGATGGGCATGTAGGTTGG-3
5'-CATAAGTGGCAAATGTGGCCTTC-3'
5'-CCATGGTGTAGAGATACCAC-3
5'-GAGAGCCATGTTGTGTCCTG-3
5'-TTATGTGGTCCCACACCACCCGCCT-3'
5-AGGGTGGGGGATTGGTAGTG-3
5'-GCATTCATGGGCTTAATGCTG-3'
5'-CACCCAGAGGGATGCAAAAGAG-3'
5'-CTTCAGGGGCTAAGCACACA-3'
5'-GCATTTGCCTTTGGGGTCAG-3'
5'-TAAAGCTGTACAGGCGTGGG-3
5'-ACACGGCTACCACACAGATG-3
5'-GAAAAGGCTAATCCAGCTGAAG-3'
5'-TGAAGACATCACAGGGAAGG-3'
5'-GCCCAACCCCTCAACAGCCTA-3'
5'-AGCGTCTGTTTGGGATGACG-3'
5'-GCACCTTTGCTGGTGCTGTT-3
5'-TGCACCACCATGCCTGACTA-3
5'-AGGCTGAGGCAGGAGGATCA-3'
5'-AGCCTTGAACTCCTGGGCTCA-3'
5'-TGGGGCTGGCCTTCTTTTAG-3'
5'-AGAGCAAGACTGCCTCACAC-3
5'-TGCATTCTCACCGTCACTCC-3'
5'-GGTGCGGGCACTTACTTACT-3'
5-TGGTGCTGTGGACCGTGGAT-3
5'-CTTCAGCTCTCCCTCCCTCT-3
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Table 2.Clinicopathologic Characteristics of 45 HCC
Patients

Variable No. of patients

Total 45
Age, y

<60 20

>60 25
Gender

Male 32

Female 13
Clinical stage

-1l 19

n-1v 26
Degree of differentiation

Well/moderate 31

Poor 14
HBV

Positive 28

Negative 17
Portal hypertension

Yes 9

No 36
Child-Pugh cirrhosis score

A 11

B 26

C 8
Indocyanine green retention rate

at 15 min (ICGR15)

<10% 28

10%-20% 16

>20% 1
Alpha fetoprotein

<50 ng/mL 20

50-200 ng/mL 21

200 ng/mL 4

violet solution, and then quantified by a spectrometer at
optical density (570 nm).

RNA FISH and Immunofiluorescence Microscopy

NONO and the NEAT1_2 RNA FISH assays were per-
formed by using the ViewRNA ISH Cell Assay kit (Affy-
metrix, Santa Clara, CA) following the protocol of the
manufacturer. Detailed procedures were as previously
described.”!

SiRNAs and Transfection

The siRNA and negative control were purchased from
IGE Biotechnology (Guangzhou, China). The sequences of si-
NEAT1_2-1, si-NEAT1_2-2, si-NONO, and si-NC are listed in
Table 1. Transfections were performed with jetPRIME re-
agent (Polyplus-transfection, Illkirch, France) according to
the manufacturer’s instructions.

Plasmids

Human NONO gene and truncated NONO domains were
amplified and then cloned into pCMV-flag-N-vector as pre-
viously described.”* The pCMV-flag-N-NONO mutant
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(Ser147 to Ala) was synthesized by IGE Biotechnology. The
primers for PCR are listed in Table 1.

Generation of CRISPR-Edited Tumor Cell Lines

For generation of Sl-aptamer-tagged 3’ end IncRNA-
NEAT1_2 of HCCML3 or SKhepl cells, we targeted 3’ end
of the IncRNA-NEAT1_2 gene to generate a 3’ end fusion of
IncRNA-NEAT1_2 with Sl-aptamer, using CRISPR/Cas9
genome editing. The S1 RNA aptamer targeting vector was
constructed by IGE Biotechnology. The targeting vector
contained 80 base pair 3’ end homology region (IncRNA-
NEAT1_2 gene), S1 RNA aptamer sequences, and 80 base
pair homology region (downstream of 3’ end IncRNA-
NEAT1_2 gene). For CRISPR/Cas9 mediated targeting we
designed a single guide RNA binding upstream of 3’ end
sequence of the IncRNA-NEAT1_2 gene using CRISPOR
website (http://crispor.tefor.net). The specific single guide
RNA was cloned into the Bbsl site of the pU6-(BbsI)-sgRNA-
CAG-Cas9-Venus-bpA plasmid (Addgene, plasmid 86986).
Approximately 2 x 10° HCCML3 or SKhepl cells were
transfected with jetPRIME reagent to deliver 1.25 ug single
guide RNA/Cas9-Venus expressing plasmid and 1.25 ug
targeting vector. Cells expressing single guide RNA/Cas9-
Venus were selected by sorting highly green fluorescent
protein expressing cells using flow cytometry. Cells were
seeded at low density to obtain colonies derived from single
cells. Single colonies were picked and expanded. Correct
insertion of the targeting construct was validated by PCR
and Sanger sequencing.

