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A B S T R A C T

Although Signal transducer and activator of transcription 1 (STAT1)-mediated transactivation potential is in-
hibited in cancer cells, the mechanism is poorly understood. In the present study, we implicated long non-coding
RNA lncRNA625 in the inhibition of STAT1 activity. LncRNA625 knockdown up-regulated STAT1-mediated
transcription and resulted in an increase of STAT1-mediated expression of IFITM2. Conversely, lncRNA625
upregulation inhibited STAT1 reporter activity. Mechanistically, lncRNA625 inhibited STAT1 binding to the
promoter of IFITM2 in both untreated cells and following interferon-gamma (IFN-γ) stimulation. LncRNA625
interacted with the DNA-binding (DB) domain of STAT1 and promoted STAT1 interaction with T-cell protein
tyrosine phosphatase TC45 to dephosphorylate pSTAT1. Taken together, the results show that lncRNA625 in-
hibits STAT1-mediated transactivation potential by causing formation of STAT1-TC45 complexes, resulting in
STAT1 dephosphorylation.

1. Introduction

STAT1, often considered a tumor suppressor, inhibits tumorigenesis
and proliferation of tumor cells and promotes tumor cell apoptosis,
although in some types of cancer cells, STAT1-mediated tumor pro-
gression has been reported, e.g. breast cancer (Hix et al., 2013). Evi-
dence shows that high expression of STAT1 is positively correlated with
improved disease-free survival and total survival (Josahkian et al.,
2018). However, in malignant cells, STAT1 is subjected to in-
appropriate activation or even loss of expression. For example,

Leibowitz et al. demonstrated that activated STAT1 was present at low
to undetectable levels in squamous cell carcinoma of head and neck,
and resulted in low expression of the antigen processing protein TAP1/
2, thereby enabling cancer cell escape from recognition by cytotoxic T
lymphocytes (Leibowitz et al., 2011). Osborn et al. reported that me-
tastatic melanoma cells evaded immune detection by silencing STAT1
(Osborn and Greer, 2015). Recently, Zhang et al. also showed that
STAT1 activity was decreased in esophageal cancer cells, and over-
expression of STAT1C (its constitutively-active form) inhibited STAT3
activity indispensable for proliferation and survival of tumor cells
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(Zhang et al., 2014). Therefore, the above evidence shows that STAT1
activity is inhibited in cancer cells. However, the molecular mechan-
isms responsible for the inhibition of STAT1 activity are unclear.

Long noncoding RNAs (lncRNAs) participate in cellular processes
through various mechanisms (McHugh et al., 2015; Gong and Maquat,
2011; Tripathi et al., 2010). In our previous study, lncRNA625 was
identified as a novel regulator of cell proliferation, invasion and mi-
gration in esophageal squamous cell carcinoma (ESCC), and ESCC pa-
tients with high lncRNA625 expression had shorter survival time than
those with low expression (Li et al., 2017). In the present study, we
characterize the mechanisms of action of lncRNA625 and show that this
lncRNA interacts with STAT1 and directly inhibits the activities of
STAT1, thereby playing a key role in the biology of ESCC cells.

2. Results

2.1. LncRNA625 regulates STAT1-mediated gene transcription

In our previous report, we analyzed these genes that were differ-
entially expressed more than±1.5-fold between human esophageal
squamous carcinoma KYSE150 cell line expressing shRNA-lncRNA625
and a scrambled shRNA (GSE74707) (Li et al., 2017). In the present
study, using R package gplots from the R-project database, we re-ana-
lyzed our previous gene profile data (GSE74707) (Li et al., 2017)
comparing lncRNA625-silenced and control ESCC cells, using a cutoff of
fold change=2. Some differentially expressed genes were found, as
shown in Supplementary Fig. S1A. Importantly, upon further GO an-
notation and functional enrichment analysis, the immune response was
significantly enriched, which was shown as the bottom column
(Fig. 1A), suggesting that some of these genes were associated with
immune or inflammatory processes, e.g. IFI6, IFIT1, IFI44, IFIT3, IFITM2
and B2M (Fig. 1B). And strikingly, in all differentially expressed genes,
these genes associated with immune or inflammatory processes ac-
counted for 33.3% of all de-regulated transcripts (Fig. 1B). JASPAR
motif analysis for these genes involved in immune response identified
numerous potential STAT1 binding motifs at the promoters of these
genes (Fig. 1C). To verify the gene profile results, a few candidate genes
were subjected to qRT-PCR detection after lncRNA625 down-regulation.
The results showed that the levels of the target genes were altered in
response to lncRNA625 knockdown in KYSE150 cells, including up-
regulation of CCL2, IFIT3 and IFITM2, and down-regulation of HSPA1B,
MUC16, HSPA1A, CAP1 and SERPINB4 (Fig. 1D). In human esophageal
squamous carcinoma KYSE180 cells, a decrease of the SERPINB4 tran-
script and increases in CCL2, IFIT3 and IFITM2 transcripts were further
confirmed after lncRNA625 knockdown (Supplementary Fig. S1B).
Subsequently, the above target genes were measured after knockdown
of STAT1, with the results showing that the levels of IFITM2, IFIT3 and
MUC16 were down-regulated in response to STAT1 knockdown
(Fig. 1E). These results suggest that lncRNA625 is involved in the reg-
ulation of STAT1-mediated target gene transcription.

