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hsa_circ_0021727 facilitates esophageal squamous cell carcinoma progression 
by stabilizing GBX2 mRNA through interacting with EIF4A3 
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Esophageal squamous cell carcinoma (ESCC) has high mortality. �e role and regulatory mechanism of hsa_circ_0021727 
(circ_0021727) in ESCC remain largely unknown. �is study focused on the undiscovered impact of circ_0021727 on cell 
cycle progression, apoptosis, and angiogenesis of ESCC. We found that circ_0021727 levels were signi�cantly upregu-
lated in ESCC cells. TUNEL, �ow cytometry, and tubule formation assay indicated that knockdown of circ_0021727 in 
ESCC induced cell arrest at the G0/G1 phase, promoted apoptosis, and inhibited angiogenesis, whereas overexpression of 
circ_0021727 produced the opposite e�ect. Gastrulation brain homeobox 2 (GBX2) GBX2 was a downstream target gene of 
circ_0021727, and overexpression of GBX2 reversed the e�ect of circ_0021727 knockdown in ESCC progression. �e results 
of the RIP and RNA pull-down showed that circ_0021727 and GBX2 mRNA bound with eukaryotic translation initiation 
factor 4A3 (EIF4A3). Overexpression of circ_0021727 promoted GBX2 mRNA stability by binding with EIF4A3. In a tumor 
xenogra� model, the knockdown of circ_0021727 inhibited tumor growth, which was reversed by further overexpression 
of GBX2. In conclusion, circ_0021727 increased GBX2 mRNA stability by recruiting EIF4A3, which promoted cell cycle 
progression and angiogenesis in ESCC. 

Key words: esophageal squamous cell carcinoma; cell cycle arrest; angiogenesis; hsa_circ_0021727; GBX2

�e esophageal squamous cell carcinoma (ESCC) is a 
common digestive system tumor that is usually diagnosed 
at a later stage, frequently metastasizes, and exhibits a high 
tendency for recurrence, and therapy resistance [1, 2]. 
Despite previous improvements in ESCC treatment, the high 
incidence and low survival rates of ESCC remain a public 
health concern [3]. �e molecular mechanism underlying 
the development of ESCC remains to be fully elucidated. It 
is urgently needed to determine the exact molecular mecha-
nism of ESCC pathogenesis to provide a theoretical basis for 
the clinical treatment of ESCC.

CircRNA, unlike linear RNA, consists of a covalent closed-
loop structure [4, 5]. It has been extensively documented 
that circRNA dysregulation is associated with various types 
of cancer, including ESCC [5–8]. hsa_circ_0021727 is gener-
ated by the host CD44 gene, which was spliced from exon 8 
to 10. In our previous research, we identi�ed that an abnor-
mally overexpressed circ_0021727 promoted the invasion, 
migration, and proliferation of ESCC through TAK1 binding 

protein (TAB1)/nuclear factor-κB (NF-κB) signaling [9]. 
However, the e�ects of circ_0021727 on the ESCC cell cycle, 
apoptosis, and angiogenesis have not been reported. �ere-
fore, our aim was to investigate in more depth the e�ect and 
molecular mechanism of circ_0021727 on these functions in 
ESCC cells.

CircRNA can interact with RNA-binding proteins (RBPs) 
and subsequently participate in the transcription and expres-
sion of tumor-related genes [10, 11]. Eukaryotic translation 
initiation factor 4A3 (EIF4A3) is a core protein of the exon 
ligation complex involved in RNA splicing, decay, transla-
tion, and localization [12]. EIF4A3 is an RBP that has been 
discovered to interact with circRNAs in various cancer 
cells, ultimately a�ecting downstream mRNA stability. For 
example, circKIF4A interacted with EIF4A3 to stabilize 
the expression of stearoyl-CoA desaturase 1 (SDC1) and 
promote the progression of triple-negative breast cancer [13]. 
Circ-USP9X interacted with EIF4A3 to enhance the stability 
of gasdermin D (GSDMD) to promote ox-LDL-induced 
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pyrolysis of human umbilical vein endothelial cells [14]. In 
addition, we identi�ed the potential binding of circ_0021727 
to EIF4A3 through CircInteractome and starBase databases. 
�erefore, we speculated that circ_0021727 might bind to 
EIF4A3 to regulate downstream genes and a�ect ESCC 
development.

Gastrulation brain homeobox 2 (GBX2) is a transcription 
factor containing homeobox that promotes the development 
of cancer [15]. GBX2 not only exacerbates the progression of 
laryngeal, lung, and breast cancers but also promotes tumor 
deterioration in the digestive system [15–18]. For example, 
elevated GBX2 levels shorten the overall survival of gastric 
cancer patients [17]. GBX2 also enhanced the viability of 
hepatoma cells and inhibited apoptosis [18]. Importantly, we 
found that GBX2 is highly expressed in ESCC through the 
starBase database. �is suggested that GBX2 may also play 
a pro-cancer role in ESCC. It is worth noting that we found 
that EIF4A3 and GBX2 mRNA were positively correlated in 
ESCC through the starBase database, and there was a possi-
bility of mutual binding between EIF4A3 protein and GBX2 
mRNA. However, whether EIF4A3 binding to GBX2 a�ects 
GBX2 mRNA stability, which in turn a�ects ESCC cell cycle, 
apoptosis, and angiogenesis, needs further investigation.

In conclusion, we investigated the role of circ_0021727 in 
ESCC cell cycle arrest, angiogenesis, and apoptosis. �rough 
an in-depth study of its molecular mechanism, we hope to 
contribute new theoretical knowledge to ESCC.

