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Abstract 

Background  Esophageal squamous cell carcinoma (ESCC) is a serious invasive malignancy with an ambiguous 
etiology. Evidence indicates that circular RNA (circRNA) is significantly involved in the regulatory processes associ-
ated with cancer development. Nevertheless, the specific molecular mechanisms through which circRNA facilitates 
the progression of ESCC are still largely undefined.

Methods  Here, we identified that the expression of hsa_circ_0007580 (designated circPRKCA) was markedly elevated 
in ESCC. Fluorescence in situ hybridization (FISH) was conducted to verify the expression, intracellular localization, 
and potential prognostic value of circPRKCA based on the tissue microarray. Gain- and loss-of-function assays were 
employed to investigate the effects of circPRKCA both in vitro and in vivo. RNA pull-down and mass spectrometry 
(MS) were performed to identify the proteins bound to circPRKCA. mRNA sequencing was conducted to screen 
the downstream target genes of circPRKCA. Furthermore, immunoprecipitation and methylated RNA immunoprecipi-
tation (MeRIP) analysis were used to explore the regulatory mechanisms.

Results  We found that circPRKCA exhibited significant upregulation in ESCC tissues and correlated with unfavorable 
prognostic outcomes. Biological function experiments further confirmed that circPRKCA enhances the capabilities 
of migration, invasion, and angiogenesis in ESCC. Mechanistically, circPRKCA engages in interaction with Y-box bind-
ing protein 1 (YBX1) within the cytoplasmic milieu, consequently preventing the ubiquitination-mediated degrada-
tion of YBX1. Increased concentrations of YBX1 increase the stability of granulocyte–macrophage colony-stimulating 
factor (CSF2) mRNA in a 5-methylcytosine (m5C)-dependent manner. This process facilitates metastasis in ESCC.

Conclusion  In this research, we identified a correlation between circPRKCA and unfavorable prognoses in patients 
with ESCC. It is instrumental in the metastatic progression of ESCC via the YBX1/CSF2 signaling pathway. Conse-
quently, targeting circPRKCA may represent a promising therapeutic strategy for ESCC.
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Background
Esophageal cancer (EC) is one of the most common 
malignant tumors globally [1], with esophageal squamous 
cell carcinoma (ESCC) being the predominant pathologi-
cal type in China and ranking as the fifth leading cause 
of cancer-related mortality [2]. Due to its highly inva-
sive and metastatic nature, the five-year survival rate for 
advanced-stage patients is less than 15% [3]. Therefore, 
investigating the mechanisms that promote ESCC metas-
tasis is of critical importance.

Circular RNAs (circRNAs) have been identified as reg-
ulators of cancer progression. CircRNAs are covalently 
closed-loop structures formed through back-splicing or 
exon skipping of precursor mRNAs [4]. Lacking 5′ caps 
and 3′ poly(A) tails, circRNAs exhibit resistance to exo-
nuclease degradation and enhanced stability. These char-
acteristics make circRNAs viable candidates as detectable 
biomarkers. Studies have demonstrated that circRNAs 
exhibit aberrant expression patterns in various can-
cers. Such dysregulation holds the potential to modulate 
tumor progression by functioning as miRNA sponges, 
protein scaffolds, or even encoding polypeptides [5]. For 
instance, circHIPK3 has been characterized as a com-
peting endogenous RNA (ceRNA) that sponging miR-
637, thereby regulating FASN expression and fatty acid 
metabolism in ESCC cells [6]. Similarly, the upregulation 
of hsa_circ_0001165 has been shown to modulate the 
miR-381-3p/TNS3 axis, driving aggressive phenotypes in 
ESCC [7]. While the role of circRNAs as miRNA sponges 
has been extensively explored in ESCC, emerging evi-
dence highlights the significance of circRNA interactions 
with RNA-binding proteins (RBPs) in promoting tumor 
progression [8, 9]. Nevertheless, the precise molecular 
mechanisms underlying these circRNA-RBP interactions 
in ESCC remain poorly understood and warrant further 
investigation.

To find the key driver circRNAs in ESCC tissues, our 
research team previously conducted high-through-
put sequencing analysis on five pairs of ESCC tis-
sues and matched adjacent non-cancerous tissues 
[10]. Among the top 50 differentially expressed circR-
NAs, we focused on a highly enriched circRNA, hsa_
circ_0007580, due to its parent gene PRKCA being 
recognized as an oncogene [11]. However, the specific 
regulatory mechanisms and functional pathways of 
circPRKCA in ESCC remain unclear. Y-box binding 
protein 1(YBX1), a multifunctional DNA- and RNA-
binding protein, is frequently upregulated in various 
cancers and has been strongly implicated in cancer 
metastasis [12]. It plays a pivotal role in regulating 
mRNA stability, suppressing translational repression, 
and modulating transcriptional activity, all of which 
contribute to the metastatic progression of cancer [13, 

14]. Additionally, granulocyte–macrophage colony-
stimulating factor  (CSF2), a tumor-derived growth 
factor, is widely recognized for its role in promoting 
angiogenesis. Furthermore, CSF2 drives epithelial-
mesenchymal transition (EMT) and enhances immune 
checkpoint expression, thereby facilitating the malig-
nant progression of multiple tumor types [15–17].

In our study, we identified a correlation between 
circPRKCA and unfavorable prognoses in patients 
with ESCC. Mechanistically, circPRKCA interacts with 
YBX1, preventing its ubiquitination-mediated degra-
dation. The increased YBX1 stabilizes CSF2 mRNA in 
a 5-methylcytosine (m5C)-dependent manner, facili-
tating ESCC metastasis. Our findings reveal a novel 
regulatory mechanism, highlighting the potential of 
circPRKCA as a biomarker for assessing metastatic risk 
in ESCC patients and as a promising target for thera-
peutic intervention.

Materials and methods
Cell culture and transfection
The human ESCC cell lines used in this study are all 
available in our laboratory, including TE1, KYSE30, 
KYSE410, and KYSE150 (Procell, Wuhan). No evidence 
of mycoplasma contamination was observed, as verified 
by the Mycoplasma detection test kit (Seven, Beijing). 
The principles of cell line selection are as follows: TE1 
and KYSE30 with relatively high expression were chosen 
to verify the cyclization characteristics of circPRKCA. 
To investigate the subcellular localization of circPRKCA 
and the specific mechanisms that promote the pro-
gression of ESCC, KYSE30 with relatively high expres-
sion of circPRKCA and KYSE150 with relatively low 
expression of circPRKCA were selected for dual verifi-
cation. To model the tumor-promoting process medi-
ated by circPRKCA in vivo, KYSE150 with relatively low 
expression of circPRKCA was utilized to overexpress 
circPRKCA for the animal experiments. Cells were cul-
tured in RPMI 1640 medium enriched with 10% fetal 
bovine serum (FBS), along with 100 U/ml penicillin and 
100  μg/ml streptomycin, or in F-12 medium (GIBCO, 
USA). The cultures were sustained in a humidified atmos-
phere containing 5% CO2 at a temperature of 37 °C.