2.2. LncRNA625 inhibits STAT1 transactivation potential

We next investigated the functional role of lncRNA625 involvement
in STAT1-regulated gene expression. To this end, we focused on IFITM2,
as its promoter contained STAT1 binding sites, as predicted by JASPAR
(Fig. 2A) and validated by STAT1 ChIP-seq data analysis in the chronic
myelogenous leukemia K562 and cervical cancer Hela S cell lines
(Fig. 2B), which was downloaded from the Encode database (https://
www.encodeproject.org/). STAT1 ChIP-seq data showed that, in the
upstream region of IFITM2 promoter, there were some peaks, sug-
gesting STAT1 binding to the region to regulate the transcription of
IFITM2. To further confirm STAT1 binding to the promoter of IFITM2,
STAT1 ChIP was performed and the enriched DNA was amplified by the
designed primers targeting the upstream regions of IFITM2 promoter in
Fig. 2A. The results showed that the relative enrichment for STAT1

binding to the promoter of IFITM2 was significantly higher than that of
IgG control, which confirmed that IFITM2 was the target gene of STAT1
(Fig. 2C). To delineate the role of lncRNA625 for STAT1 binding to the
promoters, STAT1 ChIP-qPCR was performed after lncRNA625 knock-
down. Following lncRNA625 knockdown, binding of STAT1 to the
IFITM2 promoter was increased (Fig. 2D), indicating that lncRNA625
inhibited STAT1 binding. To further explore whether the inhibition of
lncRNA625 for STAT1 binding has caused the alteration of STAT1
transactivation potential, luciferase assays were next performed by co-
transfection of a STAT1 reporter vector with the lncRNA625 expression
vector. Results showed that lncRNA625 up-regulation led to the de-
crease of luciferase activity of STAT1 reporter vector. Therefore, the
above data shows that lncRNA625 inhibits STAT1 transactivation po-
tential (Fig. 2E).

2.3. LncRNA625 inhibits STAT1 transactivation potential induced by IFN-γ

The above data prompted us further to explore how lncRNA625
regulates the transactivation potential of STAT1. IFN-γ, a well-estab-
lished STAT1 stimulator, was first studied. KYSE150 cells were treated
by IFN-γ as the indicated concentration and the levels of IFITM2 protein
were measured using western blot. IFITM2 protein level was sig-
nificantly enhanced when IFN-γ at final concentration 25 ng/ml was
used to treat the cancer cells and there was no obvious alteration for
IFIMT2 protein levels responding to higher concentration of IFN-γ
treatment. Therefore, IFN-γ at final concentration 25 ng/ml was used in
the subsequent assays. Next, we further confirmed that IFN-γ strongly
activated STAT1 and upregulated total STAT1 and phosphorylated
STAT1 protein expression in ESCC cells. And accordingly, the levels of
IFITM2 protein were also enhanced (Fig. 3A and B). Importantly,
lncRNA625 silencing followed by IFN-γ treatment potently increased
the phosphorylation of STAT1 and the expression of IFITM2, but not for
total STAT1 protein expression (Fig. 3C). At the mRNA level, IFN-γ
treatment up-regulated levels of the IFITM2 transcript (compare black
and white columns in Fig. 3D). Upon lncRNA625 silencing, transcript
levels of IFITM2 strongly increased (compare green and blue columns in
Fig. 3D). Further study also showed that IFN-γ treatment promoted an
increase of STAT1 binding to IFITM2 promoter, which was demon-
strated by STAT1 ChIP-qPCR. The primers targeting the promoter of
IFITM2 were used for PCR amplification and the results showed that,
compared to control, in IFN-γ treatment, there was relative enrichment
of STAT1 in the primer I1 and primer I2 targeting regions (Fig. 3E). To
exclude the increase of binding of STAT1 to the promoter of IFITM2 was
not derived from the decrease of lncRNA625 expression in the cells
under IFN-γ treatment, we also measured the expression of lncRNA625
by qRT-PCR. The results showed that IFN-γ treatment did not alter the
expression of lncRNA625 in the cells (Supplementary Fig. S2). Next, to
explore the role of lncRNA625 for the binding of STAT1 to the pro-
moter, STAT1 ChIP-qPCR assays were performed after lncRNA625
knockdown followed by IFN-γ treatment. ChIP-qPCR assays showed
that the binding of STAT1 to the IFITM2 promoter was enhanced
(Fig. 3F). These above data demonstrate that lncRNA625 inhibits STAT1
transactivation potential induced by IFN-γ.