Materials and methods

Cell culture. ESCC cells (KYSE510 and TE-1) and 
human esophageal epithelial cell line (Het-1A) were initially 
cultured in RPMI-1640 medium (Biological Industries) 
supplemented with 10% fetal bovine serum (FBS) (Gibco, 
Grand Island, NY, USA). �e cells were maintained in a 
37 °C, 5% CO2 incubator. Human umbilical vein endothe-
lial cells (HUVECs) were cultured in an endothelial growth 
medium (ScienCell, Carlsbad, CA, USA), which was 
supplemented with 5% FBS. TE-1 cells were obtained from 
the Cell Resource Center of the Shanghai Institute of Life 

Sciences, Chinese Academy of Sciences, and KYSE510 cells 
from FuXiang Biotechnology (Shanghai, China). HUVECs 
and Het-1A cells were purchased from the American Type 
Culture Collection (Manassas, VA, USA).

Cell transfection. �e circ_0021727 and GBX2 genes 
were cloned into pcDNA3.1 and pcDNA3.1 circRNA mini 
vectors to construct overexpressed GBX2 (oe-GBX2) 
and plasmids circ_0021727 (oe-circ_0021727), respec-
tively. �e corresponding empty vector was used as a 
negative control (oe-NC). Short hairpin RNAs (shRNAs) of 
circ_0021727 (sh-circ_0021727#1: 5’-CTTTTGACCACA-
CAAAACAGA-3’, sh-circ_0021727#2: 5’-GGGACAGCT-
GTTTCAACCACA-3’), EIF4A3 (sh-EIF4A3: 5’-GCAAT-
CAAGCAGATCATCAAA-3’), and GBX2 (sh-GBX2: 
5’-GCTTCGCTCGGCCGCCTCTGC-3’) were cloned 
into the pGPU6/GFP/Neo vector (C02007, GenePharma, 
Shanghai, China) and its empty vector was used as a negative 
control. �e above plasmids were transfected into TE-1 
and KYSE510 cells using Lipofectamine™ 3000 (�ermo 
Fisher Scienti�c). �e transfection e�ciency was detected 
by immuno�uorescence 48 hours later. �e knockdown or 
overexpression e�ect was assessed by real-time quantitative 
PCR and western blot a�er transfection e�ciency reached 
more than 90%.

Real-time quantitative PCR (RT-qPCR). Total RNA was 
extracted from cells using TRIzol (Takara, Dalian, China) 
reagent, and cDNA was synthesized using PrimeScript™ RT 
reagent Kit (Takara). Circ_0021727, GBX2, and EIF4A3 
mRNA levels were detected by TB Green® Premix Ex Taq™ 
II (Takara). �e expression of each gene was calculated by 
2–ΔΔCt. �e primer sequences are shown in Table 1.

Western blot. TE-1 and KYSE510 cells were lysed using 
RIPA lysis bu�er supplemented with phenylmethanesul-
fonyl�uoride (PMSF) (Solarbio, Beijing, China). �en, the 
protein samples were quanti�ed by the BCA kit (#P0010, 
Beyotime, Shanghai, China). �e equal protein samples (30 
μg) were separated on SDS-PAGE, and then the proteins were 
transferred to the PVDF membrane. A�erwards, proteins 
were blocked with 5% skim milk powder and incubated 
with primary antibodies: GBX2 (1:2000, #ab227853, Abcam, 
Manassas, VA, USA), EIF4A3 (1:2500, #ab180573, Abcam), 
Cyclin D1 (1:200, #ab16663, Abcam), CDK6 (1:50000, 
#ab124821, Abcam), and GAPDH (1:10000, #2118, CST, 
Boston, MA, USA) overnight at 4 °C. �en, it was incubated 
with IgG (1:10000, #ab6721, Abcam) for 2 h at 25 °C. Protein 
bands were detected with chemiluminescent substrates 
(Meilunbio, Dalian, China) for luminescence. GAPDH was 
then used as a normalization control. Protein bands were 
then quanti�ed using ImageJ so�ware (GE Healthcare, 
Sunnyvale, CA, USA).

CCK-8 assay. TE-1 and KYSE510 cells were seeded 
on 48-well plates, respectively. Each well contained 3,000 
cells/100 μl of medium. Each well of the cell culture was 
supplemented with CCK-8 solution (10 µl) (Meilunbio, 
Dalian, China). Following this, the cells were incubated for a 

Table 1. �e primer sequences.

Primers Sequences (5’–3’)
GBX2 F: CCGCCTTCAGCATAGACTCG

R: GGTAGCCGGTGTAGACGAAAT
EIF4A3 F: AAGGGAGAGATGTCATCGCAC

R: GCTTGAGTTTCACGAACCTGA
CD44 F: CACCACGGGCTTTTGACCAC

R: TGAATGAGGGGAGGGTGTGC
hsa_circ_0021727 F: CAGAAGGAACAGTGGTTTGG

R: TCCGGATTTGAATGGCTTGG
GAPDH F: GGAGCGAGATCCCTCCAAAAT

R: GGCTGTTGTCATACTTCTCATGG
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further 4 hours, and the absorbance at 450 nm was measured 
at regular intervals of 24, 48, 72, and 96 h.

