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Abstract
Background: Circular RNAs (circRNAs) can function as competing endogenous
RNAs (ceRNAs) to impact the development of esophageal squamous cell cancer
(ESCC). Human circ_0001946 has been identified as a potential anticancer factor in
ESCC, yet our understanding of its molecular basis remains limited.
Methods: Circ_0001946, microRNA (miR)-1290 and SRY-box transcription factor
6 (SOX6) were quantified by quantitative reasl-time PCR (qRT-PCR) or immunoblot-
ting. Cell proliferation was assessed by CCK-8 and EDU assays. Cell apoptosis and
invasion were evaluated by flow cytometry and transwell assays, respectively. Cell
migration was detected by transwell and wound-healing assays. The direct relationship
between miR-1290 and circ_0001946 or SOX6 was determined by dual-luciferase
reporter and RNA immunoprecipitation (RIP) assays. Xenograft model assays were
used to assess the role of circ_0001946 in tumor growth.
Results: Circ_0001946 expression was attenuated in human ESCC, and circ_0001946
increase impeded cell proliferation, invasion, migration and enhanced apoptosis
in vitro. Moreover, circ_0001946 increase diminished xenograft growth in vivo. Mech-
anistically, circ_0001946 bound to miR-1290, and re-expression of miR-1290 reversed
circ_0001946-dependent cell properties. SOX6 was a miR-1290 target and it was
responsible for the regulation of miR-1290 in cell properties. Furthermore,
circ_0001946 functioned as a ceRNA to regulate SOX6 expression via miR-1290.
Conclusion: Our findings uncover an undescribed molecular mechanism, the circ_
0001946/miR-1290/SOX6 ceRNA crosstalk, for the anti-ESCC activity of circ_0001946.
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INTRODUCTION

Esophageal squamous cell cancer (ESCC) is a prevalent
aggressive malignancy with an increasing incidence and a
high mortality.1,2 Although endoscopic resection, combined
modality therapy and systemic therapy have controlled local-
ized ESCC effectively, these therapies have limited utility in
treating advanced ESCC.2 Pivotal players of ESCC pathogen-
esis, including proteins and circular RNAs (circRNAs), are
being intensively explored.3–5 Knowing the functions of these
players may contribute to developing targeted and personal-
ized therapy in further medicine.

CircRNAs are a special type of single-stranded RNA bio-
molecules, in which the 50 and 30 ends are covalently linked
resulting in a looped structure.6 Work in a number of labora-
tories has unveiled that some circRNAs exhibit the function of
microRNA (miRNA) sponges or competing endogenous
RNAs (ceRNAs).7,8 Recently, circRNAs have established roles
via their ceRNA activity in impacting the establishment and
progression of human tumors,9 including ESCC.4,5,10 Human
circ_0001946 is originated in a process called back-splicing of
exons of cerebellar degeneration related protein 1 (CDR1) and
it has established a contradictory role in tumor biology.11–13

Circ_0001946 is present at low levels in glioblastoma and lung
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cancer and it operates as a potential anti-tumor factor in these
cancers.12,13 Conversely, circ_0001946 is overexpressed in
colorectal cancer and exerts oncogenic activity in this disease
via miR-135a-5p.11 In ESCC, circ_0001946 has been discov-
ered to be underexpressed and its dysregulation is associated
with the recurrence and survival of ESCC.14 Circ_0001946
expression increase suppresses ESCC cell malignant propert-
ies,14 yet our understanding of its molecular circuitry that
governs ESCC development remains limited.

Deregulated miRNA activity can contribute to esophageal
tumorigenesis and ESCC progression.15,16 Circulating miR-1290
has been proposed as a promising diagnostic marker of pancre-
atic cancer, colorectal cancer, and lung adenocarcinoma.17–19

The strong carcinogenesis of miR-1290 has been reported in
oral squamous cell carcinoma, glioma, and pancreatic ductal
adenocarcinoma.20–22 Moreover, miR-1290 is strongly up-
regulated in ESCC and it can work as an oncomir in this
disease, suggesting miR-1290 may be a biomarker or thera-
peutic target in ESCC.23–26

SRY-box transcription factor 6 (SOX6), a HMG-box
transcription factor, is underexpressed in the majority of
human cancers, such as Ewing sarcoma, leukemia, and lung
adenocarcinoma.27–29 Functional studies in ESCC cell lines
indicate that SOX6 has anticancer activity in ESCC.30–33

Here, our findings support the suppressive activity of
circ_0001946 in ESCC cell malignant phenotypes. Impor-
tantly, we uncover a new molecular circuitry, the
circ_0001946/miR-1290/SOX6 ceRNA network, in the regu-
lation of circ_0001946.

