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A B S T R A C T   

Background: To investigate the possible molecular mechanism of miR-194-5p/PRC1/Wnt/β-cat-
enin signaling axis that regulates the invasive metastatic ability and radiotherapy sensitivity of 
esophageal squamous cell carcinoma (ESCC) cells. 
Methods: ESCC-related differentially expressed miRNAs were identified by microarray analysis, 
followed by the identification of a putative target. The targeting relationship between miR-194-5p 
and PRC1 was assayed. A series of mimic and shRNA were transfected into ESCC cells to find out 
the mechanism of miR-194-5p in ESCC by regulating PRC1 through Wnt/β-catenin signaling 
pathway and their effect on cell proliferation, migration, invasion, and radiosensitivity as well as 
xenograft tumor growth and metastasis in nude mice. 
Results: We demonstrated low miR-194-5p expression and high PRC1 expression in ESCC tissues 
and cells. PRC1 was confirmed as a putative target for miR-194-5p. High miR-194-5p or silenced 
PRC1 enhanced ESCC cell radiosensitivity but reduced proliferation, invasion, and migration via 
PRC1 through modulation of the Wnt/β-catenin signaling pathway. Animal experiments also 
validated that overexpression of miR-194-5p suppressed tumorigenesis and in vivo metastasis in 
nude mice. 
Conclusion: miR-194-5p can inhibit the Wnt/β-catenin signaling pathway through down- 
regulation of the PRC1 gene, thereby enhancing the sensitivity of ESCC cells to radiotherapy 
and attenuating the invasion and metastasis ability of ESCC cells.   

1. Introduction 

Esophageal cancer is a severe malignancy and is one of the most common cancers worldwide [1]. Esophageal squamous cell 
carcinoma (ESCC), a subtype of esophageal cancer, accounts for approximately 90 % of esophageal cancers and is commonly found in 
East Asia and Africa [2]. Studies have shown that ESCC occurs through the malignant transformation of esophageal epithelial cells, and 
its lesions are mainly found in the middle esophagus [3]. Various well-characterized risk factors, such as smoking, excessive alcohol 
consumption, and salted vegetables, have contributed to the high incidence of ESCC [4]. Although some progress has been made in 
diagnosis and treatment, its metastatic and invasive capacity remains a significant difficulty in current treatment [5]. Radiotherapy has 
been widely used as an essential tool in treating esophageal cancer [6]. However, tumor cells tend to develop resistance to radio-
therapy, which is one of the key factors slowing down the therapeutic effect [7]. Several studies have shown that some miRNAs’ 
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aberrant expression is associated with tumor cells’ sensitivity to radiotherapy [8]. 
In recent years, miRNAs have been widely studied as targets for cancer therapy [9]. Specific miRNAs have been found to have 

regulatory roles in tumor immunotherapy by influencing the expression levels of immune checkpoint molecules and modulating the 
immune evasion capability of tumor cells towards T cells [10,11]. Also, studies have shown that aberrant expression of miRNAs is 
essential in the development and progression of esophageal cancer [12]. miR-194-5p is an isoform of miR-194 that is aberrantly 
expressed in various cancers, including esophageal [13]. Although several studies have reported the role of miR-194-5p in esophageal 
cancer, the molecular mechanism by which it regulates esophageal cancer cell invasion and metastasis remains unclear [13]. 

Polycomb complex 1 (PRC1) is a critical epigenetic modifier that regulates gene expression [14]. Although aberrant expression of 
PRC1 has been reported in various cancers, its role in esophageal cancer still needs further investigation [15]. Meanwhile, high 
expression of PRC1 in hepatocellular carcinoma promotes tumor cell proliferation and tumorigenesis through activation of the 
Wnt/β-catenin pathway [16]. In the Wnt/β-catenin signaling pathway, β-catenin is a critical transcription factor that affects cell 
proliferation and transformation [17]. Several studies have shown that aberrant expression of β-catenin in various cancers is closely 
associated with tumor invasion and metastasis [18]. Aberrant expression of β-catenin has also been reported in esophageal cancer [18]. 
However, it is unclear how miR-194-5p regulates β-catenin expression in esophageal cancer and its effect on tumor cell invasion and 
metastasis [19]. 

This study aimed to investigate the molecular mechanism of miR-194-5p/PRC1/Wnt/β-catenin signaling axis on the invasive 
metastatic ability and radiotherapy sensitivity of ESCC cells. We demonstrated that miR-194-5p could inhibit the Wnt/β-catenin 
signaling pathway by down-regulating PRC1, thus enhancing the sensitivity of ESCC cells to radiotherapy and weakening the invasion 
and metastasis of ESCC cells, which is expected to provide new ideas and methods for the clinical diagnosis and treatment of ESCC. 

2. Materials and methods 

2.1. Clinical sample collection 

Sixty specimens of ESCC tissues (all patients had not undergone chemotherapy or radiotherapy before surgery and had not taken 
hormonal drugs) were surgically resected in our hospital from January 2016 to December 2016. The paracancerous tissues sur-
rounding the ESCC tissues were also excised (to form a control with the carcinoma tissues), and all specimens were stored in a 
refrigerator at − 80 ◦C for backup. All patients signed an informed consent form, which our clinical ethics committee approved and 
agreed upon, and all specimens were used following the Declaration of Helsinki. 

2.2. Bioinformatics analysis 

Using the GEO database (https://www.ncbi.nlm.nih.gov/geo/), the ESCC miRNA expression microarray dataset GSE97051 was 
obtained, including 7 standard esophageal and 7 ESCC tissue samples. Differential analysis was performed by the R language “limma” 
package with |logFC|>12, p-value <0.05 as the screening criteria for differentially expressed genes. The MNDR database (http:// 
www.rna-society.org/mndr/, version v3.1, screening condition: Species = Homo sapiens & Score>0.7) was used to search the 
keyword “esophagus squamous cell carcinoma” to obtain relevant miRNAs. The jvenn tool (http://jvenn.toulouse.inra.fr/app/ 
example.html) was used to find overlaps of differentially underexpressed miRNAs and MNDR database results. 

