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Hsa_circ_0021727 (circ-CD44) promotes ESCC progression by
targeting miR-23b-5p to activate the TAB1/NFkB pathway
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Esophageal squamous cell carcinoma (ESCC) is characterized by high morbidity and mortality. Circular RNAs (circRNAs) play an
important role in tumor progression. We discovered an aberrantly expressed circRNA (hsa_circ_0021727) in patients with ESCC.
However, the mechanism of action of hsa_circ_0021727 in tumors is unclear. The present study aimed to investigate the biological
role of hsa_circ_0021727 and its mechanism in ESCC progression. We screened for the expression of hsa_circ_0021727 in ESCC
patients. Patients with ESCC with high expression of hsa_circ_0021727 had shorter survival than those with low expression.
Hsa_circ_0021727 promoted the proliferation, invasion, and migration of ESCC cells. However, miR-23b-5p inhibited this ability of
hsa_circ_0021727. MiR-23b-5p acts by targeting TAK1-binding protein 1 (TAB1). Upregulation of TAB1 can activate the nuclear
factor kappa B (NFkB) pathway. Hsa_circ_0021727 promoted ESCC progression by activating TAB1/NFkB pathway by sponging miR-
23b-5p. In addition, in vivo experiments also confirmed that hsa_circ_0021727 could promote the proliferation, invasion, and
migration of ESCC cells. In short, hsa_circ_0021727 promotes ESCC progression by targeting miR-23b-5p to activate the TAB1/NFkB
pathway. These findings might provide potential targets to treat ESCC.
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INTRODUCTION
There were 604,100 new cases of esophageal cancer worldwide in
2020, accounting for 3.1% of all cancer cases and ranking eighth;
the number of deaths reached 544,076, accounting for 5.5%,
ranking sixth [1, 2]. Esophageal squamous cell carcinoma (ESCC)
and esophageal adenocarcinoma are the two main pathological
subtypes of esophageal cancer, and ESCC is predominant in China
[3]. Currently, the vast majority of patients with ESCC are in the
middle and late stages when they are diagnosed, losing the chance
of a cure, and the 5-year survival rate is less than 20% [4, 5]. The
etiology of ESCC remains unclear. Previous studies have shown that
chronic esophageal injury, esophageal inflammation, and changes
in gene expression caused by a high-temperature diet or alcohol
consumption might be associated with ESCC [6-8]. In recent years,
in-depth research on the pathogenesis of ESCC has shown that
finding more reliable targets has become an extremely urgent task.
After the completion of the Human Genome Project, it was
found that only 2% of the genes function to stably transcribe and
translate proteins, while the vast majority are noncoding RNAs
(ncRNAs) [9, 10]. Circular RNA (circRNA) is a special kind of ncRNA
molecule, which is involved in the pathogenesis of various
diseases. In contrast to traditional linear RNAs, circRNA molecules
have a closed ring structure, which is not affected by RNA
exonuclease, thus their expression is more stable and they are not
easily degraded. CircRNAs play an important role in malignant

tumors, cardiovascular and cerebrovascular diseases, diabetes,
and other diseases [11-13]. A large number of circRNAs are widely
involved in various stages of cancer occurrence and development.
ESCC was also found to be highly correlated with the expression of
circRNAs. For instance, nuclear genome-derived circular RNA
circPUM1 is localized in mitochondria and regulates oxidative
phosphorylation in ESCC [14]. CircRNA-DOPEY2 was found to
enhance chemosensitivity of esophageal cancer cells by inhibiting
cytoplasmic polyadenylation element binding protein 4 (CPEB4)-
mediated translation of MCL1 (encoding myeloid cell leukemia 1)
[15]. Circular RNA hsa_circ_0000277 sequesters miR-4766-5p to
upregulate laminin subunit alpha 1 (LAMA1) and promote
esophageal carcinoma progression [16]. CircGSK3p is thought to
promote the metastasis of ESCC by enhancing B-catenin signaling
[17]. Our understanding of the involvement of circRNAs is still at a
very superficial stage. Therefore, the molecular mechanism of
circRNAs in ESCC deserves further in-depth study.

Among the reported molecular mechanisms of circRNAs, the
most common one is to competitively bind to certain microRNAs
(miRNAs), acting as an “sponge” for miRNAs, preventing them
from interacting with their target mRNAs via the 3’ untranslated
region, thereby indirectly regulating the expression of the
downstream target genes of miRNAs [18, 19].

MiRNAs, a class of noncoding single-stranded RNA molecules of
about 22 nucleotides in length encoded by endogenous genes,
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are involved in post-transcriptional gene expression regulation in
animals and plants [20]. These small RNAs have a wide range of
roles in the regulation of eukaryotic gene expression. Their
mechanisms include cleaving mRNA molecules of their target
genes and inhibiting their translation [21, 22]. MiR-23b have been
identified to act both as oncogenes and as tumor suppressors [23].
MiR-23b-5p and miR-23b-3p evolved from miR-23b.They played
an important role in the occurrence and development of
cancer.MiR-23b-3p was found to induce proliferation and metas-
tasis of ESCC cells by inhibiting EBF3 [24]. MiR-23b-3p also plays a
key role in pancreatic cancer progression as a negative regulator
of the long noncoding RNA KTNT-AS1 [25]. MiR-23b-5p was found
to be a potential target for the treatment of acute myeloid
leukemia [26]. Long noncoding RNA CCAT2 might act as a
competitive endogenous RNA (ceRNA) to regulate FOXC1 (encod-
ing forkhead box C1) expression by competitively binding miR-
23b-5p in lung adenocarcinoma [27]. However,the relationship
between miR-23b-5p and ESCC remains unclear.In this paper, we
explore the mechanism of miR-23b-5p in ESCC.

To explore the role of circRNAs in the occurrence and
development of ESCC, we detected the expression of circRNAs
in ESCC patient tissues, screened circRNAs that might be targets
for the early diagnosis and treatment of ESCC, and clarified their
possible molecular mechanisms.

MATERIALS AND METHODS

Clinical tissue specimens

We collected eight ESCC tissue samples. All samples were from the First
Affiliated Hospital of Gannan Medical College, collected from January to
December in 2019. After surgery, the tissue specimens were frozen in
liquid nitrogen immediately. None of these patients had received radiation
or chemotherapy. Patients were selected based on a clear pathological
diagnosis of early stage (Stages IA-IlIA) ESCC. All patients’ follow-up records
were collected from January 2006 to July 2015. All patients were well
informed, the processes were approved by the Ethics Committee of The
First Affiliated Hospital of Gannan Medical University, and written informed
consent was obtained from each patient.

Two tissue microarrays were used to evaluate the expression of
hsa_circ_0021727 using in situ hybridization (ISH). The tissue microarrays
were purchased from Shanghai Outdo Biotech Co., Ltd. (Shanghai, China)
and contained approximately 170 pairs of ESCC samples and 100 pairs of
their para-carcinoma tissues.

CircRNA microarray

To screen out circRNAs that can be used as targets, we performed circRNA
microarray hybridization and data analysis on the three pairs of tissue
samples collected. Total RNA was digested with RNase R (Epicentre,
Madison, WI, USA) to remove linear RNAs and enrich circRNAs. Then, the
enriched circRNAs were amplified and transcribed to fluorescent
complimentary RNA (cRNA) utilizing a random priming method (Arraystar
Super RNA Labeling Kit; Arraystar, Rockville, MD USA). The labeled cRNAs
were hybridized to an Arraystar Human circRNA Array (8 x 15K, Arraystar).
After washing the slides, the arrays were scanned using an Agilent G2505C
scanner (Agilent, Santa Clara, CA, USA). Agilent Feature Extraction software
(version 11.0.1.1) was used to analyze the acquired array images.

CircRNA in situ hybridization (RNA-ISH)
All experimental steps were performed according to the standard
procedures of ISH [28]. The tissue microarray was deparaffinized,
rehydrated through an ethanol gradient, and then treated with 20 pg/
mL proteinase K (Roche Diagnostics, Indianapolis, IN, USA). Then, it was
fixed with formaldehyde (Thermo Scientific, Rockford, IL, USA), rinsed twice
with 0.13 M 1-methylimidazole, and finally fixed again with 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC, Thermo Scientific). After block-
ing endogenous peroxidase in H,0,, prehybridization buffer was added,
and the slides were finally hybridized with 200 nM digoxigenin (DIG)-
labeled, locked nucleic acid (LNA)-modified oligonucleotides.