METHODS

Human specimens

We obtained 77 patient samples of primary ESCC at Henan
Provincial People’s Hospital, People’s Hospital of Zheng-
zhou University, People’s Hospital of Henan University
between June 2018 and April 2021. The clinicopathological
features of these patients are provided in Table 1. These
patients had no treatment prior to surgery. All of the speci-
mens had patient’s informed consent and were histologically
confirmed. Each tumor was paired with a normal esophageal
tissue from the same patients. All specimens were used to
analyze the expression of circ_0001946, miR-1290 and
SOX6. Use of human specimens was approved by the Ethics
Committee of Henan Provincial People’s Hospital, People’s
Hospital of Zhengzhou University, People’s Hospital of
Henan University.

Cell lines

The ECA109 (Fenghuishengwu, Changsha, China) and
KYSE450 (BeNa, Beijing, China) ESCC cell lines were grown
in 10% FBS RPMI-1640 medium (Life Technologies).
Human esophageal HET-1A cells (CRL-2692; ATCC) were

grown in bronchial epithelial cell medium (BEGM BulletKit;
Clonetics). Then, 293 T cells (CRL-3216, ATCC) were prop-
agated under ATCC-formulated conditions.

For actinomycin D experiments, KYSE450 and ECA109
cells were grown in 10% FBS RPMI-1640 containing 5 μg/ml
of actinomycin D (GlpBio) for 0–24 h. Cells were collected
at 0, 4, 8, 12, and 24 h post-treatment for RNA expression
analysis.

RNA isolation, RNase R treatment and
expression analysis by quantitative real-time
PCR (qRT-PCR)

For qRT-PCR, we extracted total RNA with the miRNeasy
or RNEasy mini Kit from collected tissues and cultured cells
as per the manufacturer’s instructions (Qiagen). For RNase
R experiments, 3 μg of total cellular RNA was either exposed
to 0 units (control) or 10 units of RNase R (Lucigen) for
30 min at 37�C. After DNase treatment (TaKaRa), total
RNA was processed to cDNA by reverse transcription
(RT) using PrimeScript RT Kit from TaKaRa (for mRNAs
and circ_0001946) or TaqMan RT Kit from Applied
BioSystems (for miR-1290). Target sequences were amplified
by SYBR-based qRT-PCR (Qiagen) and miRNA expression
was assayed by the Applied BioSystem TaqMan miRNA
Assay System. Sequences of qRT-PCR primer sets were
included in Table S1. Expression of targets was determined
by the 2�ΔΔCt method relative to the reference gene β-actin
(for mRNAs and circ_0001946) or U6 (for miR-1290).

Transient transfection and lentivirus
transduction of cells

Human circ_0001946 sequence incorporated with EcoR I
and BamH I sites (Sangon Biotech) was ligated into
pLO5-ciR vector (Geneseed) after restriction digests to pro-
duce a recombinant plasmid expressing circ_0001946 (oe-
circ_0001946). A scramble-plasmid served as a nonspecific
control (vector). SOX6 expression was silenced by the
SOX6-siRNA (si-SOX6, 50-AUUCAUUGGUCGCUUAAU
GUG-30) and a siRNA-scramble served as the control siRNA
(si-con). Chemically modified mimic of miR-1290, antisense
nucleotide against miR-1290 (miR-1290 inhibitor) and two
miRNA-scramble oligonucleotides (mimic NC and inhibitor
NC) were supplied by Ribobio. For transient cell transfec-
tion, we plated KYSE450 and ECA109 cells (1 � 105 cells/
well) into 12-well white TC dishes 24 h before transfection.
We transfected the cells with 200 ng of plasmid and/or
50 nM of miRNA (mimic or inhibitor) and/or 100 nM of
siRNA using lipofectamine RNAiMAX or 3000 as described
by the manufacturer (Invitrogen). We harvested the trans-
fected KYSE450 and ECA109 cells 24–96 h post-transfection
for cell function and expression assays.

Circ_0001946-expressing lentivirus constructs (lenti-
circ_0001946) and control lentivirus constructs were
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supplied by Geneseed. We infected ECA109 cells with these
lentivirus constructs at different vector doses ranging from
106 to 109 TU/ml. To obtain ECA109 cells stably expressing
circ_0001946, cells were puromycin-selected for 10 days.

Cell proliferation analysis by cell counting kit-8
(CCK-8) and 5-ethynyl-20-deoxyuridine (EDU)
assays

Transfected KYSE450 and ECA109 cells (2 � 103 cells/well)
were seeded into 96-well plastic dishes and grown under
standard conditions for 0–72 h. In the CCK-8 assay, at
0, 24, 48 and 72 h post-seeding, we evaluated cell growth
using CCK-8 solution following the manufacturer’s recom-
mendations (Yesen). Absorption at 450 nm was determined
by spectrophotometry (TECAN). In the EDU assay, at 72 h
after cell seeding, we treated the cells with Cell-Light EdU
Apollo488 Kit (Ribobio) and 40,6-diamidino-2-phenylindole
(DAPI, Yesen) (nuclear staining) as previously described.34

The proportion of EDU-positive cells was scored using a
fluorescence microscope (Keyence).

