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Hepatocellular carcinoma (HCC) ranks third in the cause of death due to cancer. Circular RNA 23 
circSEC24 Homolog A (circSEC24A) has been uncovered to be upregulated in liver cancer. 24 
However, the function of circSEC24A in HCC is indistinct. 25 
We analyzed the microarray datasets GSE78520 and GSE94508 to search for differentially 26 
expressed circRNAs associated with HCC. Expression of circSEC24A, microRNA (miR)-455-3p, 27 
and protein phosphatase, Mg2+/Mn2+ dependent 1F (PPM1F) mRNA was detected by quantitative 28 
real-time polymerase chain reaction (RT-qPCR). Loss-of-function experiments were conducted to 29 
validate the biological function of circSEC24A in HCC cells in vitro and in vivo. Protein levels 30 
were evaluated by western blotting and immunohistochemistry (IHC). The relationship between 31 
circSEC24A or PPM1F and miR-455-3p was verified by a dual- luciferase reporter and/or RNA 32 
immunoprecipitation (RIP) assays. 33 
circSEC24A was overexpressed in HCC. circSEC24A silencing decreased xenograft tumor growth 34 
in vivo and repressed proliferation, metastasis, invasion, epithelial- to-mesenchymal transition 35 
(EMT), induced cell cycle arrest, and apoptosis of HCC cells in vitro. circSEC24A acted as a 36 
molecular sponge to sequester miR-455-3p, resulting in elevating the expression of PPM1F. 37 
miR-455-3p inhibitor reversed the suppressive impact of circSEC24A silencing on malignant 38 
behaviors of HCC cells. PPM1F overexpression offsets the inhibitory effect of miR-455-3p mimic 39 
on malignant behaviors of HCC cells. 40 
circSEC24A sponged miR-455-3p to elevate the PPM1F expression, resulting in accelerating 41 
malignant behaviors of HCC cells. The study provided a potential therapeutic target for patients 42 
with HCC. 43 
 44 
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Hepatocellular carcinoma (HCC) ranks third in the cause of death due to cancer [1]. The occurrence 48 

of HCC is closely related to chronic hepatitis, especially chronic viral hepatitis infection (hepatitis 49 

B or C) [2]. Most HCC patients are diagnosed at an advanced stage and are not suitable for surgical 50 

treatment [3]. Also, patients with advanced HCC have an extremely poor prognosis [4]. Thus, 51 

studying the underlying molecular mechanisms of HCC development is essential to provide 52 

guidance for the exploitation of HCC treatment tactics. 53 

Circular RNAs (circRNAs) are endogenous RNA molecules with unique circular structures. They 54 

are derived from pre-mRNA through back-splicing and have the ability to resist RNase R digestion 55

[5]. CircRNAs are emerging as vital regulators of gene expression and cellular functions [6]. 56 

Mounting reports have uncovered that circRNAs are implicated in the development of HCC [7]. For 57 

example, circRNA circLRIG3 drove tumor progression through regulation of the EZH2/STAT3 58 

signaling [8]. Moreover, circRNA circSORE sustained cell chemoresistance through activating the 59 

-catenin pathway in HCC [9]. Also, circRNA circBACH1 repressed p27 expression by 60 

interacting with HuR, resulting in accelerating cell growth in HCC [10]. Hsa_circ_0003528 61 

(circSEC24A), located at chr5: 134032815-134044578, is generated by the SEC24 Homolog A, 62 

COPII Coat Complex Component (SEC24A) gene. Huang et al. discovered that circSEC24A 63 

contributed to the polarization of tuberculosis-related macrophages [11]. In addition, circSEC24A 64 

had been revealed to be upregulated in liver cancer (GSE78520 and GSE94508). However, the 65 

function of circSEC24A in cancer and HCC has not been validated.66 

Studies have demonstrated that circRNAs can sequester microRNAs (miRs) by miR response 67 

elements, thus regulating downstream targets of miRs [12, 13]. MiR-455-3p is encoded by the 68 

COL27A1 gene [14]. Abnormal miR-455-3p expression is related to a variety of human diseases, 69 

such as osteoarthritis [15], pulmonary arterial hypertension [16], and cancer [17]. MiR-455-3p had 70 

been disclosed as a tumor repressor in HCC [18, 19]. Nevertheless, the mechanism of miR-455-3p 71 

dysregulation in HCC remains unclear. Members of the metal-dependent protein phosphatase (PPM) 72 

family are negative regulators of cellular stress response pathways, such as HOG, JNK, and p38 73 

MAPK signaling pathways [20]. Mg2+/Mn2+-dependent protein phosphatase 1F (PPM1F), a 74 

serine/threonine protein phosphatase, belongs to the PPM family. PPM1F is implicated in cancer 75 

cell motility and adhesion [21, 22]. Also, PPM1F plays dual regulatory functions in cancer cell 76 
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metastasis [23]. In gastric cancer, PPM1F had been unmasked as a suppressive factor [24], while 77 