2.4. LncRNA625 interacts with STAT1 and promotes the interaction STAT1
with TC45

To observe whether lncRNA625 inhibited STAT1 activity through a
direct interaction with STAT1, RIP assays were performed in KYSE150
and KYSE510 cells. Results showed that lncRNA625 interacted with
STAT1 (Fig. 4A). RNA pulldown assays using biotinylated lncRNA625
further confirmed the interactions between lncRNA625 and STAT1
(Fig. 4B). To map the regions through which lncRNA625 interacted with
STAT1, we first constructed vectors expressing either full-length or
deletion mutants (135 bp, 200 bp, 416 bp) (Fig. 4C, left), which were
predicted by the minimum free energy (MFE) and partition function to
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have stem loops (Supplementary Fig. S3). This prediction suggested
that these regions of lncRNA625 might interact with STAT1. Im-
portantly, luciferase assays showed that both full-length and lncRNA625
deletion mutants inhibited activity of the STAT1 reporter (Fig. 4C,
right). We next characterized which functional domains of STAT1 were
responsible for interacting with lncRNA625. Subsequently, a series of
STAT1 deletion mutants representing different domains, including a
protein interaction domain (Int), coiled-coil domain (CC), DNA-binding
domain (DB) and C terminus (C-end), were constructed and co-trans-
fected with the lncRNA625 vector for RIP assays. Results demonstrated
that only the DNA-binding (DB) domain of STAT1 is required to
maintain lncRNA625 binding (Fig. 4D).

In our previous study, we reported that lncRNA625 was pre-
dominantly localized in the nucleus by RNA FISH and cytoplasmic and
nuclear isolation assays (Li et al., 2017). In the nucleus, TC45 depho-
sphorylates STAT1 (Kim and Lee, 2007), suggesting that lncRNA625

recruits TC45 to inactivate STAT1. Therefore, the interaction of TC45
with pSTAT1 was determined in cells after lncRNA625 knockdown,
followed by IFN-γ treatment. LncRNA625 knockdown led to a decrease
in the interaction of TC45 with pSTAT1 (Fig. 4E). Therefore, our data
demonstrate that lncRNA625 promotes STAT1 interaction with TC45.

3. Discussion

Integrating all the data above, we propose a model in which
lncRNA625 inhibits STAT1-dependent transcription (Fig. 5). In response
to IFN-γ, STAT1 translocates into the nucleus, where lncRNA625 di-
rectly binds to the STAT1 DB domain. A second way whereby
lncRNA625 blocks STAT1 is by promoting TC45 interaction with STAT1
to dephosphorylate and inactivate STAT1. Therefore, lncRNA625 in-
hibits STAT1 activity by the above dual roles in malignant cells.

Increasing evidence showed that lncRNAs played the critical roles

Fig. 1. LncRNA625 modulates the expression
of potential genes induced by STAT1. (A) GO
annotation and functional enrichment analysis
of genes, from the gene profile, with more
than ± 2-fold change. (B) Venn diagram
showing genes associated with immunological
and inflammatory responses, and other genes.
(C) STAT1 binding site motif, in the promoter
of potential target genes, predicted by JASPAR.
(D) Levels of lncRNA625, STAT1 and potential
target genes were measured by real-time RT-
PCR. KYSE150 cells were plated 24 h prior, and
siRNAs against lncRNA625 and STAT1 were
individually transfected. Scramble siRNA was
used as the negative control. After 48 h, total
RNA was extracted and the levels of
lncRNA625, STAT1 and the potential target
genes were detected by real-time RT-PCR.
Values represent mean ± SD. *P < 0.05,
**P < 0.01.