Cell apoptosis analysis by flow cytometry

KYSE450 and ECA109 cells after 96 h various transfections
were washed three times in cold PBS, stained with propidium
iodide (PI, 50 μg/ml, MedChemExpress) and Annexin

V-FITC (25 μg/ml, BD Biosciences) for 20 min in the dark,
and analyzed within 1 h. A total of 1 � 104 events were scored
using a BD LSRII cytometer and AccuriC6 software as rec-
ommended by the manufacturer (BD Biosciences).

Transwell invasion and migration assays

KYSE450 and ECA109 cells after 24 h various transfections
were resuspended in 0.2% FBS media. The cells were plated
on 8 micron 24-transwell inserts (Corning Costar) with (for
invasion, 1 � 105 cells/well) or without (for migration,
3 � 104 cells/well) Matrigel (Corning Costar). Subsequently,
the inserts were transferred into 24-well dishes with 600 μl
of complete growth media and cell motility was allowed for
24 h. After being fixed by methanol and stained with 1%
crystal violet, migratory or invasive cells were scored under
a computerized Axiovert 200 M microscope (Zeiss).

Wound-healing assay for cell migration

We plated KYSE450 and ECA109 cells after 24 h various
transfections in 6-well plastic dishes (5 � 105 cells/well). After
cell seeding, an appropriate incubation period was allowed to
yield �90% confluence. We subsequently made a scratch
wound using sterile pipette tips (200 μl). Images were photo-
graphed under phase-contrast microscopy (Zeiss) and cell
migration was expressed as the percentage of controls.

T A B L E 1 Correlations of circ_0001946, miR-1290, and SOX6 expression with the clinicopathological features of patients with esophageal squamous cell
carcinoma (ESCC)

Characteristics n

circ_0001946

p

miR-1290 SOX6

High Low High Low p High Low p

Gender

Male 40 21 19 0.565 18 22 0.427 16 24 0.088

Female 37 17 20 20 17 22 15

Age

<60 35 20 15 0.212 16 19 0.560 21 14 0.088

≥60 42 18 24 22 20 17 25

Tumor size (cm)

≦3 44 26 18 0.048* 17 27 0.030* 25 19 0.130

>3 33 12 21 21 12 13 20

TNM stage

I + II 45 27 18 0.027* 17 28 0.016* 28 17 0.007*

III + IV 32 11 21 21 11 10 22

Differentiation

Well and moderate 33 23 10 0.002* 22 11 0.008* 21 12 0.030*

Poor 44 15 29 16 28 17 27

Lymph node metastasis

Yes 38 26 12 0.001* 24 14 0.017* 25 13 0.004*

No 39 12 27 14 25 13 26

Note: *p < 0.05, statistically significant.
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Immunoblotting

Individual tissue and cell lysates were prepared in RIPA with
protease and phosphatase inhibitors (Thermo Fisher Scien-
tific). Equivalent amounts of proteins were electrophoresed on
4%–20% gradient Tris–HCl gels (Bio-Rad) and resolved pro-
teins were blotted to PVDF membranes (Roche). Antibodies
(Invitrogen) for immunoblotting were as follows: rabbit SOX6
polyclonal (PA5-82125, 1:1000), mouse Bax monoclonal (33–
6400, 1:1000), mouse Bcl-2 monoclonal (MA5-11757, 1:50),
and mouse GAPDH monoclonal (39–8600, 1:500) antibodies.
Bands were quantified by GelDoc software (Bio-Rad).

Bioinformatics and dual-luciferase reporter
assay

We obtained the predicted miRNA-binding sites to
circ_0001946 and human 30untranslated regions (30UTRs)
from the web tool circInteractome35 and TargetScan,36

respectively. Human circ_0001946 fragment only
encompassing a putative miR-1290 target sequence
(Figure 3a) and SOX6 30UTR were ligated into pMIR-
REPORT vector (Ambion; Thermo Fisher Scientific) to pro-
duce wild-type reporter constructs (circ_0001946 wt and
SOX6 30UTR wt). The sequence of circ_0001946 segment
and SOX6 30UTR harboring the mutated miR-1290 seed
region were subcloned into the reporter vector to acquire
mutant-type reporter constructs (circ_0001946 mut and
SOX6 30UTR mut). We cotransfected 293 T cells in 12-well
dishes using lipofectamine 3000 with 300 ng of individual
firefly luciferase reporter, 50 nM of miRNA mimic, and
50 ng of pRL-TK Renilla luciferase vector (Promega). Then,
48 h later, cells were lysed and luciferase luminescence was
gauged by the GloMax 20/20 luminometer as per the manu-
facturer’s instructions (Promega).

