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ABSTRACT

Interferons (IFNs) play crucial roles in the development and treatment of cancer. Long non-coding RNAs
(IncRNAs) are emerging molecules involved in cancer progression. Here, we identified and characterized an IFN-
inducible nuclear IncRNA IRF1-AS (Interferon Regulatory Factor 1 Antisense RNA) which was positively cor-
related with IRF1 expression. IFNs upregulate IRF1-AS via the JAK-STAT pathway. Knockdown and over-
expression of IRF1-AS revealed that IRF1-AS inhibits oesophageal squamous cell carcinoma (ESCC) proliferation
and promotes apoptosis in vitro and in vivo. Mechanistically, IRF1-AS activates IRF1 (Interferon Regulatory
Factor 1) transcription through interacting with ILF3 (Interleukin Enhancer Binding Factor 3) and DHX9 (DExH-
Box Helicase 9). In turn, IRF1 binds to the IRF1-AS promoter directly and activates IRF1-AS transcription. Global
analysis of IRF1-AS-regulated genes indicated that IRF1-AS activates the IFN response in vitro and in vivo. IRF1
knockdown in IRF1-AS-overexpressing cells abolished the antiproliferative effect and activation of the IFN re-
sponse. Furthermore, IRF1-AS was downregulated in ESCC tissues, and low expression correlated with poor
prognosis. In conclusion, the interferon-inducible IncRNA IRF1-AS represses esophageal squamous cell carci-
noma progression by promoting interferon response through a positive regulatory loop with IRF1.

1. Introduction

disease [1]. A pan-cancer analysis of the immune landscape indicates
that the IFN-y dominant immune subtype constitutes an important ca-

Interferons (IFNs) are pleiotropic cytokines that have long been
considered to be involved in the development and treatment of cancer.
Interferons (IFNs) play crucial antitumor roles via their direct effects on
cancer cells and activation of the immune response [1]. The binding of
IFNs to their receptors activates the JAK-STAT pathway, resulting in the
transcriptional activation of hundreds of IFN-stimulated genes (ISGs)
[2]. Many ISGs directly affect the phenotypes of cancer cells, including
cell proliferation, apoptosis, differentiation, survival and migration. In
addition, IFNs have also emerged as central coordinators between tu-
mors and the immune system. IFNs regulate the activation of almost all
immune cell types, inducing a crucial immune response to malignant

tegory of the tumor microenvironment, especially in esophageal carci-
noma, highlighting the immunotherapeutic implications of IFNs [3].
IFNs regulate PD-L1 expression through the JAK/STAT/IRF1 axis and
affect immunotherapy through checkpoint blockade [4,5]. The tumor-
induced degradation of IFNAR1 promotes immune evasion, and stabi-
lizing IFNAR1 could improve immunotherapy efficacy [6]. Although
IFNs have pleiotropic effects on cancer, targeting the IFN pathway has
been unsatisfactory due to difficulties in predicting patient sensitivity to
any of the IFN types, thereby suggesting that some unknown mechan-
isms may underly the antitumor effects of IFNs.

Long non-coding RNAs (IncRNAs) constitute a large class of genome
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transcripts that are greater than 200 bases with no apparent protein-
coding role [7]. To date, mounting evidence supports that IncRNAs play
important roles in cancer initiation and progression by affecting cancer
cell proliferation, apoptosis, metastasis, metabolism and drug resistance
[8,9]. LncRNASs regulate various levels of gene expression through cis or
trans mechanisms by acting as decoys, guides, scaffolds or enhancers
[9-11]. Although mechanistic models of IncRNAs in cancer have been
widely proposed, to date, the functions and precise mechanisms of most
IncRNAs remain unknown due to the large number of IncRNAs.

Some studies suggest that IncRNAs constitute an important sub-
group of ISGs [12]. IFN-regulated IncRNAs regulate immune-related
genes and may perform a function in the antiviral response [13,14].
However, the roles of IFN-regulated IncRNAs in cancer and their in-
teractions with the IFN pathway remain unclear. Therefore, we com-
prehensively analyzed IFN-regulated IncRNAs and identified a novel
nuclear IncRNA (IRF1-AS), which was functionally characterized as a
tumor suppressor and positive regulator of the IFN response in ESCC.

2. Materials and methods
2.1. Patients and tissue samples

Fresh-frozen tissues, including 48 ESCC tissues and 38 adjacent
normal tissues, were obtained at the Cancer Hospital of the Chinese
Academy of Medical Sciences in 2012. A paraffin-embedded ESCC
tissue microarray (TMA) (Catalogue No. ESC77) of 225 patients was
purchased from Superbiotek, Inc. (China). The patients represented in
the TMA underwent tumor resection in 2014 and were followed up
until June 2017. All samples were collected with signed informed
consent and were approved by the Ethics Committee of the Cancer
Hospital of the Chinese Academy of Medical Sciences.

2.2. Cell culture

The ESCC cell lines were cultured in RPMI 1640 medium (HyClone),
and the Het-1A esophageal epithelial cells were cultured in BEGM
BulletKit medium (Lonza/Clonetics). The RPMI 1640 medium was
supplemented with 10% FBS (Gibco), penicillin (100 U/mL) and
streptomycin (100 mg/ml). All cell lines used in our study were reg-
ularly authenticated by short tandem repeat (STR) profiling.

IFN- (Catalogue No. P01574, R&D) and IFN-y (Catalogue No.
CAA31639, R&D) were used at 1000 IU/ml. In the experiments invol-
ving ruxolitinib (Catalogue No. S1378, Selleckchem), the ESCC cells
were treated with ruxolitinib (2 uM) for 1 h prior to the addition of IFN-
B and then cultured for 12 h.

2.3. RNA extraction and quantitative real-time polymerase chain reaction
(RT-gPCR)

The total RNA was extracted from the cultured cells by using a
standard TRIzol protocol (Thermo Fisher Scientific). The cytoplasmic
and nuclear RNAs were extracted and purified using a Protein and RNA
Isolation System (Thermo Fisher Scientific) according to the manufac-
turer's instructions. Complementary DNA (cDNA) was synthesized using
a RevertAid First-Strand cDNA Synthesis Kit (Thermo Fisher Scientific),
and quantitative RT-PCR (RT-qPCR) was performed on an ABI 7900HT
Real-Time PCR Thermocycler (Life Technologies). We used the 2 —AACt
method to quantify the relative RNA expression level, and GAPDH was
used as an endogenous reference. At least two independent experiments
were conducted with a minimum of three technical replicates per ex-
periment. All primers and oligonucleotides used in this study are listed
in Supplementary Table S1.