For transfection experiments, siRNA (RiboBio, Guang-
zhou) or plasmid DNA (Geneseed, Guangzhou) was 
used. ESCC cells (1 × 106) were seeded in 6-well plates 
and transfected with siRNA using HiperFect or with plas-
mid DNA using PolyFect transfection reagents (Qiagen 
GmbH), according to the manufacturer’s instructions. 
After 6 h of transfection, the medium was replaced with 
complete growth medium, and cells were harvested 48 h 
post-transfection for further analysis.
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Tissue microarray sample
The clinical tissue microarray sample HEsoS180Su11 (cat-
alog no. YB M-05-02; approval no. SHYJS-CP-2004003) 
used in this study was purchased from Shanghai Outdo 
Biotech Company. This microarray included 108 ESCC 
specimens and 64 adjacent non-tumor tissues. Detailed 
clinicopathological characteristics and survival outcomes 
were documented for all patients. Written informed con-
sent was obtained from each participant prior to inclu-
sion in the study. The research protocol was approved by 
the Institutional Review Committee of Shanghai Outdo 
Biotechnology Co., Ltd.

Genomic DNA (gDNA) and RNA extraction, reverse 
transcription‑quantitative polymerase chain reaction, 
and agarose gel electrophoresis
Genomic DNA was extracted using a gDNA extrac-
tion kit (TANGEN, China), and total RNA was isolated 
using the Trizol method (Invitrogen, USA). The purity 
of DNA and RNA was assessed spectrophotometrically, 
with acceptable ranges as follows: for DNA, A260/A280: 
1.7–1.9 and A260/A230: 2.0–2.2; for RNA, A260/A280: 
1.8–2.0 and A260/A230: 2.0–2.2. Complementary DNA 
(cDNA) was synthesized using the GoScript Reverse 

Transcription System (Promega, USA). Quantitative 
PCR (qPCR) was performed using SYBR Green qPCR 
Master Mix II (Seven, Beijing), with primers listed in 
Table 1. U6 and GAPDH were used as internal controls 
for circRNA and mRNA, respectively. The qPCR reac-
tion program consisted of an initial denaturation at 95 °C 
for 5 min, followed by 40 cycles of denaturation at 95 °C 
for 15  s, annealing at 60  °C for 30  s, and extension at 
72 °C for 30 s, with a final extension at 72 °C for 10 min. 
Gene expression levels were quantified using the 2−ΔΔCt 
method [18]. For PCR, the reaction conditions included 
pre-denaturation at 95 °C for 5 min, followed by 35 cycles 
of denaturation at 95  °C for 45 s, annealing at 60  °C for 
45 s, and extension at 72  °C for 60 s, with a final exten-
sion at 72 °C for 10 min. PCR products were separated by 
2% agarose gel electrophoresis and visualized using Safe 
Green (Monad, China) under 120 V for 60 min.

Nuclear and cytoplasmic fractionation
Nuclear and cytoplasmic fractions were isolated using 
the extraction kit specified by Pierce (Thermo Fisher 
Scientific, Inc.). Briefly, cells were lysed using a cell frac-
tionation buffer and incubated on ice for 10  min. The 
lysate was then centrifuged at 500 × g for 3  min. The 

Table 1  List of primers sequences

F Forward primer; R Reverse primer

Experiment types Gene Primers Product 
size (bp)

RT-PCR and RT-qPCR circPRKCA Divergent primer F:5′—GTG​CAA​GGA​ACA​CAT​GAT​GG—3′
R:5′—ACT​CGG​TCA​AGG​TTG​TTG​GA—3′

156

circPRKCA Convergent primers F:5′—AAG​GCT​TCC​AGT​GCC​AAG​TT—3′
R:5′—CTC​CTG​GGG​TCA​TCA​GTG​TC—3

112

YBX1 F:5′—GGA​CAA​GAA​GGT​CAT​CGC​AAC—3′
R:5′—TCT​CCA​TCT​CCT​ACA​CTG​CGA—3′

171

CSF2 F:5′—ATC​CCC​TTT​GAC​TGC​TGG​GA—3′
R:5′—TTG​GTC​CCT​CCA​AGA​TGA​CC—3

126

GAPDH F:5′—CGC​TGA​GTA​CGT​CGT​GGA​GTC—3′
R:5′—GCT​GAT​GAT​CTT​GAG​GCT​GTT​GTC​—3′

172

U6 F:5′—CTC​GCT​TCG​GCA​GCACA—3′
R:5′—AAC​GCT​TCA​CGA​ATT​TGC​GT—3′

92

Transfection Target sequence
circPRKCA-si1

5′—CCC​AGA​GAA​AGC​CAA​ACT​T—3′

Target sequence
circPRKCA-si2-

5′—CAG​AGA​AAG​CCA​AAC​TTG​G—3′

Target sequence
circPRKCA-si3

5′—CCA​GAG​AAA​GCC​AAA​CTT​G—3′

YBX1-si1 F:5′—CAA​GGA​AGA​UGU​AUU​UGU​ATT—3′
R:5′—UAC​AAA​UAC​AUC​UUC​CUU​GTT—3′

YBX1-si2 F: 5′—CGG​CAA​UGA​AGA​AGA​UAA​ATT −3′
R:5’—UUU​AUC​UUC​UUC​AUU​GCC​GTT-3′

YBX1-si3- F: 5′—GGC​GAA​GGU​UCC​CAC​CUU​ATT—3′
R:5′—UAA​GGU​GGG​AAC​CUU​CGC​CTT—3′

FISH
RNA pull-down

circPRKCA probe 5′—/5bio/-GCA​GGG​CCAA GTT​TGG​CTTT CTC​TGG​GGCG 
ATA​TAA​TCTG-3’
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supernatant, representing the cytoplasmic fraction, was 
carefully collected, while the pellet was washed with 
lysis buffer to obtain the nuclear fraction. Subsequently, 
500  µl of lysis binding solution was added to each frac-
tion, followed by the addition of an equal volume of abso-
lute ethanol. The mixtures were thoroughly vortexed to 
ensure homogeneity. Each mixture was then transferred 
to a filtration column, and the filtrate was discarded. The 
columns were washed twice with wash buffer and centri-
fuged at 12,000 × g for 30 s. Finally, RNA was eluted using 
50 µl of elution buffer. The isolated RNA was quantified 
by RT-qPCR for further analysis.

Actinomycin D assay
All cells were pre-plated into culture plates. To evaluate 
the half-life of circPRKCA, actinomycin D (AdooQ Bio-
science, USA) was added to the cell cultures at a concen-
tration of 2 µg/ml, and samples were collected at 0, 4-, 8-, 
12-, and 24 h post-treatment. For the CSF2 half-life assay, 
due to its relatively short half-life, samples were col-
lected at 0, 20, 40, and 60 min after the addition of 2 µg/
ml actinomycin D. Following treatment, total RNA was 
extracted using the Trizol method (Invitrogen, USA), and 
RNA stability was assessed by RT-qPCR.