Two senior pathologists blinded to the clinical data scored the tissue
microarray staining independently using the following criteria. Intensity of
immunostaining was scored as 0 (no immunostaining), 1 (weak
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immunostaining), 2 (moderate immunostaining), and 3 (strong immunos-
taining). The percentage of immunoreactive cells was documented as 0
(none), 1 (<20%), 2 (20-50%), 3 (51-75%), and 4 (>75%). Cutoff values for
low and high expression groups were determined by using the degree x
intensity staining rank. Low expression was defined as a final score < 6 and
high expression was defined as a final score > 6.

Cell culture

Human ESCC cell lines (TE-1 and KYSE510) were purchased from American
Type Culture Collection (Manassas, VA, USA). All cells were prepared in 10%
fetal bovine serum (FBS; Gibco, Grand Island, NY, USA) in Roswell Park
Memorial Institute (RPMI) 1640 medium (Gibco). Culture dishes containing
cells were incubated at 37 °C in humidified air with 5% CO,.

Total RNA extraction and quantitative real-time reverse
transcription PCR (qRT-PCR)

Total RNA was extracted from frozen tissues and cells using RNAiso Plus
(Takara, Shiga, Japan) according to the manufacturer’s instructions. cDNA
was synthesized from the total RNA using PrimeScript RT Master Mix
(Takara, Dalian, China). The RNA was quantified using the cDNA as the
template for qPCR with the SsoFast EvaGreen Supermix (Bio-Rad
Laboratories, Hercules, CA, USA), and the GAPDH gene (encoding
glyceraldehyde-3-phosphate dehydrogenase) was used as an internal
reference. qPCR was performed with the following thermal cycling
program: 95°C for 30s; 40 cycles at 95°C for 55, 60°C for 30s; and a
final dissociation step. All primer sequences use are shown in Table S2.

Cell transfection

CircRNA overexpression and short hairpin RNA (shRNA) lentiviral vectors,
miRNA lentiviral vectors, and matching negative control vectors were
designed and synthesized by Synbio Technologies (Suzhou, China). Small
interfering RNA (siRNA) sequences were directly synthesized (GenePharma,
Shanghai, China). Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) was
used to transfect cells with the designated lentiviral vectors according to
the manufacturer’s instructions. All shRNA sequences are listed in Table
S3A.

Fluorescence in situ hybridization (FISH)

The FISH probes were designed and provided by RiboBio (Guangzhou,
China). Cyanine (Cy3)-labeled probes and Fluorescein amidite (FAM)-
labeled probes were used as markers for hsa_circ_0021727 and miRNA-
23b-5p, respectively (Table S2B). Nuclei were stained with 4/,6-dimethyl-2-
phenylindole (DAPI). The assay was performed according to the instruc-
tions of the FISH kit (Gene Pharma, Shanghai, China). Stained images were
acquired using confocal microscopy (Leica, Wetzlar, Germany).

Cell proliferation, colony formation assays, and 5-Ethynyl-2'-
deoxyuridine (EdU) incorporation assay
[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) determi-
nation was used to assess cell proliferation. The transfected cells were
seeded in a 96-well plate, then 20 pL of 5 mg/mL MTT solution (MTT Cell
Proliferation and Cytotoxicity Assay Kit, BOSTER, Wuhan, China) was added
and incubated for 4 h. Finally, 100 pL of dimethyl sulfoxide was added. A
microplate reader was then used to measure the optical density at 490 nm.

For the colony formation assays, transfected cells were divided into 6-well
plates (1000 cells/well). After 2 weeks in culture, the cells were fixed with
75% ethanol and stained with 0.2% crystal violet. The colony formation rate
was determined by counting the number of stained colonies.

The EdU immunofluorescence assay was performed using a Cell-Light
EdU DNA Cell Proliferation Kit (RiboBio) according to the manufacturer’s
instructions. Treated ESCC cells were incubated with EdU for 3 h. After
fixation and permeabilization, anti-EdU reagents and DAPI were used for cell
staining. Fluorescence microscopy was used to observe and obtain images.

Cell invasion, migration, and wound healing assay

For the invasion assay, medium was added to the lower chamber of the
Transwell apparatus after precoating the upper chamber membrane with
100 L of Matrigel (BD Bioscience, San Jose, CA, USA). Then, 100 uL of
serum-free medium was added to the transfected cells, which were added
to the upper chamber, complete medium was added to the lower
chamber, and incubated at 37 °C in 5% CO, for 24 h. Finally, the cells were
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fixed with 4% paraformaldehyde solution and stained with 0.1% crystal
violet solution. Images were obtained using an inverted fluorescence
microscope using Olin and the cells were counted.

Three-dimensional (3D) spheroid invasion assays were used to detect
the invasive ability of tumor cells. Transfected cells were seeded in ultra-
low attachment (ULA) round-bottom 24-well plates for 4 days, allowing
them to form tumor spheroids. Then, 100 uL of basement membrane
matrix (BMM, Corning Inc., Corning, NY, USA) was added to each well,
followed by centrifugation and incubation at 37°C for 1h to solidify.
Finally, 100 pL of medium containing 10% FBS was added to each well and
the plates were incubated at 37 °C in 5% CO,. We obtained images under
an inverted microscope.

For the wound healing assay, transfected cells were added to a six-well
plate culture in serum-free medium, incubated to form a confluent cell
monolayer, followed by linear wounding using a pipette tip. Representa-
tive images of the wound were captured at 0h and 24 h after wound
formation under a microscope. The difference in the width of the wound
between 0 h and 24 h was used as a measure of cell migration.

Western blotting analysis

We used Radioimmunoprecipitation assay (RIPA) buffer to the lyse
transfected cells, obtained the supernatant, and added protease inhibitors
(1%; ComWin Biotech, Beijing, China). The protein concentration was
assessed using a bicinchoninic acid (BCA) Kit (Beyotime, Jiangsu, China).
Equal amounts of protein were separated using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) (10% or 8%) and trans-
ferred to 0.45 um polyvinylidene fluoride (PVDF) membranes (Roche). After
blocking with 5% nonfat milk for 1h, the PVDF membranes were
incubated with primary antibodies overnight at 4°C. Membranes were
washed a minimum of three times in Tris-buffered saline-Tween 20 (TBST)
for 10 min each time, followed by 1 h of incubation with goat anti-rabbit or
goat anti-mouse secondary antibodies. Finally, the membrane was washed
three times with TBST again. The immunoreactive protein bands were
detected using SuperSignal West Femto Agent (Millipore, Billerica, MA,
USA) and visualized using the Chemical Mp Imaging System (Bio-Rad). The
antibodies used are listed in Table S4.

RNA pull-down assay

An hsa_circ_0021727 biotin-conjugated probe and oligo probe (Table S3B)
were designed by RiboBio. Lysates of treated cells were incubated with
streptavidin magnetic beads (Life Technologies, Carlsbad, CA, USA) for 2 h.
The cell lysates were then incubated with probe-coated beads at 4°C
overnight. The beads were washed five times repeatedly, and then the
bound miRNAs in the pulled down material were extracted using the Trizol
reagent and analyzed using qRT-PCR analysis.

Luciferase reporter assay

The miR-23b-5p sequence and the miR-23b-5p-mut sequence were
designed to synthesize luciferase reporter plasmids. The luciferase reporter
plasmids (pGL3-miR-23b-5p, pGL3-miR-23b-5p-mut, and pGL3-basic-vec-
tor) were synthesized by Generay Biotech (Shanghai, China). The
recombinant luciferase reporter plasmids were inserted with the 3’
untranslated region (UTR) of TABT (encoding TAK1-binding protein 10).
PCR primers sequences are shown in Table S2. When the ESCC cells grew
to 80% confluence, they were co-transfected with other lentiviral vectors,
luciferase reporter plasmids, and pGL3-basic vector. Cell lysates were
sampled after 48 h, and luciferase activity was analyzed using a dual-
luciferase reporter gene assay system (Promega, Madison, WI, USA).

RNA-seq assay

Total RNA of ESCC cells was extracted in accordance with the manual of the
TRIzol® reagent (Invitrogen, Shanghai, China).VAHTS Stranded mRNA-seq
Library Prep Kit for llumina V2 (Vazyme Biotech, NR612-02) was used for
library preparation according to the instructions.Reads were aligned to the
human Ensemble genome GRCh38 (mouse Ensemble genome GRCm38)
using Hisat2 aligner (v2.1.0) under parameters:“-rna-strandness RF”.The reads
mapped the genome were calculated using featureCounts (v1.6.3).Differential
gene expression analysis was performed using the DESeq2 R.

Animal experiments
Male BALB/c nude mice (20+2g) were purchased from Guangdong
Medical Laboratory Animal Center (MLAC). All animal experiments were
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performed in accordance with the principles and procedures outlined in
the Gannan Medical University Guide for the Care. Approval was obtained
from the First Affiliated Hospital of Gannan Medical University Animal
Ethics Committee.