The StarBase database (http://starbase.sysu.edu.cn/), miRDB database (http://mirdb.org/), and RNA22 database (https://cm. 
jefferson.edu/rna22/Precomputed/) were searched to query the downstream target genes of miRNA. The jvenn tool (http://jvenn. 
toulouse.inra.fr/app/example.html) was screened to find the overlap of miRNA targets in each database. The GeneCards database 
(https://www.genecards.org/) was used to search the keyword “esophagus squamous cell carcinoma” to obtain the top 2000 related 
genes in Score. 

The RNAseq data in TPM (transcripts per million reads) format of TCGA and GTEx were obtained from the UCSC XENA database 
(https://xenabrowser.net/datapages/), and the expression comparison between samples was performed after log2 transformation. 
ESCC in TCGA and the corresponding average tissue data in GTEx were extracted, and 666 standard samples and 182 ESCC samples 
were finally obtained. Statistical analysis was performed on the differential expression of candidate genes using the Mann-Whitney U 
test (Wilcoxon rank sum test), and the difference was considered significant when p < 0.05. The R language “ggplot2” package 
(https://www.rdocumentation.org/packages/ggplot2/versions/3.3.0) was used to draw gene expression boxplots. 

2.3. Dual-luciferase reporter gene assay 

Briefly, PRC1 3′-UTR-wild-type (WT) and PRC1 3′-UTR-mutant (Mut) were inserted into pMIR-reporter (AM5795, Invitrogen™). 
After that, the luciferase reporter plasmids (PRC1-WT and PRC1-Mut) were co-transfected with negative control and miR-194-5p, 
respectively, into human embryonic kidney (HEK-293T) cells (BNCC353535, BeNa culture collection, Suzhou, China) for 48 h. 
Dual-luciferase activity was finally analyzed using a luciferase assay kit (RG005, Beyotime Biotechnology Co., Ltd., Shanghai, China). 

2.4. TOP/FOP flash dual luciferase reporter gene assay 

KYSE150 cells in the logarithmic growth phase were inoculated in 12-well cell culture plates at a concentration of 1 × 105/mL one 
day before transfection, and the liposome transfection experiment was performed when the cell density grew to 70–80 %. The TOP 
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Flash plasmid (D2501, Shanghai Biyuntian Biotechnology Co., Ltd., Shanghai, China) (or FOP Flash control plasmid (D2503, Shanghai 
Biyuntian Biotechnology Co., Ltd., Shanghai, China)) and mimic NC, miR-194-5p mimic, sh-NC, and sh-PRC1 were transfected for 48 
h. The cells were collected and lysed. The cells were centrifuged for 3–5 min, the supernatant was extracted, and the luciferase activity 
was detected using the luciferase assay kit (RG005, Shanghai Biyuntian Biotechnology Co., Ltd., Shanghai, China). In addition, 100 μL 
of firefly dual luciferase working solution was added to each cell sample to detect firefly dual luciferase (Firefly luciferase), and 100 μl 
of sea kidney dual Renilla luciferase was added to each cell sample to detect Firefly luciferase and Renilla luciferase as the relative dual 
luciferase activity. 

2.5. Cell culture, transfection, and grouping 

ESCC cell line KYSE150 (CL-0638) was purchased from Procell Life Science&Technology Co., Ltd. (Wuhan, Hubei, China), and 
human esophageal epithelial cell HET-1A (CRL-2692) was procured from ATCC (Rockville, MD, USA). All cells were cultured with 
Roswell Park Memorial Institute (RPMI)-1640 medium (11875119, Gibco) containing 10 % fetal bovine serum (FBS, 16140071, Gibco) 
in an incubator containing 5 % CO2 under saturated humidity condition at 37 ◦C. Cells in the logarithmic growth phase were seeded in 
6-well plates (3 × 105/mL per well). Upon reaching 90 % confluence, the KYSE150 cells were transfected with the plasmids from 
Dharmacon (Lafayette, CO, USA), including miR-194-5p mimic, sh-PRC1, oe-PRC1 or corresponding controls with the utilization of 
Lipofectamine 2000 (11668019, Thermo Fisher). Following 6-h transfection, cells were cultured in a complete medium for another 48 
h, and finally, cells were collected. 

2.6. Cell irradiation method 

The KYSE150 cells were trypsinized and dissociated into a single-cell suspension, with cell concentration calculated. After cell 
inoculation (1 × 106 cells/well) in 6-well plates for 12 h, the cells covered with plexiglass filler (1 cm) were irradiated with a 6-MV x- 
ray beam at a radiation dose of 3 gamma-rays (Gy/min) from Varian-2300EX linear accelerator (Varian Medical Systems, Inc., USA) 
(source skin distance: 100 cm; filed size: 10 cm × 10 cm. 

2.7. Clonogenic assay to detect sensitivity to radiotherapy 

The KYSE150 cells were detached with trypsin (0.25 %), dissociated into single-cell suspension, centrifuged, and added RPMI-1640 
medium supplemented with 10 % FBS. Cells were then seeded in 6-well plates (1 × 103 cells per well). Following 24-h incubation, cells 
were exposed to radiation of different doses (0 Gy, 2 Gy, 4 Gy, 6 Gy, 8 Gy, and 10 Gy) and incubated in a 5 % CO2 incubator at 37 ◦C for 
a week. The culture medium was changed every two days. When clones were visible at the bottom of the well, the culture was stopped, 
and cells were washed, fixed with methanol (2 mL) for 20 min, and stained with Giemsa solution (2 mL, G4640, Solarbio; 40 min) 
followed by microscopic observation (IX-50, Olympus, Japan) for counting number of a colony with no less than 50 cells. Then, the 
planting efficiency (PE) and the surviving fraction (SF) were calculated: PE = (the number of clone formations under different ra-
diation doses/number of incubated cells) × 100 %; SF = (number of clone formation following irradiation/number of incubated cells 
× PE) × 100 %. A cell survival curve was constructed by GraphPad Prism 6.0 software (GraphPad Software, CA, USA). 