Fluorescence in situ hybridization (FISH)
FISH was performed to determine the subcellular locali-
zation of circPRKCA in ESCC cell lines (KYSE30 and 
KYSE150) and to analyze circPRKCA expression in 
ESCC tissue microarrays (HEsoS180Su11, catalog no. YB 
M-05–02, approval no. SHYJS-CP-2004003, Shanghai 
Outdo Biotech Company). ESCC cells were seeded onto 
glass coverslips in 12-well plates and cultured for 24  h. 
Cells were fixed with 4% paraformaldehyde for 20  min 
and permeabilized with 0.1% Triton X-100 on ice for 
5  min. To prevent non-specific binding, cells were pre-
hybridized with a 100 × blocking solution (150  µl PBST, 
3  µl sheep serum, and 3.3  µl 30% BSA). Hybridization 
was performed overnight at 37  °C using a circPRKCA 
probe (Geneseed, Guangzhou). For ESCC tissue sec-
tions, dewaxing was performed, followed by incubation 
with Protease K at 37  °C for 10  min. Pre-hybridization 
and probe hybridization were subsequently carried out 
overnight. The next day, circPRKCA was labeled using 
Cy5-Streptavidin Conjugate (ZyMAX™ Grade, Invitro-
gen), and nuclei were counterstained with DAPI. Fluo-
rescence signals were visualized and captured using 
laser confocal microscopy (LSM 900, Zeiss, Germany). 
Two experienced pathologists, trained on standardized 
scoring criteria, independently analyzed the FISH stain-
ing. Any discrepancies between their evaluations were 
resolved through discussion and re-evaluation by a third 

pathologist to ensure consensus. All pathologists were 
blinded to the patient clinical outcomes.

Five fields of view were randomly selected for each 
tissue section to assess the staining intensity of posi-
tive cells. The evaluation criteria were as follows [19]: 
(1) Most cells exhibited no or only weak red fluores-
cence, resulting in a score of 0; (2) Most cells displayed 
low intensity, or more than 50% of cells showed moder-
ate intensity, resulting in a score of 1; (3) Most cells with 
medium and high intensity received a score of 2. A score 
of ≤ 1 indicates low expression, while a score of > 1 indi-
cates high expression.

Cell counting kit‑8 (CCK‑8) assay and colony formation 
assays
For the CCK-8 assay, ESCC cells (4 × 103) were seeded 
into 96-well plates. The OD450 value was measured at 0, 
24, 48, 72, and 96 h using the Cell Counting Kit-8 (Med 
Chem Express, USA). For colony formation assays, 1000 
ESCC cells were cultured for 1 to 2 weeks. Colonies were 
fixed with 4% paraformaldehyde and stained with crystal 
violet. A colony was considered viable if it contained ≥ 50 
cells.

Scratch healing assay
ESCC cells were seeded at a density of 5 × 105 cells/mL 
per well in 6-well plates. When the cells reached approxi-
mately 80% confluence, vertical scratches were made 
in each well using a sterile 10 µL pipette tip. The initial 
scratch width was recorded at 0 h. After 24 h of incuba-
tion in serum-free medium, the scratch width was meas-
ured again. The scratch healing rate was calculated using 
the following formula: [(scratch width at 0  h–scratch 
width at 24 h)/(scratch width at 0 h)] × 100%.

Transwell migration and matrigel invasion assays
Transwell chambers (BD Biosciences, USA) without or 
with matrigel coating were used to evaluate the migra-
tion and invasion capabilities of ESCC cells. ESCC cells 
(4 × 104) were evenly distributed in the upper chamber, 
which contained 200  µL of serum-free medium, while 
600  µL of complete medium was added to the lower 
chamber. After 24 to 48  h of incubation, the cells were 
fixed with 4% paraformaldehyde and stained with crystal 
violet. Images were captured using an inverted phase-
contrast microscope (DFC295, Leica, Buffalo Grove, 
USA) for further analysis.

Tube formation assay
A tube formation assay was performed to evaluate the 
ability of circPRKCA to promote angiogenesis. Briefly, 
matrigel (Corning, USA) was added to a 96-well plate and 
incubated at 37  °C for 2  h to solidify. Human umbilical 
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vein endothelial cells (HUVECs) were seeded at a den-
sity of 1.5 × 104 cells per well in 100 μL of conditioned 
medium and cultured for 4 to 12 h. Tube formation was 
visualized and captured using an inverted phase-con-
trast microscope (DFC295, Leica, Buffalo Grove, USA). 
Images were analyzed using ImageJ software to quantify 
the angiogenic capacity.

Enzyme‑linked immunosorbent assay (ELISA)
Cell culture supernatants were collected and analyzed 
for cytokine production using a Human CSF2 ELISA kit 
(Proteintech, Wuhan, China) according to the manufac-
turer’s protocol. Briefly, 100  μL of standards and sam-
ples were added to a 96-well plate and incubated at 37 °C 
for 2  h. The wells were washed four times with 400  μL 
of wash buffer. Subsequently, 100  μL of CSF2 detection 
antibody was added to each well and incubated at 37 °C 
for 1  h, followed by another four washes. Next, 100  μL 
of enzyme-linked streptavidin secondary antibody was 
added and incubated for 40  min. After four additional 
washes, 100  μL of TMB substrate solution was added 
and incubated for 20  min. The reaction was terminated 
by adding 100 μL of stop solution. Absorbance was meas-
ured at 450 nm, and the CSF2 concentration in the sam-
ples was determined based on the standard curve.

RNA pull‑down assays
To identify proteins interacting with circPRKCA in ESCC 
cell lines (KYSE30 and KYSE150), a ChIRP (Chromatin 
Isolation by RNA Purification) probe targeting the cycli-
zation junction of circPRKCA was synthesized by Ribo-
Bio (Guangzhou, China). Cell lysates (1 × 10⁷ cells) were 
incubated with 50  pmol of biotin-labeled circPRKCA 
probe or a control probe for 2 h. The resulting complexes 
were then incubated with 50 μL of streptavidin C1 mag-
netic beads (Invitrogen; Thermo Fisher Scientific) for 
1  h. After three washes with buffer, the bound proteins 
were eluted and subjected to mass spectrometry (MS) or 
Western blot analysis.

Cycloheximide (CHX) chase assay and MG132 assay
To evaluate the stability of the YBX1 protein, CHX and 
MG132 assays were performed. ESCC cells were seeded 
in 6-well plates and transfected for 48  h. For the CHX 
chase assay, cells were treated with 40 μg/mL CHX for 0, 
3, 6, and 9 h. For the MG132 assay, cells were treated with 
either DMSO or 20 μM MG132 for 6 h. After treatment, 
cells were harvested for protein extraction, and YBX1 
protein levels were analyzed by Western blot.

Co‑immunoprecipitation(Co‑IP)
Co-IP was performed to evaluate the regulatory role of 
ubiquitination on YBX1. ESCC cells were treated with 

MG132 for 6  h, the cells were harvested and lysed in 
Co-IP buffer supplemented with proteasome inhibitors. 
The lysates were incubated overnight with either IgG 
(2  μg antibody for 2  mg protein, 30,000-0-AP, Protein-
tech, Wuhan, China) or IP antibodies. The following day, 
30 µL of agarose beads were added to the lysate-antibody 
complex and gently mixed at 4  °C for 1  h. After wash-
ing the beads three times with buffer, SDS sample buffer 
was added to the beads. The mixture was then heated at 
100 °C for 5 min and subjected to Western blot analysis.

Western blot analysis
Total protein was extracted using RIPA lysis buffer sup-
plemented with protease inhibitors. Protein concentra-
tions were quantified using the BCA assay. Proteins were 
separated by 10% SDS-PAGE and transferred to a PVDF 
membrane (Merck Millipore, Germany). The membrane 
was blocked with 5% bovine serum albumin (BSA) for 
1 h and then incubated with the primary antibody at 4 °C 
overnight. After three washes with TBST, the membrane 
was incubated with horseradish peroxidase (HRP)-conju-
gated Affinipure Goat Anti-Rabbit IgG (H + L) antibody 
(1:10,000) or HRP-conjugated IgG Fraction Monoclonal 
Mouse Anti-Rabbit IgG, Light Chain Specific (1:6,000) 
for 1 h at 37 °C. Following additional washes with TBST, 
immunoreactive signals were detected using electro-
chemiluminescence (ECL) (Thermo Scientific, USA). The 
grayscale values of the protein bands were analyzed using 
ImageJ software.