H. Guo-Wei, et al. International Journal of Biochemistry and Cell Biology 117 (2019) 105626

3



for proliferation and metastasis of cancer cells and involved in the
regulation of gene expression via various mechanism, including the
epigenetic, transcriptional and post-transcriptional regulation for gene
expression. lncRNA HOXA11-AS, as a scaffold, recruited the chromatin
modifying factor PRC2, LSD1 and DNMT1 to regulate the expression of
genes and promoted proliferation and invasion of gastric cancer cells
(Sun et al., 2016). lncRNA ANRIL promoted non-small lung cancer cell
proliferation and inhibited apoptosis through the interaction with EZH2
to lead to silence of KLF2 and p21 expression (Nie et al., 2015).
LncRNAs implicated in post-transcriptional regulation for gene ex-
pression were also reported. LncRNA SPRY4-IT1, as a sponge, recruited
miR-101-3p and thereby up-regulated EZH2 expression, which pro-
moted proliferation and metastasis of bladder cancer cells (Liu et al.,
2017). LncRNA GHET1 increased c-Myc mRNA stability and thereby
promoted gastric carcinoma cell proliferation (Yang et al., 2014). Nu-
merous evidence showed that, in esophageal squamous carcinoma cells,
lncRNAs were involved in proliferation and metastasis and regulated
the expression of genes. lncRNA EZR-AS1 promoted proliferation and

invasion through the interaction with SMAD3 and resulting in up-reg-
ulation of Ezrin expression (Zhang et al., 2018). LncRNA CASC9 could
promote metastasis of esophageal squamous cell carcinoma. Mechan-
ismly, CASC9 could form the complex with the transcriptional coacti-
vator CREB-binding protein (CBP) and bind to the LAMC2 promoter and
increase H3K27 acetylation in the promoter, thereby upregulating
LAMC2 expression (Liang et al., 2018). However, in cancer cells,
lncRNAs regulating the expression of genes through the interaction
with STAT1 are still not reported. In the present study, we found that
lncRNA625 promoted the interaction of STAT1 with TC45, which led to
dephosphorylation of phosphorylated STAT1 mediated by TC45,
thereby inhibiting the transactivation potential of STAT1.

Under IFN-γ stimulation, STAT1 was phosphorylated and subse-
quently translocated into the nuclei to initiate the transcription of
target genes (Olias et al., 2016). In nuclei, TC45, a major nuclear STAT1
protein tyrosine phosphatase (PTPase), dephosphorylated STAT1 (ten
Hoeve et al., 2002). Since lncRNA625 was located in the nuclei (Li et al.,
2017), lncRNA625 knockdown increased the levels of STAT1

Fig. 2. LncRNA625 inhibits STAT1 binding to
the promoters of potential target genes. (A)
Primers for the selected regions of STAT1
binding to IFITM2 were designed. (B) STAT1
ChIP –seq in K562 and Hela S cell lines from
the Encode database (https://www.
encodeproject.org/). Representative tracks
showing occupancy of the promoter region
within the IFITM2 gene by STAT1. (C) Nuclear
extracts of KYSE150 cells (1×107 cells) were
individually collected in 1ml, and 10% of each
extract was used as input and the remainder
used in duplicate for ChIP, using anti-STAT1
and normal rabbit IgG. The coimmunoprecipi-
tated DNA and input DNA were individually
extracted and the fold enrichment of STAT1
binding to IFITM2 promoter was determined
by qPCR. Rabbit normal IgG was used as the
control. The amount of precipitated DNA was
calculated as the percent of 100% input ac-
cording to the method 2x100%. Values re-
present mean ± SD. *P < 0.05, **P < 0.01.
(D) After lncRNA625 knockdown in KYSE150
cells inoculated in 60mm dishes, ChIP assays
were performed as above and the fold enrich-
ment of STAT1 binding to the promoter of
IFITM2 was measured according to the method
2- [[Ct (Treated group) (STAT1)-Ct(100% Input)]-[Ct