2.8. CCK-8 method 

The KYSE150 cells from each group were washed twice with PBS after 48 h of transfection. 0.25 % trypsin digested the cells and 
then centrifuged at 1000 rpm for 5 min. The cells were blown with a pipette gun to make a uniform single-cell suspension. Cells were 
inoculated in 96-well plates with 2.5 × 103 cells per well and incubated at 37 ◦C in a 5 % CO2 incubator. Three replicates were set up 
for each well. After 24 h, 48 h, and 72 h of incubation, 10 μL of CCK-8 reagent (C0037, Shanghai Biotechnologies Co., Ltd., Shanghai, 
China) was added to each well. After mixing, incubation was continued at 37 ◦C in a 5 % CO2 incubator for 2 h. Each well’s absorbance 
(OD) values were detected at 450 nm by an automated enzyme reader (51119180 ET, MultiskanTM FC, Thermo, Waltham, MA, USA). 
The cell growth curve was plotted after setting the average OD value of each group as the vertical coordinate and the time as the 
horizontal coordinate to calculate the cell growth viability. 

2.9. Scratch test 

The KYSE150 cells from each group at 48 h after transfection were digested with 0.25 % trypsin and blown into a single cell 
suspension for cell counting, and then inoculated in 6-well plates at a density of 1 × 106/well with careful shaking and mixing after 24 
h of incubation in complete medium, the culture was changed to RPMI1640 medium containing 10 % fetal bovine serum. Use a sterile 
200 μL micropipette tip to score perpendicular to the horizontal line behind and wash 3 times with PBS to remove cells dislodged by 
disruption of the pipette tip; add serum-free medium and incubate at 37 ◦C with 5 % CO2 incubator. Photographs were taken at 0 h and 
24 h for observation under the microscope. 
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2.10. Transwell assays for cellular invasion 

A final 1 mg/mL concentration of Matrigel (E6909, Sigma-Aldrich, USA) was prepared with precooled serum-free RPMI-1640 
medium. Then, the diluted matrigel (80 μL per well) was put into the apical chamber of each Transwell chamber (8 μm) and incubated 
at 37 ◦C for 4 h. Following the 48-h transfection, cells were suspended using serum-free RPMI-1640 medium and adjusted to a 1 × 106/ 
mL density, then added to the apical chamber. RPMI-1640 medium (700 μL) with 10 % FBS was added to the basolateral chamber 
(bottom of the 24-well plate). Following 24 h of incubation, the cells in the apical chamber were fixed with paraformaldehyde (4 %) 
and stained for 30 min with 0.05 % crystal violet at room temperature. Finally, with 10 visual fields randomly selected, the cells were 
counted after microscopic observation (XSP-8CA, Shanghai Optical Instrument Factory, Shanghai, China). 

2.11. Cell cycle detection by flow cytometry 

KYSE150 cells were collected after 48 h of transfection and other treatments, digested with 0.25 % trypsin to make a single cell 
suspension, washed twice with PBS, centrifuged, and the supernatant discarded. Add pre-cooled 70 % ethanol and fix overnight at 4 ◦C. 
Cells were resuspended by reshaking, centrifuged, and washed twice with pre-chilled PBS, resuspended in 100 μL of PBS, RNase was 
added to a final concentration of 1 mg/mL, and water bath at 37 ◦C for 30min. The PI staining solution was added to a final con-
centration of 50 μg/mL and stained at 4 ◦C for 40 min, protected from light, followed by PBS washing, and the cell cycle was detected at 
>575 nm. DNA content and cell cycle percentage were calculated. 

2.12. RT-qPCR 

At 48 h after transfection, KYSE150 cells were collected from each group. Total RNA was extracted using the Trizol (15596026, 
Invitrogen, Car, Cal, USA) method, and RNA integrity was identified by 1 % agarose gel electrophoresis, and RNA concentration and 
purity were measured by Nano-Drop ND-1000 spectrophotometer. The cDNA template was synthesized by reverse transcription re-
action in a PCR amplifier according to the reverse transcription kit instructions (AU341-02, purchased from Beijing All-Style Gold, 
Beijing, China), and primers for miR-194-5p, PRC1, β-catenin, Cyclin D2, C-myc, MMP-2, and GADPH were designed and synthesized 
by Shanghai Biotech (Table S1). The reverse transcription experimental system was 20 μL, referring to the instructions of EasyScript 
First-Strand cDNA Synthesis SuperMix (Catalog No. AE301-02, Beijing All-Style Gold). The reaction solution was taken for real-time 
fluorescence PCR, and the fluorescence PCR operation was performed by referring to the instructions of TB Green® Premix Ex Taq™ II 
(Tli RNaseH Plus) (RR820L, TaKaRa, Dalian, China). The reaction system was 20 μL: 10 μL SYBR Premix, 2 μL cDNA template, up-
stream and downstream. The reaction system was 20 μL: 10 μL SYBR Premix, 2 μL cDNA template, 0.6 μL each upstream and 
downstream primers, and 6.8 μL DEPC water. The conditions were: pre-denaturation at 95 ◦C for 30 s, denaturation at 95 ◦C for 30 s, 
annealing for 20 s, extension at 72 ◦C for 30 s and 40 cycles to detect the expression levels of miR-194-5p, PRC1, β-catenin, Cyclin D1, 
C-myc, MMP-2, and GADPH. The 2-ΔΔCt method was applied for gene expression analysis. 