2.4. Western blotting and co-immunoprecipitation

The proteins were isolated from the cultured cells using RIPA buffer
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supplemented with a protease and phosphatase inhibitor cocktail and
quantified with a BCA protein assay kit (Thermo Fisher Scientific).
Identical amounts of proteins were separated by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis and transferred onto poly-
vinylidene fluoride (PVDF) membranes (Millipore). The membranes
were blocked with 5% nonfat milk for 1hat room temperature. After
incubation with specific primary antibodies overnight at 4 °C, the blots
were incubated with an HRP-conjugated secondary antibody and de-
tected using AmershamTM Imager 600 (GE).

The co-immunoprecipitation assays were performed using a Pierce™
Classic Magnetic IP/Co-IP Kit (Catalogue No. 88804, Thermo Fisher
Scientific) according to the manufacturer's instructions. All antibody
information is listed in Supplementary Table S2.

2.5. Plasmid transfection and RNA interference

Two short hairpin RNAs (shRNAs) targeting the IRF1-AS non-over-
lapping region with IRF1 were cloned into a pLKO.1-puro vector, and
full-length IRF1-AS cDNA was inserted into a pCDH-CMV-MCS-EF1-
GFP + Puro (CD513B-1) vector (Generay, China). Then, the re-
combinant plasmids and packaging plasmids (pLP1, pLP2 and pLP/
VSVG; Thermo Fisher Scientific) were co-transfected into HEK-293T
cells to obtain infectious lentivirus particles according to the standard
Lipofectamine 3000 instructions (Thermo Fisher Scientific). The lenti-
virus-containing supernatant was collected at 48 h and purified with
Amicon Ultra-4 Centrifugal Filter Devices (Millipore). The purified
lentivirus was supplemented with 5 pg/ml polybrene (Sigma-Aldrich)
and used to infect the ESCC cells. We used corresponding empty vectors
as controls. Stable cell lines were obtained after 14 days of selection
with puromycin.

Small interfering RNAs (siRNAs) were designed to target IRF1 in the
non-overlapping region with IRF1-AS. The siRNAs were synthesized by
Sangon Biotech (China). The ESCC cells were seeded into 6-well plates
and transfected with 50pmol siRNA using RNAIMAX (Life
Technologies) according to the manufacturer's instructions and har-
vested 48 h post-transfection.

2.6. Cell proliferation and colony formation assays

CCK8 assays (Dojindo, Japan) were performed according to the
manufacturer's instructions. Briefly, the cells (1500 cells/well for
KYSE30, 3000 cells/well for KYSE180) were seeded into 96-well plates,
and the OD values were measured at 0, 24, 48, 72, 96 and 120 h. For the
colony formation assay, 200 cells were seeded into 6-well plates and
cultured for 10-14 days; the colonies were fixed and stained with 1%
crystal violet.

2.7. Apoptosis induction assay

The ESCC cells were seeded into 6-well plates, cultured for 24 h and
then treated with cisplatin (10 uM) for 24 h. The apoptotic cells were
double-labeled with annexin V-allophycocyanin (APC) and propidium
iodide (PI) using an apoptosis detection kit (KeyGEN BioTECH, China)
according to the manufacturer's instructions.

2.8. Immunohistochemistry (IHC) and TUNEL assay

Briefly, the paraffin-embedded xenograft tumors were sectioned and
stained with hematoxylin and eosin (H&E) and primary antibodies.
TUNEL (Terminal deoxynucleotidyl transferase dUTP nick end labeling)
assays were performed using a DeadEndTM Fluorometric TUNEL
System according to the manufacturer's instructions.

2.9. In vivo animal experiments

To generate the xenograft model, 4-week-old athymic BALB/c nude
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mice (Huafukang Bioscience, China) were subcutaneously injected with
2 x 10° KYSE3O0 cells into their right flank. The tumor length (a) and
minor diameter (b) were measured once a week. The tumor volume was
calculated using formula V = ab?/2. After the tumors grew for 4-5
weeks, the mice were euthanized, and the tumors were harvested,
weighed and analyzed. The animal studies were approved by the
Animal Care and Use Committee of the Cancer Hospital of the Chinese
Academy of Medical Sciences.

2.10. Analysis of 5’ and 3’ rapid amplification of cDNA ends (RACE)

Subsequently, 3 RACE and 5 RACE were performed using a
SMARTer™ RACE c¢DNA Amplification Kit (Clontech, CA) and
GeneRacer RLM-RACE Kit (Invitrogen), respectively, according to the
manufacturers' instructions. The products of the 5-RACE and 3’-RACE
PCR were cloned into a pEASY-Blunt Zero vector with a pEASY-Blunt
Zero Cloning Kit (TransGen, China) according to the manufacturer's
instructions. At least three colonies were sequenced per gel product.

2.11. RNA in situ hybridization (ISH)

For the in situ detection of IncRNA IRF1-AS in ESCC cells and tissue
microarray sections, an IRF1-AS probe targeting the non-overlapping
region with IRF1 was designed and produced by Advanced Cell
Diagnostics (Catalogue No. 549141, ACD). The hybridization and signal
detection were performed using an RNAscope Detection Kit (Catalogue
No. 322300, ACD) according to the manufacturer's protocol. Confocal
laser scanning microscopy (Leica) was used to observe the expression of
IRF1-AS. The specific IRF1-AS ISH signal was identified as brown,
punctate dots, and the expression level was scored as follows: 0 = no
staining or less than 1 dot per 10 cells, 0.5 = 10%-50% of cells dis-
playing 1 dot, 1 = more than 50% of cells displaying 1 dot or 1 to 3
dots per cell, 2 = 4 to 9 dots per cell (few or no dot clusters), 3 = 10 to
14 dots per cell (less than 10% in dot clusters), and 4 = greater than 15
dots per cell (more than 10% in dot clusters). For each evaluable tissue
spot, a final cumulative score was obtained as the sum of the individual
products of the expression level (0-4) and percentage of cells (0-100)
(i.e., [A% x 0] +[B% X 0.5]+[C% X 1]+ [D% X 2]+ [E% X 3]+ [F
% X 4]; total range = 0 to 400). The expression levels of IRF1-AS were
defined as high (score > 50) or low (score<50), based on the dis-
tribution of the IRF1-AS expression level.