To observe tumor growth, transfected cells were injected subcuta-
neously into the left side of the axilla. Tumor growth was evaluated by
detecting the volumes of the xenografts once each week. Specifically, the
formula for calculating the volume was: (volume) = 1/2 X (long axis) x
(short axis).

To establish a lung metastasis model, cancer cells stably expressing
firefly luciferase were injected into 4-week-old BALB/c nude mice via the
tail vein. Six weeks after injection, bioluminescent pictures of tumor lung
metastases were obtained using an in vivo imaging system. The mice
were sacrificed, and their lung tissue was excised to record the number
of lung metastases; histological sections and HE staining were
performed.

Statistical analysis

SPSS (version 22.0, IBM Corp., Armonk, NY, USA) and GraphPad Prism 9.1
(GraphPad Software Inc., La Jolla, CA, USA) were used for statistical analysis.
Student’s t-test and/or chi-squared test were employed for data analysis.
The results were indicated as mean=+SD. P<0.05 was considered
significant.

RESULTS

Expression and identification of hsa_circ_0021727 in ESCC
tissues and cells

To explore the expression of circRNAs in ESCC tissues and
paracancerous tissues, three pairs of samples (three ESCC tissues
and three paracancerous tissues) were used for circRNA micro-
array analysis. We found that 7518 circRNAs were expressed in
ESCC tissues and paracancerous tissues. Twenty upregulated or
downregulated circRNAs were screened, among which hsa_-
circ_0021727 was the most upregulated circRNA in cancer tissues
compared with normal tissues (Fig. 1A). Volcano plots showed the
changes in circRNAs expression between cancerous and para-
cancerous tissues (Fig. 1B). Hsa_circ_0021727 is derived from the
CD44 gene (encoding CD44 molecule (Indian blood group)) and is
spliced from exon 6 to exon 9. Sanger sequencing confirmed the
junction sequence in the divergent primers spanning the
predicted products (Fig. 1C). Agarose gel electrophoresis also
verified the existence of hsa_circ_0021727 (Fig. 1D).We detected
the expression of hsa_circ_0021727 in ET-1A, TE-1 and KYSE510
cells by gRT-PCR(Fig. S1). The results showed thathsa_ circ_
0021727 was upregulated in ESCC cells. We then confirmed the
cyclic character of hsa_circ_0021727. First, we digested total RNA
using RNase R. The results showed that hsa_circ_0021727 had
stronger RNase R resistance than linear CD44 (Fig. 1E). Then, we
designed random hexamer or oligo(dT)18 primers for qPCR. The
relative amplification of hsa_circ_0021727 was obviously lower
when oligo (dT)18 primers were applied than when random
hexamer primers were used, while the amplification of linear CD44
was unchanged (Fig. 1F). FISH results showed that hsa_-
circ_0021727 was mainly located in the cytoplasm (Fig. 1G). The
clinicopathological data of the patients in the tissue microarrays
are provided in Table ST1A. RNA-ISH revealed that the expression of
hsa_circ_0021727 was higher in cancer tissues of patients with
ESCC than in adjacent tissues (Fig. TH, I). 54.9% of the patients had
high expression of hsa_circ_0021727 (Table S1B). The expression
of hsa_circ_0021727 was not statistically significantly associated
with the patient’s age, clinical analysis, distant metastasis, and
lymph node metastasis, but was significantly correlated with
patient survival according to Cox multivariate analysis (Table 1).
Thus, the expression of hsa_circ_0021727 can be used as an
independent prognostic factor for patients (Table 2). The survival
time of patients with high expression of hsa_circ_0021727 was
significantly lower than that of patients with low expression of
hsa_circ_0021727 (Fig. 1J).
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Hsa_circ_0021727 promotes migration, invasion, and transfection (Fig. 2A, C). The migration ability of ESCC cells was
proliferation of ESCC cells in vitro detected by wound healing assays. The results suggested that the
To understand the function of hsa_circ_0021727, we designed migration ability of ESCC cells was enhanced after overexpression
overexpression and knockdown lentiviral vectors for hsa_- of hsa_circ_0021727. In contrast, knockdown of hsa_circ_0021727

circ_0021727. gRT-PCR confirmed the efficiency of lentiviral vector inhibited the migration ability of ESCC cells (Fig. 2B, D). The results
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Fig. 1 Expression and identification of hsa_circ_0021727. A Heat maps of differentially expressed circRNAs in three ESCC tissues (T) and
adjacent normal tissues (P). B Volcano plots showing changes in circRNA expression between cancerous and paracancerous tissues.
C Schematic and Sanger sequencing of hsa_circ_0021727. D Agarose gel electrophoresis detection of hsa_circ_0021727 in KYSE510 cells.
E The relative RNA levels were examined by qRT-PCR after treatment with RNase R or mock among total RNAs derived from KYSE 510 cells.
F Random hexamer or oligo (dT)18 primers were utilized for reverse transcription assays. The relative RNA levels were examined using qRT-
gPCR and normalized to those generated using random hexamer primers. G The subcellular localization of hsa_circ_0021727 in KYSE510 and
TE-1 cells performed using FISH. H and | RNA-ISH detection of the expression of hsa_circ_0021727 in ESCC tissues and adjacent tissues.
J Kaplan-Meier analysis of the OS in 162 patients with ESCC with high or low expression of hsa_circ_0021727. Values are expressed as the

means + SD; *P < 0.05.

Table 1.
Characteristics circ_0021727

Low No. cases

Age (years) >55 63 69
<55 10 20
AJCC clinical stage I~ 40 39
N~V 33 50
T classification T1~T2 11 17
T3~T4 62 72
N classification NO 40 38
N1~N3 33 51
M classification No 73 87
Yes 0 2
Gender Male 63 77
Female 10 12
Survive or Mortality Survive 44 39
Mortality 29 50

Correlation between circ_0021727 expression and clinicopathological characteristics of esophageal cancer.

Chi-square test P-value Fisher's exact test P-value

High No. cases

0.109 0.109
0.109 0.109
0.322 0.322
0.084 0.084
0.300 0.300
0.573 0.573
0.027 0.027

Table 2. Univariate and multivariate analyses of various prognotic parameters in patients with esophageal cancer by cox-regression analysis.
Univariate analysis Multivariate analysis
No. patients P Relative risk P Relative risk 95% confidence interval

M stage

MO 160 0.001 10.982 0.012 6.841 1.538-30.430

M1 2

AJCC stage

I~ 79 0.002 2.102 0.003 2.035 1.277-3.243

N~1v 83

Expression of circ00212727

Low expression 73 0.027 1.679 0.041 1.620 1.021-2.572

High expression 89

of Transwell assays showed that hsa_circ_0021727 promoted the
invasion ability of ESCC cells, while hsa_circ_0021727 deficiency
inhibited the invasion ability of ESCC cells (Fig. 2E). Furthermore, in
3D spheroid invasion assays, ESCC cells overexpressing hsa_-
circ_0021727 had more cellular antennae than control cells and
displayed morphological changes typical of highly invasive cells.
However, the results in the hsa_circ_0021727 knockdown group
were the opposite (Fig. 2F). The results of MTT assays revealed that
cells transfected with the hsa_circ_0021727 overexpressing vector
had a stronger proliferation ability. After knockdown of hsa_-
circ_0021727, the proliferation ability of ESCC cells was signifi-
cantly inhibited (Fig. 2G, H). We also verified the proliferation of
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ESCC cells by colony clone formation assays, which showed that
overexpression of hsa_circ_0021727 promoted cell proliferation,
while knockdown of hsa_circ_0021727 inhibited cell proliferation
(Fig. 21). EdAU immunofluorescence assays showed the same results
(Fig. 2J). Taken together, these results suggested that hsa_-
circ_0021727 promoted ESCC cell proliferation, invasion, and
migration.

Hsa_circ_0021727 promotes metastasis and proliferation of
ESCC cells in vivo

To evaluate the effect of hsa_circ_0021727 on proliferation and
metastasis in vivo, we performed subcutaneous tumorigenesis and
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cells (TE-1) were used for the experiments. For the lung metastasis
model, we first observed intravital fluorescence imaging, and then
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sacrificed the mice and examined the formation of metastatic
tumor nodules in the lungs. The mice injected with hsa_-
circ_0021727 overexpressing cells had more metastatic nodules
than the mice injected with hsa_circ_0021727 knockdown cells (Fig.
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Fig. 2 Hsa_circ_0021727 promotes the migration, invasion, and proliferation of ESCC cells in vitro. A and C qRT-PCR detection of the
expression efficiency of hsa_circ_0021727 after cell transfection. B and D Wound healing assays for the migration ability of KYSE510 and TE-1
cells after cell transfection. E Transwell assays examining the invasive ability of KYSE510 and TE-1 cells after transfection of the
hsa_circ_0021727 overexpression or knockdown vectors. F Three-dimensional (3D) spheroid invasion assays showing the effects of
hsa_circ_0021727 on the growing antennae of KYSE510 and TE-1 cells. G and H MTT assays detecting the proliferation of KYSE510 and TE-1
cells after transfection of hsa_circ_0021727 overexpression or knockdown vectors. 1 Colony formation assays examining the proliferative
capacity of KYSE510 and TE-1 cells transfected with hsa_circ_0021727 overexpression or knockdown lentiviral vectors. J EdU
immunofluorescence assays detecting the proliferative capacity of KYSE510 and TE-1 cells. Values are expressed as the means + SD; *P < 0.05.

