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ARTICLE INFO ABSTRACT

Keywords: There is no precise diagnosis or prognosis for liver cancer (LC) using a single biomarker. Circular
CifCUsplo RNAs (circRNAs) contribute to the pathogenesis of different cancers, but their role in LC is not
miR-211-5p entirely understood. In this study, circUSP10, an aberrantly expressed circRNA in LC, was
TCF12 . . . . . g .

- screened using the Gene Expression Omnibus database, and its tissue-specific expression was
EMT verified using qRT-PCR. In vitro, functional assays and nude mouse tumorigenesis models were

used to investigate circUSP10 role in LC. RNA immunoprecipitation and dual-luciferase reporter
assays were performed to study the mechanistic relationship between circUSP10, miR-211-5p,
and transcription factor 12 (TCF12). We found that circUSP10 expression was upregulated in
LC tissues and cells. CircUSP10 expression was linked to tumor size and tumor node metastasis
stage and negatively correlated with LC prognosis. In vitro assays confirmed circUSP10-mediated
proliferation, migration, and invasion of LC cells and their association with the epithelial-
mesenchymal transition (EMT) pathway. Mechanistically, circUSP10 adsorbed miR-211-5p,
which regulated TCF12 and promoted tumorigenesis via the EMT signaling pathway. There-
fore, our results suggest that circUSP10 may promote LC progression by modulating the miR-211-
5p/TCF12/EMT signaling cascade and may serve as a potential biomarker for LC diagnosis and
prognosis.

1. Introduction

Primary liver cancer (LC) is the sixth most common cancer and the third leading cause of cancer-related deaths worldwide [1].
Since most LC is insidious and progresses promptly, the onset of symptoms is generally at an advanced stage [2,3]. Alpha-fetoprotein
(AFP) is a well-known and extensively used clinical diagnostic biomarker for primary LC [4]. However, its diagnostic value is limited to
primary LC, and not all patients with LC are diagnosed at an early stage using AFP [5]. The lack of early diagnosis has led to
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unsatisfactory treatment of LC. Therefore, it is imperative to identify new biomarkers that may assist in the clinical diagnosis,
treatment, and prognosis of LC.

In contrast to linear mRNAs, circRNAs belong to a class of non-coding RNAs formed by reverse cyclization of the 5' and 3’ ends after
splicing the precursor mRNA (pre-mRNA) [6]. CircRNAs exist stably in cells and tissues, have a long half-life, and resist RNase R
cleavage. These properties may be related to their ring structure, which lacks the 5’ cap structure and 3' poly(A) tail of mRNAs [7]. Most
circRNAs are composed of exons, are evolutionarily conserved, and may be expressed explicitly in a given tissue. Their expression
abundance is linked to the developmental stage or age [8,9]. Studies have demonstrated multiple biological functions of circRNAs. For
example, circRNAs may act as sponges for miRNAs, regulate subsequent target genes, serve as templates for protein translation, or act
in combination with regulatory proteins [10-12]. circRNAs are closely associated with cancer development and may participate in
tumor proliferation, metastasis, and apoptosis [13,14]. A fraction of aberrantly expressed circRNAs have been shown to participate in
LC pathogenesis. For instance, circ-G004213 in LC may regulate sensitivity to cisplatin by acting as an miR-513b-5p sponge, conse-
quently affecting PRPF39 [15]. In addition, circp-catenin was also found to encode a protein segment that activates Wnt/p-catenin
signaling and promotes LC growth [16]. However, the relationship between circRNAs and LC remains unclear and warrants further
investigation.

Epithelial-mesenchymal transition (EMT) refers to the reduction in adhesion between epithelial cells and the enhancement of
movement, which transforms into mesenchymal characteristics [17]. EMT is an important link between cell and cancer development
[18]. EMT plays a role in the progression of liver, gastric, lung, breast, and colorectal cancers and influences tumor metastasis and
invasiveness [19]. The high expression of FoxP4 in hepatocellular carcinoma affects the mRNA and protein expression of E-cadherin
and N-cadherin. It promotes cell proliferation, migration, and invasion by regulating the EMT-related molecule Slug [20]. LncRNA
RP11-619L19.2 is upregulated in colon cancer (CC) tissues and cell lines and can affect CC progression by regulating
miR-1271-5p/CD164/EMT, which is helpful for clinical diagnosis and treatment [21].

This study screened a novel circRNA, hsa_circRNA_101889 (circUSP10), upregulated in LC. We confirmed that circUSP10 affected
TCF12 by adsorbing miR-211-5p, ultimately influencing LC progression via the EMT pathway. Therefore, we hypothesized that cir-
cUSP10 is a potential biomarker for LC diagnosis and could serve as a novel therapeutic target.

2. Methods and materials
2.1. Clinical sample collection

Sixty-seven paired LC and para-cancerous tissue specimens were collected between April 2019 and April 2020 from the Affiliated
Hospital of Nantong University and the Nantong Third People’s Hospital. None of the patients with the selected tissues underwent prior
radiotherapy or chemotherapy. Clinical samples were collected from patients after informed consent was obtained. This study was
approved by the Ethics Committee of the Affiliated Hospital of Nantong University (approval number:2019-L071), and all regulations
were met. After resection, tissue samples were snap-frozen frozen (liquid nitrogen) for further experiments.