2.12. Chromatin immunoprecipitation (ChIP) assay

The ChIP assays were performed with a SimpleChIP® Enzymatic
Chromatin IP Kit (CST) according to the manufacturer's instructions.
The cells were treated with IFN-$ or PBS for 6 h prior to ChIP assays
involving interferon stimulation.

For the RNase ChIP assay, KYSE30 cells were permeabilized and
treated with RNase before performing the standard ChIP assay. Briefly,
the cells were obtained by centrifugation, permeabilized in 0.3% Triton
X-100, and then treated with 20 mg/ml RNase A (Life Technologies),
1000 U/ml RNase H (NEB) or 1000 U/ml RNase inhibitor (NEB) for
30 min at 37 °C. Following the RNase treatment, an aliquot (80% vol)
was processed for the ChIP assay, and the remaining aliquot (20% vol)
was processed for RNA extraction.

2.13. RNA pull-down and mass spectrometry assay

The RNA pull-down assays were performed using a Pierce™
Magnetic RNA-Protein Pull-Down Kit (Thermo Fisher Scientific) ac-
cording to the manufacturer's instructions. First, IRF1-AS was tran-
scribed in vitro from the linearized vector pGEMT-easy-IRF1-AS using a
HyScribe T7 High Yield RNA Synthesis Kit (NEB). Then, IRF1-AS and
the negative RNA control [poly(A)25 RNA] were labeled with bioti-
nylated cytidine bisphosphate, captured using streptavidin magnetic
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beads, and incubated with cell lysate. The eluted RNA-binding protein
complexes from IRF1-AS and the negative RNA control were sent to
CapitalBio Technology (China) for mass spectrometry detection.

2.14. RNA immunoprecipitation (RIP) assay

The RIP experiments were performed with a Magna RIP™ RNA-
Binding Protein Immunoprecipitation Kit (Millipore) according to the
manufacturer's instructions. Briefly, KYSE30 cells were lysed in com-
plete RIP lysis buffer, and the cell extract was incubated with magnetic
beads conjugated with specific antibodies or IgG overnight at 4 °C. The
beads were washed and incubated with Proteinase K to remove the
proteins. The purified RNAs were analyzed by RT-qPCR.

2.15. Dual luciferase reporter assay

The IRF1-AS promoter was cloned into the pGL4.10 vector, and
cDNA was cloned into the pcDNA3.1(+) vector. The mutant vectors
were obtained using a QuikChange Lightning Multi Site-Directed
Mutagenesis Kit (Agilent Technologies). The luciferase activities were
detected using a Dual-Luciferase Reporter Assay System (Promega) and
normalized to Renilla. The sequence ranging from 2000 bp upstream to
100 bp downstream of the transcription start site was considered the
promoter region.

2.16. RNA sequencing

The IFN-B-treated and control KYSE30, KYSE180 and KYSE450 cells
and the IRF1-AS knockdown and control KYSE30 and KYSE180 cells
were used to perform RNA sequencing (RNA-seq). RNA-seq was per-
formed using Illumina HiSeq 4000 and was carried out by Novogene
(China). Briefly, TopHat was used to map the reads to the reference
genome (hg38), and HTSeq was used to count the number of reads
mapped to each gene. The reference genome and gene annotation files
were downloaded from Ensembl. The RNA-seq data obtained in this
study were submitted to the NCBI Gene Expression Omnibus (GEO)
under accession number GSE124514.

2.17. Statistical analysis

The statistical analyses were performed using SPSS version 19.0. All
data are presented as the mean = standard deviation. Student's t-test
(two-tailed) was used to analyze the experiments involving only two
groups, and one-way ANOVA was used to analyze the experiments in-
volving three or more groups. The Mann-Whitney U test was performed
for the comparisons of the xenograft tumor weights and volumes. The
overall survival was estimated by using the Kaplan-Meier method and
compared using the log-rank test. The Chi-square test was used to
analyze the relationship between IRF1-AS expression and the clin-
icopathological characteristics. The differences were considered sig-
nificantat P < 0.05, ***P < 0.001, **P < 0.01, and *P < 0.05 (ns,
not significant).