For generation of IFNGR1-KO) HCCML3 or SKhep1 cells,
or region-13 to region-15 of IncRNA-NEAT1_2 KO HCCML3
or SKhepl cells, guide RNA sequences for CRISPR/Cas9
were designed at the CRISPR design web site (http://
crispor.tefor.net). Insert oligonucleotides for IFNGR1-KO or

NEAT1_2 region-KO gRNAs are AUUGUACACCCUAAU-
GUAACGUUUUAGAGCUAUGCU or AGGAAUUAGACU-
CUGGGGCC, respectively. The complementary

oligonucleotides for guide RNAs were annealed and cloned
into pX459 CRISPR/Cas9-Puro vector (Addgene, Cambridge,
MA). HCCML3 or SKhepl cells were transfected with
pX459/gRNA with jetPRIME reagent. Two days after
transfection, cells were treated with 1 ug/mL puromycin for
3 days. After 2 weeks, colonies were isolated with the
cloning cylinders, and KO clones were validated by DNA
sequencing.

RIP

RIP was performed as previously described.?’ Briefly,
after treatments, WT HCCML3 or SKhepl cells or S1-
aptamer-tagged (S1 tag) 3’ IncRNA-NEAT1_2 of HCCML3
or SKhep1 cells were harvested and lysed in Polysome lysis
buffer (100 mmol/L KCl, 5 mmol/L MgCl,, 10 mmol/L
HEPES pH 7.0, 0.5% NP40, 1 mmol/L DTT, 80 U/mL RNase
inhibitors, 400 umol/L VRC, and protease inhibitors cock-
tail) for 30 minutes on ice. Lysates were sonicated to frag-
ment chromatins and RNAs and centrifuged, and protein
concentration in the supernatant was measured with BCA
assay (Thermo Fisher). Proteins were incubated with
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Protein G-coupled Magnetic Dynabeads (Life Technologies,
Carlsbad, CA) pre-coated with rabbit anti-NONO antibody
(ab70335; Abcam) or immunoglobulin G control or incu-
bated with Dynabeads MyOne Streptavidin C1 magnetic
beads (Invitrogen) for 4 hours at 4°C. Before the incubation,
one tenth of the supernatant was put aside to be used as
input. After incubation, samples were washed 5 times with
NT buffer (50 mmol/L Tris-HCl pH 7.4, 150 mmol/L NaCl, 1
mmol/L MgCl,, 1% Triton X-100). Immunoprecipitated
RNAs and input RNAs were isolated by TRIzol (Invitrogen),
incubated with DNase I (Sigma-Aldrich, St. Louis, MO),
reverse-transcribed into cDNA, and subjected to qRT-PCR
detection. The RIP primers are listed in Tablel. For the
RIP-seq analysis, RNA-seq was performed at Novogene
(Beijing, China), and 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.

Flow Cytometry

After treatment, HCCML3 or SKhepl cells were sus-
pended, washed, then stained with fluorescein
isothiocyanate-conjugated anti-IFNGR1 antibodies
(ab11286; Abcam) or mouse immunoglobulin G (ab99763;
Abcam) for 30 minutes at 4°C, and then washed again. Flow
cytometry was carried out with LSRII flow cytometer (BD
Biosciences, San Jose, CA), and data were analyzed with
Flow]o software (v.10.4; Tree Star, San Carlos, CA).

Nuclear/Cytosol RNA Fractionation

Nuclear/cytosol RNA fractionation was isolated by nu-
clear/cytosol fractionation kit (Biovision Inc, Milpitas, CA)
as previously described.”’ Briefly, cells were homogenized
in cell fractionation buffer thoroughly before centrifuged for
5 minutes at 1500 rpm. Supernatant was collected as
cytosolic fraction, whereas nuclear pellet was washed and
lysed by cell disruption buffer. Such samples were mixed
with 2x lysis/binding solution before extracting RNA ac-
cording to the manufacturer’s protocol.