(Control group) (STAT1)-Ct(100% Input)]]. Scramble
siRNA was used as control group. Values re-
present mean ± SD. *P < 0.05, **P < 0.01.
(E) The luciferase activity was determined
using a dual-luciferase reporter assay system
after the lncRNA625 expression vector with
STAT1 reporter plasmid were co-transfected
into SHEEC cells. Values represent the
mean ± SD of a single experiment done in
sextuplicate. *P < 0.05.
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phosphorylation (Fig. 3C), suggesting that lncRNA625 recruited TC45
to prevent STAT1 from being activated. The inhibition of STAT1 ac-
tivity mediated by lncRNA625 should prevent apoptosis of cancer cells
because STAT1 promoted the transcription of genes associated with
pro-apoptosis. E.g. STAT1 promoting the transcription of pro-apoptotic
gene Bcl-2 associated protein X (Bax) and CASP8 (Soond et al., 2007;
Fulda and Debatin, 2002). In the present study, IFITM2 was selected as
a target gene to delineate the inhibition of lncRNA625 for STAT1 be-
cause IFITM2 promotes apoptosis of cancer cells (Daniel-Carmi et al.,
2009). In fact, it is possible that more potential pro-apoptotic genes
associated with STAT1 are regulated by lncRNA625 in cancer cells.
Therefore, it is reasonable that lncRNA625 recruits TC45 to depho-
sphorylate STAT1 and thereby inhibits the transcription of pro-apop-
totic genes in esophageal cancer cells.

STAT1, as a member of the signal transducers and activators of
transcription factor family, interacts with lncRNA625. The mechanism
for the interaction is still unclear because there is no RNA binding
domain in STAT1. However, lncRNA625 can interact with the STAT1
DB domain. In sum, our results reveal a mechanism by which STAT1 is
inhibited in malignant cells, leading to enhanced tumorigenesis.
LncRNA625 can serve as a new therapeutic target for cancer via re-
storing STAT1 activity through reversal of lncRNA625-mediated STAT1

inhibition.

4. Materials and methods

4.1. Cell culture and IFN-γ stimulation

KYSE150, KYSE510 and KYSE180 cell lines derived from human
esophageal cancers were cultured in 1640 medium (Hyclone, Logan,
UT, USA) supplemented with 10% fetal bovine serum (Hyclone, Logan,
UT, USA). HEK293 T cells were derived from human embryonic kidney
and kindly provided by Professor Dong Xie (The Institute for Nutritional
Sciences, Chinese Academy of Sciences, China). The SHEEC cell line, a
normal human ESCC cell line, was established in our laboratory (Shen
et al., 2000) and cultured in DMEM/F12 (1:1) medium (Hyclone,
Logan, UT, USA) containing 10% newborn bovine serum (Hyclone,
Logan, UT, USA). All cell lines were mycoplasma-free and subjected to
authentication by STR profiling. In some assays, cells were stimulated
with IFN-γ (Sigma Aldrich, St. Louis, Missouri, USA) at the indicated
concentration for 24 h.

Fig. 3. LncRNA625 inhibits IFN-γ-mediated
STAT1-mediated transcription. (A) In response
to IFN-γ at various concentrations, the levels of
IFITM2 were characterized using western blot.
(B–D) Levels of pSTAT1, STAT1 and IFITM2
were determined using western blot or real-
time RT-PCR in KYSE150 cells with or without
lncRNA625 knockdown followed by 25 ng/ml
IFN-γ stimulation for 24 h. Values represent
mean ± SD. *P < 0.05, **P < 0.01.
KYSE150 cells were cultured in 60 mm dishes
and subjected to IFN-γ treatment for 24 h ei-
ther at 48 h after inoculation (E), or at 24 h
post-transfection with silncRNA625 or
scramble (F), and nuclear extracts were col-
lected and used for ChIP assays of STAT1 as
above. The fold enrichment of STAT1 binding
to the promoter of IFITM2 was calculated ac-
cording to the above method. Values represent
mean ± SD. *P < 0.05, **P < 0.01. n.s.: not
significant.
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4.2. Construction of lncRNA625 deletion mutants and STAT1 mutants

Based on the minimum free energy (MFE) and partition function,
MFE and centroid secondary structures of lncRNA625 (616 bp) and its
truncated mutants (416 bp, 200 bp, 135 bp) were predicted online
(http://rna.tbi.univie.ac.at/) (Hofacker, 2003). LncRNA625 and the
truncation mutants were individually inserted into the pcDNA3.1
vector, the lncRNA625 expression vector was previously established in
our laboratory (Li et al., 2017), and the vectors expressing lncRNA625
deletion mutants were constructed by Genewiz (Suzhou, China). Vec-
tors for pcDNA3.1-Flag-STAT1 full-length or deletion mutants com-
posed of various domains, including pcDNA3.1-Flag-C end, pcDNA3.1-

Flag-DB, pcDNA3.1- Flag-Int & CC, pcDNA3.1- Flag-ΔInt & CC, were
also constructed by Genewiz (Suzhou, China).