3. Results

3.1. Identification of nuclear IncRNA-IRF1-AS as an IFN-inducible IncRNA
via JAK-STAT pathway

To illustrate the potential role of IFN-regulated IncRNAs in ESCC,
we performed an RNA-seq analysis of IFN-f-treated and control ESCC
cells. We treated the ESCC cell lines KYSE30, KYSE180 and KYSE450
with 1000 U/ml recombinant IFN-f for 72 h prior to RNA-seq. Before
performing RNA-seq, we first confirmed that the known ISGs, i.e., Mx1
and ISG15, were significantly upregulated after the IFN-f stimulation
(Supplementary Fig. S1). The RNA-seq results indicated that some
known protein-coding ISGs, including RSAD2 (Radical S-Adenosyl
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Fig. 1. Identification of the IFN-regulated nuclear IncRNA IRF1-AS in ESCC. (A) Venn diagram of the upregulated and downregulated IncRNAs after the IFN-f
induction in three ESCC cell lines. (B) Expression profiles of differentially regulated IncRNAs (over 2-fold change in expression) in three ESCC cell lines. (C) and (D)
The Pearson correlation coefficient between IRF1-AS (RP11-89G4.1) and IRF1 in ESCC cell lines (C) and ESCC tissues (D) as detected by RT-qPCR. The data are
shown as the mean + SD. (E) Schematic representation of the IRF1-AS and IRF1 locus in the human genome. IRF1 is shown in black; public assembly of an EST of
IRF1-AS is shown in light grey; the portions extended through RACE are shown in red, with a poly(A) tail in the 3’ end. The arrowheads define the orientation of the
sequences. The number 1 and 2 indicate primers of IRF1-AS and IRF1. The grey numbers indicate start site of IRF1-AS exon 1 and end site of exon 3 in human
genome. (F) Strand-specific end-point PCR of IRF1-AS in ESCC cell lines with antisense (AS) and sense (S) reverse-transcription (RT) primers relative to IRF1. RT
reactions without primers were used as a negative control (Ctl). (G) Subcellular location of IRF1-AS. U99 and GAPDH are nuclear and cytoplasmic markers,
respectively. (H) Confocal RNAscope images showing the nuclear localization of IRF1-AS in KYSE30 and KYSE180. The RNAscope kit's positive and negative controls
were used. (I) Time course curvilinearity of the IRF1-AS expression level after the IFN-3 and IFN-y stimulation. (J) Expression level of IRF1-AS after the treatment
with the JAK inhibitor ruxolitinib (Ruxo). ESCC cells were treated with ruxolitinib (2 uM) for 1 h prior to the addition of IFN-f (1000 IU/ml) and then cultured for
12 h. The plus and minus signs at the bottom represent the added or omitted ingredient, respectively. Ruxo, ruxolitinib. (K) ChIP-seq results using anti-STAT
antibodies retrieved from the ENCODE project. (L) ChIP-qPCR assay using an anti-STAT1 antibody in KYSE30 cells. KYSE30 cells were treated with IFN-3 or PBS for
6 h prior to the ChIP assay. Primers specific for ChIP-seq signal peak were used for ChIP-qPCR. The data are shown as the mean = SD. P-values were obtained using
Student's t-test (2 tailed). ***P < 0.001, **P < 0.01, *P < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

Methionine Domain Containing 2), IFIT1(Interferon Induced Protein AS (Supplementary Fig. S6A), only one low homology protein was
With Tetratricopeptide Repeats 1), IFIT3 (Interferon Induced Protein found using NCBI BLAST (Supplementary Fig. S6A), indicating that the
With Tetratricopeptide Repeats 3), Mx2 (MX Dynamin Like GTPase 2) predicted protein translated from IRF1-AS was of low credibility. IRF1-

and ISG15 (ISG15 Ubiquitin-Like Modifier), were significantly upre- AS also showed negative codon substitution frequency scores
gulated in the IFN-f-treated cells (Supplementary Fig. S2A). The gene (Supplementary Fig. S6B), indicating that it is a non-coding RNA [18].
set enrichment analysis (GSEA) of the protein-coding genes demon- Collectively, these results indicate that IRF1-AS is an independent nu-
strated an enrichment of the interferon response (Supplementary Fig. clear non-coding transcript.

S2B), cell cycle and apoptosis (Supplementary Fig. S2C), which were To determine whether IRF1-AS was a bona fide ISG, we found that

consistent with the IFN effects [1]. Therefore, the ESCC cells exhibited both IFN-f (type I interferon) and IFN-y (type II interferon) could in-
the appropriate biological response to the IFN-B stimulation in our duce IRF1-AS expression at 24, 48 and 72h (Fig. 1I). IFNs upregulate

study. ISGs mainly through the classical JAK-STAT pathway [1,19]. The
The analysis of the expression changes in the IncRNAs indicated that binding of IFNs to their receptors leads to the phosphorylation of JAK
499 IncRNAs were upregulated and 495 IncRNAs were downregulated proteins, resulting in the phosphorylation and nuclear translocation of

among the three IFN-p-treated cell lines (Fig. 1A). To the best of our STATs [1]. To determine whether IFNs induce IRF1-AS via the JAK-
knowledge, the biological function of these IFN-regulated IncRNAs re- STAT pathway, we treated ESCC cells with the JAK inhibitor rux-
mains largely unknown (Fig. 1B). Among the upregulated IncRNAs olitinib. The results indicated that ruxolitinib abrogated the IFN-{3-
(Fig. 1B), GASS5 has been previously reported to be regulated by the IFN mediated upregulation of IRF1-AS (Fig. 1J). Then, we retrieved the
pathway and play an antitumor role in ESCC [15]. Then, we confirmed ChIP-seq results using anti-STAT antibodies from the ENCODE project
the IFN-B-mediated upregulation of the 6 top-ranked IncRNAs using RT- using IGV software (Integrative Genomics Viewer, v_2.4.11) and found
gqPCR (Supplementary Fig. S3). that the transcriptional factors STAT1, STAT2 and STAT3 all had
Among the identified IncRNAs, an RNA annotated as RP11-89G4.1 binding peaks around the IRF1-AS promoter region in several cell types
(ENSG00000277192) showed the most significant induction after the (Fig. 1K). Furthermore, we performed a ChIP-qPCR assay using an anti-
IFN stimulation (Supplementary Fig. S3). RP11-89G4.1 was transcribed STAT1 antibody to confirm the ChIP-seq results in KYSE30. The results
from the antisense strand in the opposite direction relative to IRF1 showed that STAT1 binds the IRF1-AS promoter and that IFN-f sti-
(interferon regulatory factor 1). IRF1 is an extensively characterized mulation may promote this interaction (Fig. 1L). Taken together, these
ISG and a central regulator of the IFN response [16]. Subsequently, we results demonstrate that IRF1-AS is a polyadenylated nuclear IncRNA
initially investigated the possible relationship between RP11-89G4.1 induced by IFNs via the JAK-STAT pathway.
and IRF1 by examining their correlation in a panel of human ESCC cell

lines. The results revealed a positive correlation between the RP11- o ) ) L
89G4.1 and IRF1 RNA levels (Fig. 1C). Then, we further confirmed their 3.2. IRF1-AS inhibits ESCC proliferation and promotes apoptosis in vitro

positive correlation in 48 fresh-frozen ECSS tissues (Fig. 1D). Moreover, and in vivo