3A-D). Subcutaneously injected BALB/c nude mice were used to
assess tumor growth. The results showed that the tumor volume
and weight of the hsa_circ_0021727 overexpression group
increased significantly compared with that of the empty vector
group. At the same time, the volume and weight of tumors in the
hsa_circ_0021727 knockdown group were significantly reduced
compared to those of the scramble group (Fig. 3E, F). We also
verified the expression of hsa_circ_0021727 in mouse tumor tissues
by gRT-PCR(Fig. S3A). Immunohistochemical analysis showed that
the expression of MKI67 (marker of proliferation Ki-67) and matrix
metalloproteinase 9 (MMP9) in mouse tumors correlated positively
with the expression of hsa_circ_0021727(Fig. 3G).

Hsa_circ_0021727 functions as a sponge for miR-23b-5p
CircRNAs acting as sponges for miRNAs have been well reported.
To search for miRNAs that might bind to hsa_circ_0021727, we
selected five miRNAs (miR-23a-5p, miR-23b-5p, miR-218-5p, miR-
433-3p, and miR-494-5p) with the highest scores in the miRanda
database (Fig. 4A). By using TCGA dataset, we found no statistical
difference in the expression of miR-23b-5p between ESCC and
normal tissues(Fig. S2B). However, esophageal cancer patients
with high expression of miR-23b-5p had a longer survival period
than esophageal cancer patients with low expression of miR-23b-
5p(Fig. S2C). We designed a biotinylated hsa_circ_0021727 probe
and an oligonucleotide probe. We then verified the pull-down
efficiency of the hsa_circ_0021727 probe (Fig. 4B). The RNA pull-
down results revealed that among the five candidate miRNAs, only
miR-23b-5p could be markedly pulled down by the hsa_-
circ_0021727 probe in ESCC cells transfected with the hsa_-
circ_0021727 overexpressing vector (Fig. 4C, D). The gRT-PCR
results also confirmed that the expression of hsa_circ_0021727
correlated negatively with the expression of miR-23b-5p (Fig. 4E,
F).We detected the expression of miR-23b-5p in tumor tissues of
mice(Fig. S3B). The expression of hsa_circ_0021727 correlated
negatively with the expression of miR-23b-5p. To further verify
that hsa_circ_0021727 can bind to miR-23b-5p, we first designed a
mutant of miR-23b-5p, and then performed luciferase reporter
gene analysis. The results showed that hsa_circ_0021727 attenu-
ated the luciferase activity of the pLG3-miR-23b-5p-WT (wild-type)
reporter, but could not attenuate the luciferase activity of the
pLG3-miR-23b-5p-mutreporter (Fig. 4G). Furthermore, FISH analy-
sis found that hsa_circ_0021727 and miR-23b-5p co-localized in
the cytoplasm (Fig. 4H). Overall, these results indicated that
hsa_circ_0021727 acts as a sponge for miR-23b-5p.

Hsa_circ_0021727 promotes ESCC cell proliferation, invasion,
and migration via miR-23b-5p

To investigate the effect of miR-23b-5p on the function of ESCC cells,
the miR-23b-5p overexpression vector, the control vector for miR-
23b-5p overexpression (NC), or the hsa_circ_0021727 overexpression
vector were co-transfected into ESCC cellsWe detected the
transfection efficiency of the hsa_circ_0021727 and miR-23b-5p in
ESCC cells by gRT-PCR(Fig. S4A-D). The wound healing assay showed
that miR-23b-5p overexpression increased the width of the linear
wounds. After co-transfection of hsa_circ_0021727 and miR-23b-5p
overexpression vectors, miR-23b-5p reduced the migration ability of
ESCC cells (Fig. 5A, B). The results of the Transwell assays showed that
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the invasion ability of ESCC cells was weakened after overexpression
miR-23b-5p. After co-transfection of hsa_circ_0021727 overexpres-
sion vector, miR-23b-5p neutralized the effect of hsa_circ_002172
(Fig. 5C). This indicated that hsa_circ_0021727 was a negative
regulator of miR-23b-5p. We observed the same trend in the 3D
spheroid invasion assays (Fig. 5D). The results of the MTT assays
indicated that the proliferation capacity of the cells was attenuated
after transfection of miR-23b-5p alone. After co-transfection of
hsa_circ_0021727 and miR-23b-5p overexpression vectors, miR-23b-
5p attenuated the effect of hsa_circ_0021727 (Fig. 5E, F). Colony
formation assays confirmed these results (Fig. 5G). Our results
confirmed that hsa_circ_0021727 could promote ESCC cell prolifera-
tion, invasion, and migration by negatively regulating miR-23b-5p.

Hsa_circ_0021727 promotes the metastasis and proliferation
of ESCC cells in vivo by regulating the expression of miR-23b-
5p

The miR-23b-5p overexpression vector, the control vector for miR-
23b-5p overexpression (NC), or the hsa_circ_0021727 overexpres-
sion vector were used to co-transfect KYSE510 cells. They were
divided into four groups, namely the miR-23b-5p overexpression
group, the NC group, the circ_0021727+miR-23b-5p overexpres-
sion group, and the circ_0021727+4+NC group. The treated ESCC
cells were subcutaneously inoculated into BALB/c nude mice. It
was found that miR-23b-5p could inhibit tumor growth in vivo.
Hsa_circ_0021727 attenuated the effect of miR-23b-5p in vivo (Fig.
6A, B).We detected the expression of hsa_circ_0021727, miR-23b-
5p and TAB1 in mouse tumor tissues. The mRNA expression of
miR-23b-5p was negatively regulated by hsa_circ_0021727, while
miR-23b-5p did not affect the expression of hsa_circ_0021727(Fig.
S4E, F). The protein expression of TAB1 was positively correlated
with the expression of hsa_circ_0021727,and negatively corre-
lated with the expression of miR-23b-5p (Figs. S3C and S4G). The
four groups of cells were injected into the tail vein of BALB/c nude
mice. The results of the lung metastasis model showed that
transfection of miR-23b-5p resulted in fewer metastatic nodules in
mice. However, after co-transfection of hsa_circ_0021727, meta-
static pulmonary nodules were significantly increased (Fig. 6C, D).
We also sectioned and hematoxylin and eosin (HE) stained the
metastatic nodules. The results showed that the group transfected
with the hsa_circ_0021727 overexpressing vector had more
metastatic nodules, while the group transfected with the miR-
23b-5p overexpressing vector had fewer metastatic nodules (Fig.
6E). Therefore, we believed that hsa_circ_0021727 promoted the
metastasis and proliferation of ESCC cells in vivo via down-
regulating miR-23b-5p.