2.2. Cell culture

LC cells (SK-Hep-1, BEL-7404, SMMC-7721, MHCC-97H, and HCCLM3) and a normal liver cell line (LO2) were obtained from Cell
Bank/Stem Cell Bank, Chinese Academy of Sciences. A complete medium (with 5 mL of fetal bovine serum in 45 mL of basal medium
plus 0.5 mL of triple antibody) was used for cell culture. LO2 and LC cell lines were cultivated in RPMI-1640 medium (Corning, NY,
USA) and DMEM (Corning) in a humidified atmosphere of 37 °C and 5 % CO,. The medium was replenished or changed depending on
the cell growth.

2.3. Total RNA extraction, reverse transcription reactions, and qRT-PCR

An appropriate amount of cells or ground tissue was added to 1 mL of TRIzol Reagent (Thermo Fisher Scientific, Waltham, MA,
USA), shaken, mixed, and then placed on ice for 15 min for lysis. The samples were treated with chloroform, isopropanol, and 75 %
ethanol to extract the total RNA. After quantification, the RNA was reverse-transcribed according to the instructions of the reverse
transcription kit (Thermo Fisher Scientific), and subjected to qRT-PCR on a Roche LightCycler 480 (Roche, basel, Switzerland). The
total reaction volume was 20 pL, and the cycle conditions were as follows: 95 °C for 10 min, followed by 45 cycles of 95 °C for 15 s,
60 °C for 30 s, and 72 °C for 30 s. The 18S rRNA served as an internal reference for circUSP10 and USP10 mRNA, and the U6 rRNA for
miR-211-5p. The 2-AAC method was employed for relative expression calculation. The primer sequences involved in this study:
circUSP10  (F:5-CCACAAAAACCAAACAAGAGAG-3' and R:5-AGCACCAGTTCCCTTTATTGA-3); TCF12 (F:5-AGGCAGAA-
CAAGCAGTACTAAT-3' and R:5-CACGGCTTGATGAAGAATAAGG-3); 18S rRNA (F:5-CGGCTACCACATCCAAGGAA-3' and R:5-
GCTGGAATTACCGCGGCT-3).

2.4. Agarose gel electrophoresis
The prepared PCR products were proportionally mixed with the loading buffer and sequentially added to the sample slots on an

agarose gel. A DNA marker was then added to the last well. The PCR products were separated at 110 V for 43 min, and the results were
observed using a gel imaging system.
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2.5. RNase R assay

Total RNA from cells was incubated at 37 °C for 2 min with RNase R (Geneseed, Guangzhou, China). Enzymes from the samples
were inactivated at 70 °C for 10 min. The samples were subjected to reverse transcription and qRT-PCR analyses.

2.6. Cell transfection

Cell transfection was performed using 50%-80 % confluent cells. In brief, three 1.5 mL EP tubes were prepared for each plasmid.
The first tube was filled with Lipofectamine 3000 (Thermo Fisher Scientific), the second with p3000 (Thermo Fisher Scientific), and the
third with the plasmid. All three sets were diluted with the basal medium and undisturbed for 5 min. Subsequently, the three agents
were mixed and left undisturbed for 20 min. The mixture was added to the plate wells and mixed, and the cells were cultivated as
appropriate. Knockout sequence of circUSP10: sh-circ-1: (5-AACAAGAGAGTTGCTGGAGAA-3"); sh-circ-2 (5-CCAAACAAGA-
GAGTTGCTGGA-3).

2.7. Cell counting Kit-8 (CCK-8) assay

After 48 h of transfection, cells were digested with pancreatin, resuspended, and counted under a microscope using a counting
plate. Cells were seeded in PBS in 96-well plates (3000 cells/well) to prevent evaporation and incubated with 10 pL. CCK-8 reagent for
24, 48, 72, 96, and 120 h. After 2 h, the absorbance was measured at 450 nm wavelength was determined.

2.8. Transwell assay

After 48 h of transfection, the cells were trypsinized, resuspended in a medium, and counted using a cell counting plate. Matrigel
diluted with the culture medium for the cell invasion assay was plated into a chamber the previous day, incubated, and used after
solidification. In brief, 600 pL of complete medium with 20 % serum was added to cells cultured in a 24-well plate, and 500 pL medium
and cell suspension were placed inside the chamber. Each chamber was seeded with 5 x 10* cells for the cell migration assay, and 7 x
10* cells were used for the cell invasion assay. After being placed in the incubation for 48 h, the chambers were removed, and the cells
were sequentially incubated with paraformaldehyde for 30 min and crystal violet for 15 min. Stained samples were rinsed, air-dried,
photographed, and counted.

2.9. Colony formation assay

Transfected cells were seeded in a six-well plate (300 cells/well) in 1 mL of medium and cultured for 14 days. The medium was
changed depending on the cell growth. Cells were examined under a microscope after gently washing each well with PBS.

2.10. 5-Ethynyl-2'-deoxyuridine (EAU) incorporation assay

The transfected cells were seeded into 48-well plates (3 x 10° cells/well). Cell proliferation was analyzed using the EdU Kit reagent
(RiboBio, Guangzhou, China). After attachment to the bottom of the plate, cells were incubated with 50 pM EdU solution, stained for 2
h with Apollo and Hoechst 33342, and counted.