2.13. Western blot 

The KYSE150 cells of each group after 48 h of transfection culture were collected, washed with PBS and resuspended. The su-
pernatant was removed by centrifugation, and RIPA lysate (P0013B, Biyuntian Biotechnology Co., Ltd., Shanghai, China), an 
appropriate amount of PMSF (phenylmethylsulfonyl fluoride), and phosphatase inhibitor were added at the ratio of 1 mL per 107 cells, 
and then incubated on ice for 30 min, centrifuged at 12000 rpm, 4 ◦C for 10 min, and the supernatant was removed, which was the total 
cell protein. The protein concentration was determined using the Beyoncé BCA Protein Quantification Kit (P0012S, Beyoncé 
Biotechnology Co., Ltd., Shanghai, China) and adjusted to 4 μg/μL with PBS. 30 μg of total cellular protein was subjected to SDS-PAGE, 
followed by wet transfer to NC membrane and closed with 5 % skim milk powder (prepared by TBST) for 1.5 h. According to the 
antibody instructions The corresponding antibodies were diluted in primary antibody dilutions of PRC1 (rabbit anti-human, ab51248, 
1:10,000), β-catenin (rabbit anti-human, ab32572, 1:5000–1:10,000), p-β-catenin (rabbit anti-human, ab27798, 1:500), Cyclin D1 
(rabbit anti-human ab134175, 1:10000–1:50000), C-myc (rabbit anti-human, ab32072, 1:10000), MMP-2 (rabbit anti-human, 
ab92536, 1:1000–1:5000), GAPDH (rabbit anti-human, ab9485, 1:2500) above were obtained from Abcam, UK. the closed NC 
membranes were placed in plastic dishes, and the above antibodies were added separately and placed at 4 ◦C and shaken overnight. 
The next day, the membranes were rinsed with TBST for 15 min × 3 times. Add diluted HRP-labeled secondary antibody IgG (goat anti- 
rabbit, ab205718, 1:2000–1:50000) in the same way, incubate for 2 h at room temperature, and then wash the membrane with TBST 
for 15 min × 3 times. Put into ECL luminescent solution for color development, and SmartView Pro 2000 (UVCI-2100, Major Science, 
USA) was photographed. The protein bands were analyzed in grayscale using Quantity One software version 4.52 [20]. 

2.14. In vivo animal studies 

Sixty-four 5-week-old female BALB/c nude rats, weighing 18–20 g, were purchased from the Shanghai Experimental Animal Center 
of the Chinese Academy of Sciences and housed in an SPF-grade laboratory room at constant temperature (25 ± 2) ◦C and humidity 
(45%–50 %) with a 12-h dark/light cycle, fed autoclaved standard laboratory chow and free sterile drinking water. All experimental 
operations followed the International Convention on Laboratory Animal Ethics and met relevant national regulations. KYSE150 cells in 
the logarithmic growth phase in the corresponding groups after transfection (mimic NC group, miR-194-5p mimic group, miR-194-5p 

Y. Wang et al.                                                                                                                                                                                                          



Heliyon 9 (2023) e22282

5

(caption on next page) 

Y. Wang et al.                                                                                                                                                                                                          



Heliyon 9 (2023) e22282

6

mimic + oe-NC group, miR-194-5p mimic + oe-PRC1 group) were taken separately, trypsin digested, washed twice by centrifugation 
in PBS buffer and washed with cold PBS solution. The cell suspension was prepared, and the cell concentration was adjusted to 1 × 107 
cells/mL; 0.4 % Typan blue staining was performed, and live cells were counted >98 %. 

Tumor formation experiment in nude mice: 32 mice were randomly divided into 4 groups of 8 mice each, and 0.1 mL of the 
corresponding cell suspension was injected subcutaneously in the right axil of each group. The tumor formation was observed on days 
7, 14, 21, 28, and 35 after successful subcutaneous injection, and the long diameter (a) and short diameter (b) of the tumor were 
measured and recorded using vernier calipers, and the volume was calculated using the formula = (a × b2)/2, and the tumor growth 
curve was plotted. 

Nude mice metastasis model: 32 mice were randomly divided into 4 groups of 8 mice each, and 1 × 106 KYSE150 cells were injected 
into the tail vein of each group of nude mice to establish a nude mouse metastasis model. The mice were executed 35 days after tumor 
injection, and lung tissues were taken for H&E staining to detect metastatic foci. 

2.15. H&E staining 

The tumor tissue blocks were fixed, paraffin-embedded, sectioned (4 μm), dewaxed, stained with hematoxylin for 5 min, differ-
entiated with hydrochloric acid for 30 s, and further stained with eosin for 2 min. Subsequently, cells were conventionally dehydrated, 
cleared, and sealed for observation under an inverted microscope (XSP-8CA, Shanghai Optical Instrument Factory, China). 

2.16. Statistical analysis 

Statistical data were processed and analyzed using SPSS 21.0 statistical software (SPSS, Inc., Chicago, IL, USA). The results of each 
parameter of the experimental measures were expressed as mean ± standard deviation (Mean ± SD). The data of cancerous and 
paraneoplastic tissues were analyzed by paired t-test, comparison between two groups was performed by t-test, and multiple groups 
were compared by analysis of variance (ANOVA) and Tukey for post hoc test. Two-factor ANOVA was used for cell activity/survival at 
different time points or doses and repeated-measures ANOVA was used for tumor volume at different times. Survival of miR-194-5p 
versus PRC1 expression in ESCC was analyzed by survival analysis using Kaplan-Meier with a test level of α = 0.05, which was sta-
tistically significant when P < 0.05. 