RP11-89G4.1 and IRF1 were positively correlated in several other
cancer types in addition to ESCC, including lung cancer, breast cancer
and head and neck squamous cell carcinoma according to data retrieved . ; ; ] )
from The Atlas of Non-coding RNA in Cancer (TANRIC) online database lapping region with IRF1 in KYSE30 and KYSE.18(.) .(1.31g. 2A). Then, we
(Supplementary Fig. $4) [17]. Therefore, we focused on this IncRNA performed CCK8 assays to compare the cell viabilities of the IRF1-AS

and named it IRF1-AS (Interferon Regulatory Factor 1 Antisense RNA). knockdown and contr.01 .c.ells and found tha"t the viability of the

To unravel the potential role of IRF1-AS in ESCC, we first performed kno?kdown cells was significantly promoted (Fig. 2B). The C.OIOI?Y for-
RACE to obtain the full sequence of IRF1-AS, which was 2633 nucleo- mation assays also .demonstrated prom9ted c.olony formation in the
tides with a poly(A) tail (Fig. 1E and Supplementary Fig. S5). IRF1-AS knocl.<down ce.lls (Fig. 20Q). We further mvestlg.ated whether .IRFl-AS
has 3 exons, and exon 3 has a region overlapping with IRF1 (Fig. 1E). was involved in the regulation of cell apoptosis by per.forr.m.ng ﬂO.W
Then, we confirmed that IRF1-AS was transcribed from the antisense cytometry. We found that the knockdown of IRF1-AS inhibited cis-

strand in the ESCC cell lines using strand-oriented RT-PCR (Fig. 1F). platin-induced cell apoptosis (Fig. 2D). Moreover, our results showed
that the knockdown of IRF1-AS had no significant effects on the mi-

To investigate the function of IRF1-AS in ESCC, we stably knocked
down IRF-AS using hairpin RNAs (shRNAs) targeting the non-over-

Subsequently, we detected the subcellular localization of IRF1-AS with . ) . . L
nuclear and cytoplasmic RNA fractions using RT-qPCR. We found that g%‘atlon and invasion ability of the ESCC cells in vitro (Supplementary
IRF1-AS was mainly enriched in the nucleus (Fig. 1G). Moreover, we Fig. 87).' . . .

confirmed the nuclear localization of IRF1-AS using RNA ISH (Fig. 1H). To investigate the in vivo function O,f _IRF_l'AS’ we constructed a
Although ORF Finder (National Center for Biotechnology Information) xenograft model through percutaneous injections of IRF1-AS knock-

predicted that a protein of 149 amino acids was translated from IRF1- down cells or control cells into nude mice. The results showed that the
tumors grown from IRF1-AS knockdown cells exhibited increased
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Fig. 2. Knockdown of IRF1-AS promotes ESCC proliferation and inhibits apoptosis in vitro and in vivo. (A) Validation of the IRF1-AS knockdown efficiency by RT-
qPCR in KYSE30 and KYSE180 cells. (B) Proliferation assays of IRF1-AS-knockdown cells and vector control cells. P-values were obtained using one-way ANOVA. (C)
Colony formation assays of IRF1-AS-knockdown cells. The right panel shows the quantification results. (D) FACS analysis of the effect of IRF1-AS knockdown on cell
apoptosis. (E) Images, (F) volumes and (G) weights of xenografts established by the subcutaneous transplantation of IRF1-AS-knockdown and control KYSE30 cells.
(H) Representative images of hematoxylin and eosin (H&E), immunohistochemistry (IHC) and terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining of paraffin-embedded sections obtained from xenografts. C-caspase 3, cleaved caspase 3. Original magnification, x 200. The data are shown as the

mean * SD. ***P < 0.001, **P < 0.01, *P < 0.05.

tumor volumes (Fig. 2E and F) and tumor weights (Fig. 2G). Moreover,
the IHC staining showed that the IRF1-AS knockdown tumors presented
an increased expression of the proliferation markers Ki67 and PCNA
and decreased expression of the apoptosis marker cleaved caspase 3
(Fig. 2H). The TUNEL assays further confirmed the decreased number
of apoptotic cells in the IRF1-AS knockdown tumors (Fig. 2H). Taken
together, these results suggest that IRF1-AS plays a tumor suppressive
role in vitro and in vivo.

To further confirm the tumor suppressive role of IRF1-AS, we stably
overexpressed IRF1-AS in KYSE30 and KYSE180 cells (Fig. 3A). The
CCK8 and colony formation assays showed that the overexpression of
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IRF1-AS impaired ESCC cell proliferation (Fig. 3B) and colony forma-
tion (Fig. 3C). The apoptosis analysis indicated that the overexpression
of IRF1-AS promoted cisplatin-induced cell apoptosis in vitro (Fig. 3D).
Further in vivo xenograft results showed that the IRF1-AS over-
expression tumors exhibited decreased tumor volumes (Fig. 3E and F)
and tumor weights (Fig. 3G). Furthermore, the IHC staining and TUNEL
assays of the xenografts confirmed that the overexpression of IRF1-AS
inhibited tumor growth and promoted tumor apoptosis (Fig. 3H). Al-
together, these results demonstrate that IRF1-AS may inhibit tumor
growth in vitro and in vivo by functioning as a tumor suppressive
IncRNA.
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Fig. 3. Overexpression of IRF1-AS inhibits ESCC proliferation and promotes apoptosis in vitro and in vivo. (A) Validation of IRF1-AS overexpression efficiency by RT-
qPCR. (B) Proliferation assays of overexpression cells and vector control cells. (C) Colony formation assays of IRF1-AS overexpression cells. The right panel shows the
quantification results. (D) FACS analysis of the effect of IRF1-AS overexpression on cell apoptosis. (E) Images, (F) volumes and (G) weights of xenografts established
by SC transplantation with IRF1-AS-overexpressing and control KYSE30 cells. (H) Representative images of hematoxylin and eosin (H&E), immunohistochemistry
(IHC) and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining of paraffin-embedded sections obtained from xenografts. C-caspase 3,
cleaved caspase 3. Original magnification X 200. The data are shown as the mean + SD. ***P < 0.001, **P < 0.01, *P < 0.05.