2.11. Nucleocytoplasmic isolation assay

Total RNA was extracted from the nucleus and cytoplasm using the Nucleocytoplasmic Isolation Kit (Beyotime, Shanghai, China).
The cells were digested with pancreatin, washed twice with PBS, and probed with a cocktail of reagent A and RNase inhibitor for
10-15 min in an ice bath. The mixture was centrifuged (13000xg and 4 °C for 15 min) to obtain supernatant, which served as the
cytoplasmic RNA sample. Subsequently, the pellet was incubated with a mixture of the reagent and RNase inhibitor in an ice bath for
30 min (20 s shaking every 1-2 min) and centrifuged (14000xg, 4 °C, 10 min). The supernatant was aspirated and used as the nuclear
RNA fraction. Total RNA concentrations in the nucleus and cytoplasm were separately measured, and the RNA was reverse-transcribed
and subjected to qRT-PCR, depending on the concentration.

2.12. RNA immunoprecipitation (RIP) assay

The RIP assay was performed according to the manufacturer’s RIP Kit instructions (Bersin Bio, Guangzhou, China). Cell pellets were
lysed, and the lysate was vertically mixed overnight at 4 °C with argonaute 2 (AGO2) or IgG antibody. After equilibration, the beads
were vertically incubated with cell lysate spiked with AGO2 or IgG antibody for 2 h at 4 °C. Proteins were removed by treatment with
the proteolytic enzyme K. A phenol, chloroform, and isoamyl alcohol mixture (25:24:1) was prepared to extract RNA, which was then
subjected to qRT-PCR to evaluate circUSP10 and miR-211-5p expression levels.



X. Chen et al. Heliyon 9 (2023) 20649

A g o B  ——————— \
2 s0 —_— _
2 = =
fa . (=) (e ]
S 30 1 Ilhxl—,\plmng
o
20 -
7]
3 4
E - &)
S
PR R S, 7
2 Janction ¥t
2
] T T Junction sequence:
= Adjacent tissues. HCC tissues ACCAAACAAGAGAGTTGCTGGAGAATGTA
C D = Random 6mer mooigedt B, e mm RNaseRs

l Back splice junction of circUSP10 I

0 o % w %

Lt

e
o

circUSP10

circUSP10 UsP10
F cDNA gDNA cDNA  gDNA G g R e W
. g T T
<P Divergent primer E 0.6
5 L,
e » 4 Convergent primer 5049 po0.0373 |
100bp) g 024 — lowcicUsP10 expression
{’ " 1’ )‘ 4’ " 4’ " 6 “~ high circUSP10 expression
0 T T T 1
circUSP10 GAPDH 0 10 20 30 40
Months

Fig. 1. Expression and cyclic structural properties of circUSP10. A. Expression of circUSP10 in 67 paired liver cancer and para-cancerous tissues. B.
Expression of circUSP10 in chromosomes and its composition. C. Sanger sequencing to detect the cyclization sites of circUSP10. D. qRT-PCR assay to
verify the cyclization structure of circUSP10 after reverse transcription with random 6mer and olig (dT). E. RNase R enzyme digestion to detect the
stability of circUSP10. F. Agarose electrophoresis assay to verify the loop structure of circUSP10. G. Survival curve analysis to investigate the link
between circUSP10 expression and prognosis of liver cancer. *: P < 0.05, ***: P < 0.001.

2.13. Dual-luciferase reporter assay

Wild-type (WT) and mutant (MUT) circUSP10 and TCF12 plasmids carrying the binding sites for miR-211-5p were designed and
synthesized. These plasmids were co-transfected with miR-NC and miR-211-5p into HCCLM3 and BEL-7404 cells for 48 h. A dual-
luciferase assay kit (Vazyme, Nanjing, China) was used to measure luminescence activity.

2.14. Western blot

Cells transfected for 72 h were collected and lysed in a 100:1 mixture of RIPA buffer and phenylmethylsulfonyl fluoride (PMSF;
SolarBio, Beijing, China). Total protein was extracted and separated by SDS-PAGE at 80 V for 30 min, followed by 120 V for about 1 h.
Following electrophoresis, the separated protein bands were transferred onto PVDF membranes at 300 mA. After blocking in a rapid
blocking solution (Epizyme Biotech, Shanghai, China) for 10 min, the membranes were incubated for overnight at 4 °C with appro-
priate primary antibodies, including E-cadherin (1:20000, 20874-1-AP, Proteintech, Hubei, China), vimentin (1:5000, 10366-1-AP,
Proteintech), N-cadherin (1:3000, 22018-1-AP, Proteintech), p-actin (1:5000, 81115-1-RR, Proteintech), TCF12 (1:5000, ab245540,
Abcam, Cambridge, MA, USA), then washed with TBST, and probed with secondary antibodies for 2 h at room temperature. Detection
was performed using a highly sensitive ECL chemiluminescence detection kit (Vazyme).