3. Results 

3.1. Low expression of miR-194-5p and high expression of PRC1 in ESCC tissues and cells 

The differential miRNA expression analysis of GSE97049, an ESCC-related expression microarray in the GEO database, yielded a 
total of 1359 differentially expressed miRNAs (Fig. 1A), including 131 miRNAs of human origin (86 highly expressed miRNAs and 45 
lowly expressed miRNAs). Fifty-two miRNAs associated with ESCC were obtained from the MNDR database. To find potential miRNAs 
that inhibit ESCC, we intersected the differentially expressed miRNAs and MNDR results to obtain 11 candidate miRNAs (miR-133b, 
miR-29c-5p, miR-133a-3p, miR-139-5p miR-100-5p, miR-195-5p, miR-194-5p, miR-193a-3p, hsa-miR-133a-5p, hsa-miR-10a-5p, and 
hsa-miR-139-3p) (Fig. 1B). Further, we queried the literature on these miRNAs and ESCC, and the results showed that miR-194-5p was 
downregulated in ESCC tissues [13], which was the same as the results of GSE97049 microarray analysis (Fig. 1C). 

To further predict the target genes of miR-194-5p, we obtained 2675, 676, and 3570 target genes of miR-194-5p using the StarBase 
database, miRDB database, and RNA22 database, respectively. We obtained 137 candidate genes by taking the overlapping part of 
each database (Fig. 1D). PPI analysis of candidate target genes was performed by GeneCards database of 2000 genes related to 
esophagus squamous cell carcinoma using STRING to obtain 12 core genes (Hub Gene, Degree>3) (Fig. 1E), taking the candidate target 
genes, The intersection of candidate target genes, GeneCards database results, and Hub genes were obtained for 8 genes (Fig. 1F). Next, 
we extracted the corresponding average tissue data from ESCA and GTEx of TCGA and analyzed the differential expression of the above 
eight genes (YAP1, PRC1, IGF1R, DYRK1A, PTPN13, KMT2C, CAV1, PTCH1), and the results showed that PRC1 was significantly 

Fig. 1. Comprehensive microarray analysis identifies how miR-194-5p affects ESCC by regulating PRC1. A, Heat map of differentially expressed 
miRNA in ESCC-related expression microarray GSE97049 in GEO database, blue to orange expression values from small to large. B, Venn diagram of 
the intersection of differentially expressed and ESCC-related miRNAs in the MNDR database. C, Boxplots of miR-194-5p expression in GSE97049 
microarray. D, Venn diagram of the intersection of the predicted target gene of miR-194-5p through StarBase database, miRDB database, and RNA22 
database. E, PPI analysis network diagram of candidate target genes. The greener the color, the higher the Degree value and the higher the core 
degree. F, Venn diagram of intersection of candidate target genes, GeneCards database results, and Hub genes. G, Boxplots of gene expression (YAP1, 
PRC1, IGF1R, DYRK1A, PTPN13, KMT2C, CAV1, PTCH1) in normal samples (n = 666) and ESCC samples (n = 182). H. RT-qPCR detects the 
expression of miR-194-5p in the clinical group (n = 60); I. RT-qPCR detects the expression of PRC1 mRNA in clinical tissues (n = 60); J. Kaplan- 
Meier survival analysis esophageal squam Survival status of miR-194-5p expression in cancer; K. Kaplan-Meier survival analysis of PRC1 expression 
in esophageal squamous cell carcinoma; L, RT-qPCR determination of miR-194-5p and PRC1 expression in ESCC cells and normal esophageal 
epithelial cells. M, Statistics of protein expression in ESCC cells and normal esophageal epithelial cell line. N, Western blot analysis of PRC1 
expression in ESCC cells and normal esophageal epithelial cell line. The data were expressed as the mean ± standard deviation, and data comparison 
between the two groups was conducted using a t-test. *p < 0.05 compared with adjacent non-tumor tissues or normal esophageal epithelial cell 
lines. The cell experiment was repeated three times. 
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highly expressed in ESCC with the most significant difference (Fig. 1G). 
The expression levels of miR-194-5p and PRC1 were then measured in 60 patients with ESCC and their paraneoplastic tissues. The 

results showed that the expression of miR-194-5p was significantly lower (P < 0.05) in ESCC tissues compared with paraneoplastic 
tissues (Fig. 1H). The expression of PRC1 mRNA was significantly higher (P < 0.05) (Fig. 1I). In the survival analysis, patients with 
down-regulated miR-194-5p expression had a significantly lower survival rate (Fig. 1J). Those with up-regulated PRC1 expression had 
a lower survival rate (Fig. 1K). Similarly, we examined the expression levels of miR-194-5p and PRC1 in normal human esophageal 
epithelial cells HET-1A and ESCC cells KYSE150, and the results showed that the relative expression of miR-194-5p was significantly 
downregulated in ESCC cells KYSE150 compared with normal human esophageal epithelial cells HET-1A, the mRNA level of PRC1 was 
significantly The relative expression of miR-194-5p was significantly down-regulated, the mRNA level of PRC1 was significantly up- 
regulated, and the relative expression of PRC1 protein was also significantly up-regulated in KYSE150 esophageal cancer cells (Fig. 1L- 
N). The above results indicated that miR-194-5p showed low expression in ESCC cells, and PRC1 showed high expression in ESCC cells. 

3.2. miR-194-5p targets and inhibits PRC1 

To further investigate the specific regulatory mechanism of miR-194-5p and PRC1, we used StarBase prediction to find the binding 
site of miR-194-5p to the 3′UTR region of PRC1 (Fig. 2A). Dual luciferase reporter gene experiments showed that the luciferase signal 
was significantly decreased in the miR-194-5p mimic and pPRC1-wt co-transfected group compared to the NC group; no significant 
difference in luciferase signal was observed between the miR-194-5p mimic and pPRC1-mut co-transfected groups (P > 0.05) (Fig. 2B). 
Further, miR-194-5p was overexpressed in KYSE150 cells, and RT-qPCR assay showed that miR-194-5p miR-194-5p expression was 
significantly increased in the miR-194-5p mimic group compared with the mimic NC group (P < 0.05, Fig. 2C). RT-qPCR and Western 
blot The results showed that both mRNA and protein levels of PCR1 were significantly decreased in the miR-194-5p mimic group 
compared with the mimic NC group (P < 0.05, Fig. 2D and E). The above results indicated that miR-194-5p could specifically inhibit 
the expression of PRC1. 

