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A B S T R A C T   

Esophageal squamous cell carcinoma (ESCC) is a digestive tract malignancy associated with poor 
clinical outcome. Growing evidence have elucidated that circular RNAs (circRNAs) play impor-
tant roles in the pathological process of ESCC. However, the detailed mechanisms how circRNAs 
modulate the development of ESCC remain largely unknown. Our study aimed to decipher the 
role and mechanism of circ-ATIC (also termed as circRNA_0058063) in regulating the progression 
of ESCC. We found that circ-ATIC and its host gene ATIC were significantly increased in ESCC 
tissues and cells compared with the adjacent noncancerous tissues or normal esophagus epithelial 
cell. Circ-ATIC knockdown substantially reduced proliferation and the number of invaded ESCC 
cells and retarded EMT process, reflecting by the decreased N-cadherin and elevated E-cadherin. 
However, the level of host gene ATIC was not changed under circ-ATIC suppression. It was 
predicted that circ-ATIC could bind to miR-1294 and serve as a sponge RNA. The luciferase re-
porter assay and RNA immunoprecipitation (RIP) assay confirmed their relations. MiR-1294 was 
decreased in ESCC tissues and cells, which was reversely correlated with circ-ATIC level. 
Furthermore, PBX3 was predicted and proved to be a downstream direct target of miR-1294. 
PBX3 mRNA and protein were obviously upregulated in ESCC tumor tissues and cells. PBX3 
overexpression could reverse the suppressive roles of miR-1294 mimics on ESCC proliferation and 
invasion. In an xenograft nude mice model, stable transfection of sh-circ-ATIC significantly 
retarded the growth of tumor and suppressed VEGF and Ki67. Collectively, circ-ATIC promoted 
ESCC proliferation and invasion by regulating miR-1294/PBX3 axis.   

1. Introduction 

Esophageal cancers rank eighth among the most frequent malignant cancers in human and represent one of common causes of 
death around the world [1]. Epidemiological data reveal that the incidence of esophageal cancer is rapidly rising due to chronic and 
long-term exposure to smoking, alcohol consumption, inappropriate diet intake, environmental pollution, and other harmful stimuli to 
cause esophageal injuries [2]. Esophageal cancers are mainly comprised of esophageal squamous cell carcinoma (ESCC) and esoph-
ageal adenocarcinoma, with the former histological subtype accounting for up to 90% of all cases worldwide, especially in eastern 
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Asian [3]. ESCC has a poor prognosis with 5-year survival of 15%–18%, in spite of significant improvement in multidimensional 
treatments of this cancer [1,4]. The high mortality of ESCC is closely related to local-regional recurrence and/or distant metastasis in 
the early stages of this disease [4,5]. Therefore, it is of great importance to decipher the mechanism of ESCC metastasis at molecular 
level. 

Circular RNAs (circRNAs) is a new class of small non-coding RNAs that possesses a structure of covalent closed-loop without 5′-cap 
and 3′poly-A tail formed by means of reverse splicing, which increases the stability of RNA by resisting the hydrolysis of RNase R [6]. 
CircRNAs are expressed in a cell and tissue-specific manner and play a wide range of roles in various physiological and pathological 
processes, such as transcriptional and posttranscriptional regulation, chromatin modification and protein encoding [7]. Multiple lines 
of evidence revealed that exonic circRNAs could serve as sponges to adsorb miRNAs, in turn leading to the functional inhibition of 
these miRNAs and their relevant targets [8]. Besides, other circRNAs are elucidated to exert their functions by binding to 
RNA-associated proteins to modulate gene transcription [3]. However, the detailed mechanisms of circRNAs in transcriptional or 
post-translational regulation are still incompletely unrevealed. 

Increasing researches have confirmed that circRNAs, acting as tumor suppressor genes or oncogenes, are involved in the onset and 
progression of various cancers, including ESCC [7]. CircRNA_0058063 is located at the fragment of chromosome 2: 
216177220-216213972 based on the human reference genome (GRCh38.p13) information, and it is derived from the 5-aminoimida-
zole-4-carboxamide ribonucleotide formyltransferase/IMP cyclohydrolase (ATIC) gene located at chromosome 2q35 [9]. Therefore, 
circRNA_0058063 is also termed as circ-ATIC. Circ-ATIC was elucidated as an oncogene in bladder cancer by promoting proliferation 
and invasion of tumor cells [10]. Besides, circ-ATIC dysregulation in ESCC accelerated anaerobic metabolism by promoting glucose 
uptake via GLUT1 [11]. However, mechanisms how circ-ATIC regulating ESCC metastasis are still poorly understood. Our study aimed 
to discover roles and mechanisms of circ-ATIC in regulating ESCC proliferation and propagation. 