In vivo tumorigenesis assays
Animal experiments were conducted in compliance with 
established scientific and ethical standards. BALB/c nude 
mice were randomly assigned to groups using a random 
number table, with strict exclusion criteria applied. Mice 
exhibiting significant health issues, such as infectious 
diseases, severe injuries, physical deformities, or unex-
pected mortality during the experiment, were system-
atically excluded. During the data collection process, 
the researchers were blinded to the group assignments, 
but they were aware of the groups during the statistical 
analysis phase. The study protocol was approved by the 
Animal Care and Use Committee of the Fourth Affili-
ated Hospital of Hebei Medical University (Shijiazhuang, 
China; Approval No. IACUC-4th Hos Hebmu-2023223).

Male BALB/c nude mice (4–5  weeks old) were pur-
chased from Beijing Huafukang Biotechnology Co., 
Ltd. The mice were randomly divided into two groups 
(n = 4 per group) and injected via the tail vein with 
1 × 10⁶ KYSE150 cells transfected with either pLC5 or 
circPRKCA. Mice were monitored regularly for eight 
weeks post-injection. After eight weeks of cell injection, 
mice were euthanized by cervical dislocation, and their 
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lungs were excised and fixed in formalin. The number of 
pulmonary metastatic nodules was quantified to assess 
metastatic potential.

mRNA sequencing
To identify target genes regulated by circPRKCA, total 
RNA was extracted from ESCC cells transfected with 
si-NC or si-circPRKCA. Mycoplasma contamination 
was excluded using a Mycoplasma Detection Kit (Seven, 
China). Three biological replicates were prepared for 
each condition. RNA quality assessment and transcrip-
tome sequencing were performed by Hangzhou LC-Bio-
technology Co., Ltd. Differential expression analysis was 
conducted using reads count data as input. A p-value 
calculation model based on the negative binomial distri-
bution was applied for statistical analysis. DESeq2 was 
used for biological replicate analysis, while edgeR was 
employed for multi-group comparisons. The fold change 
(FC) was calculated as the ratio of the mean expression 
in the experimental group to the mean expression in the 
control group. Differentially expressed genes were identi-
fied using thresholds of |log2FC|≥ 1 and p < 0.05.

RNA Immunoprecipitation (RIP) assay
To investigate the interaction between YBX1 and CSF2, 
RIP was performed using a RIP kit (Geneseed, Guang-
zhou, China) according to the manufacturer’s protocol. 
Briefly, 2 × 10⁷ cells were resuspended in lysis buffer and 
centrifuged. The lysates were incubated overnight at 4 °C 
with antibody-conjugated magnetic beads specific to 
YBX1 or IgG (5  μg antibody, 30,000-0-AP, Proteintech, 
Wuhan, China). RNA was extracted from the immuno-
precipitated complexes, and the relative expression levels 
were quantified by RT-qPCR.

Immunohistochemical(IHC) analysis
IHC was used to assess protein expression in tumor tis-
sues. Tumor sections were deparaffinized, and endog-
enous peroxidase activity was quenched using 3% 
hydrogen peroxide. The slides were incubated with pri-
mary antibodies against YBX1, CSF2, CD31, and CD34 
at 4  °C for 12 h, followed by incubation with HRP-con-
jugated secondary antibodies. Antigen detection was 
carried out using diaminobenzidine (DAB), and nuclei 
were counterstained with hematoxylin. IHC results were 
evaluated in a blinded manner, consistent with the FISH 
assay scoring approach. Staining intensity and extent 
were scored according to previously established criteria 
[20]. Samples were classified as negative (0), weak (1–2), 
moderate (3), or strong (4–6) based on the combined 
scores.

Antibodies
The antibodies used in this study were sourced from 
commercial suppliers as follows: anti-YBX1 for West-
ern blot (1:5000 dilution, 20,339-1-AP, Proteintech, 
Wuhan, China); anti-β-actin for Western blot (1:1000 
dilution, ab8227, Abcam, Massachusetts, USA); anti-
Ub polyclonal antibody for Western blot (1:5000 
dilution, 10,201-2-AP, Proteintech, Wuhan, China); 
anti-YBX1 for IHC (1:1000 dilution, 20,339-1-AP, Pro-
teintech, Wuhan, China); anti-CSF2 for IHC (1:500 
dilution, 17,762-1-AP, Proteintech, Wuhan, China); 
anti-CD31 for IHC (1:200 dilution, 11,265-1-AP, Pro-
teintech, Wuhan, China); anti-CD34 for IHC (1:200 
dilution, 14,486–1-AP, Proteintech, Wuhan, China); 
anti-YBX1 for FISH-IF (1:200, 20,339-1-AP, Protein-
tech, Wuhan, China); anti-YBX1 for RIP (5  μg anti-
body, 20,339-1-AP, Proteintech, Wuhan, China); 
anti-m5C for MeRIP (5 μg antibody, ab10805, Abcam, 
Massachusetts, USA); anti-YBX1 for Co-IP (2 μg anti-
body, 20,339–1-AP, Proteintech, Wuhan, China); anti-
Ub for Co-IP (2 μg antibody, 10,201-2-AP, Proteintech, 
Wuhan, China).

Statistical analysis
Statistical analysis was performed using SPSS version 
19.0 (IBM Corp.) and GraphPad Prism 9.0 (GraphPad 
Software). Group means were compared using Student’s 
t-test, and the chi-square test was utilized to analyze 
the clinicopathological data across the groups. Survival 
curves were generated using the Kaplan–Meier method. 
Both univariate and multivariate analyses were con-
ducted to assess the prognostic significance of various 
factors. * p < 0.05, ** p < 0.01, *** p < 0.001 were considered 
indicative of a statistically significant difference.

Results
Verification of characteristics of circPRKCA in ESCC cells
CircPRKCA was cyclized with exons 9–13 of PRKCA, 
resulting in a length of 606 nt. We designed specific 
divergent primers to amplify the cyclization splicing 
site of circPRKCA and confirmed its existence through 
Sanger sequencing (Fig. 1A). The sequencing results align 
with the annotations in the circBase database (http://​
www.​circb​ase.​org/). Agarose gel electrophoresis demon-
strated that the divergent priming of circPRKCA could 
be amplified in cDNA but not in gDNA (Fig. 1B). Addi-
tionally, experiments using actinomycin D revealed that 
circPRKCA exhibited greater stability than its linear tran-
script (Fig. 1C, D). Furthermore, FISH assays, along with 
nuclear and cytoplasmic separation  analyses, indicated 

http://www.circbase.org/
http://www.circbase.org/
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that circPRKCA was predominantly localized in the cyto-
plasm (Fig. 1E−G).