Hsa_circ_0021727 activates TAB1/NFkB signaling via miR-23b-
5p

To determine the downstream pathways regulated by hsa_-
circ_0021727, we performed mRNA-seq using ESCC cells
(KYSE510) transfected with the hsa_circ_0021727 overexpression
vector and empty vector. Heat maps revealed the expression of
downstream genes (Fig. 7A). The top 20 GO terms for biological
process were screened out (Fig. 7B). The results of Gene Set
Enrichment Analysis (GSEA) showed that the expression of
hsa_circ_0021727 correlated significantly and positively with NFkB
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Fig. 3 Hsa_circ_0021727 promotes the metastasis and proliferation of ESCC cells in vivo. A Representative images and analysis of
luminescence intensity in tail vein tumor metastasis mouse models. B Images of lung tissue in tail vein tumor metastasis mouse models.
C Lung tissue was stained with HE. D Statistical analysis of lung metastatic nodules. E Representative image of a subcutaneous xenograft
tumor. F Growth curves of tumor volumes in subcutaneous xenograft tumors models. G Immunohistochemistry showing the expression of Ki-
67 and MMP9 in mouse tumor tissues (values are expressed as the means + SD; *P < 0.05).
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signaling (Fig. 7C). Expression difference of NFkB signaling-related
genes(mRNA-seq) included in Fig. S5. The mRNA expression of
TAB1(mRNA-seq) included in Fig. S6.gRT-PCR verified that the
expression of hsa_circ_0021727 was highly correlated with the
expression of downstream factors of the NFkB pathway (Fig. 7D,
E). We showed that hsa_circ_0021727 acts as a sponge for miR-
23b-5p. Therefore, to identify possible target genes of miR-23b-5p
in ESCC cells, we used online software (miRanda) to make
predictions. We found that miR-23b-5p had a binding site for
TAB1. TAB1 is an adapter protein constitutively associated with
N-terminal kinase domain of TGF-beta activated kinase 1 (TAK1)
even in unstimulated cells, while TAB2 and TAB3 bind to the
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C-terminus of TAK1 through their TAK1-binding domains after
stimulation [29, 30]. TAB1, TAB2, TAB3, and TAK1 form the TAK1-
TABs complex [31]. The TAK1-TABs complex phosphorylates
inhibitor of nuclear factor kappa B kinase subunit beta (IKKP) at
Ser177 and Ser181, which is required for the activation of NF-«kB
signaling [32, 33]. Through dual-luciferase experiments, we found
that hsa_circ_0021727 could enhance the luciferase activity of NF-
kB (Fig. 7F). Western blotting analysis showed that the protein
levels of TBA1, phosphorylated (p)-IKKB and p-NF-kB inhibitor
alpha (IKBa) were upregulated after overexpression of hsa_-
circ_0021727. By contrast, the levels of TBA1, p-IKKB, and p-IKBa
were downregulated after transfection of circ_0021727-shRNA
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(Fig. 7G). We performed luciferase reporter assays by constructing
wild-type (WT) and mutant type (MUT) pGL3-Basic reporter vector
for TAB1 (Fig. 7H). Compared with the negative control (NC), miR-
23b-5p significantly reduced the luciferase activity of the TABT-WT
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reporter, while miR-23b-5p did not affect the luciferase activity of
the TAB1-MUT reporter (Fig. 71). Therefore, we believe that miR-
23b-5p could target and bind to TABI1. To explore the relationship
between hsa_circ_0021727, miR-23b-5p, and TAB1, we selected
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Fig. 5 Hsa_circ_0021727 promotes ESCC cell proliferation, invasion, and migration via miR-23b-5p. A and B Wound healing assays
evaluating the cell migration ability of KYSE510 cells and TE-1 cells co-transfected with miR-23b-5p and hsa_circ_0021727 overexpression
vectors. € Transwell assays showing that miR-23b-5p and hsa_circ_0021727 jointly affected the invasion ability of KYSE510 and TE-1 cells.
D Three-dimensional (3D) spheroid invasion assays showing the effects of hsa_circ_0021727 and miR-23b-5p on the growing antennae
of KYSE510 and TE-1 cells. E and F MTT assays demonstrating the proliferation capacity of KYSE510 and TE-1 cells co-transfected with miR-23b-
5p and hsa_circ_0021727 overexpression vectors. G Colony formation assays indicating that the cell proliferation capability of KYSE510 and
TE-1 cells transfected with miR-23b-5p was reversed when the cells were co-transfected with hsa_circ_0021727 (values are expressed as the
means + SD; *P < 0.05).
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eight specimens from patients with ESCC for gRT-PCR and western dataset, there was no statistical difference(p = 0.239) between the
blotting analysis. The results revealed that hsa_circ_0021727 expression of TAB1 and the survival time of ESCC patients(Fig.
expression correlated negatively with the expression of miR-23b- S2C). N-(4-Ethylphenyl)-N-phenylurea (INH14) reduced NF-kB
5p, but positively with the expression of TAB1 (Fig. 7J-L). In TCGA activation by inhibiting IKK [34], thus we could block the NFkB
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pathway by adding INH14. Through western blotting analysis, we This indicated that the expression of TAB1 was regulated by both
found that miR-23b-5p could downregulate TAB1 levels, while co- hsa_circ_0021727 and miR-23b-5p. We also found that the
transfection of hsa_circ_0021727 neutralized this effect. At the expression levels of CyclinD1, MMP2, and MMP9 were positively
same time, the level of TAB1 was not affected by INH14 (Fig. 7N). regulated by hsa_circ_0021727 and negatively regulated by miR-
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Fig. 7 Hsa_circ_0021727 activates TAB1/NFKB signaling via miR-23b-5p. A Heatmap created from mRNA-seq (OE: overexpression, V:
vector). B The top 20 enriched pathways in the mRNA data. C GSEA results showing that hsa_circ_0021727 correlated positively with NF«xB
signaling. D and E qRT-PCR detection of the expression of NFkB signaling-related factors in cells overexpressing or knocked down for
hsa_circ_0021727. F Dual-luciferase assay detecting the luciferase activity related to NFkB signaling in cells overexpressing or knocked down
for hsa_circ_0021727. G In cells overexpressing or knocked down for hsa_circ_0021727, western blotting was used to detect the protein levels
of TAB1 and NFkB pathway factors. H TAB1 mutant and wild-type sequences were designed. | Dual-luciferase assays showing the luciferase
activity after co-transfection of miR-23b-5p overexpression vector or NC vector, TAB1 wild-type or TABT mutant vector. J gRT-PCR and western
blotting analyses of the expression of hsa_circ_0021727, miR-23b-5p, and TAB1 in ESCC patient tissues. K Analysis of the correlation between
miR-23b-5p and TAB1. L Analysis of the correlation between hsa_circ_0021727 and TAB1. M In cells overexpressing hsa_circ_0021727 and
knocked down for TABI, western blotting examined the protein level of TAB1 and downstream related factors. N In cells overexpressing
hsa_circ_0021727 and miR-23b-5p, western blotting examined the protein level of TAB1 and downstream related factors. Western blot
detection of the protein level of TAB1 and downstream related factors in KYSE510 and TE-1 cells overexpressing hsa_circ_0021727 and treated

with INH14. Values are expressed as the means + SD; *P < 0.05.

23b-5p. However, the expression of P21 showed the opposite
effect (Fig. 7N). Knockdown of TAB1 reduced the protein levels of
CyclinD1, MMP2, MMP9, and NF-kB (Fig. 7M). This suggested that
these factors were not only regulated by hsa_circ_0021727, but
also by TAB1. In general, hsa_circ_0021727 can activate TAB1/
NFkB signaling via miR-23b-5p.

Hsa_circ_0021727 promotes ESCC cell proliferation, invasion,
and migration by activating the TAB1/NFkB pathway

To investigate the effect of TAB1 on the function of ESCC cells, the
TAB1 knockdown plasmid and hsa_circ_0021727 overexpression
vector were transfected into ESCC cells. Wound healing experi-
ments showed that knockdown of TABT increased the width of the
linear wounds (Fig. 8A, C). After the addition of INH14, the
migration ability of ESCC cells was inhibited (Fig. 8B, D). The results
of Transwell assays showed that the invasive ability of ESCC cells
was weakened after transfection with the TABT knockdown
plasmid (Fig. 8E). The addition of INH14 on the basis of
overexpression of hsa_circ_0021727 also attenuated the invasion
ability of ESCC cells (Fig. 8F). We obtained the same trend with the
3D spheroid invasion assays (Fig. 8G, H). The results of MTT
experiments after co-transfection of the hsa_circ_0021727 over-
expression vector and TABT knockdown plasmid indicated that
TAB1 attenuated the ability of hsa_circ_0021727 (Fig. 8l, J). INH14
also inhibited the ability of hsa_circ_0021727 (Fig. 8K, L). We
verified these results using colony formation assays (Fig. 8M, N). In
short, hsa_circ_0021727 promotes ESCC cell proliferation, inva-
sion, and migration by activating the TAB1/NFkB pathway.

DISCUSSION

Esophageal cancer is characterized by high morbidity and
mortality, ranking sixth in incidence and fifth in mortality [35].
Factors such as a hot diet and long-term nitrite intake increase the
incidence of ESCC [36, 37]. ESCC is difficult to detect in the early
stage, and the treatment effect is extremely poor. The deadly
nature of ESCC means that the search for new biomarkers and
targets has become an urgent issue. In this study, we discovered a
novel circRNA that can serve as a potential biomarker and target
for the early diagnosis and treatment of ESCC.