2. Material and methods 

2.1. Collection of ESCC samples 

ESCC specimens (tumor) and their paired adjacent noncancerous tissues (control) were collected from 36 patients who were 
admitted to Jingzhou Central Hospital from September 2017 to August 2019. All patients were pathologically diagnosed with ESCC 
and underwent radical excision without receiving radiotherapy or chemotherapy before surgery. All specimens were immediately 
frozen in liquid nitrogen after excision and stored at − 80 ◦C. This study was approved by the Institutional Review Board of our hospital. 
Written informed consents were signed by all patients enrolled in this study. 

2.2. Cell culture 

A normal immortalized human esophagus epithelial cell line HET-1A was obtained from ScienCell Research Laboratory (Carlsbad, 
CA, USA). Human ESCC cell lines, KYSE-510 and KYSE-520, were obtained from the Cell Bank of the Chinese Academy of Sciences 
(Shanghai, China). ESCC cells were grown in Dulbecco’s Modified Essential Medium (DMEM) medium (Hyclone, UT, USA) supple-
mented with 10% fetal bovine serum (FBS) (Gibico, CA, USA) in a 37 ◦C incubator with 5% CO2 and 95% humidity. HET-1A cells were 
cultivated under the same cultural conditions in basal medium along with additives obtained from Lonza/Clonetics Corporation (NJ, 
USA). 

2.3. Oligonucleotides transfection 

Circ-ATIC siRNA and the corresponding negative control siRNA (si-NC) were designed and synthesized by GenePharma (Shanghai, 
China). The siRNA sequence were as followings: si-circ-ATIC#1: GUC UCG AUU UUC CGG AAU AAA UC; si-circ-ATIC#2: UCG AUU 
UUC CGG AAU AAA UCA; si-NC: CAG AGC TAA AAG GGG AAU AAA UC. The miR-1294 mimic and anti-miR-1294 and their matched 
negative control were obtained from Invitrogen (CA, USA). To upregulate the expression of PBX3, human PBX3 cDNA was synthesized 
and inserted into pcDNA3.1 vector (Geneseed Biotech Co, Guangzhou, China). The oligonucleotides or vectors were transfected into 
KYSE510 and KYSE520 cells at a concentration of 60 nmol/L with the assistance of Lipofectamine 3000 (Invitrogen, CA, USA) based on 
the manufacturer’s protocol. To establish KYSE510 cell line with stable knockdown of circ-ATIC, shRNA against circ-ATIC and 
negative control gene were synthesized and cloned into lentiviruses vectors (OBiO Technology Corp., Ltd. Shanghai, China) for further 
cellular transfection. 

2.4. RT-PCR 

Total RNA was isolated from ESCC or adjacent noncancerous tissues as well as treated cells using TRIzol reagent (Invitrogen, USA) 
based on the manufacturer’s protocol. The purified 2.0 μg RNA from each sample was reverse-transcribed into the first-strand of cDNA 
using the Prime Script RT reagent Kit (Thermo Fisher). A further amplification reaction was performed using PowerUp SYBR Green 
Master Mix kit (Takara Bio, Dalian, China) in ABI StepOne Plus facility (Applied Biosystems, CA, USA) to detect the expression of circ- 
ATIC and PBX3. Primers sequences for circ-ATIC, ATIC and PBX3 are listed below: circ-ATIC: 5′-TAT GAT CCT GTT TGG TGG TCG 
GCA-3′ (forward), 5′-TGG ACC AAG ATG GGT AGC TTG TGA-3′ (reverse); ATIC: 5′-CAC GCT CGA GTG ACA GTG-3′ (forward), 5′-TCG 
GAG CTC TGC ATC TCC G-3′ (reverse); PBX3: 5′-CTC CCA AAT TCT GGG GAC ATG-3′ (forward), 5′-ATC CAC CTG TGA CTG CAC ATT 
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G-3′ (reverse). GAPDH was used as an internal control: 5′-CTC TCT GCT CCT CCT GTT CGA C-3′ (forward), 5′-TGA GCG ATG TGG CTC 
GGC T-3′ (reverse). The relative expression of each gene was normalized to GAPDH by using the 2− ΔΔCt method in three repetitive 
experiments. 

2.5. RNA stability analysis 

KYSE510 and KYSE520 cells were incubated with 2 μg/mL actinomycin D for 18 h, and total RNA was extracted from the two cell 
lines at 0 h, 6 h, 12 h and 18 h after the treatment, respectively. Then, levels of circ-ATIC and its homologous host gene ATIC were 
measured using RT-PCR. Besides, 5 μg of total RNA extracted from KYSE510 or KYSE520 cells were incubated with 10 units of RNase R 
(Geneseed Biotech, Guangzhou, China) for 20 min at 37 ◦C. Afterwards, circ-ATIC and ATIC levels were determined using RT-PCR. 