4.3. Transfection of siRNAs and plasmids

siRNA or plasmid transfection assays were performed according to
previously published procedures (Li et al., 2017). The siRNA sequences
were as follows: STAT1: 5′- AAGCAAGCGUAAUCUUCAGdt dt-3′
(sense); 5′ -CUGAAGAUUACGCUUGCUUdtdt-3′ (antisense). Scrambled
RNA (negative control): 5′ -UUCUCCGAACGUGUCACGUdt dt-3′
(sense); 5′-ACGUGACACGUUCGGAGAAdtdt-3′ (antisense). siRNAs
against lncRNA625 were synthesized according to our previously

Fig. 4. LncRNA625 interacts with STAT1 and
promotes the interaction of STAT1 with TC45.
(A) 1 ml extracts of KYSE150 or KYSE510 cells
(1×107 cells) were collected and 10% of each
extract was used as input, with the rest being
used in triplicate for RNA immunoprecipitation
using antibodies for rabbit anti-STAT1 or
rabbit normal IgG. The co-immunoprecipitated
RNA and input RNA was extracted and the fold
enrichment of lncRNA625 was determined by
qRT-PCR. Normal rabbit IgG was used as the
control. Values represent mean ± SD.
*P < 0.05, **P < 0.01. (B) Biotinylated
lncRNA625 (sense) or control (antisense) was
transfected into KYSE150 cells, then cellular
protein extracts were incubated with strepta-
vidin beads and associated proteins were re-
solved on a gel. Western blotting of the specific
association of STAT1 was performed. Input
STAT1 was selected as an internal control. (C)
Diagram shows full-length lncRNA625 (616 bp)
or lncRNA625 deletion mutants (135 bp, 200
bp and 416 bp) (left). Luciferase activity was
determined after co-transfection, into SHEEC
cells, of the individual lncRNA625 or
lncRNA625 deletion mutant expression vector
with the STAT1 reporter plasmid (right). Values
represent mean ± SD of a single experiment
done in sextuplicate. *P < 0.05, **P < 0.01.
(D) Schematic representation of STAT1 protein
and different flag fusion proteins (left). The
flag-STAT1 or different flag fusion protein ex-
pression vectors were individually transfected
into HEK293 T cells, and flag fusion protein
was measured by western blot (middle). A flag-
RIP assay was employed to detect enrichment
of lncRNA625 in the flag-STAT1 or deletion
mutant complex (right). Values represent
mean ± SD. *P < 0.05, **P < 0.01. n.s.: not
significant. (E) KYSE150 cells were transfected
with silncRNA625 or scramble and at 24 h post-
transfection, cells were stimulated with IFN-γ
for 24 h and nuclear extracts were collected
and used for pSTAT1 IP followed by detection
of TC45, in the immunoprecipitated complex,
by western blot.
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published data (Li et al., 2017). All siRNA oligos were synthesized by
GenePharma (Suzhou, China).

4.4. Reporter assays

After co-transfection of the vectors of the individual lncRNA625
with STAT1 (pGL4.45-luc2P/ISRE/hygro-STAT1) reporter vectors, re-
porter activity of STAT1 was measured using the dual-luciferase re-
porter assay system (Promega, Madison, WI) according to prior proce-
dures (Zou et al., 2016). In brief, SHEEC cells in 96-well plates were co-
transfected using 0.1 μg reporter gene construct and 0.1 μg lncRNA625
vector together with 4 ng of a Renilla luciferase gene (pRL-TK, Pro-
mega, Madison, WI). The pcDNA3.1 vector was used as the control, and
transfection of all vectors was performed using Lipofectamine 3000
(Life Technologies, Gaithersburg, MD). After 48 h, firefly luciferase and
Renilla luciferase activity were measured using the dual-luciferase re-
porter assay system on a GloMax® 96 Microplate Luminometer (Pro-
mega, Madison, WI, USA).