Terminal dexynucleotidyl transferase (TDT)-mediated 
dUTP nick end labeling (TUNEL) assay. After collection, 
cells were fixed to a glass slide using a specialized method 
using 4% paraformaldehyde for 30 min. Subsequently, they 
were incubated in PBS (containing 0.3% Triton X-100). 
According to the One Step TUNEL Apoptosis Assay Kit 
(Beyotime) guidelines, a biotin labeling solution with a 1:9 
ratio of TdT enzyme to Biotin-dUTP was prepared. Biotin 
labeling solution was participated in the sample and culti-
vated at 37 °C for 60 min. Subsequently, the labeling reaction 
termination was added and incubated for 10 min. The 
apoptotic state was determined by assessing the propor-
tions of TUNEL-positive cells in each microscopic field 
under a fluorescence microscope (DM2500, Leica, Wetzlar, 
Germany).

Flow cytometry. Successfully transfected ESCC cells 
were digested and transferred to a centrifuge tube. After the 
solution was centrifuged and the supernatant was discarded, 
pre-cooled PBS was added. It was then fixed with 75% ice 
ethanol for 24 h and centrifuged again. Cells were treated at 
room temperature for 30 minutes in the dark with propidium 
iodide (PI) (ShareBio, Shanghai, China). Finally, DNA 
content in cells of S, G2/M, and G0/G1 phases was detected 
by FACS Calibur Flow Cytometer (BD Biosciences, San Jose, 
CA, USA).

For apoptosis, it was measured using the Annexin V-FITC 
Apoptosis Detection Kit (Beyotime). The treated cells 
were digested using 0.25% trypsin. The cell precipitate was 
collected after centrifugation. Cells were resuspended using 
1× Annexin Binding Buffer at a concentration of 1×106 cells/
ml. Subsequently, the cells were incubated with 10 μl Annexin 
V-FITC and 5 μl PI for 15 min away from light. Detection was 
carried out on a flow cytometer within 1 h, and the data were 
analyzed using the software. Apoptosis was detected within 
1 h using a FACS Calibur flow cytometer (BD Biosciences).

HUVECs tube formation assay. 96-well plates were 
pre-cooled before adding a Freeze-thawed Matrigel (Corning, 
NY, USA). When HUVECs were grown to 70–80%, they 
were digested. Digestive juices were suspended with DMEM 
containing 10% FBS, and the number of cells was counted. 
The resuspension was added to a plate containing with 
Matrigel, following the incubation at 37 °C. Endothelial cell 
angiogenesis was quantified using the software ImageJ.

RNA immunoprecipitation (RIP) assay. The binding 
relationships of circ_0021727 to EIF4A3 and GBX2 to 
EIF4A3 were detected by Merck17-700 Magna RIP Kit in 
Merck Millipore (Billerica, USA). TE-1 and KYSE510 cells 
were lysed. Then the protein lysate was incubated with anti-
EIF4A3 (1:1000, #ab180573, Abcam) or anti-IgG (1:100, 
#ab172730, Abcam) overnight at 4 °C. Then, the A/G protein 
magnetic beads were added and incubated at 4 °C for 4 h. 
Protease K was used for digestion, and RNA was extracted 
for subsequent RT-qPCR detection.

RNA pull-down assay. Biotinylated probes circ_0021727 
and GBX2 were designed and produced by RiboBio (Guang-
zhou, China). We incubated TE-1 and KYSE510 cells with 
biotin-labeled scramble or circ_0021727 targeting probes, 
respectively, for 2 h. Afterward, cells were treated with strep-
tavidin magnetic beads for 1 h (Life Technologies, Carlsbad, 
CA, USA). The beads were washed 5 times repeatedly to elute 
the bound protein and analyzed by western blot.

Dual-luciferase reporter gene assay. The presence 
of binding sites for miR-23b-5p and GBX2 mRNA was 
predicted by the TargetScan database. The binding site 
sequence fragments of wild type (WT) and mutant (MUT) 
of GBX2 were designed and cloned into the firefly luciferase 
gene in the pGL3 promoter vectors. GBX2-WT/GBX2-MUT 
plasmids and miR-23b-5p mimics/miR-23b-5p inhibitor or 
NC were co-transfected into KYSE510 or TE-1 cells. After 
48 h of incubation, luciferase activity was assayed using the 
dual-luciferase reporter assay system (E1910, Promega). The 
ratio of fluorescence intensity of firefly luciferase to that of 
Renilla luciferase was normalized for each sample with refer-
ence to the control.

GBX2 mRNA stability detection. Cells were exposed to 
5 μg/ml of actinomycin D (Sigma, St. Louis, MO, USA) for 
0, 3, 6, 9, and 12 h, and then total RNA was collected. The 
expression of the remaining GBX2 mRNA was detected by 
RT-qPCR.

Subcutaneous transplanted tumor. BALB/c male 
nude mice of 4–5 weeks of age weighing about 15–18 g 
were purchased from SJA Laboratory Animal Co. Ltd 
(Hunan, China). All nude mice were housed in SPF-grade 
animal rooms (relative humidity of 55±5%, temperature of 
24.0±2.0 °C, and alternating cycles of light/dark for 12 h). 
Nude mice were divided into Control, sh-NC+oe-NC, 
sh-circ_0021727+oe-NC, and sh-circ_0021727+oe-GBX2 
groups (n=6). Lentiviral vectors packaged with sh-NC, 
sh-circ_0021727, oe-NC, and oe-GBX2 were co-transfected 
into 293T cells for 48 h using Lipofectamine™ 3000 (Thermo 
Fisher Scientific). The supernatant of the cells was collected, 
concentrated, and purified. KYSE510 cells (1×106 cells) were 
infected with the virus solution (2.0×108 TU/ml). KYSE510 
cells successfully infected with lentivirus were screened with 
2 μg/ml puromycin (InvivoGen, San Diego, CA, USA). After 
7 days of environmental acclimatization, 1 ml of lentivirus-
infected KYSE510 cell suspension was injected subcutane-
ously into the right arm of the nude mice. The control group 
was injected with the same volume of saline. Tumor volumes 
were measured and recorded every 5 days from the date of 
inoculation. Nude mice were executed by spinal dislocation 
25 days after tumor formation. Subsequently, the subcuta-
neous rhabdomyosarcoma was peeled off, photographed, 
and weighed. Animal experiments were approved by The 
Animal Ethics Committee of The First Affiliated Hospital of 
Gannan Medical University.