2.6. CCK8 assay 

The viabilities of treated ESCC cells were detected using CCK8 kit obtained from Bimake (Shanghai, China). The treated cells were 
grown in a 96-well plate at a density of 2 × 103 per well. After incubation for indicated time, the cells were harvested and added with 
10 μl CCK8 solution and 90 μl medium in each well and cultured for another 4 h. Afterwards, the absorbance at 450 nm was evaluated 
in a microplate reader (Thermo Fisher Scientific, MA, USA). 

2.7. Cell proliferative ability evaluation using EdU staining 

The proliferative activities of ESCC cells were evaluated using a EdU (5-Ethynyl-2′-deoxyuridine) Cell Proliferation Kit (Beyotime, 
Shanghai, China), which was performed based on a rational that EdU acts as a thymidine analogue that can competitively insert into 
the replicative DNA and react with Apollo fluorescent dye. Then, the labeled cells were observed under a fluorescence microscope 
(Olympus, Japan) from five randomly selected fields. 

2.8. Cell invasion measurement 

Invasive capability of incubated ESCC cells was determined using transwell assay. In brief, a 24-well Boyden chamber (Corning 
Incorporated, NY, USA) was precoated with Matrigel (Invitrogen), and 600 μl DMEM medium supplemented with 10% FBS were added 
to the lower chamber of Boyden chamber, while ESCC cells at a density of 1 × 105 in 200 μl serum-free medium were seeded into the 
upper chamber. The plated cells were incubated for 24 h at 37 ◦C. The cells retained on the upper surface of the chamber were dis-
carded, while cells penetrated the Matrigel were collected and fixed in 4% paraformaldehyde for 20 min. The fixed cells were stained 
with 0.1% crystal violet and observed under a light microscope (Olympus, Japan). The invasive cells in each group were determined 
from five randomly chosen fields in 3 repeated operations. 

2.9. Western blot 

Total proteins were extracted from cultured cells at 70%–80% confluence, or from ESCC and adjacent noncancerous tissues using 
RIPA lysis reagent (Invitrogen, USA) and quantified by BCA Protein Assay Kit obtained from Beyotime (Shanghai, China). Afterwards, 
30 μg proteins were loaded into and separated by SDS-PAGE, which were then electronically transferred to PVDF membranes (GE 
Healthcare, NJ, USA). Subsequently, the membranes were blocked with 5% non-fat milk for 1 h at room temperature and then were 
probed with primary antibodies against PBX3 (1:1000, Abcam, Cambridge, UK), CTIC (1:2000, Abcam), E-cadherin (1:500, Abcam) 
and N-cadherin (1:500, Abcam) and GAPDH (1:1000, Abcam) overnight at 4 ◦C. The next day, the resultant membranes were washed 
with tris-buffered saline and Tween 20 TBST for 3 times and incubated with HRP-conjugated secondary antibodies for 3 h at room 
temperature. ECL prime Detection Kit (Solarbio, Beijing, China) was used to visualize the protein bands. Protein bands data were 
analyzed using Image J V1.34 software. The uncropped versions of gels were provided as supplementary file. 

2.10. Double luciferase report assay 

The targeted combination between circ-ATIC and miR-1294 was confirmed using double luciferase report assay as described [12]. 
In brief, synthesized sequences of wild-type and mutant circ-ATIC (GenePharma Co., Ltd., Shanghai, China) were cloned into pmiRGLO 
plasmid (OBiO Technology). Then the constructed circ-ATIC-wt or circ-ATIC-mut vehicles were transfected into KYSE510 or KYSE520 
cells together with miR-1294 mimics or miR-NC with the assistance of Lipofectamine 3000 (Invitrogen). After 24 h of incubation, the 
firefly and Renilla luciferase activities were assessed using the dual-luciferase assay system (Promega, Wisconsin, WI, USA). Similarly, 
the binding between miR-1294 and PBX3 mRNA was also validated by the double luciferase report assay. The wide type 3′-UTR of 
PBX3 mRNA and the matched mutated 3′-UTR of PBX3 mRNA were prepared and inserted into the downstream of the pmirGLO vector. 
For the binding detection, the KYSE510 or KYSE520 cells were transfected with miR-1294 mimics or miR-NC, and were simultaneously 
transfected with the constructed PBX-3′-UTR-wt or PBX-3′-UTR-mut vectors, respectively. The luciferase activities were determined 
using the Dual-Luciferase Reporter Assay System (Promega). 
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2.11. RNA immunoprecipitation (RIP) assay 

RIP assays were performed based on the manufacturer’s guideline to identify the interaction between circ-ATIC, mir-1494 and 
PBX3 mRNA. In brief, RIP lysis buffer in EZMagna RIP kit (Merck, Darmstadt, Germany) was used to lyse KYSE510 or KYSE520 cells, 
and the resultant lysates were incubated with magnetic beads that were pre-labeled with Argonaute 2 (AgO2) or IgG antibodies. After 
6 h of reaction, the beads were washed in PBS and digested with protease K to remove proteins. At last, the purified RNA was detected 
using RT-PCR. 