3.3. Upregulation of miR-194-5p or silencing PRC1 enhances sensitivity to radiotherapy and inhibits the proliferation of ESCC cells in 
nasopharyngeal carcinoma 

To detect the effects of miR-194-5p and PCR1 on the migration and invasion ability of ESCC cells, we first treated KYSE150 cells 
with PRC1 silencing, miR-194-5p overexpression or both miR-194-5p and PRC1. The knockdown treatment of PRC1 using shRNA and 
RT-qPCR to detect the silencing efficiency of both shRNAs showed that the knockdown efficiency of sh-PRC1-1 was high for the follow- 

Fig. 2. PRC1 was a target gene of miR-194-5p. A, Binding site of miR-194-5p and PRC1 predicted by starBase. B, Binding of miR-194-5p to 3 ′-UTR 
of PCR1 verified by luciferase assay. C/D, RT-qPCR determination of miR-194-5p and PCR1 expression in KYSE150 cells. E, Western blot analysis of 
PCR1 expression in KYSE150 cells. *, p < 0.05, vs. mimic NC; The data were expressed as the mean ± standard deviation, and data comparison 
between two groups was conducted using t-test. The cell experiment was repeated three times. 
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up study (P < 0.05, Fig. 3A). RT-qPCR was performed to detect the miR-194-5p and PRC1 mRNA in each group of KYSE150 cells 
expression. WB detected PRC1 protein expression in KYSE150 cells in each group. The results showed (Fig. 3B and C): compared with 
the mimic NC group, miR-194-5p miR-194-5p expression was significantly increased, and PRC1 expression was decreased in the mimic 
group; compared with the sh-NC group, miR-194-5p expression in the sh-PRC1 group was not significantly different, and PRC1 
expression decreased; compared with miR-194-5p mimic + oe-NC group, miR-194-5p mimic + oe-PRC1 group miR-194-5p expression 
was not significantly different and PRC1 expression increased. 

The effect of radiotherapy on in vitro cell survival was examined using in vitro clone formation assay, and the results showed 
(Fig. 3D): with increasing intensity of radiotherapy, the KYSE150 cell survival rate in the miR-194-5p mimic group was significantly 
decreased compared with the mimic NC group; the KYSE150 cell survival rate in the sh-PRC1 group was significantly decreased 
compared with the sh-NC group; The survival rate of KYSE150 cells in the miR-194-5p mimic + oe-NC group was significantly 
increased compared with the miR-194-5p mimic + oe-PRC1 group. The results suggest that overexpression of miR-194-5p or silencing 
of PRC1 increased cellular radiosensitivity. 

CCK-8 detected the proliferation of KYSE150 cells, and the results showed (Fig. 3E): that compared with the mimic NC group, the 
relative viability of KYSE150 cells in the miR-194-5p mimic group was significantly reduced, and the proliferation rate slowed down 
after 24 h, 48 h and 72 h of culture; compared with the sh-NC group, the sh-PRC1 group The relative viability of KYSE150 cells was 
significantly reduced, and the proliferation rate was slowed down; compared with the miR-194-5p mimic + oe-NC group, the relative 
viability of KYSE150 cells in the miR-194-5p mimic + oe-PRC1 group was significantly increased, and the proliferation rate was 
accelerated. 

The above results suggest that overexpression of miR-194-5 p or silencing PRC1 can enhance chemosensitivity and inhibit the 
proliferation of ESCC cells, while overexpression of PRC1 can reverse the inhibitory effect of miR-194-5 overexpression on the pro-
liferation of ESCC cells. 

3.4. Upregulation of miR-194-5p or silencing PRC1 inhibits migration and invasion of ESCC cells, blocks cell cycle progression, and 
promotes apoptosis 

The results of scratch and Transwell assays demonstrated that mimic of miR-194-5p or sh-PRC1 suppressed cell invasion and 
migration at 48 h, while relative to miR-194-5p mimic + oe-NC treatment, both miR-194-5p mimic and oe-PRC1 treatment enhanced 

Fig. 3. Overexpressed miR-194-5p or silenced PRC1 enhanced radiosensitivity but retarded proliferation of ESCC cells. A, RT-qPCR determination 
of PRC1 expression after sh-PRC1 treatment. KYSE150 cells were transfected with miR-194-5p mimic, sh-PRC1, or oe-PRC1. B, RT-qPCR deter-
mination of miR-194-5p and PRC1 expression in each group of cells. C, Western blot analysis of PRC1 expression in each group of cells. D, Clone 
formation assay was used to detect cell survival rate. E, CCK-8 assay was performed to assess cell proliferation. The data were expressed as the mean 
± standard deviation, and data comparison between multiple groups was conducted using two-way ANOVA. *, p < 0.05, vs mimic NC; #, p < 0.05, 
vs sh-NC; &, p < 0.05, vs miR-194-5p mimic + oe-NC. The cell experiment was repeated three times. 
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cell invasion and migration (Fig. 4A and B). 
Further cell cycle distribution and cell apoptosis analysis indicated that miR-194-5p mimic or sh-PRC1 treatment increased the 

percentage of G1-phase cells and cell apoptosis but reduced that of S-phase cells relative to miR-194-5p mimic + oe-NC treatment, both 