It has been widely reported that circRNAs play an important role
in cancer. Their earliest discovered function is to negatively
regulate miRNAs by acting as miRNA sponges. For example,
hsa_circ_001783 promoted the progression of breast cancer via
sponging miR-200c-3p [38]. CircRNA ciRS-7 accelerates ESCC
progression by acting as an miR-876-5p sponge to enhance
melanoma-associated antigen (MAGE-A) family expression [39].
CircRNAs were also found to be involved in the regulation of
certain protein-protein and protein-RNA interactions [40, 41]. The
general view that circRNA is a kind of noncoding RNA has been
overturned. Some circRNAs are translated into polypeptides
involved in tumor progression [42]. Although the functions of
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circRNAs have been gradually discovered, there are still many new
functions worthy of exploration. In the present study, we found
that hsa_circ_0021727 promoted ESCC progression. lts mechan-
ism was closely related to the NFkB pathway. The NFkB pathway
plays an important role in the occurrence and development of
tumors [43, 44]. NF-kB signaling proteins were found to be
upregulated in tissues from patients with ESCC [45]. Down-
regulation of p65 can increase tumor apoptosis and potentiates
the effects of 5-fluorouracil by suppressing the NF-«kB signaling
pathway [46].Two NF-kB inhibitors (Bay11-7082 and sulfasalazine)
were found to be potentially helpful in the treatment of ESCC [47].
CircRNAs have been found to modulate NF-kB signaling pathway
under different settings [48]. CircRNA circlKBKB promotes breast
cancer bone metastasis through sustaining NF-kB/bone remodel-
ing factor signaling [49] CircRNA GLIS2 promotes colorectal cancer
cell motility via activation of the NF-kB pathway [50]. Although the
relationship between circRNAs and the NF-kB pathway has been
reported many times, their mechanisms in ESCC have not been
explored. In this study, we explored the mechanism by which
hsa_circ_0021727 promotes ESCC progression by regulating the
NF-kB pathway. Our results might provide new ideas for the
treatment of ESCC.

MicroRNAs play an important role in the occurrence and
development of tumors. For instance, microRNA-106a regulates
autophagy-related cell death and epithelial-mesenchyme transi-
tion (EMT) by targeting tumor protein P53 inducible nuclear
protein 1 (TP53INP1) in lung cancer with bone metastasis [51].
Tumor-derived exosomal miR-934 induces macrophage M2
polarization to promote liver metastasis of colorectal cancer [52].
Studies have shown that circRNAs might have a base sequence
that binds to miRNAs, thereby act as a ceRNA to competitively
bind to miRNAs, relieving the inhibitory effect of the miRNAs on
their target genes, which then affects the occurrence and
development of tumors [53]. Circ-ZEB1 promotes phosphatidyli-
nositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA)
expression by sponging miR-199a-3p, which affects the prolifera-
tion and apoptosis of hepatocellular carcinoma [54]. Our previous
experiments found that hsa_circ_0021727 could act as a sponge
for miR-23b-5p. miR-23b is derived from the chromosomal region
9922,32 encoding mi-23b/27b/24-1 [23]. It has been reported that
miR-23b is highly correlated with TAB2, TAB3, and the NF-kB
pathway [55]. In addition, miR-23b was identified to act both as an
oncogene and as a tumor suppressor. Increased expression of
miR-23b promoted lung cancer cells viability, migration, invasion,
and EMT [56]. miR-23b inhibits cell migration and invasion
through targeting phosphodiesterase 7A (PDE7A) in colon cancer
cells [57]. miR-23b-5p, a variant of miR-23b, was shown to be an
important regulatory molecule in tumorigenesis and develop-
ment. Dysregulation of miR-23b-5p promotes cell proliferation via
targeting forkhead box M1 (FOXM1) in hepatocellular carcinoma
[58]. miR-23b-5p promotes chemosensitivity toward temozolo-
mide by negatively regulating Toll-like receptor 4 (TLR4) in glioma
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[59]. In our experiments, miR-23b-5p played an important role as a
tumor suppressor. It could reduce the translation of the down-
stream target gene TABI, thereby inactivating the NFkB pathway.
Although there have been some reports on the role of miR-23b-5p
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in tumors, its specific mechanism is still unclear. The downstream
target genes affected by miR-23b-5p require further exploration.

TAB1 is an adapter protein that can bind to TAK1 to change its
structure and activate it [60]. TAKT is a member of the protein
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Fig. 8 Hsa_circ_0021727 promotes ESCC cell proliferation, invasion, and migration by activating the TAB1/NFkB pathway. A and
C Wound healing assays demonstrating the migration ability of KYSE510 and TE-1 cells overexpressing hsa_circ_0021727 or knocked down for
TABI1. B and D Wound healing assays demonstrating the migration ability of KYSE510 and TE-1 cells overexpressing hsa_circ_0021727 and
treated with INH14. E Transwell assays showing the invasion ability of KYSE510 cells and TE-1 cells overexpressing hsa_circ_0021727 or
knocked down for TABI. F Transwell assays showing the invasion ability of KYSE510 cells and TE-1 cells overexpressing hsa_circ_0021727 and
treated with INH14. G Three-dimensional (3D) spheroid invasion assays revealed the invasion ability of KYSE510 and TE-1 cells overexpressing
hsa_circ_0021727 or knocked down for TAB1. H 3D spheroid invasion assays demonstrating the invasion ability of KYSE510 and TE-1 cells
overexpressing hsa_circ_0021727 and treated with INH14. | and J MTT assays showing the proliferation ability of KYSE510 and TE-1 cells
overexpressing hsa_circ_0021727 or knocked down for TAB1. K and L MTT assays showing the proliferation ability of KYSE510 and TE-1 cells
overexpressing hsa_circ_0021727 and treated with INH14. M Colony formation assays indicating the cell proliferation capability of KYSE510
and TE-1 cells overexpressing hsa_circ_0021727 or knocked down for TAB1. N Colony formation assays indicating the cell proliferation
capability of KYSE510 and TE-1 cells overexpressing hsa_circ_0021727 and treated with INH14. Values are expressed as the means + SD;

*P < 0.05.
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Fig. 9 Circ-CD44 promotes ESCC progression by targeting miR-23b-
5p to activate the TAB1/NFxB pathway.

kinase complex consisting of TAK1, TAB1 and TAB2 that
phosphorylates IKKB and NF-kappa-beta-inducing Kinas (NIK).
The TAK1-TABs complex phosphorylates IKKB at Ser177 and
Ser181, which is required for the activation of NF-kB signaling [61].
Therefore, TAB1 and TAK1 are key regulators of NF-kB activation.
NF-kB is an important intracellular nuclear transcription factor
complex, which has five members, including NF-kB1 (p50), NF-kB2
(p52), RelA (p65), RelB, and c-Rel [62]. Both the TAK1-TABs complex
and NF-kB are considered to be highly tumor-related factors. TAB1
was reported to promoted cell proliferation, invasion, and
migration in non-small cell lung cancer [63]. TAB1 also regulates
papillary thyroid cancer cell proliferation and migration [64].
Santoro et al. identified TAK1 as a central hub integrating the most
relevant signals sustaining pancreatic cancer aggressiveness and
chemoresistance [65]. Tan et al. found that specific deletion of
TAK1 in hepatocytes promoted liver fibrosis and hepatocellular
carcinoma [66]. Aberrant activation of the TAK1-TABs complex
activates NF-kB signaling to promote tumor progression. For
example, activation of the TAB1/TAK1/IKKB/NF-kB signaling axis
by TGF-( is a key factor in breast cancer cell invasion [67]. In this
paper, the results showed that TAB1 expression correlated
positively with the expression of hsa_circ_0021727 and negatively
with the expression of miR-23b-5p. Moreover, activation of the
TAB1/TAK1/IKKB/NF-kB signaling axis induced proliferation, inva-
sion, and migration of ESCC cells.

CONCLUSION

In conclusion, we identified a novel circRNA (hsa_circ_0021727)
that was aberrantly expressed in ESCC. The results indicated that
hsa_circ_0021727 could promote the proliferation, invasion, and
migration of ESCC cells. Critically, hsa_circ_0021727 sponged miR-

Cell Death and Disease (2023)14:9

23b-5p to activate the TAB1/NF-kB pathway (Fig. 9). The present
study determined the mechanism of hsa_circ_0021727 in ESCC,
providing biomarkers and potential targets for ESCC diagnosis and
therapy.

DATA AVAILABILITY
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REFERENCES

1. Xu J, Pan HW, Wang XQ, Chen KP. Status of diagnosis and treatment of eso-
phageal cancer and non-coding RNA correlation research: a narrative review.
Transl Cancer Res. 2021;10:4532-52.

2. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2020. CA Cancer J Clin.
2020;70:7-30.

3. He Z, Ke Y. Precision screening for esophageal squamous cell carcinoma in China.
Chin J Cancer Res. 2020;32:673-82.

4. Matsueda K, Ishihara R. Preoperative diagnosis and indications for endoscopic
resection of superficial esophageal squamous cell carcinoma. J Clin Med.
2020;10:13.