RNA immunoprecipitation (RIP) assay

We incubated cell lysates prepared in RIPA with rabbit
Argonaute2 (Ago2) monoclonal antibody (ab186733, 1:30;
Abcam) or isotype IgG control (ab172730, 1:100, Abcam) for 3 h
at 4�C before adding magnetic beads (A/G) (MedChemExpress)
for an additional 3 h. We extracted Ago2-associated RNA from
the beads to evaluate circ_0001946 and miR-1290 levels using
qRT-PCR.

Xenograft model assay

Ten female BALB/C nudemice aged 6 weeks (Beijing Vital River
Laboratory Animal Technology Co., Ltd., Beijing, China) were
maintained in specific-pathogen-free conditions and used for
xenograft studies following approval by the Animal Care and
Use Committee of Henan Provincial People’s Hospital, People’s
Hospital of Zhengzhou University, People’s Hospital of Henan
University. For xenograft formation, we gave each mouse a total

volume of 200 μl PBS containing 5 � 106 lentivirus-transduced
ECA109 cells by subcutaneous injection into the left flanks. Each
group included five mice. Xenograft tumor growth rates were
monitored weekly by evaluating volume under the use of the
0.5 � (length � width2) formula. Four weeks later, we collected
the xenograft tumors from the mice. Paraffin-embedded xeno-
graft tumors were processed by immunohistochemistry using
antibodies against ki-67 (ab15580, 1:100; Abcam), Bax (33–
6400, 1:300; Invitrogen), Bcl-2 (MA5-11757, 1:50; Invitrogen),
MMP9 (ab76003, 1:1000; Abcam), and MMP2 (ab86607, 1:100;
Abcam), biotinylated anti-mouse or anti-rabbit IgG
second antibody (ab64255 or ab64256, 1:100, Abcam)
and 3,3-diaminobenzidine tetrahydrochloride solution
(MedChemExpress), as described elsewhere.37

Statistical analysis

Unless otherwise noted, mean � SEM values from 3 biologi-
cal replicates (in triplicate) were presented in the graphs.
We utilized a two-tailed Student’s t-test or ANOVA with
Tukey’s multiple comparison test. We analyzed the expres-
sion correlation of variables in primary ESCC specimens
using Pearson’s correlation coefficients. A p-value of <0.05
was considered statistically significant (*).

RESULTS

Circ_0001946 expression suppresses
proliferation, invasion, and migration and
promotes apoptosis of ESCC cells in vitro

First, qRT-PCR was used to measure the expression of
circ_0001946 in 77 ESCC tissue specimens and adjacent
nontumor esophageal tissues from the same patients. Rela-
tive to its expression in normal esophageal tissues,
circ_0001946 was reduced in human ESCC tissues
(Figure 1a). The expression of circ_0001946 was then
gauged in ESCC cells and nontumor HET-1A cells, and this
analysis confirmed that circ_0001946 exhibited reduced
expression in ECA109 and KYSE450 ESCC cells compared
with the controls (Figure 1b). The unusual stability of
circ_0001946 was evaluated by RNase R digestion and acti-
nomycin D treatment. Circ_0001946, rather than the CDR1
linear mRNA, was resistant to RNase R (Figure 1c). More-
over, the level of the CDR1 linear mRNA appeared to be
inhibited by actinomycin D, and circ_0001946 expression
was refractory to inhibition by actinomycin D (Figure 1d).
Additionally, circ_0001946 expression was significantly cor-
related with the tumor size, TNM stage, differentiation and
lymph node metastasis of these tumors (Table 1).

Because of the downregulation of circ_0001946 in ESCC,
we sought to determine whether ectopic circ_0001946 could
affect ESCC cell biological behaviors. To do so, we generated
circ_0001946-expressing cells by introducing a recombinant
cDNA (oe-circ_0001946) into ECA109 and KYSE450 cells.
Enforced expression of circ_0001946 upon oe-circ_0001946
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transfection, validated by qRT-PCR (Figure 2a), impeded cell
proliferation (Figure 2b,c) and enhanced cell apoptosis
(Figure 2d) compared with the control group. Our immuno-
blotting results also supported cell apoptosis enhancement
induced by circ_0001946 elevation, as presented by the aug-
mentation of proapoptosis protein Bax and the reduction of
antiapoptosis Bcl-2 protein in circ_0001946-expressing cells
(Figure 2e). We next used transwell and wound-healing assays
to examine the effect on cell migration and invasion. When
stably expressed in ECA109 and KYSE450 cells, circ_0001946
elicited suppressed migration and invasion rates (Figure 2f–h).
Collectively, these results indicate that circ_0001946 affects cell
growth, invasion, motility and apoptosis in vitro.