2.15. Hemotoxylin and eosin (H&E) staining

The liver tissues of mice were fixed with 4 % paraformaldehyde solution, embedded in paraffin, and cut into 4 pm thick slices.
Afterwards, the paraffin was dissolved in xylene, rehydrated with graded ethanol, and the sections were washed and stained with
hematoxylin and eosin. Stained tissue sections were observed under a light microscope and photographed.

2.16. Tumorigenesis experiments in nude mice

HCCLMS3 cells were transfected with lentiviruses. Stable cell lines were obtained after treatment with puromycin. Six BALB/c nude
male (4-week-old) nude mice were randomly divided into two groups. The axillae of nude mice were subcutaneously injected with
approximately 1 x 10 cells, and tumor growth was observed and measured weekly. Mice were sacrificed 4 weeks later, and tumors
were measured for size and weight and processed for immunohistochemistry (IHC) and H&E staining.
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Table 1
Relationship of circUSP10 expression with clinicopathological features in liver cancer patients.
Cases circUSP10 expression
Variables n=67) High (n = 33) Low (n = 34) P value
Age (year) 0.809
<60 34 16 18
>60 33 17 16
Gender 0.784
Male 49 25 24
Female 18 8 10
HBV infection 0.776
Positive 52 25 27
Negative 15 8 7
Hepatocirrhosis 0.807
Present 37 19 18
Absent 30 14 16
Serum AFP (ng/mL) 0.615
<200 43 20 23
>200 24 13 11
Tumor size (cm) 0.014*
<5 39 14 25
>5 28 19 9
Tumor differentiation 0.600
Well + Moderate 46 24 22
Poor 21 9 12
TNM stage 0.007*
I-II 34 11 23
I-1v 33 22 11
*P < 0.05.
2.17. IHC

Nude mouse tumors were immediately fixed with paraformaldehyde after excision and embedded in paraffin. After performing a
series of operations, such as sectioning, dewaxing in water, antigen repair, closure, antibody incubation, color development, and
nuclear re-staining, the samples were observed, and images were acquired using a microscope.

2.18. Bioinformatics analyses

The miRNA downstream of circUSP10 was searched through circbank (http://www.circbank.cn/) and starbase (https://starbase.
sysu.edu.cn/) databases, and the mRNA downstream of miR-211-5p was searched through miRTarBase (https://maayanlab.cloud/
Harmonizome/resource/MiRTarBase), TargetScan (https://www.targetscan.org/vert 71/), miRDB (https://mirdb.org/index.html)
and ENCORI (https://starbase.sysu.edu.cn/) databases. A Venn diagram was drawn by cross-analysis using the Evenn database
(http://www. ehbio. com/test/venn/#/).

2.19. Statistical analysis

Statistical analyses were conducted using SPSS Statistics 23.0 and GraphPad Prism 8.0.2. Fisher’s exact test determined the cor-
relation between circUSP10 expression and the clinicopathological parameters. Survival analysis was performed using the Kaplan-
Meier method. Comparisons were performed using a t-test and one-way analysis of variance (ANOVA). P < 0.05 indicates statisti-
cal significance.

3. Results
3.1. CircUSP10 expression is upregulated in LC and related to LC progression

Appropriate circRNAs were screened from published gene chips of LC in the GEO database. In the GSE97332 dataset, we used |
logFC|> 2 and P < 0.05 to filter and draw the heat map (SFig. 1). RT-qPCR revealed high circUSP10 expression in 67 pairs of LC tissue
samples (Fig. 1A). Hence, we selected circUSP10 for follow-up studies.

In the circBank database, circUSP10 is located at chr16:84792321-84801964, which is formed by the shear cyclization of exons
5-11 of USP10 (Fig. 1B). We then sequenced the QRT-PCR product of circUSP10 by sanger method and found that the "GA" site was the
cyclization site of circUSP10 (Fig. 1C). As circRNAs lack poly(A) tails, we reverse-transcribed them with oligo (dT) or random 6-mers
and detected their expression by qRT-PCR (Fig. 1D). CircUSP10 can be transcribed by random 6-mers, but not by oligo (dT), indicating
that it exhibits an intact closed-loop structure. We then treated total cellular RNA with RNase R. We conducted qRT-PCR (Fig. 1E),
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Fig. 2. Effect of knockdown of circUSP10 expression on liver cancer cell properties. A. circUSP10 expression in liver cancer cells. B and C. Eval-
uation of knockdown efficiency of circUSP10 in HCCLM3 and BEL-7407 cell lines. D-K. CCK-8 (D and E), EAU (F-H), and colony formation (I-K)
assays with HCCLM3 and BEL-7407 cells after knockdown of circUSP10. L-O. Transwell migration (L and M) and invasion (N and O) assays with
HCCLM3 and BEL-7407 cells after circUSP10 expression knockdown. *: P < 0.05, **: P < 0.01, ***: P < 0.001.

which showed that USP10, the linear parent gene of circUSP10, had significantly decreased expression and circUSP10 expression
remained unchanged. Thus, circUSP10 exhibits good stability. We then designed divergent and convergent primers for circUSP10 and
performed agarose gel electrophoresis. Only circUSP10 was amplified using both primer types in the presence of cDNA as a template
(Fig. 1F). This observation further confirms the circular structure of circUSP10.