In Situ Hybridization

Paraffin-embedded sections of human HCC tissues were
deparaffinized with xylene and rehydrated with 100%, 90%,
70%, and 50% ethanol (5 minutes each) at room tempera-
ture. The samples were digested with proteinase K and fixed
in 4% paraformaldehyde for 10 minutes at room tempera-
ture, followed by hybridization with the NEAT1_2 probe
(GenePharma, Shanghai, China) at 55°C overnight and sub-
sequent incubation with horseradish peroxidase-conjugated
secondary antibody for 30 minutes at 4°C. Dia-
minobenzidine was used to develop the stain with a color-
imetric reaction for 30 minutes at room temperature, and
then the sections were observed under light microscope.

Immunohistochemistry

Paraffin-embedded sections of human HCC tissues were
dewaxed with 100%, 90%, 70%, and 50% alcohol solutions
(5 minutes each at 37°C), followed by heat-induced repair in
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0.01 mol/L citrate buffer (pH 6.0), 20 minutes of endoge-
nous peroxidase inhibition with 0.3% hydrogen peroxide,
30 minutes of incubation at room temperature in 20%
normal goat serum, and overnight incubation at 4°C with
anti-IFNGR1 (1:100, ab134070; Abcam), anti-CD3 (1:100,
17617-1-AP; Proteintech, Rosemont, IL), or anti-CD8 (1:100,
1G2B10; Proteintech) antibody. The sections were then
incubated for an additional 1 hour at 37°C, washed with
0.01 mol/L PBS, and incubated for 20 minutes at 37°C with
horseradish peroxidase-conjugated secondary antibody.
After development with 3,3’-diaminobenzidine reagent for 5
minutes at room temperature, sections were observed for
staining under a light microscope. Finally, hematoxylin was
used for 30 seconds of counterstaining; sections were then
rinsed with running water for 5 minutes, hyalinized, and
mounted with neutral resin before observation under light
microscope.

IFN-~v Treatment

HCCML3 or SKhep1 cells were stimulated with 100 ng/
mL recombinant human IFN-y (300-02; PeproTech) dis-
solved in 0.1% bovine serum albumin for 0, 15, or 30 mi-
nutes or 0, 6, or 12 hours at 37°C. Cells were then processed
for further analysis.

Immune Association Analysis

Association between immune infiltrates and NEAT1/
NONO expressions in HCC was analyzed by TIMER (http://
timer.cistrome.org/).

Enzyme-Linked Immunosorbent Assay

IFN-v protein expression levels in culture supernatants
of HCC cells were collected and measured using an inter-
feron gamma human ELISA kit (ab100537; Abcam) ac-
cording to the manufacturer’s instructions.

Study Approval

All animal experiments were approved by Westlake
University. HCC samples were acquired from Shengjing
Hospital of China Medical University. This study was
approved by the ethics committee of Westlake University
and Shengjing Hospital of China Medical University, and all
participants signed informed consent forms in this study. No
patients had received chemotherapy or radiotherapy before
surgery.

In Vivo Tumor Progression and Immunotherapy
Models

Immunodeficient RAG1-/- mice (B6;129-Ragltm1Smoc)
were obtained from Shanghai Model Organisms (China). All
animals were maintained under standardized conditions at
21°C and a 12-hour light cycle, with free access to food and
water. 2 x 10° HCC cells (in 100 uL PBS) were subcuta-
neously transplanted into the back flanks of 5- to 6-week-
old RAG1-/- mice. Mice were randomly separated into
different groups (n = 6). For the adoptive T-cell immuno-
therapy model, activated T cells (1 x 107 T cells/mouse)
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were intravenously transfused into tumor-bearing mice at
day 12. Anti-IFNGR1 antibodies (200 ug/mouse) or
neutralizing mAb against IFN-y (Bio X Cell, Lebanon, NH)
(200 ug/mouse) were intraperitoneally injected into tumor-
bearing mice 3 times per week for 2 weeks after tumor
implantation. AAV-expressing shRNA-against NEAT1_2
(AAV-shR-NEAT1_2, 2 x 10% TU/10 uL), constructed by
GenePharma (Shanghai, China), were injected intravenously
(injection 5 times every 4 days). After 24 days, mice were
killed, and tumor dimensions were measured with vernier
calipers, and volumes were calculated as follows: tumor
volume (mm?®) = [width? (mm?) x length (mm)]/2. Tumor
dimension was measured on day 0 before treatment and
days 2, 4, and 6 after initiation of treatment. All measure-
ments were conducted in a blinded fashion.

Statistical Analysis

To identify the significant differences between 2 groups,
a Student ¢ test was used. For correlation analysis between
2 continuous variables, r values represent Pearson’s corre-
lation coefficients, and P values were calculated by Pear-
son’s correlation test. Statistical analyses were performed
with GraphPad (San Diego, CA) version 5.0. Statistical sig-
nificance was shown as **P < .01 or *P < .05.
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