Immunohistochemical detection (IHC). Fresh tumor 
tissues were washed with PBS and then fixed for 24 hours 
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down of circ_0021727 inhibited ESCC cells’ viability (Supple-
mentary Figure S1E) and promoted apoptosis (Figure  1B, 
Supplementary Figure S1F) while boosting circ_0021727 
expression had the opposite e�ect. In addition, the knock-
down of circ_0021727 signi�cantly increased the propor-
tion of ESCC cells in the G0/G1 phase compared with the 
sh-NC group. However, overexpression of circ_0021727 
signi�cantly decreased the proportion of ESCC cells in the 
G0/G1 phase compared with the oe-NC group (Figure 1C). 
Meanwhile, circ_0021727 knockdown decreased the expres-
sion of cell cycle-related proteins (cyclin D1 and CDK6), and 
overexpression of circ_0021727 showed the opposite e�ect 
(Figure 1D). What’s more, we observed that the knockdown 
of circ_0021727 inhibited HUVEC tubule formation, while 
the overexpression of circ_0021727 enhanced this process 
(Figure 1E). �e above results suggested that high expres-
sion of circ_0021727 facilitated the cell cycle progression and 
angiogenesis and suppressed the apoptosis of ESCC cells.

GBX2 was the downstream factor of circ_0021727. 
GBX2 is an important cancer-promoting factor, which 
involved in the invasion and migration of cancer cells [16]. 
�e cancer-promoting e�ects of GBX2 in digestive system 
cancers such as gastric cancer and hepatocellular carcinoma 
suggest that GBX2 may also play a role in ESCC. As shown 
in Figure 2A, starBase database evidenced that GBX2 was 
strongly expressed in ESCC. RT-qPCR and western blot 
results also indicated that GBX2 was signi�cantly upregu-
lated in ESCC cells (Figures 2B, 2C). Next, we further specu-
lated whether GBX2 was regulated by circ_0021727. Further-
more, we investigated the e�ect of knockdown or overex-
pression circ_0021727 on GBX2 expression levels in ESCC 
cells. Knockdown of circ_0021727 remarkedly decreased 
the mRNA and protein levels of the GBX2 (Figures 2D, 2E). 
Conversely, overexpression of circ_0021727 notably elevated 
GBX2 expression (Figures 2F, 2G). Collectively, these results 
revealed that circ_0021727 had a positive regulatory e�ect on 
the expression of GBX2, which was a downstream target gene 
of circ_0021727 in ESCC cells.

circ_0021727 stabilized GBX2 mRNA by recruiting 
EIF4A3. Next, we further explored how circ_0021727 
regulates GBX2. Given that circular RNAs can regulate 
mRNA stability by sponging miRNAs. And our previous 
study found that hsa_circ_0021727 mainly targeted to 
regulate miR-23b-5p in ESCC [9]. However, whether 
hsa_circ_0021727 can a�ect GBX2 mRNA expression 
through miR-23b-5p sponging is unknown. We predicted 
the binding sites for miR-23b-5p and GBX2 mRNA by the 
TargetScan database (Supplementary Figure S2A). However, 
further dual-luciferase reporter gene assay did not �nd the 
binding of miR-23b-5p and GBX2 mRNA (Supplemen-
tary Figure  S2B). �e above results suggested that hsa_
circ_0021727 might not be able to in�uence the stability 
of GBX2 mRNA through miR-23b-5p sponge function. 
CircRNAs also play an important role in cancer development 
through interacting with RBPs to regulate target gene mRNA 

using 4% paraformaldehyde. A�er the tissue was dehydrated, 
it was embedded using para�n. �e para�n blocks were 
then sectioned using a slicer (4 mm). Next, the sections 
were immersed in xylene to dewax. �en, antigen repair was 
performed using citrate bu�er. Non-speci�c binding proteins 
were blocked using 5% goat serum. �e sections were then 
incubated overnight with anti-Ki-67 antibody (1:200, 
#ab16667, Abcam) and anti-CD31 antibody (1:50, #ab28364, 
Abcam), respectively. �e next day, sections were incubated 
with goat anti-rabbit IgG (1:200, #ab150077, Abcam) for 1 h. 
Subsequently, the color was visualized with DAB chromogen, 
and the nuclei were stained with hematoxylin. A�er sealing 
the slices with neutral resin, images were captured using an 
inverted microscope (Olympus, Tokyo, Japan), and protein 
expression was analyzed under ImageJ so�ware.