5. Chen W, Zheng R, Baade PD, Zhang S, Zeng H, Bray F, et al. Cancer statistics in
China, 2015. CA Cancer J Clin. 2016;66:115-32.

6. Uhlenhopp DJ, Then EO, Sunkara T, Gaduputi V. Epidemiology of esophageal
cancer: update in global trends, etiology and risk factors. Clin J Gastroenterol.
2020;13:1010-21.

7. Lin S, Xu G, Chen Z, Liu X, Li J, Ma L, et al. Tea drinking and the risk of esophageal
cancer: focus on tea type and drinking temperature. Eur J Cancer Prev.
2020;29:382-7.

8. Rao W, Lin Z, Liu S, Zhang Z, Xie Q, Chen H, et al. Association between alcohol
consumption and oesophageal microbiota in oesophageal squamous cell carci-
noma. BMC Microbiol. 2021;21:73.

9. Morselli M, Dieci G. Epigenetic regulation of human non-coding RNA gene
transcription. Biochem Soc Trans. 2022;50:723-36.

10. Toden S, Goel A. Non-coding RNAs as liquid biopsy biomarkers in cancer. Br J
Cancer. 2022;126:351-60.

11. Wang J, Yue BL, Huang YZ, Lan XY, Liu WJ, Chen H. Exosomal RNAs: novel
potential biomarkers for diseases-a review. Int J Mol Sci. 2022;23:2461.

12. Min X, Liu DL, Xiong XD. Circular RNAs as competing endogenous RNAs in car-
diovascular and cerebrovascular diseases: molecular mechanisms and clinical
implications. Front Cardiovasc Med. 2021;8:682357.

13. Patil NS, Feng B, Su Z, Castellani CA, Chakrabarti S. Circular RNA mediated gene
regulation in chronic diabetic complications. Sci Rep. 2021;11:23766.

14. Gong W, Xu J, Wang Y, Min Q, Chen X, Zhang W, et al. Nuclear genome-derived
circular RNA circPUM1 localizes in mitochondria and regulates oxidative phos-
phorylation in esophageal squamous cell carcinoma. Signal Transduct Target
Ther. 2022;7:40.

15. Liu Z, Gu S, Wu K, Li L, Dong C, Wang W, et al. CircRNA-DOPEY2 enhances the
chemosensitivity of esophageal cancer cells by inhibiting CPEB4-mediated Mcl-1
translation. J Exp Clin Cancer Res. 2021;40:361.

16. Zhou PL, Wu Z, Zhang W, Xu M, Ren J, Zhang Q, et al. Circular RNA
hsa_circ_0000277 sequesters miR-4766-5p to upregulate LAMA1 and promote
esophageal carcinoma progression. Cell Death Dis. 2021;12:676.

17. Hu X, Wu D, He X, Zhao H, He Z, Lin J, et al. circGSK3f3 promotes metastasis in
esophageal squamous cell carcinoma by augmenting B-catenin signaling. Mol
Cancer. 2019;18:160.

SPRINGER NATURE

15



F. Meng et al.

16

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

. Hansen TB, Jensen TI, Clausen BH, Bramsen JB, Finsen B, Damgaard CK, et al.

Natural RNA circles function as efficient microRNA sponges. Nature.
2013;495:384-8.

. Chen L, Shan G. CircRNA in cancer: fundamental mechanism and clinical

potential. Cancer Lett. 2021;505:49-57.

Landskroner-Eiger S, Moneke |, Sessa WC. miRNAs as modulators of angiogenesis.
Cold Spring Harb Perspect Med. 2013;3:a006643.

Pal AS, Kasinski AL. Animal models to study MicroRNA function. Adv Cancer Res.
2017;135:53-118.

Galagali H, Kim JK. The multifaceted roles of microRNAs in differentiation. Curr
Opin Cell Biol. 2020;67:118-40.

Guo YX, Wang N, Wu WC, Li CQ, Chen RH, Zhang Y, et al. The role of miR-23b in
cancer and autoimmune disease. J Oncol. 2021;2021:6473038.

Zhang J, Zhang Y, Tan X, Zhang Q, Liu C, Zhang Y. MiR-23b-3p induces the
proliferation and metastasis of esophageal squamous cell carcinomas cells
through the inhibition of EBF3. Acta Biochim Biophys Sin. 2018;50:605-14.
Zhang ZB, Liu N. Long non-coding RNA KTN1-AS1 promotes progression in
pancreatic cancer through regulating microRNA-23b-3p/high-mobility group box
2 axis. Aging. 2021;13:20820-35.

Cheng H, Ding J, Tang G, Huang A, Gao L, Yang J, et al. Human mesenchymal
stem cells derived exosomes inhibit the growth of acute myeloid leukemia cells
via regulating miR-23b-5p/TRIM14 pathway. Mol Med. 2021;27:128.

Hu GD, Wang CX, Wang HY, Wang YQ, Hu S, Cao ZW, et al. Long noncoding RNA
CCAT2 functions as a competitive endogenous RNA to regulate FOXC1 expres-
sion by sponging miR-23b-5p in lung adenocarcinoma. J Cell Biochem.
2018;120:7998-8007.

Yang H, Li X, Meng Q, Sun H, Wu S, Hu W, et al. CircPTK2 (hsa_circ_0005273) as a
novel therapeutic target for metastatic colorectal cancer. Mol Cancer.
2020;19:13.

Shibuya H, Yamaguchi K, Shirakabe K, Tonegawa A, Gotoh Y, Ueno N, et al. TAB1:
an activator of the TAK1 MAPKKK in TGF-beta signal transduction. Science.
1996;272:1179-82.

Xu YR, Lei CQ. TAK1-TABs complex: a central signalosome in inflammatory
responses. Front Immunol. 2021;11:608976.

Besse A, Lamothe B, Campos AD, Webster WK, Maddineni U, Lin SC, et al. TAK1-
dependent signaling requires functional interaction with TAB2/TAB3. J Biol Chem.
2007;282:3918-28.

Zandi E, Rothwarf DM, Delhase M, Hayakawa M, Karin M. The lkappaB kinase
complex (IKK) contains two kinase subunits, IKKalpha and IKKbeta, necessary for
lkappaB phosphorylation and NF-kappaB activation. Cell. 1997;91:243-52.
Wang S, Li H, Chen R, Jiang X, He J, Chaozheng L. TAK1 confers antibacterial
protection through mediating the activation of MAPK and NF-kB pathways in
shrimp. Fish Shellfish Immunol. 2022;51050-4648:00134-6.

Drexel M, Kirchmair J, Santos-Sierra S. INH14, a small-molecule urea derivative,
inhibits the IKKa/B-dependent TLR inflammatory response. Chembiochem.
2019;20:710-7.

Qiu H, Cao S, Xu R. Cancer incidence, mortality, and burden in China: a time-trend
analysis and comparison with the United States and United Kingdom based on
the global epidemiological data released in 2020. Cancer Commun.
2021;41:1037-48.

Abnet CC, Arnold M, Wei WQ. Epidemiology of esophageal squamous cell car-
cinoma. Gastroenterology. 2018;154:360-73.

Yang J, Liu X, Cao S, Dong X, Rao S, Cai K. Understanding esophageal cancer:
the challenges and opportunities for the next decade. Front Oncol.
2020;10:1727.

Liu Z, Zhou Y, Liang G, Ling Y, Tan W, Tan L, et al. Circular RNA hsa_circ_001783
regulates breast cancer progression via sponging miR-200c-3p. Cell Death Dis.
2019;10:55.

Sang M, Meng L, Sang Y, Liu S, Ding P, Ju Y, et al. Circular RNA ciRS-7 accelerates
ESCC progression through acting as a miR-876-5p sponge to enhance MAGE-A
family expression. Cancer Lett. 2018;426:37-46.

Huang A, Zheng H, Wu Z, Chen M, Huang Y. Circular RNA-protein interactions:
functions, mechanisms, and identification. Theranostics. 2020;10:3503-17.
Legnini |, Di Timoteo G, Rossi F, Morlando M, Briganti F, Sthandier O, et al. Circ-
ZNF609 is a circular RNA that can be translated and functions in myogenesis. Mol
Cell. 2017;66:22-37. e9.

Liang WC, Wong CW, Liang PP, Shi M, Cao Y, Rao ST, et al. Translation of the
circular RNA circp-catenin promotes liver cancer cell growth through activation of
the Wnt pathway. Genome Biol. 2019;20:84.

Karin M. Nuclear factor-kappaB in cancer development and progression. Nature.
2006;441:431-6.

Xing S, Zhang B, Hua R, Tai WC, Zeng Z, Xie B, et al. URG4/URGCP enhances the
angiogenic capacity of human hepatocellular carcinoma cells in vitro via acti-
vation of the NF-kB signaling pathway. BMC Cancer. 2015;15:368.