3.3. IRF1-AS activates IRF1 transcription through interacting with ILF3 and
DHX9

overexpression cells (Fig. 4B). A previous study reported that antisense
IncRNA could form an RNA duplex with mRNA through overlapping
regions to increase mRNA stability [20]. To test whether IRF1 mRNA
stability was augmented by IRF1-AS, we used a-amanitin, which is an
inhibitor of RNA polymerase II, to block new RNA synthesis in ESCC
cells and then measured the subsequent levels of IRF1 mRNA. The

To further investigate the interplay between IRF1-AS and IRF1, we
found that both the mRNA and protein levels of IRF1 were decreased in
the IRF1-AS knockdown cells (Fig. 4A) and increased in the IRF1-AS
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Fig. 4. IRF1-AS, ILF3 and DHX9 form a complex and activate IRF1 transcription. (A) Knockdown of IRF1-AS downregulates IRF1 expression at both the mRNA and
protein levels. Upper panel, mRNA level; lower panel, protein level. (B) Overexpression of IRF1-AS upregulates IRF1 expression at both the mRNA and protein levels.
(C) IRF1-AS-binding proteins with top matching scores identified by mass spectrometry. (D) Validation of IRF1-AS binding to ILF3 and DHX9 by RIP assays. (E) and
(F) Correlations among IRF1, ILF3 and DHX9 mRNA levels in the microarray data (E) and RT-qPCR results (F). (G) and (H) ChIP-qPCR assays using anti-ILF3 (G) and
anti-DHX9 (H) antibodies in IRF1-AS-knockdown and control KYSE30 cells. Primers specific for IRF1 promoter were used for ChIP-qPCR. (I) RNase assay for the
detection of IRF1-AS and alpha-tubulin mRNA (TUBA1B) using RT-qPCR in permeabilized KYSE3O0 cells treated with an RNase inhibitor, RNase H or RNase A. Alpha-
tubulin mRNA was used as a control. The relative expression in the two RNase treatment groups was normalized to that in the RNase inhibitor group. (J) and (K)
RNase-ChIP assay with anti-ILF3 (J) and anti-DHX9 (K) antibodies in permeabilized KYSE30 cells treated with either the RNase inhibitor, RNase H or RNase A. (L)
Immunoprecipitation using anti-ILF3 and anti-DHX9 antibodies with cellular lysates from KYSE30 cells. (M) Rescue effect on proliferation by siRNA-mediated IRF1
knockdown in IRF1-AS overexpression cells. The data are shown as the mean = SD. ***P < 0.001, **P < 0.01, *P < 0.05.
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Fig. 5. IRF1 activates the transcription of IRF1-AS. (A) siRNA-mediated IRF1 knockdown downregulates IRF1-AS. (B) Overexpression of IRF1 upregulates IRF1-AS.
(C) ChIP-seq results using an anti-IRF1 antibody in K562 cells following different treatments from the ENCODE project. (D) ChIP-qPCR assay using an anti-IRF1
antibody. (E) Schematic representation of the mutant construction of the IRF1-AS promoter in the dual-luciferase assay. “BS”, predicted binding site, “WT”, wild type
IRF1-AS promoter. “ X ”, deletion mutation. Primers specific for ChIP-seq signal peak were used for ChIP-qPCR. (F) Relative luciferase activities of reporters

containing the IRF1-AS promoter or mutants 48 h after cotransfection with the IRF1 overexpression plasmid or vector (Vec). Firefly luciferase activity was normalized
to the control Renilla luciferase activity. The data are shown as the mean + SD. ***P < 0.001, **P < 0.01, *P < 0.05.

results showed that the knockdown or overexpression of IRF1-AS had as transcriptional co-activators [23]. Therefore, we hypothesized that
no significant effects on the IRF1 mRNA levels (Supplementary Fig. S8). IRF1-AS interacts with ILF3 and DHX9 to transcriptionally activate

To further investigate the possible mechanism by which IRF1-AS IRF1. Then, we immunoprecipitated endogenous ILF3 and DHX9 to
upregulates IRF1, we performed RNA pull-down and mass spectrometry determine whether ILF3 and DHX9 interact with IRF1-AS in vivo. IRF1-

assays to detect IRF1-AS interacting proteins. According to the mass AS was detected in the complexes immunoprecipitated using both anti-
spectrometry results, we found that ILF3 (Interleukin Enhancer Binding ILF3 and anti-DHX9 antibodies (Fig. 4D).
Factor 3) and DHX9 (DExH-Box Helicase 9) were enriched exclusively To unravel the potential transcriptional regulation of IRF1 by ILF3

in the IRF1-AS group and ranked at the top (Fig. 4C). ILF3 and DHX9 and DHX9, we first analyzed the correlation between ILF3/DHX9 and
are both located in the nucleus and have RNA-binding motifs [21,22]. IRF1. The results revealed that both ILF3 and DHX9 were significantly
Moreover, ILF3 and DHX9 are associated with each other and function positively correlated with IRF1 in our previous microarray data [24]
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Fig. 6. Global mRNA analysis revealing that IRF1-AS regulates IFN responses. (A) RNA-seq of IRF1-AS stable-knockdown cells. Graph depicting the upregulated
(FC > 2) and downregulated (FC < 2) genes after the IRF1-AS knockdown. (B) Gene Ontology analysis of the 634 downregulated genes. (C) Gene set enrichment
analysis (GSEA) of IRF1-AS knockdown cells versus control cells. ES, enrichment score; NES, normalized enrichment score; FDR, false discovery rate. (D) RT-qPCR
analysis of IFN pathway genes in IRF1-AS knockdown KYSE30 and KYSE180 cells. (E) Rescue effects on the expression levels of IFN pathway genes by siRNA-
mediated IRF1 knockdown in IRF1-AS-overexpressing KYSE30 and KYSE180 cells. (F) Representative images of IHC staining of IFN pathway genes and IRF1 in
xenografts obtained from IRF1-AS knockdown and control cells. (G) Representative images of IHC staining of IFN pathway genes and IRF1 in xenografts obtained
from IRF1-AS-overexpressing and control cells. Original magnification x 200. The data are shown as the mean + SD. ***P < 0.001, **P < 0.01, *P < 0.05.ns,

not significant.