According to the analysis of clinicopathological data from 67 patients with LC, circUSP10 expression correlated with tumor size and
tumor node metastasis (TNM) stage (Table 1). We plotted overall survival (OS) curves and found significantly higher OS rates among
patients with low circUSP10 expression than those with high circUSP10 levels (Fig. 1G).

In summary, circUSP10 is a cyclic RNA overexpressed in LC, and its expression correlates with the tumor size and TNM stage of
patients. Thus, it can be a stable, clinically valuable diagnostic and prognostic indicator.
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of circUSP10 (G and H). I. Western blotting to study the effect of circUSP10 knockdown on EMT pathway proteins. *: P < 0.05, ***: P < 0.001.

3.2. CircUSP10 promotes the growth and metastasis of LC cells and is related to the EMT pathway

We explored the effects of circUSP10 on the tumorigenic characteristics of LC cells using in vitro functional assays. First, we
investigated circUSP10 expression by qRT-PCR. We found significantly higher levels in SK-Hep-1, BEL-7404, SMMC-7721, MHCC-97H,
and HCCLM3 cells than in the normal hepatocyte line, LO2 (Fig. 2A). The expression of circUSP10 was highest in BEL-7404 cells,
followed by HCCLMS3 cells, and was lowest in SK-Hep-1 cells. Therefore, we performed interference experiments using BEL-7404 and
the HCCLMS cell lines and overexpression experiments using the SK-Hep-1 cell line.

We constructed interference vectors and verified transfection efficiency by microscopic fluorescence observation (SFig. 2) and qRT-
PCR. CircUSP10 expression was significantly lower in the knockdown group (sh-circ-1 and sh-circ-2) than that in the control (shNC)
(Fig. 2B and C). CCK-8 assay results revealed that BEL-7404 and HCCLM3 cells showed significantly decreased proliferation after
circUSP10 knockdown (Fig. 2D and E). The EAU experiment also highlighted the significant decrease in the proportion of proliferating
cells in the sh-circ-1 and sh-circ-2 treatment groups compared to the shNC treatment group (Fig. 2F-H). In the colony formation assay,
the number of colony-forming units was significantly lower in the group transfected with the interfering vector than in the control
(Fig. 2I-K). These results suggest that circUSP10 is associated with LC cell proliferation. In the Transwell migration assay, the
migration ability of cells in the sh-circ-1 and sh-circ-2 treatment groups was lower than that in the shNC treatment group (Fig. 2L and
M). Furthermore, in the cell invasion assay, the invasive ability of cells was reduced after circUSP10 knockdown (Fig. 2N and O). In
conclusion, the results of the transwell assays indicated that circUSP10 expression was associated with cell metastasis.

We constructed overexpression vectors (oe-circ) and verified their transfection efficiency using qRT-PCR (Fig. 3A). CCK-8, EdU, and
clone formation assay results revealed a significantly higher proliferative ability of cells overexpressing circUSP10 than that of control
cells (Fig. 3B-F). Migration and invasion assays also demonstrated increased cell migration and invasion after circUSP10 over-
expression (Fig. 3G and H).

As circUSP10 promotes LC cell migration and invasion, we investigated whether its expression is associated with the EMT pathway.
Western blotting results confirmed the elevation in E-cadherin expression and the decrease in N-cadherin and vimentin expression
after the dysregulation of circUSP10 expression (Fig. 3I).
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Together, these results confirmed that circUSP10 promotes the tumorigenic properties of LC cells and is associated with the EMT
pathway.

3.3. CircUSP10 can adsorb miR-576-5p in LC

circRNAs contain several miRNA-binding sites and can enhance the expression of target genes by adsorbing miRNAs, thus relieving
the repressive effects of miRNAs on their target genes [22]. Such circRNAs are competitive endogenous RNAs (ceRNAs), mainly located
in the cytoplasm. Therefore, we performed nucleoplasmic separation experiments using HCCLM3 and BEL-7404 cells and found that
circUSP10 was mainly expressed in the cytoplasm (Fig. 4A). We then searched for miRNA molecules that might bind to circUSP10 in
CircBank and starBase. We performed Venny analysis (Fig. 4B). Thirteen common miRNAs were identified in both databases
(miR-670-3p, miR-1245b-5p, miR-1269a, miR-140-5p, miR-148a-3p, miR-148b-3p, miR-152-3p, miR-204-5p, miR-211-5p, miR
-2681-3p, miR-3142, miR-3690, and miR-378h). Previous studies have reported downregulation of miR-140-5p [23], miR-148b-3p
[24], miR-152-3p [25], miR-204-5p [26], and miR-211-5p [27] in LC tissues. Only miR-211-5p expression was significantly
increased following circUSP10 knockdown in HCCLM3 cells, whereas the other four candidates were upregulated after circUSP10
knockdown in BEL-7404 cells (Fig. 4C and D). Hence, we speculated that miR-211-5p may serve as a circUSP10 target. Next, we
constructed WT and MUT circUSP10 (Fig. 4E) and verified whether miR-211-5p is bound to these circRNAs. The results showed that
the luminescence signal in the WT group was lower after co-transfection with miR-211-5p and circUSP10-WT than in the control group
(circUSP10-WT + miR-NC). In the MUT group, the luciferase activity of the control (circUSP10-MUT + miR-NC) and experimental
(circUSP10-MUT + miR-211-5p) groups was approximately the same (Fig. 4F). CircRNAs and miRNAs bind to AGO2 molecules, which
are indicator proteins for circRNAs that exert sponge actions [28]. The results of the RIP experiments showed that compared with the
negative control IgG, the anti-Ago2 antibody effectively pulled down circUSP10 and miR-211-5p (Fig. 4G). These results confirmed
that circUSP10 binds to miR-211-5p and functions as a miRNA sponge via AGO2.