Circ_0001946 directly binds to miR-1290

To identify the mechanism by which circ_0001946 affects cell
growth, invasion, motility and apoptosis, we used the web tool

circInteractome35 to search the miRNAs that bind to
circ_0001946. Among these candidates, we focused on miR-
1290 because circ_0001946 was predicted to encompass
23 binding sites for miR-1290. We selected the binding
site (Figure 3a) with the highest score (98) of context+ score
percentile for further analysis. To validate the circ_000
1946-miR-1290 relationship through the binding site, we
adopted dual-luciferase reporter assays in 293 T cells, which do
not express endogenous circ_0001946 (data not shown). The
segment of circ_0001946 only harboring the predicted miR-
1290 binding site was inserted into pMIR-REPORT vector.
293 T cells were cotransfected with a firefly luciferase reporter,
pRL-TK Renilla luciferase vector and miR-1290 mimic.
Cotransfection of miR-1290 mimic significantly repressed the
luciferase activity of the wild-type reporter construct; however,
mutation of the miR-1290 seed region abolished the repressive
ability of miR-1290 (Figure 3b). MiRNAs post-
transcriptionally regulate gene expression in the RNA-induced
silencing complexes (RISCs) that also contain Ago2, a pivotal
component of RISCs.38 Hence, RIP experiments were done
using an antibody against Ago2. Consistent with miR-1290
localization, circ_0001946 could be present in the RISCs of
ECA109 and KYSE450 cells (Figure 3c). Analysis of miR-1290
expression in ESCC tissue specimens revealed that miR-1290
was enhanced in ESCC tissues compared with the nontumor
controls (Figure 3d). Intriguingly, there existed a clear inverse
correlation between circ_0001946 and miR-1290 levels in
ESCC tissue specimens (Figure 3e). Moreover, ECA109 and
KYSE450 ESCC cells exhibited higher levels of miR-1290 com-
pared with the nontumor HET-1A cells (Figure 3f). Further-
more, the expression of miR-1290 was closely associated with
the tumor size, TNM stage, differentiation and lymph node
metastasis of these tumors (Table 1). Together, these data sug-
gest that circ_0001946 can bind to miR-1290.

Re-expression of miR-1290 reverses
circ_0001946-dependent cell proliferation,
invasion, migration and apoptosis in vitro

The miR-1290 increase efficacy of miRNA mimic introduction
was confirmed by qRT-PCR (Figure 4a). Intriguingly, in circ_
0001946-expressing ECA109 and KYSE450 cells, we observed a
clear downregulation in the expression of miR-1290 (Figure 4b).
To determine whether in vitro phenotypes associated with
circ_0001946 could be reversed via restoration of miR-1290, we
transfected circ_0001946-expressing cells with miR-1290 mimic.
Transfection of miR-1290 mimic strikingly restored the expres-
sion of miR-1290 reduced by circ_0001946 (Figure 4b). In
circ_0001946-expressing ECA109 and KYSE450 cells, restoration
of miR-1290 reversed, at least partially, circ_0001946-imposed
proliferation defect (Figure 4c,d) and apoptosis promotion
(Figure 4e,f). Furthermore, restoration of miR-1290 significantly
rescued circ_0001946-driven migration and invasion defects
(Figure 4g–i). In summary, these findings suggest that the ability
of circ_0001946 to affect ESCC cell properties is attributable, in
part, to its capacity to downregulate miR-1290.

F I G U R E 1 Circ_0001946 expression is attenuated in human ESCC.
(a) qRT-PCR showing the downregulation of circ_0001946 in 77 ESCC
tissue specimens compared with the adjacent nontumor esophageal tissues
from the same patients. (b) qRT-PCR showing the reduction of
circ_0001946 expression in ECA109 and KYSE450 ESCC cells compared
with the nontumor HET-1A cells. (c) Effect of RNase R digestion on the
levels of circ_0001946 and CDR1 linear mRNA. (d) Effect of actinomycin D
treatment on the expression of circ_0001946 and CDR1 linear mRNA in
ECA109 and KYSE450 ESCC cells. *p < 0.05
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MiR-1290 directly targets SOX6 and
circ_0001946 involves the regulation of SOX6
expression via miR-1290

To further understand the role of miR-1290, we identi-
fied its downstream effectors using the computer algo-
rithm TargetScan36 based on the presence of miR-1290
binding sites in their 30UTRs. Among these potential

targets, we focused on SOX6 because it has been shown
to exert a tumor-suppressive function in human ESCC
by impacting cancer cell apoptosis and prolifera-
tion.30,31,39 The 30UTR of SOX6 mRNA was predicted to
have a putative miR-1290 pairing site (Figure 5a). The
ability of miR-1290 to regulate SOX6 30UTR was exam-
ined by dual-luciferase reporter assays. Reporter assays
with miR-1290-expressing 293 T cells showed that miR-