2.12. Tumor cell implantation 

Healthy male BALB/c nude mice aged 4–5 weeks were purchased from Beijing Vital River Laboratories (Beijing, China). Before in 
vivo implantation, the constructed lentivirus vectors carrying shRNA against circ-ATIC (sh-circ-ATIC) or negative control (sh-NC) were 
infected into KYSE-510 cells at MOI 100 and the stably knocked cells were screened using 2 μg/mL puromycin continuously for 14 

Fig. 1. Expression of circ-ATIC in ESCC tissues and cells and RNA stability. (a) Schematic illustration showing the genomic region of circ-ATIC 
derived from exons of the ATIC host gene; (b–c) RT-PCR measurement of circ-ATIC and ATIC levels in ESCC tissues (tumor) and the matched 
adjacent noncancerous tissues (control) (n = 36), *P < 0.05 compared with control; (d) Level of circ-ATIC in normal esophagus epithelial cells (HET- 
1A) and ESCC cells (KYSE-510 and KYSE-520), *P < 0.05 compared with HET-1A; (e–f) ESCC cells were treated with actinomycin D and the ex-
pressions of circ-ATIC and ATIC mRNA were evaluated at indicated time points; (g–h) Total RNA was extracted from ESCC cells and RNase R or 
vehicle was added, then the remaining circ-ATIC and ATIC mRNA were detected using RT-PCR, *P < 0.05 compared with Mock. 
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days. Afterwards, 5 × 106 selected cells were subcutaneously injected into the right armpit of nude mice (n = 5 for each group). The 
length (a) and width (b) of xenografts were measured at a 4 days interval from 7th day after implantation. Volumes of tumors were 
calculated based on the following formula: volume (mm3) = a⋅b2/2 [13]. At day 27th after the operations, all mice were sacrificed 
under anaesthesia for tumors dissections. The separated tumors were weighted and then snap-frozen or fixed for further histological 
studies. All animal experiments were approved by Ethics Committee of the Jingzhou Central Hospital and conducted adhering to the 
guidelines for the ethical review of laboratory animal welfare of China. 

2.13. Immunohistochemical staining analysis 

The 4% paraformaldehyde fixed tumor tissues were dehydrated in gradient alcohol solutions and embedded in paraffin. Subse-
quently, the embedded samples were cut into 5 μm specimens, which were deparaffinized, rehydrated and antigens repaired. 
Following quenching endogenous peroxidase activity using 5% H2O2, the sections were blocked with 5% non-fat milk to inhibit non- 
specific binding. Afterwards, the sections were probed with primary antibodies against VEGF and Ki67 overnight at 4 ◦C. The next day, 
the sections were incubated with HRP-connected secondary antibodies for 60 min at 37 ◦C. The specifically reacted target proteins 
were then visualized using diaminobenzidine (DAB) and hematoxylin staining. Then the images were taken under microscope at 400 
magnifications. 

2.14. Statistical analysis 

All continuous data were presented as means ± standard deviation (SD) and analyzed by GraphPad Prism 8 and SPSS 24.0 software. 

Fig. 2. Circ-ATIC affects proliferation and invasion of ESCC cells. (a) Schematic illustration of the position and sequence of siRNA for circ-ATIC; (b) 
level of circ-ATIC in ESCC cells after transfection of siRNA or negative control siRNA (si-NC); (c–d) the effect of circ-ATIC interfering on mRNA and 
protein levels of ATIC; (e) ESCC cellular activity evaluated using CCK8; (f) ESCC cell proliferation detection using EdU staining; (g) Cell invasion 
after circ-ATIC inhibition was measured using transwell assay; (h) Western blot analysis of N-cadherin and E-cadherin expressions after circ-ATIC 
siRNA transfection. 
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Fig. 3. Circ-ATIC binds to miR-1294 to act as a ceRNA. (a) Eight predicted target miRNA of circ-ATIC were selected and their expressions were assessed in KYSE-510 cell transfected with si-ATIC or si- 
NC, *P < 0.05 compared to si-NC; (b) the predicted binding sites between circ-ATIC and miR-1294; (c–d) KYSE-510 and KYSE-520 cells were co-transfected with miR-1294 mimic or miR-NC and 
luciferase reporter plasmids carrying circ-ATIC-wt or circ-ATIC-mut. The relative luciferase activity was detected using dual luciferase reporter system; (e–f) Ago2 RNA immunoprecipitation and RT-PCR 
assays were performed to analyze the expression of circ-ATIC and miR-1294 in Ago2 immunoprecipitation and IgG immunoprecipitation; (g) miR-1294 level in ESCC tissues and the matched adjacent 
noncancerous tissues (n = 36), *P < 0.05 compared to normal tissues; (h) level of circ-ATIC in normal esophagus epithelial cells and ESCC cells, *P < 0.05 compared to HET-1A cells. (i) Scattering plot of 
circ-ATIC and miR-1294 expression in cancer tissues. (j) RT-PCR detection of miR-1294 in KYSE-510 and KYSE-520 cells transfected with si-circ-ATIC and anti-miR-1294, sole or in combination. *P <
0.05; (k) the effect of miR-1294 on circ-ATIC was evaluated in KYSE-510 cell line after overexpressing miR-1294. 
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Student’s t-test was applied to compare the statistical difference between two groups, while one-way ANOVA following by LSD test was 
used to analyze the difference among three or more groups. The mutual correlations between circ-ATIC, miR-1294 and PBX3 were 
explored by Pearson’s correlation analysis. A P value less than 0.05 was considered statistically significant. 