PPM1F was proved as an oncogene in HCC [25, 26]. At present, the connection between 78 

miR-455-3p and PPM1F in HCC is unclear. 79 

In the research, circSEC24A was confirmed to exert an oncogenic role in HCC. Moreover, 80 

circSEC24A elevated PPM1F expression by sequestering miR-455-3p, thus accelerating HCC cell 81 

proliferation, metastasis, invasion, and EMT. 82 

 83 

Patients and methods 84 

Clinical specimens and ethics approval. Paired HCC tissues and periphery (peri)-tumor tissues 85 

were collected from the Sichuan Cancer Hospital and Institute. All registered HCC patients had 86

signed informed consents and had never suffered other tumors. The current research was ratified by 87 

the Ethics Committee of the Sichuan Cancer Hospital and Institute. 88 

Cell culture. 293T cells and normal liver cells (THLE-2) were purchased from Mingzhou 89 

Biotechnology (Ningbo, China). HCC cells (Huh7, SK-Hep-1, Hep3B, and Bel-7405) were bought 90 

from Procell (Wuhan, China). These cells were cultured in  91 

(Procell) (Huh7 and 293T cells), Minimum Essential Medium (Thermo Fisher, Carlsbad, CA, USA) 92 

(SK-Hep-1 and Hep3B cells), or Roswell Park Memorial Institute-1640 Medium (Thermo Fisher) 93 

(Bel-7405 and THLE-2 cells) supplemented with fetal bovine serum (FBS) (Thermo Fisher) and 1% 94 

Penicillin/Streptomycin (Thermo Fisher) under suitable conditions (95% relative humidity, 5% 95 

carbon dioxide, and 37 °C).96 

Oligonucleotides, plasmids, and transfection. Small interference (si) RNAs (si-circSEC24A#1, 97 

si-circSEC24A#2, and si-circSEC24A#3) that were used to silence endogenous circSEC24A 98 

expression, negative control for siRNAs (si-NC), short hairpin (sh) RNA against circSEC24A 99 

(sh-circSEC24A), negative control for shRNA (sh-NC), miR-455-3p inhibitor, negative control for 100 

miR-455-3p inhibitor (inhibitor NC), miR-455-3p mimic, and negative control for miR-455-3p 101 

mimic (mimic NC) were synthesized by RiboBio (Guangzhou, China). Overexpression plasmid of 102 

PPM1F (pcDNA-PPM1F) was constructed with the pcDNA vector (Thermo Fisher). Liposomal 103 

cocktails with oligonucleotides or/and plasmids were generated with Lipofectamine 3000 (Thermo 104 

Fisher). Transfected cells were harvested and used in subsequent experiments. 105 

Quantitative real-time polymerase chain reaction (RT-qPCR). T A 106 
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Purification Kit (Thermo Fisher) was utilized for total RNA isolation. RNase R treatment was 107 

carried out at 37 °C with RNase R (BioVision, Milpitas, CA, USA). Reverse transcription 108 

was performed using Prime Script  RT reagent kit (TaKaRa, Dalian, China) or miRscript cDNA 109 

synthesis kit (QIAGEN, Hilden, Germany). qPCR was set up with the SYBR Premix Ex Taq Kit 110 

(Applied Biosystems, Foster City, CA, USA) in triplicate and the primers utilized in the present 111 

research were exhibited in Table 1. U6 or GAPDH was used as an endogenous reference. Data was 112 

figured with the 2-  method. 113 

Cell counting kit-8 (CCK-8) assay. Treated HCC cells (about 2 × 103) were cultured in 96-well 114 

plates. After incubation with CCK-8 solution (10 , Dojindo, Kumamoto, Japan), the optical 115 

density (OD) value was read with the spectrophotometer reader (Thermo Fisher) at a wavelength of 116

450 nm. 117 

Colony formation assay. Treated HCC cells (approximately 2 × 103) were seeded into 6-well 118 

plates. The colonies were stained with crystal violet solution (Sigma, St. Louis, MO, USA) (0.5% 119 

crystal violet in 10% methanol and 90% water) and then counted with a microscope (Olympus, 120 

Tokyo, Japan). 121 

Flow cytometry assay. HCC cells in the logarithmic phase were harvested and fixed with cold 70% 122 

ethanol. Subsequently, the cells were digested with 2 (Sigma,) and then labeled with 15 123 

l propidium iodide (PI) (Beyotime, Jiangsu, China) for 15 min. The cell cycle distribution was 124 

analyzed using the FACS Calibur flow cytometer (Becton Dickinson, San Jose, California, USA). 125 