F I G U R E 2 Circ_0001946 expression affects cell proliferation, invasion, migration and apoptosis in vitro. (a–h) ECA109 and KYSE450 cells were
introduced with vector control or a recombinant plasmid expressing circ_0001946 (oe-circ_0001946). (a) qRT-PCR validating the circ_0001946 upregulation
efficacy of oe-circ_0001946 transfection in ECA109 and KYSE450 cells. (b) CCK-8 assay with transfected ECA109 and KYSE450 cells to assess cell
proliferation. (c) Representative EDU assay showing cell proliferation ability performed in transfected ECA109 and KYSE450 cells. (d) Representative images
showing a cell apoptosis assay and flow cytometry with transfected ECA109 and KYSE450 cells. (e) Representative immunoblotting analysis showing the
levels of Bax and Bcl-2 in transfected ECA109 and KYSE450 cells. (f and g) Representative transwell assay presenting cell migration and invasion rates
performed in transfected ECA109 and KYSE450 cells. (h) Representative pictures depicting a cell migration assay performed by wound-healing assay with
transfected ECA109 and KYSE450 cells. *p < 0.05
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1290 suppressed SOX6 30UTR; mutation of the putative
miR-1290 seed region abolished responsiveness to miR-
1290 (Figure 5b), indicating the targeting of SOX6 by
miR-1290. Moreover, in ESCC tissues, SOX6 mRNA was
markedly repressed compared to the controls
(Figure 5c). The strong inverse correlation between
SOX6 mRNA and miR-1290 expression in ESCC tissues
also supported the targeting of SOX6 by miR-1290
(Figure 5d). In line with mRNA expression, SOX6 pro-
tein level was strongly decreased in ESCC tissues and
cells (Figure 5e,f). Moreover, the expression of SOX6
mRNA was closely associated with the tumor size, TNM
stage, differentiation and lymph node metastasis of these
tumors (Table 1).

The preceding observations established that circ_000
1946 and SOX6 30UTR bind to miR-1290 via a shared bind-
ing sequence (UUUUAGG) within miR-1290. We next
asked if circ_0001946 involves the post-transcriptional
SOX6 mRNA regulation via miR-1290. To do this, we
transfected circ_0001946-expressing cells with or without
miR-1290 mimic and examined SOX6 protein level by
immunoblotting. Overexpression of circ_0001946 by oe-
circ_0001946 transfection led to enhanced protein level of
SOX6 in ECA109 and KYSE450 cells; restoration of miR-
1290 significantly abrogated circ_0001946-mediated aug-
mentation of SOX6 protein (Figure 5g). Hence, circ_000
1946 can post-transcriptionally regulate SOX6 expression
via miR-1290 competition.

F I G U R E 3 Circ_0001946 binds to miR-1290. (a) Schematic representation of the miR-1290 target sequence within circ_0001946. The predicted miR-
1290 seed region was mutated. (b) The firefly luciferase reporter constructs with the wild-type (circ_0001946 wt) or mutant-type (circ_0001946 mut) miR-
1290 seed region were cotransfected in 293 T cells along with pRL-TK Renilla luciferase vector and miR-1290 mimic or mimic mock. Cotransfection of miR-
1290 mimic repressed the luciferase activity of circ_0001946 wt not circ_0001946 mut. (c) Lysates were incubated with anti-IgG or anti-Ago2 antibody and
magnetic beads. qRT-PCR showing the enrichment levels of circ_0001946 and miR-1290 in Ago2-associated RNA. (d) qRT-PCR showing the overexpression
of miR-1290 in 77 ESCC tissue specimens compared with the adjacent nontumor esophageal tissues from the same patients. (e) Scatter plots of miR-1290
expression versus circ_0001946 level in 77 ESCC tissue specimens. Pearson’s correlation coefficients (r) and p-values are shown. (f) qRT-PCR showing the
elevation of circ_0001946 expression in ECA109 and KYSE450 ESCC cells compared to the nontumor HET-1A cells. *p < 0.05
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SOX6 is a downstream effector of miR-1290 in
affecting cell proliferation, invasion, migration
and apoptosis in vitro

To ascertain whether SOX6 represents a functional target
of miR-1290, we downregulated miR-1290 with miRNA
inhibitor in ECA109 and KYSE450 cells along with or
without a siRNA specific to SOX6 (si-SOX6). The miR-

1290 downregulation efficacy of miRNA inhibitor was vali-
dated by qRT-PCR (Figure 6a), and the transfection effi-
ciency of si-SOX6 in suppressing SOX6 was verified
by immunoblotting (Figure 6b). In miR-1290-silenced
ECA109 and KYSE450 cells, SOX6 protein expression was
enhanced (Figure 6c), supporting the notion that miR-
1290 targets SOX6. Moreover, cotransfection of si-SOX6
reduced SOX6 protein expression induced by miR-1290