3. Results 

3.1. Expression and stability of circ-ATIC in ESCC tissues and cells 

Circ-ATIC is located at chromosome 2 and derived from host gene ATIC (Chr 2q35) by back splicing (Fig. 1a). The expression of circ- 
ATIC and ATIC in 36 ESCC tissue samples and the matched adjacent noncancerous tissues were evaluated using RT-PCR. The results 
revealed that ESCC tissues presented higher levels of circ-ATIC and ATIC in comparison with the corresponding noncancerous tissues 

Fig. 4. MiR-1294 directly targets to PBX3 mRNA in ESCC cells. (a) Seven predicted target genes of miR-1294 were selected and their expressions 
were assessed in KYSE-510 cell transfected with miR-1294 or miR-NC, *P < 0.05 compared to miR-NC; (b) RT-PCR measurement of PBX3 mRNA in 
ESCC tumor tissues and adjacent noncancerous tissues (n = 36); (c) three representative western blotting images and quantitative results of PBX3 in 
tumor tissues and adjacent noncancerous tissues of ESCC patients; (d–e) mRNA and protein levels of PBX3 in tumor cell lines and normal cells; (f) 
the diagram showed the binding sites between PBX3 mRNA 3′-UTR and miR-1294; (g–h) KYSE-510 and KYSE-520 cells were co-transfected with 
miR-1294 mimic or miR-NC and luciferase reporter plasmids carrying PBX3 3′-UTR-wt or PBX3 3′-UTR-mut. The relative luciferase activity was 
detected using dual luciferase reporter system; (i) scattering plot of miR-1294 and PBX3 mRNA expressions in cancer tissues; (j–k) RT-PCR and 
Western blot analysis of PBX3 expression in KYSE-510 and KYSE-520 cells transfected with miR-1294 mimics, sole or in combination with PBX3 
overexpressing plasmid. *P < 0.05. 
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(P < 0.05) (Fig. 1b and c). Likewise, ESCC cells (KYSE-510 and KYSE-520) expressed higher amount of circ-ATIC compared with the 
normal esophagus epithelial cell (HET-1A) (P < 0.05) (Fig. 1d). Moreover, stability of circ-ATIC and its endogenous host linear gene 
ATIC in ESCC cells were detected by incubating the cells with actinomycin D, which was a chemical agent unselectively inhibiting RNA 
synthesis. The RT-PCR experiments suggested that circ-ATIC experienced a slow degradation and only less than 10% of them were lost 
after 18 h of treatment in the two cell lines. However, more than half of ATIC mRNA was removed from ESCC cells at the termination of 
the incubation (Fig. 1e and f). Then we assessed the stability of circ-ATIC and ATIC mRNA by treating overall extracted RNA with 
RNase R, following by RT-PCR measurements. Circ-ATIC had no substantial changes compared with the untreated group. While, ATIC 
mRNA significantly decreased after being digested with RNase R (Fig. 1g and h). 

3.2. Circ-ATIC knockdown inhibits proliferation and invasion of ESCC cells 

Two specific siRNAs targeted to different positions of circ-ATIC were constructed and transfected into ESCC cells (Fig. 2a). Both 
siRNAs showed inhibitory effect on circ-ATIC expression as compared with si-NC, while si-circ-ATIC#2 was more effective (Fig. 2b). 
Therefore, si-circ-ATIC#2 was used in the following experiments. When knocking out circ-ATIC, mRNA and protein levels of ATIC 
didn’t significantly differ from the negative control, indicating that circ-ATIC may function in other mechanisms (Fig. 2c and d). While 
circ-ATIC knockdown substantially suppressed the proliferative rate of ESCC cells compared with si-NC group (Fig. 2e). Less EdU 
positive cells were observed after circ-ATIC silencing compared to the control group (Fig. 2f and g). We also found that the invaded 
cells reduced in response to circ-ATIC silencing, accompanied by the decrease of N-cadherin and increase of E-cadherin expression 
(Fig. 2g and h). 