CircPRKCA is highly expressed in ESCC tissues 
and is associated with a poor prognosis
The expression of circPRKCA in 108 ESCC tissues and 
64 corresponding adjacent tissues was analyzed using 
RNA FISH based on tissue microarray technology. The 

Fig. 1  Circular characteristics of circPRKCA in ESCC cells. A The circBase database and Sanger sequencing were utilized to analyze the genomic 
structure and back-splicing sites of circPRKCA. B RT-PCR confirmed the presence of circPRKCA. C, D RT-qPCR was employed to assess the stability 
of circPRKCA and PRKCA mRNA at specified time points. E The subcellular localization of circPRKCA detected by FISH. F, G The subcellular 
distribution of circPRKCA was assessed through nucleus-cytoplasmic separation. * p < 0.05, ** p < 0.01, *** p < 0.001
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results showed that circPRKCA expression was sig-
nificantly higher in ESCC tissues than in adjacent tis-
sues. (Fig.  2A, B). Analysis of the relationship between 
circPRKCA expression and clinicopathological charac-
teristics in ESCC patients revealed that circPRKCA lev-
els were higher in those with lymph node metastasis and 
advanced clinical stages (Fig. 2C, D and Table 2). Kaplan–
Meier analysis indicates that patients with ESCC exhibit-
ing elevated levels of circPRKCA expression experience 
a diminished overall survival (Fig.  2E). Furthermore, 
Cox regression analysis confirmed that high circPRKCA 
expression was an independent prognostic risk fac-
tor for ESCC patients (Fig.  2F and Table  3). The results 
indicate that circPRKCA is significantly overexpressed 
in ESCC tissues and correlates with a poor prognosis for 
patients. This prompted us to validate this conclusion 
through functional cell biology experiments.

High expression of circPRKCA is associated with ESCC 
metastasis in vitro and in vivo
RT-qPCR was used to verify the expression of circPRKCA 
in four ESCC cell lines. The results indicated that 
circPRKCA expression was relatively high in TE1 and 
KYSE30 cells, while it was comparatively low in KYSE410 
and KYSE150 cells (Fig. S1A). We designed specific siR-
NAs targeting the cyclization splicing site to effectively 
reduce circPRKCA expression in TE1 and KYSE30 
cells (Fig. S1B). Additionally, a circPRKCA overexpres-
sion plasmid was successfully constructed to elevate the 
expression of circPRKCA without affecting the linear 
expression of PRKCA mRNA in KYSE410 and KYSE150 
cells, compared to the pLC5 vector (Fig. S1C). Next, both 
loss- and gain- of-function approaches were utilized to 
explore the biological function of circPRKCA. CCK-8 
and colony formation assays showed that circPRKCA did 
not effectively affect the proliferation of ESCC cells (Fig. 
S1D−I). Scratch healing, transwell migration and mar-
tigel invasion assays revealed that circPRKCA knowdown 
significantly inhibited the migration and invasion capa-
bilities of TE1 and KYSE30 cells (Figs.  3A, C and S2A, 
S2C). Conversely, circPRKCA overexpression exhibited 
opposing effects in KYSE410 and KYSE150 cells (Figs. 3B, 
D and S2B, S2D). To evaluate the angiogenic potential of 
circPRKCA, tube formation assays were conducted. The 

result showed that circPRKCA inhibited the angiogenic 
characteristics of HUVEC cells cultured with the condi-
tioned medium from TE1 and KYSE30 cells transfected 
with si1-circPRCKA and si3-circPRKCA (Figs.  3E and 
S2E). In contrast, circPRKCA significantly enhanced the 
angiogenic capacity of HUVECs treated with conditioned 
medium from KYSE410 and KYSE150 cells transfected 
with the circPRKCA overexpression vector (Figs. 3F and 
S2F). These results suggest that circPRKCA substantially 
augments metastasis-related characteristics in ESCC 
cells.

To further investigated the function of circPRKCA in 
facilitating the progression of ESCC in vivo. Initially, we 
transfected KYSE150 cells with pLC5 and circPRKCA 
vectors, followed by resistance screening using purino-
mycin (2 µg/ml) to establish stable transfected cell lines. 
A sustained increase in the migratory phenotype was 
observed (Fig. S2G, S2H). We then constructed a lung 
metastasis model by injecting BALB/c mice via the tail 
vein with KYSE150 cells that stably overexpressed either 
the circPRKCA vector or the pLC5 vector (Fig. 3G). The 
mice were monitored regularly and euthanized after 
8 weeks. The preserved lung tissue containing metastatic 
nodules was stained with hematoxylin and eosin (H&E) 
(Fig. 3H). These results indicated that the number of pul-
monary metastatic nodules in the circPRKCA group was 
significantly higher than that in the pLC5 group (Fig. 3I), 
suggesting that circPRKCA functions as a carcinogenic 
factor in ESCC.

CircPRKCA binds to the YBX1 protein to promote 
metastasis in ESCC
Next, we investigated the molecular mechanism by which 
circPRKCA promotes metastasis in ESCC cells. RNA 
pull-down, silver staining and MS were conducted to 
enrich and identify for proteins that bind to circPRKCA 
(Figs. 4A and S3A). Notably, AGO2, a protein known to 
be associated with miRNA sponging mechanisms, was 
absent from the MS results. This suggests that circPRKCA 
may not function as a miRNA sponge. Furthermore, the 
circRNADb dataset (http://​reprod.​njmu.​edu.​cn/​cgi-​bin/​
circr​nadb/​circR​NADb.​php) did not predict an open read-
ing frame (ORF) or an internal ribosome entry site (IRES) 
for circPRKCA, indicating that it may be a non-coding 

(See figure on next page.)
Fig. 2  High expression of circPRKCA in ESCC tissues and its impact on the prognosis of ESCC patients. A Representative images of circPRKCA 
expression analyzed using FISH on tissue microarrays. B CircPRKCA expression ratio in 108 ESCC tissues compared to 64 adjacent tissues. C 
Distributions of clinical stages were analyzed according to circPRKCA expression level in 108 ESCC tissues. D Rates of lymph node metastasis were 
analyzed based on the expression levels of circPRKCA in 108 ESCC tissues. E Kaplan–Meier survival analysis shows the overall survival rate based 
on circPRKCA expression. F A multivariate Cox regression analysis was conducted to evaluate the prognostic factors associated with ESCC patients. * 
p < 0.05, ** p < 0.01, *** p < 0.001

http://reprod.njmu.edu.cn/cgi-bin/circrnadb/circRNADb.php
http://reprod.njmu.edu.cn/cgi-bin/circrnadb/circRNADb.php
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Fig. 2  (See legend on previous page.)
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RNA. Increasing evidence suggests that circRNAs can 
exert their functions through interactions with pro-
teins [4, 21]. We conducted two independent RNA pull-
down experiments and identified 17 proteins that were 
enriched in both experiments. Among these, YBX1 cap-
tured our attention  (Figs. 4B and S3B) due to its strong 
association with metastasis as an oncogenic protein, 
a finding corroborated by data from the TCGA  data-
base (Fig.  4C). Subsequently, to  demonstrate  the  inter-
action  between circPRKCA and  YBX1, Western  blot 
was  employed  to  confirm that the  circPRKCA probe 
could successfully bind to  YBX1 (Fig.  4D). RIP  and  RT-
qPCR  assays  further  validated  that theYBX1 antibody 

could enrich circPRKCA in KYSE30 and KYSE150 
cells  (Fig.  4E).  Additionally,  FISH-IF assay  revealed 
the co-localization of circPRKCA and YBX1 in the 
cytoplasm  (Fig.  4F).  Next, we  investigated  the role of 
YBX1 in promoting circPRKCA-mediated metasta-
sis using scratch healing,  transwell migration, matrigel 
invasion,  and tube formation  assays.  We found  that 
the  knockdown of YBX1 in KYSE30 and KYSE150 cells 
significantly  inhibited the migration and invasion capa-
bilities of ESCC cells, as well as the angiogenic potential 
of HUVEC cells cultured with conditioned medium from 
ESCC cells. Conversely, the knockdown of YBX1 reversed 
the promoting effects on these biological functions 
caused by circPRKCA overexpression  (Figs.  4G–I  and 
S3C–E). The results of these rescue experiments indicate 
that circPRKCA can influence the pro-metastatic pheno-
type of ESCC by regulating YBX1.