We verified miR-211-5p expression using qRT-PCR and found it downregulated in 32 pairs of LC tissues (Fig. 4H). In addition, miR-
211-5p expression negatively correlated with circUSP10 expression (Fig. 4I). MiR-211-5p expression was downregulated in LC cells
(Fig. 4J), and a nucleocytoplasmic isolation assay confirmed miR-211-5p aggregation, similar to that of circUSP10, mainly in the
cytoplasm (Fig. 4K).

These results revealed that circUSP10 can regulate miR-211-5p expression by acting as a sponge.

3.4. MiR-211-5p is a downstream target of circUSP10 and inhibits LC cell growth and metastasis

Based on these results, we hypothesized that miR-211-5p inhibited LC development. We constructed miR-211-5p mimics and
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performed in vitro experiments. CCK-8, clone formation, and EAU assays showed that the proliferative ability of the cells decreased
after miR-211-5p mimic (miR-211-5p) transfection compared to the control (miR-NC) transfection (Fig. 5A-G). Thus, miR-211-5p
suppressed the growth of LC cells. In the Transwell assay, cell migration and invasion were decreased in the miR-211-5p group
compared to those in the miR-NC group (Fig. 5SH-K). Thus, miR-211-5p inhibits LC cell metastasis.

3.5. TCF12, a target molecule of miR-211-5p, binds to miR-211-5p and is upregulated in LC

To further explore the ceRNA effects of circUSP10, we predicted the miR-211-5p target genes using four databases: miRTarBase,
TargetScan, miRDB, and ENCORI. We constructed a Venn diagram and identified three common intersections: TCF12, CREB5, and
ELOVL6 (Fig. 6A). The relationship of miR-211-5p with these three molecules was further analyzed using the ENCORI database; TCF12
and CREBS5 were found to be negatively correlated, and ELOVL6 was positively correlated with miR-211-5p (Fig. 6B). The expression of
TCF12 and CREB5 in LC was predicted using the TIMER database. Compared to the normal group, the expression of TCF12 and CREB5
in the tumor group was relatively increased, and the differential expression of TCF12 was more significant (Fig. 6C). Next, we verified
the correlation between TCF12, CREB5, and miR-211-5p in the two cell lines (Fig. 6D and E). TCF12 expression was lower in cells
treated with miR-211-5p mimics than in cells transfected with control miR-NC. No significant changes were observed in the CREB5
levels. Then, we transfected the circUSP10 interference vector and observed changes in TCF12 expression. We found significantly
lower levels of TCF12 after sh-circ-1 and sh-circ-2 treatment than after the control shNC treatment (Fig. 6F). Therefore, we hypoth-
esized that TCF12 functions downstream of miR-211-5p. We designed WT and MUT sequences of TCF12 and constructed vectors for
the dual-luciferase reporter assay (Fig. 6G). The luciferase activity of the WT was significantly decreased in the experimental group
(TCF12+miR-211-5p) compared to that in the control group (TCF12+miR-NC). However, no significant variation was observed in the
MUT group (Fig. 6H). Therefore, we inferred that TCF12 binds to miR-211-5p. We found that TCF12 expression was upregulated in 35
pairs of LC tissues and cell lines (Fig. 61 and J) and, positively correlated with circUSP10 (Fig. 6K), and negatively correlated with miR-
211-5p (Fig. 6L).

Western blotting revealed decreased TCF12 protein levels after transfection with the circUSP10 interference vector (Fig. 6M).
Compared with miR-NC, miR-211-5p mimics decreased TCF12 expression, approximately the same after co-transfection of miR-211-5p
mimics with oe-NC as only transfection of miR-211-5p mimics. Compared with miR-211-5p + oe-NC, the expression of TCF12 was
increased again after miR-211-5p + oe-circ co-transfection (Fig. 6N).

Overall, the above experimental results demonstrate that circUSP10 is a ceRNA that regulates miR-211-5p and, therefore, TCF12
expression.