F I G U R E 4 Reduction of miR-1290 underlies circ_0001946-dependent phenotypes in vitro. (a) qRT-PCR revealing the miR-1290 increase efficacy of
miRNA mimic introduction in ECA109 and KYSE450 cells. (b) qRT-PCR for miR-1290 expression in circ_0001946-expressing or control ECA109 and
KYSE450 cells transfected with or without miR-1290 mimic or mimic NC. (c) Proliferation analysis by CCK-8 assay with circ_0001946-expressing or control
ECA109 and KYSE450 cells transfected as indicated. (d) Proliferation analysis by EDU assay with circ_0001946-expressing or control ECA109 and KYSE450
cells transfected as indicated. (e) Apoptosis assessment by flow cytometry with circ_0001946-expressing or control ECA109 and KYSE450 cells transfected as
indicated. (f ) Representative immunoblotting analysis showing Bax and Bcl-2 levels in circ_0001946-expressing or control ECA109 and KYSE450 cells
transfected as indicated. (g and h) Representative migration (g) and invasion (h) analyses by transwell assay with circ_0001946-expressing or control ECA109
and KYSE450 cells transfected as indicated. (i) Migration evaluation by wound-healing assay with circ_0001946-expressing or control ECA109 and KYSE450
cells transfected as indicated. *p < 0.05
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depletion (Figure 6c). Remarkably, miR-1290 depletion
suppressed cell proliferation (Figure 6d,e) and accelerated
cell apoptosis (Figure 6f,g), as well as impeded cell migra-
tion and invasion (Figure 6h–j) in ECA109 and KYSE450

cells; reduction of SOX6 protein partly abolished these
effects of miR-1290 depletion (Figure 6d–j). All these
results indicate that SOX6 seems to be a downstream
effector of miR-1290.

F I G U R E 5 Circ_0001946 regulates SOX6 expression via miR-1290 competition. (a) Schematic representation of the miR-1290 target sequence within
SOX6 30UTR. The predicted miR-1290 seed sequence was mutated. (b) Firefly luciferase reporter constructs with the wild-type (SOX6 30UTR wt) or mutant-
type (SOX6 30UTR mut) miR-1290 target sequence were cotransfected in 293 T cells along with pRL-TK Renilla luciferase vector and miR-1290 mimic or
mimic mock. Cotransfection of miR-1290 mimic repressed the luciferase activity of SOX6 30UTR wt not SOX6 30UTR mut. (c) qRT-PCR showing the
reduction of SOX6 mRNA in 77 ESCC tissue specimens compared with the adjacent nontumor esophageal tissues from the same patients. (d) Scatter plots of
SOX6 mRNA level versus miR-1290 expression in 77 ESCC tissue specimens. Pearson’s correlation coefficients (r) and p-values are shown. (e) Representative
immunoblotting analysis showing the downregulation of SOX6 protein level in three ESCC tissue specimens compared to the three normal esophageal tissues
from the same patients. (f) Representative immunoblotting analysis presenting the reduction of SOX6 protein level in ECA109 and KYSE450 ESCC cells
compared to the nontumor HET-1A cells. (g) Representative immunoblotting analysis revealing SOX6 protein level in circ_0001946-expressing or control
ECA109 and KYSE450 cells transfected with or without miR-1290 mimic or mimic NC. *p < 0.05
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Circ_0001946 expression suppresses the growth
of ECA109 ESCC cells in vivo

In order to elucidate whether circ_0001946 can affect the
growth of the xenograft in vivo, we infected human ECA109

ESCC cells with the circ_0001946-expressing lentivirus (lenti-
circ_0001946) and hypodermically implanted into mice.
Xenograft tumors derived from lenti-circ_0001946-transduced
ECA109 cells showed smaller volume and average weight
compared with the control ECA109 tumors (Figure 7a,b).

F I G U R E 6 SOX6 is a downstream effector of miR-1290. (a) qRT-PCR showing the miR-1290 downregulation efficacy of miR-1290 inhibitor
transfection. (b) Representative immunoblotting analysis revealing the transfection efficiency of si-SOX6 in suppressing SOX6. (c–j) ECA109 and KYSE450
cells were transiently introduced with si-SOX6 + miR-1290 inhibitor, si-con+miR-1290 inhibitor, miR-1290 inhibitor or inhibitor NC. (c) Representative
immunoblotting analysis showing SOX6 protein level in transfected ECA109 and KYSE450 cells. (d) Proliferation analysis by CCK-8 assay with transfected
ECA109 and KYSE450 cells. (e) Proliferation analysis by EDU assay with transfected ECA109 and KYSE450 cells. (f) Apoptosis assessment by flow cytometry
with transfected ECA109 and KYSE450 cells. (g) Representative immunoblotting analysis showing Bax and Bcl-2 levels in transfected ECA109 and KYSE450
cells. (h and i) Representative migration (h) and invasion (i) analyses by transwell assay with transfected ECA109 and KYSE450 cells. (j) Migration evaluation
by wound-healing assay with transfected ECA109 and KYSE450 cells. *p < 0.05