CircPRKCA stabilizes the expression of YBX1 
through the ubiquitin (Ub) ‑proteasome pathway
Next, we  explored  the specific molecular mecha-
nism  linking  circPRKCA and YBX1.  The knock-
down  and overexpression of circPRKCA in KYSE30 
and KYSE150 cells resulted in decreased and 
increased levels of YBX1, respectively  (Figs.  5A, 
5B,  S3H, S3I). Notably, this regulatory effect did 
not significantly alter YBX1 mRNA levels  (Fig. 
S3F,  S3G).  These findings suggest that circPRKCA 
influences  YBX1  expression at the translational level, 
warranting a comprehensive investigation into the 
mechanisms underlying this interaction. We con-
sidered whether circPRKCA functions  by stabiliz-
ing  YBX1. To  explore  this possibility, we conducted 
CHX (40ug/ml) chase experiments and observed 
that the knockdown of circPRKCA accelerated  YBX1 
degradation (Fig.  5C),  while the overexpression of 
circPRKCA promoted YBX1 stability  (Fig.  5D).  Fur-
thermore, MG132, a ubiquitin–proteasome path-
way inhibitor, mitigated the reduction in YBX1 

Table 2  Relationship between circPRKCA expression and 
clinicopathological parameters in ESCC patients

Group circPRKCA χ2 p

Low High

Age 0.040 0.841

 < 60 12 17

 ≥ 60 31 48

Gender 1.169 0.280

 Male 35 47

 Female 8 18

T stage 0.137 0.711

 T1 + T2 8 14

 T3 + T4 35 51

N stage 10.178 0.001

 N0 28 22

 N +  15 43

Pathological stage 1.071 0.301

 I + II 39 53

 III 4 12

Clinical stage 6.568 0.010

 I + II 26 23

 III + IV 17 42

Table 3  Univariate and multivariate analysis of ESCC prognosis

Variable Univariate analysis Multivariate analysis

p value HR 95%CI p value HR 95%CI

Age (≥ 60 vs < 60) 0.459 1.201 0.740–1.951

Gender (Male vs Female) 0.002 2.516 1.414–4.479 0.002 2.610 1.413-4.821

circPRKCA expression (High vs low) 0.035 1.615 1.035–2.521 0.027 1.782 1.068-2.975

T stage (T3 + T4 vsT1 + T2) 0.004 2.402 1.324–4.356 0.005 2.394 1.308-4.383

N stage (N + vs N0) 0.003 1.945 1.255–3.015

Pathological stage (III vs I + II) 0.538 1.212 0.658–2.232

Clinical stage (III + IV vs I + II)  < 0.001 2.252 1.443–3.515
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expression caused by circPRKCA knockdown,  and 
prevented the degradation of YBX1 protein follow-
ing circPRKCA overexpression.  (Fig.  5E,  F).  Co-IP 

verified  the endogenous binding of YBX1 to  Ub  in 
KYSE30 and KYSE150  cells (Fig.  5G).  Additionally, 
the changes in ubiquitination levels influenced by 

Fig. 3  CircPRKCA facilitates the metastasis of ESCC cells both in vitro and in vivo. A, B The scratch healing capacity of ESCC cells transfected 
with si-circPRKCA or circPRKCA, respectively. C, D The migration and invasion capabilities of ESCC cells transfected with si-circPRKCA or circPRKCA, 
respectively. E, F The tube formation assay evaluated the angiogenic potential of HUVEC cells cultured with the conditioned medium from ESCC 
cells transfected with si-circPRKCA or circPRKCA. G A schematic diagram illustrates the construction of a mouse lung metastasis model via the tail 
vein. H, I HE staining assay was performed to observe tumor formation and the number of pulmonary metastases in mice with stable transfection 
of the pLC5 and circPRKCA groups in KYSE150 cells. * p < 0.05, ** p < 0.01, *** p < 0.001
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Fig. 4  CircPRKCA binds to YBX1 and promotes ESCC progression. A Silver staining representative image of circPRKCA enriched proteins. B YBX1 
protein was identified in two MS analyses. C Validation of the elevated expression of YBX1 in EC using the TCGA database. D circPRKCA was shown 
to interact with YBX1 through western blot analysis. E Detection of YBX1 using RIP. F Identification of the co-localization of circPRKCA (red) and YBX1 
(green) using FISH-IF. G–I Rescue experiments confirmed the changes in scratch healing, transwell migration, and matrigel invasion capabilities 
of KYSE150 cells treated with circPRKCA vector or si-YBX1, as well as the angiogenic potential of HUVEC cells cultured with the supernatant 
from KYSE150 cells. * p < 0.05, ** p < 0.01, *** p < 0.001
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circPRKCA support these findings, demonstrating that 
circPRKCA protects YBX1 from degradation by inhib-
iting the ubiquitin–proteasome pathway (Fig. 5H, I).

CSF2 is a downstream target gene of circPRKCA
In order to elucidate the downstream genes modulated by 
circPRKCA in ESCC, we performed mRNA sequencing 
and subsequently analyzed the differentially expressed 
genes in TE1 cells following the silencing of circPRKCA 
(Fig. 6A). Based on the screening criteria of p < 0.05 and 

Fig. 5  CircPRKCA inhibits the degradation of YBX1 protein via the Ub–proteasome pathway in ESCC cells. A, B Western blot analysis confirms 
that the knockdown and overexpression of circPRKCA resulted in decreased and increased levels of YBX1, respectively. C, D CHX (40 µg/
ml) was added to verify that circPRKCA expression can regulate YBX1 degradation. E, F Western blot analysis confirms MG132 (20 µM) 
could reverse the expression of YBX1 regulated by the knockdown or overexpression of circPRKCA. G Co-IP method detects the interaction 
between YBX1 and Ub. H, I The Co-IP method reveals that the levels of YBX1 and Ub are regulated by the knockdown or overexpression of 
circPRKCA. * p < 0.05, ** p < 0.01, *** p < 0.001
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Fig. 6  CSF2 is a downstream gene of circPRKCA in TE1 and KYSE30 cells. A Differentially expressed genes in TE1 cells transfected with si-circPRKCA 
were identified using mRNA sequencing. B CSF2 was identified in both the circPRKCA mRNA sequencing dataset and the YBX1-related gene 
dataset from the TCGA database. C, D The expression of CSF2 in ESCC cells treated with si-NC/si-circPRKCA and pLC5/circPRKCA were measureed 
by RT-qPCR. E–G Rescue experiments confirmed the changes in scratch healing, transwell migration, and matrigel invasion capabilities of KYSE150 
cells under conditions of exogenously added rhCSF2 or the knockdown of circPRKCA, as well as the angiogenic potential of HUVEC cells cultured 
with medium from KYSE150 cells. H, I RT-qPCR and ELISA were employed to assess the expression of CSF2 in ESCC cells modulated with circPRKCA 
or si-YBX1. * p < 0.05, ** p < 0.01, *** p < 0.001
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log2|FC|> 1, we identified 152 differentially expressed 
genes. A cross-analysis of these genes with those asso-
ciated with YBX1 in the TCGA database revealed an 
overlap of 20 genes (Fig. 6B). Among these, we concen-
trated on CSF2 due to its notable differential expression 
and its recognized role as an angiogenic factor impli-
cated in cancer metastasis (Fig. S4A).  An examination 
of the TCGA database reveals that CSF2 is markedly 
overexpressed in EC and correlates with adverse clinical 
outcomes (Fig. S4B, S4C). The receiver operating char-
acteristic (ROC) curves  indicated  that the diagnostic 
efficiency of CSF2 for EC reached 0.914 (Fig. S4D), sug-
gesting that CSF2  acts  as an oncogene in EC. We con-
firmed the positive regulatory effect of circPRKCA on 
CSF2 expression using RT-qPCR and ELISA  (Fig.  6C, 
6D and S4E, S4F). These findings indicate that CSF2 is a 
downstream gene of circPRKCA.