Bioinformatics analysis. �e starBase database (https://
starbase.sysu.edu.cn/index.php) was used to predict GBX2 
expression in ESCC and the correlation between EIF4A3 and 
GBX2 expression. �e potential binding of circ_0021727 to 
EIF4A3 was predicted by CircInteractome (https://circin-
teractome.nia.nih.gov/) and the starBase database. �e 
presence of binding sites for miR-23b-5p and GBX2 mRNA 
was predicted by the TargetScan database (http://www.
targetscan.org/vert_80/).

Statistical analysis. All raw data were analyzed using 
statistical analysis so�ware and presented as mean ± 
standard deviation. All experiments were repeated at least 
3 times. �e Student’s t-test or one-way analysis of variance 
(ANOVA) was used for comparing the variance between two 
or multiple groups, respectively. A p-value <0.05 indicated 
statistically signi�cant.

Results

circ_0021727 promoted cell cycle progression and 
angiogenesis and inhibited apoptosis of ESCC cells. 
Firstly, we examined the role of circ_0021727 in ESCC 
cells. Circ_0021727 originated from the CD44 gene, which 
is spliced from exons 8 to 10 (Figure 1A). �en RT-qPCR 
experiments were performed. �e results showed that 
circ_0021727 expression in ESCC cells (KYSE510 and TE-1) 
was signi�cantly increased compared to human esophageal 
epithelial cells Het-1A (Supplementary Figure  S1A). Next, 
sh-circ_0021727#1, sh-circ_0021727#2, or oe-circ_0021727 
were transfected into the ESCC cells for circ_0021727 
knockdown or overexpression, respectively. �e trans-
fection e�ciency of sh-circ_0021727#1 (later named 
sh-circ_0021727) and oe-circ_0021727 reached more than 
90% and were used for subsequent detection (Supplemen-
tary Figure S1B). sh-circ_0021727 was found to decrease 
circ_0021727 level, while oe-circ_0021727 vectors markedly 
overexpressed circ_0021727 (Supplementary Figure S1C). 
Moreover, knockdown or overexpression of circ_0021727 
did not a�ect the mRNA level of its host gene CD44 (Supple-
mentary Figure S1D). In addition, we heeded that the knock-
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Figure 1. circ_0021727 pro-
moted cell cycle progression 
and angiogenesis and inhib-
ited apoptosis of ESCC cells. 
A) Schematic diagram of the 
structure of the circ_0021727. 
B) TUNEL assay detected the 
e�ect of knockdown or over-
expression of circ_0021727 on 
apoptosis of ESCC cells. �e bar 
graph displayed the statistics of 
the percentage of TUNEL-pos-
itive cells. Scale bar = 100 µm 
C) �e cell cycle distribution of 
ESCC a�er knockdown or over-
expression of circ_0021727 was 
resolved by �ow cytometry. D) 
Western blot was used to detect 
the cycle-associated proteins cy-
clin D1 and CDK6 expression in 
ESCC cells with knockdown or 
overexpression circ_0021727. 
E) Detection of angiogenesis 
of HUVECs by tubule forma-
tion assay a�er knockdown or 
overexpression of circ_0021727. 
Scale bar = 100 µm; n=3/group; 
*p<0.05, **p<0.01, p<0.001
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stability, so we then analyzed RBPs with the possibility of 
binding to circ_0021727 through starBase and CircInter-
actome databases. Among them, 95 candidate RBPs were 
displayed in the starBase database, while only 3 were in the 
CircInteractome database. It is worth noting that EIF4A3 is 
the RBP of GBX2 mRNA jointly revealed by starBase and 
CircInteractome databases (Figure 3A). RNA pull-down 
and RIP experiments also showed that circ_0021727 and 
EIF4A3 are bound to each other in KYSE510 and TE-1 
cells (Figures 3B, 3C). Interestingly, the starBase database 
analysis revealed a positive correlation between EIF4A3 and 
GBX2 mRNA in ESCC (Figure 3D). At the same time, the 
binding relationship between GBX2 mRNA and EIF4A3 was 
demonstrated (Figures 3E, 3F). Since circRNA can maintain 
the stability of downstream mRNA by recruiting EIF4A3 

[13, 19], we further performed knockdown treatment on 
EIF4A3 to determine whether it a�ected the stability of 
GBX2 mRNA. As seen in Supplementary Figures S3A–S3C, 
EIF4A3 was successfully knocked down a�er transfection of 
sh-EIF4A3. Knockdown of EIF4A3 decreased the stability 
of GBX2 mRNA (Figure 3G). Besides, a�er the knockdown 
of circ_0021727, the binding e�ect of GBX2 to EIF4A3 
was weakened (Figure 3H). More importantly, overexpres-
sion of circ_0021727 could promote the stability of GBX2 
mRNA, which was abolished by the knockdown of EIF4A3 
(Figure  3I). In conclusion, circ_0021727 promoted GBX2 
mRNA stabilization by combining with EIF4A3.