Cell apoptosis analysis was carried out according to the instructions of the Annexin V-FITC/PI 126 

apoptosis detection kit (Sigma). 127 

5-ethynyl- -deoxyuridine (EDU) assay. EDU assay was conducted with the Cell-Light EdU 128 

Apollo 567 In Vitro Imaging Kit (RiboBio, Guangzhou, China) 129 

instructions. Images were captured by the microscope (Olympus). EDU-positive cells were labeled 130 

with red fluorescence, while nuclei were labeled with DAPI (4,6-diamidino-2-phenylindole; blue). 131 

Transwell assay. The metastasis and invasion of HCC cells were analyzed by transwell assay with 132 

transwell chambers with (#354480, Costar, Cambridge, MA, USA) or without Matrigel. In short, 133 

treated HCC cells (5 × 104) in a serum-free medium were seeded onto the apical chamber. 24 h after 134 

seeding, the migrated and invaded cells were stained with 0.5% crystal violet (Sigma) and then 135 

counted in 5 randomly selected fields using a microscope (Olympus). 136 
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Western blotting. Total protein was extracted using the RIPA buffer (Beyotime) and then isolated 137 

with 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. After transferring to the 138 

polyvinylidene fluoride (PVDF) membrane (Millipore, Bedford, MA, USA) and sealing with 5% 139 

skimmed milk powder, the membranes were incubated with the appropriate primary antibodies 140 

against E-cadherin (1:600, ab1416), Vimentin (1:1000, ab8978), PPM1F (1:1000, ab200394), and 141 

GAPDH (1:2500, ab8245), followed by washing and incubating with the appropriate peroxidase 142 

secondary antibody. These antibodies were purchased from Abcam (Cambridge, MA, USA). Bands 143 

were detected and visualized after exposure 144 

onto HyBlot CL Autoradiography Film (Denville Scientific, Metuchen, NJ USA). 145 

Dual-luciferase reporter assay. The binding sites of circSEC24A and PPM1F146

region (UTR) in miR-455-3p were predicted using the starBase database. The wild type sequences 147 

of circSEC24A and PPM1F148 

pMIR-REPORT vector (Applied Biosystems) to construct a luciferase vector carrying circSEC24A 149 

wt, PPM1F  Following this, 293T 150 

cells were transfected with mimic NC or miR-455-3p mimic together with a luciferase vector, 151 

followed by analyzing luciferase activities -Firefly Luciferase Dual Assay 152 

Kit (Thermo Fisher) based on the luminescence detector 153 

(Beckman Coulter, Brea, CA, USA). 154 

RNA immunoprecipitation (RIP) analysis. The interaction between circSEC24A and miR-455-3p 155 

was verified with the Magna RIP kit (Millipore) in accordance with the instructions from the 156 

manufacturer. Abundance of circSEC24A and miR-455-3p in precipitated RNAs was assessed 157 

through carrying out RT-qPCR analysis. 158 

Xenograft assay. 14 BALB/c nude mice (Vital River Laboratory, Beijing, China) were manipulated 159 

based on protocols approved by the Animal Care Committee of Sichuan Cancer Hospital and 160 

Institute. Briefly, Hep3B cells carrying lentivirus-mediated sh-circSEC24A or sh-NC were 161 

subcutaneously injected into nude mice. The size of tumor was measured once a week 162 

(Volume=(length ×width2)/2). All mice were sacrificed after 35 days, and xenograft tumors were 163 

stripped and weighed, followed by embedding in paraffin for immunohistochemistry (IHC) 164 

staining. 165 

Statistical analysis. Statistical analyses were conducted using SPSS Statistics software version 17.0 166 
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(SPSS, Chicago, IL, USA). For in vivo and in vitro t-test or one-way 167 

analysis of variance was utilized to evaluate the difference between two or among multiple groups. 168 

P < 0.05 was considered statistically significant. All data were presented as mean±standard 169 

deviation from at least three repeats. Each experiment was conducted in triplicate. 170 

 171 

Results 172 

CircSEC24A was highly expressed in HCC. To search for differentially expressed circRNAs 173 

related to HCC, we analyzed microarray datasets (GSE78520 and GSE94508) concerning the 174 

circRNA profiles in liver cancer tissues. We found that there were 5 overlapping circRNAs 175 

(hsa_circ_0067934, hsa_circ_0003528, hsa_circ_0001955, hsa_circ_0008274, and 176

hsa_circ_0072088) in the top 50 upregulated circRNAs in the GSE78520 and GSE94508 177 

microarray datasets (Figure 1A). Among the 5 overlapping circRNAs, the biological role of 178 

hsa_circ_0067934 [27], hsa_circ_0001955 [28], hsa_circ_0008274 [29], and hsa_circ_0072088 [30] 179 

in HCC had been verified. Thus, we choose hsa_circ_0003528 for further exploration.  180 