Subsequently, we further validated the biologi-
cal functions of CSF2. Rescue experiments confirmed 
that the exogenous addition of recombinant human 
CSF2 (rhCSF2) significantly enhances scratch heal-
ing, transwell migration, and matrigel invasion capa-
bilities  in the  KYS150 and KYSE30 cell lines, as well as 
the angiogenic potential of HUVEC cells co-cultured 
with conditioned medium from ESCC cells. Nota-
bly, rhCSF2  reversed  the decreasing effect on these 
biological functions caused by the knockdown of 
circPRKCA  (Figs.  6E–G  and S4G–I). Additionally, anal-
ysis of the TCGA database showed that the expression 
levels of YBX1 and CSF2 were positively correlated. (Fig. 
S4J). Both RT-qPCR and ELISA confirmed the regulatory 
effects of the circPRKCA/YBX1 axis on CSF2 at both the 
transcriptional and translational levels (Fig. 6H, I). These 
findings prompted us to further investigate the underly-
ing mechanisms by which the circPRKCA/YBX1 axis 
modulates CSF2 expression.

CircPRKCA/YBX1 regulates the stability of CSF2 mRNA 
in a manner dependent on m5C modification
YBX1 is an m5C reader. Multiple studies have shown 
that YBX1 contributes to the stabilization of mRNA 
by facilitating m5C modification. It  remains  uncertain 
whether CSF2 is involved  in the m5C modification. RIP 
assay revealed that YBX1 can bind to CSF2 (Fig. 7A). We 
also  used  iRNA-m5C (http://​lin-​group.​cn/​server/​iRNA-​
m5C/) and RNAm5Cfinder (http://​www.​rnanut.​net/​
rnam5​cfind​er/) databases to  search and find  multiple 
potential m5C sites on CSF2. Subsequently, MeRIP analy-
sis was performed to verify that the m5C antibody signifi-
cantly enriched CSF2 compared to the IgG control group, 
suggesting that CSF2 can be methylated by m5C (Fig. 7B). 
Moreover, as  we expected, YBX1  knockdown (si2-
YBX1  and  si3-YBX1) accelerated  the degradation of 

CSF2 mRNA (Figs. 7C, D and S4K−S4L). To investigate 
the potential role of circPRKCA in modulating the stabil-
ity of CSF2 mRNA, possibly mediated by the activity of 
YBX1, we conducted MeRIP and actinomycin D rescue 
experiments. Our findings indicate that the knockdown 
of YBX1  effectively counteracts the increase in binding 
affinity and mRNA stability that results from the overex-
pression of circPRKCA  (Fig.  7E–H). These results indi-
cated that the circPRKCA/YBX1 complex increased the 
stabilization of CSF2 mRNA through a mechanism that 
relies on m5c modifications.

We  also examined the expression of YBX1 and CSF2 
in metastatic tumors located in the lungs of mice  by 
IHC method. Our results indicated that YBX1 and CSF2 
were markedly elevated in the circPRKCA overexpres-
sion group  in comparison to the pLC5 group (Fig.  7I, 
J). Additionally, we employed CD31 and CD34 as mark-
ers to evaluate angiogenesis within the metastatic 
nodules, revealing that both CD31 and CD34 was upreg-
ulated in the circPRKCA overexpression group. These 
findings imply that the circPRKCA/YBX1/CSF2 signaling 
pathway plays a crucial role in facilitating the metastatic 
progression of ESCC (Fig. 7K).

Discussion
Although traditional treatment modalities, including 
surgery, radiotherapy, and chemotherapy, have achieved 
some progress, the prognosis for ESCC patients remains 
concerning. Distant metastasis continues to be the lead-
ing cause of treatment failure in ESCC. Identifying effec-
tive therapeutic targets to inhibit metastatic pathways 
has thus become an urgent priority.

Recent studies suggest that circRNAs hold significant 
potential as precise therapeutic targets in cancer treat-
ment [22]. However, the specific roles of circRNAs in 
ESCC remain inadequately understood. In this study, 
we analyzed 108 ESCC tissue samples and found that 
circPRKCA is significantly overexpressed in ESCC and 
is associated with poor survival outcomes. This find-
ing aligns with the growing recognition of circRNAs as 
potential biomarkers in oncology [23]. Functional assays 
revealed that circPRKCA enhances the malignant meta-
static properties of ESCC cells by promoting migration, 
invasion, and angiogenesis both in  vitro and in  vivo. 
These results are consistent with previous studies dem-
onstrating that circPRKCA drives the progression of 
non-small cell lung cancer (NSCLC), further highlight-
ing its critical role in regulating tumor cell behavior 
[24]. Clinically, our findings demonstrate a significant 
correlation between circPRKCA expression and ESCC 
patient prognosis. Elevated circPRKCA levels may indi-
cate a higher risk of metastasis, suggesting the need for 
more aggressive therapeutic strategies. Furthermore, the 

http://lin-group.cn/server/iRNA-m5C/
http://lin-group.cn/server/iRNA-m5C/
http://www.rnanut.net/rnam5cfinder/
http://www.rnanut.net/rnam5cfinder/
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Fig. 7  CircPRKCA/YBX1 enhances the stability of CSF2 mRNA through m5C modification in KYSE30 and KYSE150 cells. A RIP assay verifies 
the interaction between YBX1 and CSF2. B MeRIP assay confirms the presence of m5C methylation sites in CSF2. C, D Actinomycin D experiments 
assess the regulation of CSF2 mRNA stability by YBX1. E, F A MeRIP experiment verifies the changes in CSF2 mRNA enrichment levels induced 
by the m5C antibody in ESCC cells transfected with circPRKCA or si-YBX1. G, H Salvage experiments confirm the effect of actinomycin D 
on the stabilization of CSF2 mRNA in ESCC cells regulated by circPRKCA or si-YBX1. I, J. The levels of YBX1, CSF2, CD31, and CD34 in the pLC5 
and circPRKCA vector groups were detected by IHC. K The mechanism of the circPRKCA/YBX1/CSF2 axis in promoting the progression of ESCC 
metastasis. *p < 0.05, **p < 0.01, ***p < 0.001
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development of targeted therapies against circPRKCA, 
such as antisense oligonucleotides or siRNA, could pro-
vide a promising approach to suppress its expression.