Knockdown of GBX2 inhibited cell cycle progression 
and angiogenesis and promoted apoptosis in ESCC cells. 
To elucidate the e�ects of GBX2 on ESCC cells, we trans-

Figure 2. GBX2 was the downstream factor of circ_0021727. A) Prediction of GBX2 expression in ESCC by starBase database. B, C) GBX2 mRNA levels 
in Het-1A, KYSE510, and TE cells were detected by RT-qPCR and western blot. D, E) GBX2 expression was detected by RT-qPCR and western blot a�er 
knocking down circ_0021727. F, G)GBX2 levels in ESCC cells were measured by RT-qPCR and western blot a�er overexpressing circ_0021727. n=3/
group; *p<0.05, **p<0.01, p<0.001
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Figure 3. circ_0021727 stabilized GBX2 mRNA by recruiting EIF4A3. A) starBase and CircInteractome databases analyzed RBPs that combined with 
circ_0021727. B, C) RNA pull-down and RIP were utilized to evaluate the binding relationship between circ_0021727 and EIF4A3 in ESCC cells, 
respectively. D) �e starBase database predicted the relationship between EIF4A3 and GBX2 in esophageal cancer. E, F) �e binding relationship 
between GBX2 mRNA and EIF4A3 in KYSE510 and TE-1 cells was detected by RNA pull-down and RIP. G) Actinomycin D treatment assessed the 
stability of GBX2 mRNA a�er EIF4A3 knockdown. H) By knocking down circ_0021727, the binding relationship between GBX2 and EIF4A3 in ESCC 
cells was tested by RIP. I) Overexpressed circ_0021727 and knocked down EIF4A3 in ESCC cells, the stability of GBX2 mRNA was detected using acti-
nomycin D. n=3/group; *p<0.05, **p<0.01, p<0.001
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Figure 4. Knockdown of 
GBX2 induced G0/G1 
phase arrest, promoted 
apoptosis, and inhibited 
angiogenesis in ESCC cells. 
A) �e viability of ESCC 
cells a�er GBX2 knock-
down was assessed by CCK-
8 reagent. B) A�er GBX2 
knockdown, apoptosis of 
ESCC cells was detected 
by TUNEL. �e bar graph 
displayed the statistics of 
the percentage of TUNEL-
positive cells. Scale bar = 
100 µm C) �e ESCC cell 
cycle a�er knockdown of 
GBX2 was characterized 
using �ow cytometry. D) 
Western blot was used to 
evaluate the expression 
of cyclin D1 and CDK6 in 
ESCC cells a�er knocking 
down the GBX2 gene. E) 
�e angiogenesis of HU-
VECs was examined using 
a tubule formation assay. 
Scale bar = 100 µm; n=3/
group; *p<0.05, **p<0.01, 
p<0.001
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fected KYSE510 and TE-1 cells with sh-GBX2 to knock down 
GBX2 (Supplementary Figure S3D). The level of GBX2 in the 
sh-GBX2 group was clearly reduced (Supplementary Figures 
S3E, S3F). At the same time, GBX2 knockdown significantly 
reduced the viability of ESCC cells (Figure 4A). Also, TUNEL 
experiments showed that knocking down GBX2 promoted 
the apoptosis of ESCC cells (Figure 4B). Moreover, the knock-
down of GBX2 increased the proportion of KYSE510 and 
TE-1 cells in the G0/G1 phase, inhibiting the cell cycle transi-
tion from G1 to S (Figure 4C). Besides, cyclin D1 and CDK6 
were downregulated after knockdown of GBX2 (Figure 4D). 
Meanwhile, GBX2 knockdown also resulted in inhibition of 
HUVECs angiogenesis (Figure 4E). Overall, knocking down 
GBX2 induced ESCC cells G0/G1 arrest, promoted apoptosis, 
and inhibited endothelial cell angiogenesis.

GBX2 overexpression reversed the effect of 
circ_0021727 knockdown on ESCC progression. To inves-
tigate whether circ_0021727 promotes ESCC by regulating 
GBX2, we first overexpressed GBX2 in ESCC cells (Supple-
mentary Figures  S3G–S3I). As shown in Supplementary 
Figures  S3J and S3K, the knockdown of circ_0021727 
signif﻿﻿icantly reduced GBX2 levels, and overexpression of 
GBX2 restored their expression. In addition, knocking 
down circ_0021727 inhibited the viability of ESCC cells 
and promoted cell apoptosis, while overexpressing GBX2 
could reverse this phenomenon (Figures 5A, 5B). Also, the 
knockdown of circ_0021727 resulted in ESCC cell arrest in 
the G0/G1 phase, which was offset by the overexpression 
of GBX2 (Figure 5C). At the same time, GBX2 overexpres-
sion could restore the dysregulation of cyclin D1 and CDK6 
expression caused by circ_0021727 knockdown (Figure 5D). 
More importantly, the knockdown of circ_0021727 inhib-
ited HUVECs angiogenesis, and overexpression of GBX2 
reversed this effect (Figure 5E). Therefore, circ_0021727 
promoted ESCC progression by upregulating GBX2.

Overexpression of GBX2 reversed the effect of 
circ_0021727 knockdown on ESCC tumor growth in vivo. 
As shown in Figure 6A, it was clearly observed that knock-
down of circ_0021727 inhibited tumor growth compared to 
Control and sh-NC+oe-NC groups, whereas further overex-
pression of GBX2 promoted tumor growth. Knockdown of 
circ_0021727 inhibited tumor growth rate, which was reversed 
by further overexpression of GBX2 (Figure 6B). Meanwhile, 
the knockdown of circ_0021727 also reduced tumor weight, 
and overexpression of GBX2 reversed the effect of the knock-
down of circ_0021727 (Figure 6C). In addition, the knock-
down of circ_0021727 decreased the expression of Ki-67, a 
marker of cell proliferation, whereas overexpression of GBX2 
increased the expression of Ki-67 (Figure 6D). Meanwhile, 
the knockdown of circ_0021727 decreased the expression 
of the angiogenic marker CD31, while overexpression of 
GBX2 reversed the effect of the knockdown of circ_0021727 
(Figure 6D). Knockdown of circ_0021727 downregulated the 
protein levels of GBX2, cyclin D1, and CDK6, while overex-
pression of GBX2 reversed the levels of the above proteins 

(Figure 6E). Therefore, circ_0021727 promoted ESCC tumor 
growth via upregulating GBX2 in vivo.