(Fig. 4E) and RT-qPCR analysis of 48 ESCC tissues (Fig. 4F). Then, we
found several potential binding sites (BSs) (CTGTT) for ILF3 in the IRF1
promoter region [25]. To determine whether ILF3 and DHX9 bind the
IRF1 promoter, we performed ChIP-qPCR assays. The results indicated
that the IRF1 promoter sequences were significantly enriched in the
anti-ILF3 (Fig. 4G) and anti-DHX9 (Fig. 4H) immunoprecipitated
complexes, and the knockdown of IRF1-AS decreased the DNA enrich-
ment (Fig. 4G and H). A previous study demonstrated that IncRNA
binds chromatin and promotes the recruitment of proteins, such as
IncRNA ANRASSF1 [26]. To determine whether IRF1-AS interacts with
the IRF1 promoter and promotes the recruitment of ILF3 and DHX9, we
treated KYSE30 cells with RNase A or RNase H, which digest single
strand RNA or RNA/DNA hybrids, respectively. First, we found that
both the RNase A and RNase H treatments decreased the IRF1-AS levels
(Fig. 41). Alpha-tubulin RNA, which was mainly digested by RNase A
(Fig. 4I), was chosen as a control in this study. Following the RNase
treatment, we performed a ChIP-qPCR assay. The results showed that
both the RNase A and RNase H treatments decreased the binding of
ILF3 (Fig. 4J) and DHX9 (Fig. 4K) to the IRF1 promoter. These results
suggest that IRF1-AS interacts with the DNA sequence and promotes the
binding of ILF3 and DHX9 to the IRF1 promoter. Subsequently, we
confirmed that ILF3 and DHX9 interact with each other in vivo by
performing co-immunoprecipitation assays (Fig. 4L). We also found
that the knockdown and overexpression of IRF1-AS had no significant
effects on the protein levels of ILF3 and DHX9 (Supplementary Fig. S9),
suggesting that IRF1-AS acts only as a scaffold for ILF3 and DHX9.
Collectively, IRF1-AS, ILF3 and DHX9 may form a complex and activate
the transcription of IRF1.

Previous studies indicate that IRF1 can inhibit cell proliferation and
induce cell apoptosis [16]. Therefore, we hypothesized that the anti-
tumor effects of IRF1-AS depended on IRF1. We found that the siRNA-
mediated knockdown of IRF1 in the IRF1-AS overexpression cells could
partially abolish the antiproliferative effect of IRF1-AS (Fig. 4M). These
results suggest that the antitumor effects of IRF1-AS may partly depend
on IRF1.

3.4. IRF1 binds the IRF1-AS promoter and promotes IRF1-AS transcription

As a transcription factor, IRF1 can activate the transcription of IFNs
and many ISGs, inducing a typical IFN response [16]. Therefore, we
hypothesized that IRF1 activates the transcription of IRF1-AS. We found
that the siRNA-mediated knockdown of IRF1 decreased the expression
level of IRF1-AS (Fig. 5A) and that the transient overexpression of IRF1
increased the IRF1-AS levels (Fig. 5B).

Subsequently, we analyzed the promoter sequence of IRF1-AS and
identified several previously reported IRF1 binding core sequences
(GAAAs) in this region (Supplementary Fig. SI0A) [27]. Moreover, we
used the Jaspar online database to predict the BSs of IRF1 in the IRF1-
AS promoter. We found five predicted BSs in the IRF1-AS promoter
region, all of which contain the IRF1 binding core sequence
(Supplementary Fig. S10B). Then, we retrieved the ChIP-seq results
using an anti-IRF1 antibody from the ENCODE project and found that
IRF1 has binding peaks around the IRF1-AS promoter region in
K562 cells following different stimulations (Fig. 5C). Then, we per-
formed a ChIP-qPCR assay and found that IRF1 could indeed bind the
IRF1-AS promoter (Fig. 5D). To further confirm that IRF1 could activate
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the transcription of IRF1-AS and determine the possible BSs, we con-
structed and inserted a wild-type and mutant IRF1-AS promoter se-
quence into a pGL4.10 vector containing luciferase genes. The mutant
construction of the IRF1-AS promoter is shown in Fig. 5E. Predicted BSs
1 to 4 had overlapping regions; thus, we constructed a deletion muta-
tion of these four BSs simultaneously. The results of the dual luciferase
reporter gene assays showed that IRF1 remarkably increased the luci-
ferase activity, and the deletion of the predicted BSs significantly de-
creased the luciferase activities (Fig. 5F). Taken together, these results
indicate that IRF1 directly binds the IRF1-AS promoter and activates
the transcription of IRF1-AS.

3.5. IRF1-AS activates the interferon response in vitro and in vivo

To globally investigate the IRF1-AS-regulated genes and pathways,
we performed an RNA-seq analysis of IRF1-AS knockdown cells and
control cells. We identified 90 common upregulated genes (fold
change > 2) and 634 downregulated genes (fold change > 2) in the
KYSE30 and KYSE180 cell lines (Fig. 6A). Then, we determined that the
downregulated genes were related to the type I interferon pathway and
immune response (Fig. 6B) using DAVID online tools [28]. The GSEA
also demonstrated an enrichment in the interferon response (Fig. 6C).

Therefore, we performed an RT-qPCR analysis of the IRF1-AS
knockdown and overexpression cells to analyze the IFN pathway genes,
including IFNAR1(interferon alpha and beta receptor subunit 1),
IFNB1(interferon beta 1), IFNG (interferon gamma), JAK1 (janus kinase
1), and STAT1 (signal transducer and activator of transcription 1),
which reflect the activity of the IFN response [15]. We noted that the
overall expression levels of these genes were decreased in the IRF1-AS
knockdown KYSE3O0 cells and KYSE180 cells (Fig. 6D). Moreover, the
overall expression levels of these genes were increased in the IRF1-
AS-overexpressing KYSE30 and KYSE180 cells (Fig. 6E), which was
rescued by the IRF1 knockdown (Fig. 6E). To further confirm the reg-
ulation of the IFN response by IRF1-AS in vivo, we detected the activ-
ities of IFN pathway genes and IRF1 in xenografts obtained from IRF1-
AS knockdown or overexpression cells using IHC. We found that the
overall expression levels of IFN pathway genes and IRF1 were de-
creased in the IRF1-AS knockdown tumors (Fig. 6F) and increased in
the IRF1-AS overexpression tumors (Fig. 6G). Collectively, these find-
ings indicate that IRF1-AS activates the IFN response in vitro and in
vivo, which may depend on IRF1.