Fig. 4. Overexpressed miR-194-5p or silenced PRC1 represses invasion and migration of ESCC cells but induces apoptosis. KYSE150 cells were 
transfected with miR-194-5p mimic, sh-PRC1, or oe-PRC1. A, The migration of KYSE150 cells was assessed by scratch test (100 μm). B, The cell 
invasion was assessed by Transwell assay (50 μm). C, The cell cycle was assessed by flow cytometry. D, The cell apoptosis was determined by flow 
cytometry. The data were expressed as the mean ± standard deviation, and data comparison between multiple groups was conducted using two-way 
ANOVA. *, p < 0.05, vs mimic NC; #, p < 0.05, vs sh-NC; &, p < 0.05, vs miR-194-5p mimic + oe-NC. The cell experiment was repeated three times. 
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miR-194-5p mimic and oe-PRC1 treatment reduced the percent of G1-phase cells and cell apoptosis but increased that of S-phase cells 
(Fig. 4C and D). 

The above results suggest that overexpression of miR-194-5p or silencing PRC1 can inhibit the migration and invasion of ductal 
carcinoma cells, while overexpression of PRC1 can reverse the inhibitory effect of miR-194-5 overexpression on the biological 
properties of ESCC cells. 

3.5. miR-194-5p targets PRC1 to mediate the Wnt/β-catenin signaling pathway 

Further literature search on the function of PRC1 found that PRC1 can affect the disease process through the Wnt/β-catenin 
signaling pathway [21–23]. To further examine the effect of miR-194-5p and PRC1 on the Wnt/β-catenin signaling pathway, we 
conducted TOP/FOP luciferase assay and found that (Fig. 5A) treatment of miR-194-5p mimic or sh-PRC1 significantly decreased the 
TOP/FOP ratio, suggesting that hsa-miR-194-5p could target PRC1 to regulate Wnt/β-catenin signaling pathway, thereby inhibiting 
the development of ESCC. Furthermore, qPCR and Western blot analysis showed that treatment of miR-194-5p mimic or sh-PRC1 
markedly reduced the expression of β-catenin, Cyclin D1, C-myc, and MMP-2 mRNA and protein but increased the expression of 
p-β-catenin; relative to miR-194-5p mimic + oe-NC treatment, both miR-194-5p mimic and oe-PRC1 treatment elevated the expression 
of β-catenin, Cyclin D1, C-myc, and MMP-2 mRNA and protein but diminished the expression of p-β-catenin (Fig. 5B and C). These 
results supported the suppressive role of miR-194-5p in ESCC via reducing PRC1 expression through the Wnt/β-catenin signaling 
pathway. 

3.6. Upregulation of miR-194-5p inhibits xenograft tumorigenesis and lymph node metastasis in nude mice 

Next, we processed the experiment in nude mice, aiming to evaluate the impact of miR-194-5p and PRC1 on the in vivo tumor 
growth of ESCC. The tumor volume was calculated, a growth curve was made (Fig. 6A), and the tumor weight was weighed by an 
electronic balance (Fig. 6B and C). The tumor volume and weight were reduced in mice injected with miR-194-5p mimic, while further 
injection of oe-PRC1 led to the opposite trend. 

Further, the effect of miR-194-5p on metastasis was also observed. HE staining results (Fig. 6D–F) confirmed that treatment of miR- 

Fig. 5. miR-194-5p regulates the Wnt/β-catenin signaling pathway by targeting PRC1. A TOP/FOP luciferase assay detects the TOP/FOP ratio after 
miR-194-5p mimic or sh-PRC1 treatment. B/C, RT-qPCR, and Western blot analysis of the expression of p-β-catenin, β-catenin, Cyclin D1, C-myc, 
and MMP-2 mRNA in KYSE150 cells after miR-194-5p mimic, oe-PRC1, or sh-PRC1 treatment. The data were presented as the mean ± standard 
deviation, and data comparison between multiple groups was conducted using one-way ANOVA followed by Turkey post hoc test. *, p < 0.05, vs 
mimic NC; #, p < 0.05, vs sh-NC; &, p < 0.05, vs miR-194-5p mimic + oe-NC. The cell experiment was repeated three times. 
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194-5p mimics reduced the area and a number of metastases in the lung tissue of nude mice, which could be reversed by further oe- 
PRC1 injection. This evidence indicated that upregulation of miR-194-5p inhibited PRC1, inhibiting tumorigenesis and in vivo 
metastasis in nude mice. 

4. Discussion 

ESCC is a common malignancy, and its highly malignant invasive and metastatic process is one of the major causes of poor 
prognosis [24]. In recent years, more and more studies have shown that miRNAs play an essential regulatory role in tumor invasion and 
metastasis, thus becoming a hot spot for many tumor studies [25]. In the present study, miR-194-5p was found to inhibit the 
Wnt/β-catenin signaling pathway through the down-regulation of the PRC1 gene, which in turn enhanced the sensitivity of ESCC cells 
to radiotherapy and attenuated the invasion and metastasis ability of ESCC cells. 

Based on bioinformatics analysis and clinical tissue and cellular experiments, we found that miR-194-5p expression was low in 
ESCC tissues and cells, and its high expression was able to inhibit ESCC cell proliferation, invasion, and migration but enhance the 
radiosensitivity of ESCC cells. There is increasing evidence that miR-194-5p has tumor-suppressive effects in various cancers such as 
hepatocellular carcinoma, breast cancer, and Wilms’ tumor [26,27]. Consistent with our study, recent reports have also demonstrated 
the downregulation of miR-194-5p expression in ESCC [13]. More importantly, miR-194 was shown to limit the proliferation and 
invasion of ESCC cells and promote their apoptosis [28]. miRBase Sanger sequences revealed that miR-194-5p and miR-194-3p are two 
mature sequences of miR-194 [29]. A recent study revealed that overexpression of miR-194-3p can enhance sensitivity to radiotherapy 
and inhibit cell migration, invasion, and proliferation in nasopharyngeal carcinoma [30]. 