SPRINGER NATURE

45. Kang MR, Kim MS, Kim SS, Ahn CH, Yoo NJ, Lee SH. NF-kappaB signalling proteins
p50/p105, p52/p100, RelA, and IKKepsilon are over-expressed in oesophageal
squamous cell carcinomas. Pathology. 2009;41:622-5.

46. Tian F, Fan T, Jiang Y, Zhang X, Wang X. A small interfering RNA targeting NF-«B
p65 alone or combined with 5-FU inhibits growth of esophageal squamous cell
carcinoma in nude mice. Pathol Res Pract. 2012;208:32-8.

47. Li B, Li YY, Tsao SW, Cheung AL. Targeting NF-kappaB signaling pathway sup-
presses tumor growth, angiogenesis, and metastasis of human esophageal
cancer. Mol Cancer Ther. 2009;8:2635-44.

48. Mirzaei S, Zarrabi A, Hashemi F, Zabolian A, Saleki H, Ranjbar A, et al. Reg-
ulation of nuclear factor-KappaB (NF-kB) signaling pathway by non-coding
RNAs in cancer: inhibiting or promoting carcinogenesis? Cancer Lett.
2021;509:63-80.

49. Xu Y, Zhang S, Liao X, Li M, Chen S, Li X, et al. Circular RNA circlkBKB promotes
breast cancer bone metastasis through sustaining NF-kB/bone remodeling fac-
tors signaling. Mol Cancer. 2021;20:98.

50. Chen J, Yang X, Liu R, Wen C, Wang H, Huang L, et al. Circular RNA GLIS2
promotes colorectal cancer cell motility via activation of the NF-kB pathway. Cell
Death Dis. 2020;11:788.

51. Han L, Huang Z, Liu Y, Ye L, Li D, Yao Z, et al. MicroRNA-106a regulates
autophagy-related cell death and EMT by targeting TP53INP1 in lung cancer with
bone metastasis. Cell Death Dis. 2021;12:1037.

52. Zhao S, Mi Y, Guan B, Zheng B, Wei P, Gu Y, et al. Tumor-derived exosomal miR-
934 induces macrophage M2 polarization to promote liver metastasis of color-
ectal cancer. J Hematol Oncol. 2020;13:156.

53. Chan JJ, Tay Y. Noncoding RNA:RNA regulatory networks in cancer. Int J Mol Sci.
2018;19:1310.

54. Liu W, Zheng L, Zhang R, Hou P, Wang J, Wu L, et al. Circ-ZEB1 promotes PIK3CA
expression by silencing miR-199a-3p and affects the proliferation and apoptosis
of hepatocellular carcinoma. Mol Cancer. 2022;21:72.

55. Zhu S, Pan W, Song X, Liu Y, Shao X, Tang Y, et al. The microRNA miR-23b
suppresses IL-17-associated autoimmune inflammation by targeting TAB2, TAB3
and IKK-a. Nat Med. 2012;18:1077-86.

56. Wang L, Hu Z, Guo Q, Yang L, Pang Y, Wang W. MiR-23b functions as an onco-
genic miRNA by downregulating Mcl-1S in lung cancer cell line A549. J Biochem
Mol Toxicol. 2020;34:e22494.

57. Hao L, Yu H. MiR-23b inhibits cell migration and invasion through targeting
PDE7A in colon cancer cells. Int J Clin Exp Pathol. 2017;10:9436-43.

58. Yang X, Yang S, Song J, Yang W, Ji Y, Zhang F, et al. Dysregulation of miR-23b-5p
promotes cell proliferation via targeting FOXM1 in hepatocellular carcinoma. Cell
Death Discov. 2021;7:47.

59. Gao K, Wang T, Qiao Y, Cui B. miR-23b-5p promotes the chemosensitivity of
temozolomide via negatively regulating TLR4 in glioma. Acta Biochim Biophys
Sin. 2021;53:979-87.

60. Cheung PC, Nebreda AR, Cohen P. TAB3, a new binding partner of the protein
kinase TAK1. Biochem J. 2004;378:27-34.

61. Wang C, Deng L, Hong M, Akkaraju GR, Inoue J, Chen ZJ. TAK1 is a ubiquitin-
dependent kinase of MKK and IKK. Nature 2001;412:346-51.

62. Mitchell S, Vargas J, Hoffmann A. Signaling via the NFkB system. Wiley Interdiscip
Rev Syst Biol Med. 2016;8:227-41.

63. Dong Z, Li B, Wang X. MicroRNA-889 plays a suppressive role in cell proliferation
and invasion by directly targeting TAB1 in non-small cell lung cancer. Mol Med
Rep. 2019;20:261-9.

64. Chen J, Xu Z, Yu C, Wu Z, Yin Z, Fang F, et al. MiR-758-3p regulates papillary
thyroid cancer cell proliferation and migration by targeting TAB1. Pharmazie.
2019;74:235-8.

65. Santoro R, Zanotto M, Simionato F, Zecchetto C, Merz V, Cavallini C, et al. Mod-
ulating TAK1 expression inhibits YAP and TAZ oncogenic functions in pancreatic
cancer. Mol Cancer Ther. 2020;19:247-57.

66. Tan S, Zhao J, Sun Z, Cao S, Niu K, Zhong Y, et al. Hepatocyte-specific TAK1
deficiency drives RIPK1 kinase-dependent inflammation to promote liver
fibrosis and hepatocellular carcinoma. Proc Natl Acad Sci USA.
2020;117:14231-42.

67. Neil JR, Schiemann WP. Altered TAB1:IKK interaction promotes TGF-f-mediated
NF-kB activation during breast cancer progression. Cancer Res. 2008;68:1462-70.

AUTHOR CONTRIBUTIONS

XH, FM and XKZ designed experiments and proposed hypotheses. XH, FM, XKZ and
YTW completed in vitro experiments. JL, YTW and YLT completed in vivo
experiments. GSZ and BQQ completed the mapping and statistics. XDZ and WYL
completed pathological specimen collection and disposal. XH and FM completed the
writing of the manuscript. All authors read and approved the final manuscript.

Cell Death and Disease (2023)14:9



FUNDING

This research was supported in part by the National Natural Science Foundation of
China (81960438 and 82103067),the National Natural Science Foundation of Jiangxi
Province(20202BABL216055 and 20212BAB206078) and Project of Jiangxi Provincial
Department of Education (GJJ211530).

COMPETING INTERESTS

The authors declare no competing interests.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE

All participants provided written informed consent, and the study was approved by
the ethics committee of The First Affiliated Hospital of Gannan Medical University. All
animal experiments complied with the Policy of Gannan Medical University on the
Care and Use of Laboratory Animals.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541419-022-05541-x.

Correspondence and requests for materials should be addressed to Xin He.

Cell Death and Disease (2023)14:9

F. Meng et al.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

5Y Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

SPRINGER NATURE

17


https://doi.org/10.1038/s41419-022-05541-x
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Hsacirc0021727 (circ-CD44) promotes ESCC progression by targeting miR-23b-5p to activate the TAB1/NF&#x003BA;B pathway
	Introduction
	Materials and methods
	Clinical tissue specimens
	CircRNA microarray
	CircRNA in�situ hybridization (RNA-ISH)
	Cell culture
	Total RNA extraction and quantitative real-time reverse transcription PCR (qRT-PCR)
	Cell transfection
	Fluorescence in�situ hybridization (FISH)
	Cell proliferation, colony formation assays, and 5-Ethynyl-2&#x02032;-deoxyuridine (EdU) incorporation assay
	Cell invasion, migration, and wound healing assay
	Western blotting analysis
	RNA pull-down assay
	Luciferase reporter assay
	RNA-seq assay
	Animal experiments
	Statistical analysis

	Results
	Expression and identification of hsacirc0021727 in ESCC tissues and cells
	Hsacirc0021727 promotes migration, invasion, and proliferation of ESCC cells in�vitro
	Hsacirc0021727 promotes metastasis and proliferation of ESCC cells in�vivo
	Hsacirc0021727 functions as a sponge for miR-23b-5p
	Hsacirc0021727 promotes ESCC cell proliferation, invasion, and migration via miR-23b-5p
	Hsacirc0021727 promotes the metastasis and proliferation of ESCC cells in�vivo by regulating the expression of miR-23b-5p
	Hsacirc0021727 activates TAB1/NF&#x003BA;B signaling via miR-23b-5p
	Hsacirc0021727 promotes ESCC cell proliferation, invasion, and migration by activating the TAB1/NF&#x003BA;B pathway

	Discussion
	Conclusion
	References
	Author contributions
	Funding
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