3.6. CircUSP10 promotes LC cell growth and metastasis via regulation of miR-211-5p/TCF12/EMT signaling

To investigate whether circUSP10 promotes LC progression via miR-211-5p-mediated TCF12 expression, we designed a TCF12
overexpression vector (OE) and verified its transfection efficiency at the mRNA and protein levels (Fig. 7A and B). CCK-8, EdU, and
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Fig. 6. TCF12 is a target molecule acting downstream of miR-211-5p. A. Screening of mRNAs that can potentially bind to miR-211-5p from the
database and plotting of Venny diagram. B. Prediction of correlation between miR-211-5p and mRNAs from the ENCORI database. C. Analysis of
CREBS and TCF12 expression in liver cancer from the TIMER database. D and E. After overexpression of miR-211-5p in HCCLM3 and BEL-7407 cells,
TCF12 and CREBS5 expression was analyzed by qRT-PCR. F. qRT-PCR detected TCF12 expression after knockdown of circUSP10 expression. G.
Construction of WT and MUT sequences of TCF12 with an miR-211-5p binding site. H. Verification of the binding of TCF12 to miR-211-5p. I and J.
qRT-PCR to validate TCF12 expression in liver cancer tissues and cells. K. TCF12 correlation analysis with circUSP10. L. miR-211-5p correlation
analysis with TCF12. M. Western blotting to determine changes in TCF12 protein levels after knockdown of circUSP10 expression in HCCLM3 and
BEL-7407 cells. N. Changes in TCF12 protein following transfection of miR-NC, miR-211-5p, miR-211-5p + oe-NC, or miR-211-5p + oe-circ in
HCCLM3 and BEL-7407 cells. *: P < 0.05, **: P < 0.01, ***: P < 0.001.

clone formation assay results demonstrated an increase in LC cell proliferation after TCF12 overexpression compared to the control
(nc), and this effect was reversed following co-transfection of miR-211-5p mimics and the TCF12 overexpression vector. Continuous
addition of the circUSP10 overexpression vector led to further escalation of cell proliferation (Fig. 7C-I). In the transwell assay, the oe
group showed enhanced migration and invasion compared to the nc group, but co-transfection with oe and miR-211-5p led to sup-
pressive effects on these properties. However, these properties were enhanced in cells co-transfected with oe + miR-211-5p + oe-circ
(Fig. 7J-M).

Based on this grouping, we validated the functions of circUSP10, miR-211-5p, and TCF12 in EMT. Compared to the NC group, the
OE group showed augmented N-cadherin and vimentin levels. N-cadherin and vimentin expression were suppressed after oe + miR-
211-5p co-transfection; however, their levels were elevated in the oe + miR-211-5p + oe-circ co-transfection group. The expression of
E-cadherin showed the opposite trend to that of N-cadherin and vimentin (Fig. 7N).

CircUSP10 promotes LC cell tumorigenic properties by regulating miR-211-5p-mediated TCF12 expression and is relevant to the
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western blotting. **: P < 0.01, ***: P < 0.001.

EMT pathway.

3.7. CircUSP10 expression knockdown in nude mice leads to tumor growth inhibition

To explore the influence of circUSP10 on tumors in vivo, we constructed lentiviral knockdown vectors (shNC and sh-circ) for
circUSP10. Stably transfected HCCLM3 cells were administered to the axillae of nude mice. Tumor weight and volume were recorded
every 7 days and were markedly lower in the sh-circ group than in the shNC group (Fig. 8A-D). Twenty-eight days later, the mice were
euthanized, and the excised tumor samples were subjected to H&E staining and IHC. The IHC results demonstrated lower protein levels
of Ki67, PCNA, and vimentin in the sh-circ group than in the shNC group (Fig. 8E). These results, as well as the in vitro findings, suggest
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Fig. 8. Knockdown of circUSP10 inhibits growth of tumor in nude mice in vivo. A-B. Tumor growth after 28 days. C. Tumor weight statistics in
shNC and sh-circ groups. D. Tumor volume changes of nude mice in shNC and sh-circ groups were recorded every 7 days. E. H&E staining and
immunohistochemistry were performed to detect Ki67, PCNA and vimentin protein expression in shNC and sh-circ groups. *: P < 0.05.

that circUSP10 inhibits tumor growth via EMT in vivo.
4. Discussion

The pathogenesis of LC is complex and involves epigenetic alterations, abnormal expression of oncogenes and tumor suppressors,
changes in cell cycle protein levels and activities, modified apoptosis, pathological angiogenesis, and dysregulated immune monitoring
[29]. Hepatitis virus infection, fatty liver, environmental factors, and unhealthy lifestyle are predisposing factors for LC [30].
Currently, the diagnosis of LC can be confirmed by blood biomarkers combined with imaging examinations, but these methods lack
sensitivity and specificity in the early stages of LC [31]. To date, some questions remain regarding the theory of LC; therefore, the exact
molecules and signaling pathways involved in the occurrence and development of LC remain to be elucidated.

CircRNAs are a class of ncRNAs, most of which are closed-loop structures formed by exons [32]. Due to their unique structure,
circRNAs can stably exist in body fluids, cells, and tissues. The expression of hsa_circ_0015286 is significantly increased in the tissues,
plasma, and cell lines of patients with gastric cancer (GC). It is associated with tumor size, TNM stage, and lymph node metastasis.
After surgical treatment, the expression of plasma hsa_circ_0015286 was significantly lower than before surgery, and GC patients with
high hsa_circ_0015286 expression had a worse prognosis. Plasma hsa_circ_0015286 may be used as a noninvasive biomarker to assist in
the diagnosis and prognosis of GC [33]. The expression of circ_001680 in colorectal carcinoma (CRC) tissues is higher than that in
adjacent tissues, which affects the proliferation and migration of CRC cells and is related to resistance to irinotecan treatment [34]. We
identified an association between circRNAs and LC. For example, circ-100395, circ-0039459, and circ-CSPP1 are aberrantly expressed
in LC and associated with cancer cell proliferation, apoptosis, migration, and invasion [35-37]. Hence, we speculate that circRNAs are
involved in the process of LC and can act as biomarkers for the diagnosis, treatment, and prognosis of LC.