3.3. Circ-ATIC binds to miR-1294 and acts as a sponge RNA 

The above results demonstrated that elevated circ-ATIC promoted the proliferation and invasion of ESCC cells. However, the 
underlying mechanism by which circ-ATIC controlled these events remained unrevealed. As most circRNAs functioned as competitive 
endogenous RNAs (ceRNA) by sponging microRNAs. The potential target miRNAs of circ-ATIC and the binding sites were predicted by 
online software circinteractome. The predicted target miRNAs for circ-AITC were listed (supplementary data 1) and seven interested 
candidate miRNAs that have been reported functioning in cancers were selected and validated in response to circ-ATIC silencing. As 
shown in Fig. 3a, only miR-1294 significantly increased when suppressing circ-ATIC. Meanwhile, miR-1294 was confirmed to 
participate in the progress of ESCC [14]. Therefore, we supposed that circ-ATIC regulated ESCC proliferation and invasion by regu-
lating miR-1294. The predicted binding site between circ-ATIC and miR-1294 was shown in Fig. 3b. To make clear whether circ-ATIC 
directly interacted with miR-1294, luciferase reporter assay and RNA immunoprecipitation assay were performed. Luciferase reporter 
activity decreased by more than 50% both in KYSE510 and KYSE520 cells co-transfected with miR-1294 mimics and circ-ATIC-wt 
plasmid with complete sequence. While miR-1294 mimics did not affect luciferase activity when circ-ATIC sequence were mutated 
(Fig. 3c–d). Besides, Anti-AgO2 immunoprecipitation assay showed circ-ATIC was significantly enriched in both two cells incubated 
with Ago2 antibody compared to control IgG immunoprecipitates, suggesting the occupancy of Ago2 in the region of the circ-ATIC 
(Fig. 3e–f). These data indicated that circ-ATIC functioned as a ceRNA by sponging miR-1294. We further evaluated the level of 
miR-1294 in ESCC tissues and cells. MiR-1294 was remarkably decreased in tumor tissues and cells compared their corresponding 
controls (P < 0.05) (Fig. 3g–h). A negative correlation was suggested between circ-ATIC and miR-1294 expression in ESCC tissues (r =
− 0.682, P < 0.001) (Fig. 3i). Finally, miR-1294 significantly increased in KYSE510 and KYSE520 cells when inhibiting circ-ATIC with 
siRNA, which were reversed when further treated with anti-miR-1294 (Fig. 3j). When overexpressing miR-1294, the level of circ-ATIC 
remained unchanged compared with the miR-NC transfected group (Fig. 3k). 

3.4. MiR-1294 targets to PBX3 mRNA in ESCC cells 

Furthermore, the downstream target genes of miR-1294 was predicted using starbase online software and listed in supplementary 
excel 2. Seven highly expressed candidate genes of miR-1294 were selected from the list and validated in ESCC cell in the presence of 
miR-1294 mimics. Pre-B-cell leukemia homeobox 3 (PBX3) was notably suppressed in response to miR-1294 overexpression (Fig. 4a). 
Previous data showed that PBX3 was a candidate target gene of miR-98 and exerted important functions in mediating tumor growth 
and propagation in cerebral malignancies [15]. We further detected the expression PBX3 in ESCC tissues and cells using RT-PCR and 
Western blot. PBX3 mRNA and protein were obviously upregulated both in ESCC tumor tissues and cells comparing with the matched 
control (Fig. 4b–e). Dual luciferase reporter assay revealed that miR-1294 mimics could bind to the 3′-UTR of PBX3-wt gene rather 
than the mutated 3′-UTR of PBX3 (Fig. 4f–h). Pearson correlation analysis suggested that miR-1294 was reversely associated with the 
expression of PBX mRNA (r = − 0.5360, P = 0.0008) in ESCC samples (Fig. 4i). In addition, when miR-1294 was upregulated, the 
mRNA and protein levels of PBX3 greatly reduced compared the cells transfected with miR-NC. Meanwhile, the suppressive role of 
miR-1294 on PBX3 was largely reversed by the transfection of PBX3 overexpressing plasmid (Fig. 4j–k). 