3.6. IRF1-AS downregulation predicts a poor clinical outcome in ESCC
patients

To further evaluate the clinical significance of IRF1-AS in ESCC, we
first detected the expression level of IRF1-AS in 8 ECSS cell lines and 1
esophageal epithelium cell line, i.e., Het-1A. The results indicated that
IRF1-AS was downregulated in all analyzed ESCC cell lines compared
with that in the Het-1A cell line (Fig. 7A). Then, we used RT-qPCR to
detect IRF1-AS expression in 48 ESCC tissues and 38 benign esophageal
tissues. In comparison, the IRF1-AS expression was significantly lower
in the ESCC tissues (Fig. 7B). Furthermore, we used ISH to examine
IRF1-AS expression in an ESCC tissue microarray (TMA) of 225 pa-
tients. We correlated the IRF1-AS expression with the clin-
icopathological characteristics of the ESCC patients (Supplementary
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Fig. 7. Low IRF1-AS expression predicts a poor prognosis in patients with ESCC. (A) IRF1-AS expression in ESCC cell lines and esophageal-epithelium Het-1A cells as
detected by RT-qPCR. (B) IRF1-AS expression in fresh-frozen ESCC tissues (n = 48) and normal esophageal tissues (n = 38) as detected by RT-qPCR. (C) Left panel,
RNAscope images showing high and low IRF1-AS expression levels in ESCC tissues. Right panel, Kaplan-Meier survival curve of ESCC patients with low (score <50,
n = 177) and high (score > 50, n = 48) IRF1-AS. (D) A graphical summary of the function and mechanism of IRF1-AS.
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Table S3). Downregulated IRF1-AS was correlated with the TNM stage
(P < 0.05). However, there was no significant difference in IRF1-AS
expression between patients based on tumor differentiation, patient
gender or age (P > 0.05). More importantly, the patients with low
IRF1-AS expression showed a poor prognosis (Fig. 7C), and IRF1-AS
was an independent prognostic factor for ESCC patients in a multi-
variate Cox regression analysis (P = 0.026, Supplementary Table S4).

4. Discussion

Interferons and their downstream pathways play pleiotropic roles in
antitumor reactions. However, targeting the IFN pathway has been
unsatisfactory due to unpredictable effects. Exploiting players other
than known proteins involved in the IFN pathway is pivotal for tar-
geting this pathway. In our study, we comprehensively analyzed IFN-
regulated IncRNAs and identified the top-ranking candidate IRF1-AS,
which functions as a positive regulator of the IFN response and a tumor
suppressor in ESCC. We also identified a positive feedback loop be-
tween IRF1-AS and IRF1, which supposedly maintains the positive
feedback loop between IFN signaling and IRF1-AS (Fig. 7D).

We found that interferons induce IRF1-AS expression through the
JAK-STAT pathway. In addition to the classic JAK-STAT pathway, IFNs
also activate the CRKL, NF-xB and MAPK pathways [19]. Therefore,
whether IFNs induce IRF1-AS expression via other downstream path-
ways requires future investigation. The JAK-STAT pathway is a uni-
versal molecular cascade used to transduce signals for development and
disease, which may be activated by a wide array of cytokines and
growth factors, such as the gp130 family, Bc family and yc family, in
addition to IFNs [29]. Thus, a wide array of cytokines may induce IRF1-
AS expression.

LncRNAs can play an oncogenic or tumor suppressive role in cancer.
Here, IRF1-AS inhibited ESCC proliferation and promoted apoptosis in
vitro and in vivo and acted as a tumor suppressor. Similar to many
tumor suppressors, IRF1-AS was downregulated in cancer tissues and
was an independent prognostic factor, highlighting its clinical im-
plications as a biomarker. LncRNAs regulate gene expression via cis or
trans mechanisms. We found that IRF1-AS upregulated IRF1 in cis by
forming a transcription-activating complex with ILF3 and DHXO.
However, the specific motifs of the IRF1-AS interaction with ILF3 and
DHX9 need further investigation. Previous studies have demonstrated
that IRF1 inhibits cell proliferation and induces cell apoptosis in several
cancers, including esophageal cancer [16,30]. The knockdown of IRF1
rescued the antiproliferative effects of IRF1-AS, suggesting that the
antitumor effects of IRF1-AS were dependent on IRF1, at least partly.

ISGs orchestrate a complex web to balance the IFN response by
acting as positive or negative regulators [2]. Some studies indicate that
IncRNAs regulate the IFN response through positive or negative feed-
back [12]. Our previous study also suggests that IncRNA GAS5 posi-
tively regulates the IFN response in ESCC [15]. Here, IRF1-AS was a
positive regulator of the IFN response in vivo and in vitro. The
knockdown of IRF1 in IRF1-AS overexpression cells rescued the upre-
gulation of IFN pathway genes and IFN target genes, suggesting that
IRF1 is responsible for the IRF1-AS-activated IFN response. However,
whether IRF1-AS activates the IFN response via any other mechanism
requires further research.

IFNs and the IFN pathway have a long history of involvement in
cancer therapy. The application of IFNs in cancer treatment is mainly
limited by the unpredictable IFN effects on cancer patients. There is no
effective biomarker to screen patients who will benefit from IFN
treatment. Considering the regulatory network among IFN signaling,
IRF1-AS and IRF1, the related molecules may be potential predictive
biomarkers. Furthermore, targeting the feedback loop between IRF1-AS
and IRF1 to enhance the IFN response may provide a novel therapeutic
strategy in cancer.

In conclusion, our results indicate that IFN-induced IRF1-AS is a
tumor suppressive IncRNA that activates interferon response through a
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positive regulatory feedback loop with IRF1 in ESCC. Our data high-
lighted the interplay between the IFN-regulated IncRNA and IFN re-
sponse, which forms a regulatory circuit.
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