Discussion

ESCC is a major challenge to global health, and its high 
morbidity and mortality make it the focus of global health 
attention [20]. In the past few decades, due to the lack of 
a validated diagnostic and prognostic landmark has made 
early-stage ESCC difficult to detect, with poor treatment 
effects and low overall five-year survival [21]. Therefore, 
a compelling urgency to discover new biological targets 
has been established. We have previously reported that 
circ_0021727 enhanced the invasion, migration, and prolif-
eration of ESCC cells [9]. However, the role of circ_0021727 
in other malignant phenotypes of ESCC cells is worth 
further exploration, and the specific mechanism by which 
circ_0021727 may serve as a biomarker of ESCC requires 
further investigation. Malignant tumor phenotype is not 
only related to tumor cell proliferation, invasion, and migra-
tion but also to tumor cell cycle arrest, apoptosis, and angio-
genesis [22]. Angiogenesis, the formation of new blood 
vessels from existing blood vessels on top of existing ones, 
is considered a key process for tumor cell proliferation 
and metastasis [20]. The rapid proliferation and growth of 
cancer cells are driven by an accelerated cell cycle progres-
sion [23]. In this study, we found that circ_0021727 reduced 
the G0/G1 phase arrest of ESCC cells, inhibited apoptosis, 
and promoted endothelial cell angiogenesis. Mechanically, 
circ_0021727 promoted ESCC cell progression by recruiting 
EIF4A3 to stabilize GBX2 mRNA.

Studies have demonstrated that circRNAs are strongly 
associated with tumor cell proliferation, cycle arrest, and 
angiogenesis [24, 25]. For example, hsa_circ_0000519 was 
able to promote angiogenesis in hepatocellular carcinoma 
through the miR-1296/E2F7 axis and inhibit cell cycle arrest 
in the G0/G1 phase [25]. In addition, circRNAs are widely 
involved in the regulation of ESCC processes [26–28]. For 
instance, circ_0001821 affected cell cycle arrest in ESCC 
cells [26]. Guo et al. found that hsa_circ_0000417 depletion 
promoted apoptosis and cell cycle arrest at the G0/G1 phase 
in ESCC cells [27]. In our study, circ_0021727 was highly 
expressed in ESCC cells, and knockdown circ_0021727 
significantly reduced the viability and promoted apoptosis 
of ESCC cells, while overexpression of circ_0021727 had 
the opposite effect. CDK6 protein is a key component of the 
protein kinase complex, and its role is critical in speeding up 
the transition from the G1 to the S phase of the cell cycle, 
a crucial phase for cell proliferation [29]. Moreover, CDK6 
is regulated by cyclin D1 [30]. Herein, overexpression of 
circ_0021727 upregulated cyclin D1 and CDK6 expression, 
alleviated the arrest of ESCC cells in the G0/G1 phase, and 
promoted the transition of ESCC cells to the S phase. At the 
same time, angiogenesis is one of the important processes of 
tumor cell proliferation [20]. We found that circ_0021727 
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Figure 5. GBX2 overexpres-
sion reversed the e�ect of 
circ_0021727 knockdown on 
ESCC progression. A) �e viabil-
ity of cells was assessed using the 
CCK-8 assay a�er knockdown of 
circ_0021727 and overexpress-
ing the GBX2. B) TUNEL assay 
was used to analyze the apoptosis 
of ESCC cells a�er knockdown 
of circ_0021727 and overexpres-
sion of GBX2. �e bar graph 
displayed the statistics of the 
percentage of TUNEL-positive 
cells. Scale bar = 100 µm C) A�er 
knocking down circ_0021727 or 
overexpressing GBX2 in ESCC 
cells, the distribution of G0/G1, 
S, and G2/M phases of the cell cy-
cle was analyzed by �ow cytom-
etry. D) Cyclin D1 and CDK6 
expression in ESCC cells with 
knockdown of circ_0021727 or 
overexpression of GBX2 were 
detected by western blot. E) 
KYSE510 and TE-1 cells with 
knock-down circ_0021727 and 
overexpression of GBX2 were 
co-cultured with HUVECs, and 
a tubule formation assay was 
used to test the tubular capacity 
of HUVECs. Scale bar = 100 µm; 
n=3/group; *p<0.05, **p<0.01, 
p<0.001
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induced endothelial cell angiogenesis. �e above results 
suggested that circ_0021727 promoted cell cycle progres-
sion and angiogenesis and inhibited apoptosis in ESCC cells, 
thereby promoting the progression of ESCC.

Previous research has indicated that GBX2 is a cancer-
promoting factor that can a�ect the proliferation, migra-
tion, invasion, and angiogenesis of cancer cells [15]. For 
example, Wang et al. found that GBX2 promoted lung cancer 
progression by regulating the AKT/ERK signaling pathway 
to enhance cell viability, invasion, and migration [15]. In our 
experiments, knocking down of GBX2 inhibited ESCC cell 
viability and angiogenesis and promoted ESCC cell arrest at 
the G0/G1 phase and apoptosis. What’s more, our research 

revealed that GBX2 was the downstream molecule of the 
circ_0021727. Knockdown of the circ_0021727 reduced 
GBX2 expression, while circ_0021727 overexpression 
signi�cantly increased GBX2 level. Moreover, overexpres-
sion of GBX2 reversed the inhibitory impact of knockdown 
circ_0021727 on ESCC cell cycle arrest, apoptosis induction, 
and angiogenesis. Knockdown of circ_0021727 inhibited 
tumor growth in vivo, while further overexpression of GBX2 
reversed this inhibitory e�ect. �erefore, circ_0021727-
regulated GBX2 performed a signi�cant role in facilitating 
the progression of ESCC.