3.5. MiR-1294/PBX3 regulates proliferative and invasive capabilities of ESCC cells 

To investigate the function of miR-1294 and PBX3 in ESCC cell growth and invasion, miR-1294 mimics were introduced to KYSE- 
510 and KYSE-520 cells alone or in combination with PBX3 overexpressing plasmid. The CCK8 assay demonstrated that compared with 
miR-NC, cancer cells carrying miR-1294 mimics exhibited significantly decreased cell viability. However, when PBX3 plasmid was 
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introduced into cells together with miR-1294 mimics, the inhibitory effect of miR-1294 mimics on cell viability was greatly discounted 
(Fig. 5a–b). Likewise, miR-1294 mimics reduced the EdU positive ESCC cells from 15%–17% to 7%–8%, which were restored by PBX3 
overexpression (Fig. 5c–d). The transwell assay revealed that invaded cells reduced by more than 50% in response to miR-1294 
upregulation (Fig. 5e–f). MiR-1294 upregulation significantly suppressed the expression of N-cadherin while increased E-cadherin 
in both two ESCC cells. PBX overexpression further elevated N-cadherin and reduced E-cadherin in ESCC cells treated with miR-1294 
mimics (Fig. 5g). 

3.6. Circ-ATIC-miR-1294-PBX3 axis affects the growth of ESCC xenografts 

To elucidate whether circ-ATIC and miR-1294 functioned upstream to modulate the expression of PBX3, the si-circ-ATIC and anti- 

Fig. 5. MiR-1294/PBX3 regulates proliferative and invasive capabilities of ESCC cells. (a–b) MiR-1294 mimics were introduced to KYSE-510 and 
KYSE-520 cells alone or in combination with PBX3 overexpressing plasmid, cell viability was evaluated at indicated time using CCK8 assay. (c–d) 
Proliferation of treated ESCC cells was detected using EdU staining and the cells were counted; (e–f) cell invasion capability was measured by 
transwell assay and number of invaded cells were counted; (g representative Western blot images and quantitative analysis of N-cadherin and E- 
cadherin expressions after miR-1294 mimic and PBX3 plasmid transfections. *P < 0.05. 

Q. Zhou et al.                                                                                                                                                                                                           



Heliyon 9 (2023) e12916

10

miR-1294 oligonucleotides were transfected into ESCC cells. It was found that circ-ATIC inhibition significantly promoted the 
expression of PBX3. A simultaneously suppression of circ-ATIC and miR-1294 increased PBX3 mRNA and protein compared to that of 
sole circ-ATIC inhibition (Fig. 6a–b). Since circ-ATIC regulated ESCC progression of ESCC cells in vitro, we determined the role of circ- 
ATIC in vivo using an xenograft nude mice model by injecting KYSE510 cells with stable silencing of circ-ATIC or negative control. As 
shown in Fig. 7a, stable circ-ATIC inhibition significantly retarded the increase of tumor volume. Eventually, the mean tumor weight 
had a half decrease in sh-circ-ATIC transfection group compared with the control (Fig. 7b). We further assessed the levels of miR-1294 
and PBX3. The data showed that antagonizing circ-ATIC expression substantially elevated miR-1294 and reduced PBX3 levels 
(Fig. 7c–f). IHC staining analysis revealed that less VEGF and Ki67 positive cells accumulated in sections dissected from xenograft 
transfected with sh-circ-ATIC (Fig. 7g). 

4. Discussion 

ESCC is one of the most aggressive carcinomas of the gastrointestinal tract and imposes a major ecumenical health quandary [16]. 
Nowadays, although great development has been achieved in treating ESCC, radical surgery is still the main modality for respectable 
ESCC. Most ESCC are diagnosed at their middle or advanced stages, and more than half of ESCC patients presented micro-metastases 
before surgery, which are associated with postoperative metastasis and recurrence of ESCC [17]. Therefore, more studies are required 
to get deep insight into the mechanisms of the metastasis and recurrence of ESCC. 

Metastasis of epithelium-derived cancers, including ESCC, is a multistep process involving roles of various factors and their cross 
actions [18]. CircRNAs are new subfamily of RNA that exert various functions in a cell type-specific manner. The aberrant circRNAs 
expression has been implicated in numerous diseases, including ESCC. A more recent study revealed that serum exosomal hsa_-
circ_0026611 was upregulated in ESCC patients and was associated with lymph node metastasis and poor prognosis of ESCC [19]. Our 
study found that circ-ATIC (circRNA_0058063) was increased in ESCC cells and tissues, which resulted in elevated cell proliferation 
and invasion. Circ-ATIC has been proved an oncogene in bladder cancer cells [10]. Meanwhile, circ-ATIC participated in the regulation 
of anaerobic metabolism in ESCC cells [11]. A more recent study revealed that circ-ATIC was upregulated in ESCC cells and acted as a 
sponge of miR-326, indicating a complicated network of circ-ATIC in mediating ESCC [20]. Furthermore, as the host gene of circ-ATIC, 
aberrant ATIC also contributed to the progression of multiple cancers [21]. ATIC is a critical bifunctional enzyme that catalyzes the 
final 2 steps of the purine de novo biosynthetic pathway [22]. Higher ATIC is associated with the progression of several cancers, such as 
ATIC hepatocellular cancer [23], multiple myeloma tissues [24] and lung adenocarcinoma [25]. It is clarified that ATIC-mediated 
assembly of the multienzyme purinosome complex is driven by hypoxia via HIF-1 [26]. Our study demonstrated that ATIC was 
upregulated in ESCC tissues and cells. However, the function of ATIC in ESCC should be further explored. Besides, the potential 
interaction between circ-ATIC and ATIC in ESCC is another important question needed to be clarified. Currently, the interplay between 
circRNAs and their host genes are largely unknown. Wang et al. summarized that circRNA regulated the expression and function of 
host gene in four pathways. It may function as miRNA sponges, regulate transcription and mRNA stability of host genes, and regulate 
the activity and degradation of parental proteins [27]. We found that modulation of circ-ATIC didn’t affect the mRNA and protein level 
of ATIC, indicating that circ-ATIC play roles in conventional ways via targeting downstream miRNAs. 