F I G U R E 7 Circ_0001946 affects tumor growth in vivo. (a–e) ECA109 cells were infected by circ_0001946-expressing lentivirus (lenti-circ_0001946) or
control lentivirus (vector). 5 � 106 infected cells were hypodermically implanted into the left flanks of the BALB/c nude mice (n = 5 per group). (a) Growth
curves of the xenografts. Tumor growth was monitored for 4 weeks. (b) Images and average weight of the xenografts. (c) qRT-PCR showing the expression of
circ_0001946, miR-1290 and SOX6 mRNA in the xenografts. (d) Representative immunoblotting analysis presenting SOX6 protein level in the xenografts.
(e) Representative immunohistochemistry images showing ki-67, Bax, Bcl-2, MMP2, and MMP9 staining of sections of the xenografts. *p < 0.05
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Moreover, qRT-PCR and immunoblotting analyses of the
xenografts revealed that lenti-circ_0001946-transduced
ECA109 tumors exhibited increased levels of circ_0001946
and SOX6 and reduced expression of miR-1290 compared
with the control tumors (Figure 7c,d). Our immunohisto-
chemistry analysis also supported the inhibition of the xeno-
graft growth by circ_0001946 expression, as presented by
the reduction of the cells stained with proliferating marker
ki-67 in lenti-circ_0001946-transduced ECA109 tumors
(Figure 7e). Additionally, lenti-circ_0001946-transduced
ECA109 tumors had significantly greater cells stained with
proapoptosis protein Bax, metastasis-related MMP9 and
MMP2 proteins and fewer cells stained for antiapoptosis
Bcl-2 than controls (Figure 7E), suggesting that circ_000
1946 expression can promote cell apoptosis and impede
metastasis. Taken together, these data reinforce our ectopic
expression studies by identifying that circ_0001946 suppresses
tumor growth in vivo.

DISCUSSION

Recently, abnormal up- and downregulation of circRNAs in
human ESCC have been highlighted to affect ESCC patho-
genesis.14 Furthermore, the ceRNA activity of circRNAs in
ESCC pathogenesis has begun to emerge.5,10 For example,
circ_0004771 is present at high levels in ESCC and it func-
tions as a ceRNA for miR-339-5p to drive disease develop-
ment by upregulating cell division cycle 25A (CDC25A).40

CircZDHHC5 is capable of contributing to ESCC pathogene-
sis depending on the circZDHHC5/miR-217/zinc finger
E-box binding homeobox 1 ceRNA crosstalk.41 Conversely,
circ-Foxo3 shows reduced expression in ESCC and can
impede ESCC cell malignant behavior by involving the post-
transcriptional modulation of PTEN via miR-23a competi-
tion.42 Considering the anti-ESCC activity of circ_0001946,14

we sought to explore its ceRNA mechanism in ESCC. Several
recent studies have established a contradictory role of
circ_0001946 in tumor biology,11–13 which may be attributed
to different tumor types or tumor microenvironments.

A classic example of circRNA-mediated ceRNA crosstalk
involves the post-transcriptional RNA modulation via
miRNAs.8 In this report, we first unveiled that circ_0001946
can bind to miR-1290. Moreover, miR-1290 is a potent
oncomir in ESCC.23–26 Our findings first demonstrated that
reduction of miR-1290 underlies circ_0001946-dependent
phenotypes in ESCC cell lines. Similarly, circ_0001946 is
reported to affect human tumorigenesis depending on its
capacity to regulate specific miRNAs, such as miR-135a-5p and
miR-671-5p.11,12 Further studies to examine whether these
miRNAs can participate in the regulation of circ_0001946 in
ESCC are warranted.

SOX6 exerts a tumor-suppressive activity in human
ESCC by affecting cancer cell apoptosis and prolifera-
tion.30,31,39 Here, we ascertained for the first time that SOX6
is a miR-1290 target, and the ability of miR-1290 to affect
ESCC cell phenotypes is attributable, at least in part, to its

capacity to target SOX6. Consistent with our findings, miR-
1269 and miR-208 function as strong oncomirs in ESCC by
targeting and repressing SOX6.31,32 Moreover, we first
established that circ_0001946 involves SOX6 expression
modulation via miR-1290 in a post-transcriptional manner.
The function of SOX6 in gene modulation is multifaceted
and intricate and can bind to DNA or interact with
cofactors.43–45 A future challenge will be to elucidate how
the novel ceRNA crosstalk affects ESCC cell biological prop-
erties via SOX6. Additionally, although in vivo xenograft
studies suggested that the inhibition of xenograft growth
may be attributable to the upregulation of circ_0001946 and
SOX6 and the reduction of miR-1290, the direct evidence
of the circ_0001946/miR-1290/SOX6 ceRNA crosstalk in
affecting tumor growth is lacking. Furthermore, the investi-
gation about the influence of circ_0001946 on tumor
metastasis in vivo is insufficient. Thus, further research is
warranted.

To conclude, our findings uncover an undescribed
molecular mechanism, the circ_0001946/miR-1290/SOX6
ceRNA crosstalk, in which circ_0001946 involves SOX6
expression regulation via miR-1290, for the anti-ESCC activ-
ity of circ_0001946. These findings suggest that a strategy
directed toward restoring the expression of circRNAs with
tumor suppressive functions might have a therapeutic value
for ESCC.
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