CircRNA normally binds to RBPs to regulate downstream 
mRNA involved in cancer progression [31]. EIF4A3 is an RBP 

Figure 6. Overexpression of GBX2 reversed the e�ect of circ_0021727 knockdown on ESCC tumor growth in vivo. KYSE510 cell lines with the stable 
knockout of hsa_circ_0021727 and overexpression of GBX2 were subcutaneously injected into BALB/C nude mice. A) Tumor morphology diagram 
(n=6). B) Tumor growth curve. Tumor volume was recorded every 5 days a�er seeding (n=6). C) Weight of the tumor (n=6). D) �e expression of Ki-67 
and angiogenesis marker CD31 was detected by IHC (n=3). Scale bar = 100 µm. E) �e GBX2 and cycle-related proteins (cyclin D1 and CDK6) were 
measured by western blot (n=3). *p<0.05, **p<0.01, p<0.001
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that can modulate the stability of its downstream mRNAs 
via binding with circRNAs. For instance, hsa_circ_0068631 
recruited EIF4A3 to increase the stability of c-Myc mRNA 
in breast cancer [32]. circETFA promoted the develop-
ment of hepatocellular carcinoma by recruiting EIF4A3 
to stabilize miR-612 [33]. Herein, our study demonstrated 
that there was a binding relationship between circ_0021727 
and EIF4A3, EIF4A3 and GBX2. Additionally, knocking 
down EIF4A3 reduced the e�ect of circ_0021727 on GBX2 
mRNA stability enhancement. �erefore, circ_0021727 
promoted the stability of GBX2 mRNA by recruiting to 
EIF4A3. A growing body of research has suggested that 
circRNAs modulate mRNA expression through miRNA 
sponge, which plays important roles in cancer development, 
including ESCC [5, 34, 35]. For example, hsa_circ_0046534 
acted as a sponge for miR-339-5p to promote the prolifera-
tion and metastasis of ESCC cells by upregulating matrix 
metalloproteinase 2 expression [34]. Our previous study 
discovered that circ_0021727 promoted ESCC progres-
sion by activating the TAB1/NF-κB pathway by targeting 
miR-23b-5p [9]. Although we excluded the possibility that 
circ_0021727 regulated GBX2 via sponging miR-23b-5p, 
whether circ_0021727 can regulate GBX2 mRNA levels by 
sponging other miRNAs deserves further study.

In summary, our results determined that circ_0021727 
circ_0021727 plays a vital regulatory role in the ESCC 
cell cycle and angiogenesis. Mechanically, circ_0021727 
promoted the progression of ESCC by recruiting EIF4A3 to 
increase the stability of GBX2 mRNA. Our �ndings provide 
a theoretical basis for circ_0021727 as a predictor and thera-
peutic target of ESCC.

Supplementary information is available in the online version 
of the paper.
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Supplementary Information

Supplementary Figure S1. circ_0021727 promoted proliferation and inhibited apoptosis in ESCC. A) �e levels of circ_0021727 in Het-1A, KYSE510 
and TE-1 cells were measured by RT-qPCR. B) �e transfection e�ect of sh-NC, sh-circ_0021727, oe-NC, oe-circ_0021727 was detected by �uorescence 
microscopy. C) RT-qPCR was used to detect circ_0021727 levels a�er knockdown or overexpression of circ_0021727 in ESCC cells. D) RT-qPCR was 
used to detect CD44 levels a�er knockdown or overexpression of circ_0021727 in ESCC cells. E) CCK-8 assay was performed to detect the in�uence 
of knockdown and overexpression of circ_0021727 on ESCC cell viability. F) Apoptosis was detected by �ow cytometry. n=3/group; *p<0.05, **p<0.01, 
p<0.001
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Supplementary Figure S2. �e detection of miR-23b-5p and GBX2 mRNA binding relationship. A) TargetScan database predicted the binding sites of 
miR-23b-5p and GBX2 mRNA. B) Binding of miR-23b-5p and GBX2 mRNA was detected by a dual luciferase reporter gene. n=3
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Supplementary Figure S3. EIF4A3 and GBX2 interference plasmid transfection and expression level detection. A) �e transfection e�ect of sh-EI-
F4A3 was detected by �uorescence microscopy. B, C) A�er knockdown of EIF4A3, the expression levels of EIF4A3 in ESCC cells were analyzed using 
RT-qPCR and Western blot techniques, respectively. D) �e transfection e�ect of sh-NC, sh-circ_0021727, oe-NC, oe-circ_0021727 was detected by 
�uorescence microscopy. E, F) GBX2 knockdown e�ect were assessed through RT-qPCR and Western blot in ESCC cells. G) �e transfection e�ect 
of oe-GBX2 was detected by �uorescence microscopy. H, I) GBX2 overexpression e�ect was assessed by RT-qPCR and Western blot in ESCC cells. J, 
K) �e expression of GBX2 a�er knockdown of circ_0021727 or/and overexpression of GBX2 were examined by RT-qPCR and Western blot in ESCC 
cells. n=3/group; *p<0.05, **p<0.01, p<0.001