Here, we filtered a circRNA, circUSP10, upregulated in LC from the GEO database. CircUSP10, composed of exons 5-11, is resistant
to digestion by RNase R and has a stable closed-loop structure. Clinicopathological data showed that circUSP10 was associated with
tumor size and TNM stage and that higher circUSP10 levels corresponded to shorter OS in patients with LC. This suggests that high
circUSP10 expression is associated with a poor prognosis and may be used as a clinical marker to assist in the diagnosis and prognosis
of LC. In vitro cell function experiments, the CCK-8, EdU, and colony formation assays confirmed that circUSP10 was associated with
the growth of LC cells, and transwell migration and invasion assays showed that circUSP10 was related to the metastasis of LC cells. In
vivo experiments in nude mice also demonstrated that circUSP10 promoted tumor growth. Thus, we postulated that circUSP10
promotes LC development and could be a diagnostic and prognostic marker for LC.

We investigated its biological role in LC and found that CircUSP10 is composed of exons mainly localized in the cytoplasm, sug-
gesting its role in sponging miRNAs. Bioinformatics predicted that miR-211-5p might be the downstream target of circUSP10, and RIP
and dual-luciferase experiments proved that circUSP10 could act as a sponge by adsorbing miR-211-5p. We also confirmed that the
overexpression of miR-211-5p suppressed LC cell proliferation, migration, and invasion. Additionally, miR-211-5p has been proposed
to impede the tumorigenic properties of thyroid tumor cells through negative SOX11 regulation [38]. Li et al. [39] found that
circNRIP1 knockdown promotes ovarian cancer sensitivity to paclitaxel via the miR-211-5p/HOXCS8 axis, further validating the role of
circRNA-miRNAs in tumors.

TCF12, also known as HTF4 or HEB, is a member of the HLH protein family [40]. TCF12 is widely expressed in various tissues and
cells of the body, such as skeletal muscle, thymus, and B cells. It is involved in gene transcription, regulation of T cell development,
basal cell generation, and mesenchymal cell differentiation [41]. TCF12 is associated with tumors and can play an oncogenic role in
colorectal and gallbladder cancer; however, it prevents tumor growth in prostate cancer [42-44]. Herein, we demonstrate the exis-
tence of binding sites for miR-211-5p and TCF12. TCF12 mRNA and protein expression decrease following circUSP10 knockdown.
TCF12 principally acts as a promoter of LC. In a triple-reply experiment, circUSP10, miR-211-5p, and TCF12 interacted with each
other, and miR-211-5p inhibited the promotive action of TCF12 on LC, which was diminished in the presence of circUSP10.
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Fig. 9. Mechanistic sketch of the role of circUSP10 in LC.

EMT refers to the reduction in tight and adherent junctions between epithelial cells in response to several factors and the acqui-
sition of the ability to infiltrate and migrate [45]. In parallel with the changes in cell phenotype, the expression of some proteins was
altered. For example, a decrease in the expression level of E-cadherin can lead to a reduction in cell adhesion, making cells more prone
to invasion and metastasis [17]. Among these, the loss of E-cadherin expression has been recognized as the most prominent feature of
EMT [46]. Simultaneously, the cells acquired a mesenchymal phenotype, such as increased expression of vimentin and N-cadherin
[47]. CircRNAs can affect tumor development through the EMT pathway. The expression of circESRP1 is increased in endometrial
cancer (EC), affecting the expression of vimentin and E-cadherin and regulating the EMT pathway through the miR-874-3p/CPEB4 axis
to affect EC metastasis [48]. Additionally, TCF12 is associated with the EMT pathway. HDAC1 promotes the migration and invasion of
gallbladder cancer cells by binding to TCF12, thereby promoting EMT [43]. In addition, miR-154 regulated by wt-p53 could inhibit the
migration, invasion, and EMT of glioblastoma multiforme cells by targeting TCF12 [49]. Here, the knockdown of circUSP10 expression
was followed by corresponding changes in E-cadherin, N-cadherin, and vimentin expression, consistent with the alterations in these
protein levels in the circUSP10/miR-211-5p/TCF12 triple-reply assay.

Our study has some limitations. First, there may be other sequencing chips in the GEO database; therefore, we cannot exclude other
circRNA molecules that may be highly expressed in LC, and these circRNAs may play a role in the progression of LC. Second, in this
study, the expression of circUSP10 was only detected in the tissues of patients with LC, and the feasibility of circUSP10 as a diagnostic
marker of LC can be further elucidated by detecting circUSP10 in patients’ blood. Finally, the other mechanisms circUSP10 participates
in LC progression remain to be elucidated. Therefore, the role of circUSP10 in LC requires further investigation.

5. Conclusion

In summary, circUSP10 was overexpressed in LC and promoted cancer progression by regulating the miR-211-5p/TCF12/EMT
pathway. These findings provide new insights into the clinical diagnosis and prognosis of LC (Fig. 9).
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