In addition, high expression of PRC1 was also detected in ESCC tissues and cells, and its downregulation could limit the prolif-
eration, invasion, and migration of ESCC cells but could enhance the radiosensitivity of ESCC cells. PRC1 is a suitable substrate for 
activating CDKs and plays a crucial role in cell division and tumorigenesis [31]. A study showed that overexpression of PRC1 may 
contribute to gastric carcinogenesis [32]. Cai et al. consistently summarized the upregulated expression of PRC1 in esophageal cancer, 
and its low expression prevented proliferation, invasion, and self-renewal of esophageal cancer stem cells [33]. 

miRNAs are endogenous, non-coding, single-stranded RNAs that play essential roles in different biological processes by binding to 
their target mRNAs [34]. Our study also confirmed that miR-194-5p can target PRC1 expression and reduce PRC1 expression by 
blocking the Wnt/β-catenin signaling pathway, leading to the inhibitory effect of miR-194-5p in ESCC. Specifically, miR-194-5p 

Fig. 6. Elevation of miR-194-5p or silenced PRC1 suppresses xenograft growth and metastasis in ESCC mice. A, Tumor volume after miR-194-5p 
mimic or oe-PRC1 treatment. B, Tumor weight after miR-194-5p mimic or oe-PRC1treatment. C, Representative maps of xenografts after miR-194- 
5p mimic or oe-PRC1 treatment. D, HE staining results of xenografts after miR-194-5p mimic or oe-PRC1 treatment (100 μm). E, The area of lung 
tissue metastases in nude mice models of metastasis in each group after miR-194-5p mimic or oe-PRC1 treatment. F, Statistical chart of lung 
metastases in each group’s nude mouse metastasis models. n = 8. *, p < 0.05, vs mimic NC; #, p < 0.05, vs miR-194-5p mimic + oe-NC. 
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overexpression or PRC1 downregulation inhibits the expression of β-catenin, Cyclin D1, C-myc, and MMP-2. The Wnt/β-catenin 
signaling pathway is an evolutionarily conserved pathway that has been shown to promote tumorigenesis and metastasis in certain 
cancers, including ESCC [35,36]. Aberrant activation of the Wnt/β-catenin signaling pathway leads to the accumulation of β-catenin in 
the nucleus, which promotes the transcription of many oncogenes, such as C-myc, CyclinD1 and MMP-2 [37–39]. Previous studies have 
found that PRC1 increases lymph node metastasis in lung adenocarcinoma by activating the Wnt/β-catenin signaling pathway [21]. 
PRC1 is associated with developing diseases associated with regulating the Wnt/β-catenin signaling pathway [40]. In partial agree-
ment with our study, Tang et al. also demonstrated a target site relationship between miR-194 and PRC1, and that increased miR-194 
produced inhibitory effects in hepatocellular carcinoma cells by blocking the Wnt/β-catenin signaling pathway, including inhibition of 
epithelial-mesenchymal transition, growth, proliferation, invasion, and migration [33]. In addition, a recently published study also 
validated the targeting relationship between miR-194 and PRC1 in esophageal cancer and that miR-194 may reduce PRC1 expression 
through the inactivation of the Wnt/β-catenin signaling pathway, thereby preventing tumorigenesis in esophageal cancer stem cells, 
which is highly consistent with our current findings [33]. 

Firstly, it should be noted that this study only conducted experiments in cell cultures and nude mouse models, lacking clinical 
sample data support. Furthermore, the cell lines used in this study were heterogeneous, and the radiosensitivity could vary among 
different cell lines. Additionally, differences between the in vitro culture conditions and the tumor growth environment may exist. 
Secondly, miR-194-5p and PRC1 may also play essential roles in other types of tumors. Therefore, further investigation is needed to 
determine whether the effects of these regulatory factors are specific to esophageal squamous cell carcinoma cells. Lastly, this study 
revealed the involvement of miR-194-5p and PRC1 in regulating the radiosensitivity of esophageal squamous cell carcinoma cells. 
However, the occurrence and development of esophageal squamous cell carcinoma is a complex, multi-gene regulatory process, and 
the mechanisms underlying radiosensitivity are not fully understood. Therefore, further research is warranted to explore other vital 
regulatory genes and signaling pathways. We will also endeavor to delve deeper into the topic in future studies. 

5. Conclusion 

This study investigated the molecular mechanism of miR-194-5p/PRC1/Wnt/β-catenin signaling axis to regulate the invasion and 
metastatic ability and sensitivity to radiotherapy in ESCC cells. The results showed that miR-194-5p could inhibit the Wnt/β-catenin 
signaling pathway through the down-regulation of the PRC1 gene to improve the sensitivity of ESCC cells to radiotherapy and reduce 
their invasion and metastatic ability (Fig. 7). Therefore, this study has significant scientific and clinical implications for the treatment 
of ESCC. However, there are limitations to this study. First, the study was conducted only in cellular experiments and nude mouse 
models and lacked data support from clinical samples. Second, the study did not consider other influencing factors, such as miRNAs 
and gene regulation. 

Ethics approval and consent to participate 

All patients signed an informed consent form, which our clinical ethics committee approved and agreed upon, and all specimens 
were used following the Declaration of Helsinki. All experimental operations followed the International Convention on Laboratory 
Animal Ethics and met relevant national regulations. 

Fig. 7. Molecular mechanism of miR-194-5p/PRC1/Wnt/β-catenin axis affecting invasion, metastasis, and radiosensitivity of ESCC cells. miR-194- 
5p can inhibit the Wnt/β-catenin signaling pathway by targeting the expression of PRC1, thereby enhancing the radiosensitivity of ESCC cells and 
attenuating the invasion and metastasis of ESCC cells. 
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