4.5. Quantitative real-time PCR (qRT-PCR) and western blot

qRT-PCR and western blot were performed according to prior pro-
cedures (Huang et al., 2015). In brief, total RNA was extracted with
Trizol and the concentration and the purity were determined by
OD260/280 using a Nanodrop (Agilent Technologies, Palo Alto, CA,
USA). After contaminating genomic DNA was removed by DNase
(RR047A, Takara, Dalian, China), 1 μg RNA was reverse-transcribed
into cDNA according to the manufacturer’s instructions (RR047A,

Takara, Dalian, China). qRT-PCR was performed according to the
manufacturer’s instructions (RR081A, Takara, Dalian, China) using a
7500 Real-Time PCR System (Applied Biosystems, Foster City, CA,
USA). The primers for qRT-PCR are shown in Supplementary Table S1.
The primer for lncRNA625 was shown in our previously published data
(Li et al., 2017). RNA expression was normalized to the negative control
group using 2−ΔCtΔCt method. Primary antibodies were rabbit anti-
pSTAT1, rabbit anti-TC45 (Cell Signal Technology Inc., Danvers, MA),
rabbit anti-FLAG (Sigma Aldrich, St. Louis, Missouri, USA) and rabbit
anti-STAT1, mouse anti-IFITM2, mouse anti-EP300 and β-actin (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) were used for western
blotting. IRDye® 800CW goat anti-mouse IgG (H+ L) and IRDye®
800CW goat anti-rabbit IgG (H+ L) (LI−COR Biosciences, Lincoln,
Nebraska, USA) were used as secondary antibodies. A Li-COR Odyssey
infrared imager was used for the visualization of protein bands in the
western blot (LI-COR Biosciences, Lincoln, Nebraska, USA). In some
cases, the vectors for STAT1 full-length or the deleted mutants were
individually transfected into HEK293 T cells and total protein was ex-
tracted and subjected to 15% gel electrophoresis, followed by transfer
to nitrocellulose at 60 V for 60min. STAT1 full-length or the deleted
mutants were determined by using rabbit anti-FLAG and IRDye®
800CW goat anti-rabbit IgG (H+ L) (LI-COR Biosciences, Lincoln, Ne-
braska, USA).

4.6. RNA immunoprecipitation and Co-immunoprecipitation (Co-IP)

RNA immunoprecipitation was performed as previously described
(Huang et al., 2017a, b). Briefly, KYSE150 or KYSE510 cell extracts
were incubated with rabbit anti-STAT1 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) and 10% of each cell extract was used as input.
The STAT1 complex was pulled down using protein G coupled to
magnetic beads (Life Technologies, Gaithersburg, MD). Normal rabbit
IgG was used as the negative control (Santa Cruz Biotechnology, Santa
Cruz, CA, USA). In some cases, the co-transfected extracts of pcDNA3.1-
lncRNA625 with pcDNA3.1-Flag-STAT1 or the deletion mutants of
STAT1 in HEK293 T cells was individually incubated with rabbit anti-
Flag (Sigma Aldrich, St. Louis, Missouri, USA) and cells transfected with
the pcDNA3.1 vector were used as negative controls. RNA was ex-
tracted from the precipitated complex using 1ml Trizol (Life Technol-
ogies, Gaithersburg, MD) and lncRNA625 was measured with qRT-PCR.
In Co-IP assays, siRNA against lncRNA625 or scramble was transfected
into KYSE150 cells and after 24 h, cells were treated with IFN-γ for 24 h
and co-IP was performed using rabbit anti-pSTAT1 (Cell Signal Tech-
nology Inc., Danvers, MA), followed by detection of TC45 by western
blot.

4.7. Chromatin immunoprecipitation (ChIP)

ChIP assays were performed as previously described (Nelson et al.,
2006). KYSE150 cells (1× 107 cells) were fixed with 1.42% for-
maldehyde final concentration for 15min, and then fixations were
quenched by adding glycine to 125mM final concentration for 5min.
Then, cells were scraped and collected by centrifugation at 2000 g for
5min at 4 °C. Cell pellets were resuspended in lysis buffer (150mM
NaCl, 50mM Tris-HCl (pH 7.5), 5 mM EDTA, NP-40 (0.5% vol/vol),
Triton X-100 (1.0% vol/vol)) containing protease inhibitors and phos-
phatase inhibitors (Sigma Aldrich, St. Louis, Missouri, USA), and su-
pernatant was removed by centrifugation at 12,000 g for 1min at 4 °C
after pipetting up and down several times. Nuclear lysates were re-
suspended in lysis buffer and then sonicated to shear the chromatin to
0.2∼1 kb in size. 10% of extracts were used as input and the remainder
were incubated with rabbit anti-STAT1 or normal rabbit IgG (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) overnight at 4 °C. The next
day, protein–DNA complexes were pulled down using protein G mag-
netic beads (Life Technologies, Gaithersburg, MD), and the precipitates
were resuspended in a 10% (wt/vol) Chelex 100 (Life Technologies,