Generally, expression of circRNAs exhibit spatial and temporal disparities during human development. They exert a wide array of 
roles in numerous physiological and pathological processes, especially in neutralizing function of microRNA (miRNA) as genomic 
sponges. Our study confirmed that circ-ATIC could absorb miR-1294 in ESCC cells using dual luciferase reporter system and anti-AgO2 
immunoprecipitation assay. MiR-1294 was downregulated in ESCC cells and tissues. Liu et al. found that miR-1294 was downregulated 
in seventy-nine ESCC patients, and the reduced miR-1294 predicted unfavorable clinical outcome of these patients [14]. Besides, the 
decreased miR-1294 also contributed the initiation and aggravation of other squamous cell carcinomas, such as laryngeal and oral 
squamous cell carcinoma [12,28]. Wang et al. found that miR-1294 alleviated EMT procedure via repressing FOXK1 in gastric cancer 
[29]. It was elucidated that miR-1294 can also be absorbed by LncRNA TUG1 and targeted to PLK in esophageal cancer [30]. 

Preleukemia transcription factor 3 (PBX3) belongs to the PBX transcription factors family that possess evolutionary conserved 

Fig. 6. Circ-ATIC-miR-1294 regulates expression of PBX3. (a–b) si-circ-ATIC was transfected into KYSE510 and KYSE520 cells alone or in com-
bination with miR-1294 inhibitor (anti-miR-1294) for 48 h, the PBX mRNA and protein were detected using RT-PCR and Western blot. 
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three-aminoacid-loop-extension (TALE) homeodomain. PBX3 functions as a cofactor for homeobox (HOX) proteins and exhibits 
pivotal roles in the development and maintenance of malignant phenotype of several human tumors [31]. It is shown that PBX3 has 
been associated with tumor progression and metastasis in gastric cancer [32]. Besides, PBX3 represents part of EMT regulatory 
network and promising prognostic predictor for colorectal cancer [33]. We predicted and verified that PBX3 is a downstream target of 
miR-1294. The reinforced expression of PBX3 is associated with the increased proliferation and invasion capacity of ESCC. Likewise, 
PBX3 silencing was depicted to restrain ESCC cell progression [34]. Besides, the disruption of PBX-HOX complex by HRX9 exhibited an 
antitumor phenotype, which may serve as an alternative therapeutic for ESCC [35]. 

5. Conclusion 

Collectively, our study demonstrated that circ-ATIC was upregulated in ESCC tissues and cells, which showed higher stability than 
its homologous host gene ATIC. The boosted circ-ATIC potentiated tumor cell proliferation, EMT process and invasion. Circ-ATIC could 
directly sponge miR-1294, and the resultant decreased miR-1294 receded the suppression to its target PBX3, which then aggregated 
the progression of ESCC. Therefore, circ-ATIC may serve as a promising therapeutic target for ESCC. However, our study proposed one 
potential mechanism of circ-ATIC, more comprehensive and deep studies on circ-ATIC regulation network are required to decipher 
functions of circ-ATIC in ESCC. 

Ethics approval and consent to participate 

This study was approved by the Institutional Review Board of Jingzhou Central Hospital (SYXK(E)2019-0024). Written informed 
consent was signed by all patients enrolled in this study. 

Fig. 7. Circ-ATIC silencing retarded the growth of ESCC xenografts. (a–b) KYSE510 cells with stable transfection of sh-circ-ATIC or sh-NC lentivirus 
vectors were subcutaneously injected into nude mice (n = 5 per group), the tumor volumes were measured and calculated every four days from day 
7 to day 28. After the last assessment, the xenografts were dissected and weighted; (c–d) RT-PCR analysis of circ-ATIC and miR-1294 in xenograft 
tissues of the two groups of mice; (e–f) RT-PCR and Western blot analysis of PBX3 expression in xenograft tissues; (g) IHC staining of cell prolif-
erative markers VEGF and Ki67 in two groups of xenografts. *P < 0.05 compared with sh-NC. 
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