Next, we investigated the mechanism by which 
circPRKCA promotes ESCC progression through its 
interaction with RBPs. Our findings demonstrate that 
circPRKCA regulates YBX1 expression via the Ub–pro-
teasome pathway. Ubiquitination is a well-established 
post-translational modification, and the Ub–proteasome 
pathway is recognized as the primary mechanism for 
protein degradation in eukaryotic cells [25, 26]. By inhib-
iting YBX1 degradation, circPRKCA upregulates YBX1 
levels, thereby promoting ESCC metastasis. This conclu-
sion is supported by CHX chase assay and the use of the 
proteasome inhibitor MG132, which mitigated the effects 
of circPRKCA knockdown on YBX1 stability. Currently, 
research on circRNA-RBP interactions in ESCC metasta-
sis remains limited. Our study highlights a unique mech-
anism by which circPRKCA interacts with YBX1 via the 
Ub–proteasome system to drive metastatic progression.

To explore the regulatory role of the circPRKCA/YBX1 
axis in gene expression, we performed mRNA sequencing 
of circPRKCA and overlapped with YBX1 target genes in 
the TCGA database. Notably, CSF2, a well-known vascu-
lar growth factor [27], exhibited the highest fold change 
in expression. As expected, circPRKCA overexpression 
upregulated CSF2 expression, while YBX1 knockdown 
suppressed this effect. Angiogenesis is critical for meet-
ing the increased oxygen and nutrient demands neces-
sary for tumor metastasis [28]. Conditioned medium 
from circPRKCA-knockdown ESCC cells inhibited 
angiogenesis in HUVEC cells, whereas the addition of 
rhCSF2 reversed this effect. These results align with the 
established role of angiogenesis as a hallmark of cancer 
progression[29].

Furthermore, the molecular mechanism by which 
circPRKCA/YBX1 modulates CSF2 has captured our 
attention. YBX1 has been reported to function as an m5C 
reader protein, playing a critical role in m5C methylation 
[30]. The m5C methylation is involved in various cellu-
lar processes and has been linked to cancer cell invasion 
and migration [31–33]. For example, YBX1 stabilizes the 
m5C-modified ENO1 gene to promote colorectal cancer 
progression [34]. In our study, a significant positive cor-
relation between YBX1 and CSF2 was observed, and we 
identified multiple potential m5C binding sites in CSF2 
using publicly available databases. These predictions 
were validated by MeRIP assays, confirming that CSF2 
undergoes m5C modification. Additionally, actinomycin 

D assays revealed that YBX1 knockdown reduced CSF2 
mRNA stability, MeRIP and actinomycin D rescue exper-
iments indicated that the knockdown of YBX1  effec-
tively counteracts the increase in binding affinity and 
mRNA stability that results from the overexpression of 
circPRKCA. The results suggest that circPRKCA/YBX1 
regulates CSF2 expression in an m5C-dependent manner.

Despite these encouraging results, several limitations 
should be acknowledged. First, the sample size involved 
in the clinical analysis is relatively small because of the 
research condition limitation. Second, this study focuses 
on the circPRKCA/YBX1/CSF2 signaling pathway, over-
looking the possibility that circPRKCA may interact with 
other RBPs to participate in additional regulatory net-
works, which warrants further investigation.

In conclusion, this study elucidates a novel mechanism 
by which circPRKCA regulates the YBX1/CSF2 axis to 
promote ESCC metastasis and highlights the potential of 
circPRKCA as a therapeutic target and prognostic bio-
marker for ESCC (Fig. 7K).
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Supplementary material 1. Fig. S1. The regulation of circPRKCA on the pro-
liferation ability of ESCC cells. (A) Validation of the relative expression levels 
of circPRKCA in the four ESCC cell lines. (B, C) RT-qPCR was used to confirm 
the transfection efficiency of the siRNA and overexpression plasmids. (D, 
G) CCK-8 assay was conducted to evaluate the proliferation capacity of 
ESCC cells transfected with si-circPRKCA or circPRKCA, respectively. (H, I) 
Colony formation assay was performed to assess the clonogenic potential 
of ESCC cells transfected with si-circPRKCA or circPRKCA, respectively. * p 
< 0.05, ** p < 0.01, ***p < 0.001.

Supplementary material 2. Fig. S2. The effect of circPRKCA expression on 
the metastatic behavior in ESCC cells. (A, B) The scratch healing ability 
of ESCC cells regulated by si-circPRKCA or circPRKCA, respectively. (C, D) 
The migration and invasion capabilities of ESCC cells transfected with 
si-circPRKCA or circPRKCA, respectively. (E, F) The tube formation assay 
assessed the angiogenic potential of HUVEC cells cultured with the super-
natant from ESCC cells transfected with si-circPRKCA or circPRKCA. (G, H) 
Fluorescence representative plots of KYSE150 cells stably overexpress-
ing pLC5 and circPRKCA, along with the assessment of overexpression 
efficiency using RT-qPCR. * p < 0.05, ** p < 0.01, *** p < 0.001.

Supplementary material 3. Fig. S3. CircPRKCA binds to YBX1 and promotes 
the aggressive progression of ESCC. (A) Representative silver-stained 
image of the RNA pull-down assay. (B) Specific peptide segments of 
the YBX1 protein. (C-E) Rescue experiments confirmed the effects of 
circPRKCA overexpression and YBX1 knockdown on scratch healing, 
transwell migration, and matrigel invasion capabilities of KYSE30 cells, 
along with the angiogenic potential of HUVEC cells cultured with medium 
from KYSE30 cells. (F, G) RT-qPCR was employed to validate the regulatory 
effect of circPRKCA on YBX1 mRNA levels. (H, I) In TE1 and KYSE410 cells, 
western blot verified the relationship between circPRKCA knockdown or 
overexpression and YBX1, respectively. * p < 0.05, ** p < 0.01, *** p < 0.001.

Supplementary material 4. Fig. S4. CircPRKCA facilitates the progression of 
ESCC cells by modulating CSF2. (A) Heatmap of downstream target genes 
derived from RNA-seq analysis. (B) The high expression levels of CSF2 in 
EC was analysed in TCGA database. (C) The Kaplan-Meier curve indicates 
that CSF2 is associated with worse prognosis in EC. (D) The ROC curve 
suggests that CSF2 exhibits high diagnostic efficacy for EC. (E, F) CSF2 
was regulated by si-NC/si-circPRKCA and pLC5/circPRKCA in ESCC cells, as 
measured using ELISA. (G-I) Rescue experiments confirmed the alterations 
in scratch healing, transwell migration, and matrigel invasion capabilities 
of KYSE30 cells under conditions of exogenously added rhCSF2 or the 
knockdown of circPRKCA, as well as the angiogenic potential of HUVEC 
cells cultured with medium from KYSE30 cells. (J) An examination of the 
positive relationship between YBX1 and CSF2 in the TCGA database. (K, L) 
The effectiveness of siRNA aimed at YBX1 was confirmed through RT-qPCR 
and western blot analysis. * p < 0.05, ** p < 0.01, *** p < 0.001.
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