Fig. 5. Schematic diagram indicates that lncRNA625 inhibits transcription ac-
tivation activity of STAT1 through inhibiting STAT1 binding to the promoters
of target genes and promoting TC45 interaction with STAT1.
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Gaithersburg, MD) slurry and boiled for 10min. The total DNA in the
10% input was precipitated with 10 μl 5 M NaCl and 3 volumes of
ethanol for 2 h at −20 °C and the dried pellet was then dissolved in
10% (wt/vol) Chelex 100 suspension and boiled for 10min. After
boiling, proteinase K was added to each sample and shaken at 55 °C on a
thermal mixer (HYK Gene Sciences, Shenzhen, China) at 1000 rpm/min
for 30min) and then boiled again for 10min. The supernatant was
collected by centrifugation at 12,000 g for 1min at 4 °C, and 120 μl
ultrapure water (MilliQ) was added to the beads. After vortex for 10 s,
120 μl of supernatant was collected and pooled with the previous su-
pernatant. The isolated DNA was used for qPCR. The primer sequence
for qPCR is in Supplementary Table S1.

4.8. RNA pull-down

Biotin-lncRNA625 full-length sense or antisense probes were syn-
thesized according to a prior method (Li et al., 2017) with some mod-
ifications. In short, a T7 promoter sequence was added to the forward
primer for sense probe synthesis, and the reverse primer for the anti-
sense probe. As for probe synthesis, pcDNA3.1-lncRNA625 was ampli-
fied by PCR and the PCR product was used as the in vitro transcription
template. Primers for sense probe synthesis were as follows: 5′-GATC
ACTAATACGACTCACTATAGGGACATCTAGGAAGTGAGAAGCGTC

TC-3′ (forward); 5′-GGCTAATAAACAGGGTCTTCAG GT-3′ (re-
verse); primers for antisense probe synthesis were 5′-ACATCTAGGAA
GTGAGAAGCGTCTC-3′ (forward), 5′-GATCACTAATACGACTCACTATA
GGGAAAAACACCAGAGAGGGCATTCGGA-3′ (reverse). The synthe-
sized probes were purified by an RNA clean kit (Bioteke, Beijing,
China). Biotin-lncRNA625 sense or antisense probes were subsequently
transfected into KYSE150 cells inoculated in 60mm dishes 24 h prior
according to previously published procedures (Zhang et al., 2018;
Huang et al., 2017a, b), and after 48 h, total protein was extracted and
STAT1 was measured by western blot.

4.9. Bioinformatics analysis

According to our previous gene profile data (GSE74707) for com-
parison of KYSE150 cells with shRNA-lncRNA625 or shRNA-scramble
(Li et al., 2017), R package gplots from the R-project database (https://
CRAN.R-project.org/package=gplots) (Warnes et al., 2016) were used
to do the heatmap for target genes with more than±2-fold change. GO
annotation and functional enrichment analysis for these target genes
were performed according to the DAVID database on line (https://
david.ncifcrf.gov/) (Huang et al., 2009). The sequences of the pro-
moters of these target genes associated with the immune or in-
flammatory response were analyzed by the online JASPAR database
(http://jaspar.binf.ku.dk/) (Stormo, 2013; Wasserman and Sandelin,
2004). STAT1 ChIP –seq data in K562 and Hela S cell lines was
download from the Encode database (https://www.encodeproject.org/)
and the file with format (.bw) was opened with IGV software and the
peaks for STAT1 binding to the IFITM2 promoter were shown.

4.10. Statistical analysis

SPSS 19.0 for Windows (IBM, Chicago, IL, USA) was used for sta-
tistical analyses. The data between groups was compared by using
Student’s t-test and a two-tailed p-value less than 0.05 was considered
statistically significant.
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