Hsa_circ_0003528 (circSEC24A) is formed by reverse splicing of exon 14 to exon 18 (741 bp) of 181 

the SEC24A gene (Figure 1B). To verify the expression tendency of circSEC24A in 40 paired HCC 182 

tissues and peri-tumor tissues, RT-qPCR was performed. As presented in Figure 1C, circSEC24A 183 

expression was observably elevated in HCC tissues in contrast to peri-tumor tissues. Furthermore, 184 

the Kaplan-Meier curve showed that HCC patients with high circSEC24A expression had a shorter 185 

survival time than those with low circSEC24A expression (Figure 1D). As expected, circSEC24A 186 

was upregulated in HCC cells (Huh7, SK-Hep-1, Hep3B, and Bel-7405) than that in the THEL-2 187 

cells (Figure 1E). Then, RNase R treatment was performed to validate the circular structure of 188 

circSEC24A. RT-qPCR exhibited that linear SEC24A was digested after RNase R treatment, but 189 

circular SEC24A did not change. The digestion resistance of circSEC24A to RNase R confirmed its 190 

closed- loop structure (Figure 1F). These results indicated that high circSEC24A expression might 191 

be associated with the progression of HCC. 192 

CircSEC24A accelerated HCC cell proliferation, metastasis, invasion, and EMT. Based on the 193 

upregulation of circSEC24A in HCC, we investigated the biological function of circSEC24A by 194 

loss-of-function experiments. Three siRNAs (si-circSEC24A#1, si-circSEC24A#2, and 195 

si-circSEC24A#3) against the reverse splice region of circSEC24A were designed and transfected 196 
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into HCC cells. The knockdown efficiencies of three siRNAs were exhibited in Fig. 2A. CCK-8 and 197 

colony formation assays indicated that circSEC24A silencing constrained growth and colony 198 

formation of Huh7 and Hep3B cells (Figures 2B-2D). Cell cycle analysis revealed that circSEC24A 199 

inhibition elevated the proportion of Huh7 and Hep3B cells in the G0/G1 stage and decreased the 200 

proportion of Huh7 and Hep3B cells in the S stage, illustrating circSEC24A knockdown induced 201 

cell cycle arrest in Huh7 and Hep3B cells (Figures 2E, 2F). EDU assay exhibited that circSEC24A 202 

inhibition decreased the proportion of EDU-positive Huh7 and Hep3B cells (Figures 2G, 2H). Cell 203 

apoptosis analysis presented that the proportion of apoptotic Huh7 and Hep3B cells was increased 204 

after circSEC24A silencing (Figures 2I, 2J). Transwell assay showed that the inhibition of 205 

circSEC24A decreased the number of migrated and invaded Huh7 and Hep3B cells (Figures206

2K-2N). Moreover, circSEC24A silencing elevated E-cadherin protein level and decreased 207 

Vimentin protein level in Huh7 and Hep3B cells (Figures 2O, 2P). These results manifested that 208 

circSEC24A facilitated HCC cell proliferation, metastasis, invasion, and EMT in vitro. 209 

CircSEC24A was validated as a miR-455-3p sponge. Many studies have revealed that circRNAs 210 

can function as miR sponges in tumor development. By analyzing the starBase database, we 211 

discovered that miR-455-3p might interact with circSEC24A and the binding sites of circSEC24A 212 

in miR-455-3p were presented in Figure 3A. Dual- luciferase reporter assay exhibited that the 213 

luciferase activity of the circSEC24A wt reporter was repressed in miR-455-3p mimic-transfected 214 

293T cells (Figure 3B). RIP assay presented that circSEC24A and miR-455-3p could be co-enriched 215 

in the anti-Ago2 group compared to the IgG group (Figure 3C). As expected, there was a significant 216 

downregulation of miR-455-3p in HCC tissues and cells (Figures 3D, 3E). Also, the expression of 217 

circSEC24A was negatively correlated with miR-455-3p in HCC tissues (Figure 3F). Together, 218 

these results manifested that circSEC24A served as a sponge for miR-455-3p. 219 

CircSEC24A promoted HCC cell proliferation, metastasis, invasion, and EMT via sponging 220 

miR-455-3p. As we previously proved that circSEC24A acted as a miR-455-3p decoy, we 221 

hypothesized that circSEC24A inhibition might reduce HCC cell proliferation, metastasis,  invasion, 222 

and EMT via sponging miR-455-3p. The silence efficiency of miR-455-3p inhibitor in Huh7 and 223 

Hep3B cells was verified by RT-qPCR (Figure 4A). Moreover, miR-455-3p inhibitor reversed the 224 

upregulation of miR-455-3p in circSEC24A-silenced Huh7 and Hep3B cells (Figure 4B). Also, 225 

miR-455-3p inhibitor offset circSEC24A knockdown-mediated repressive influence on growth, 226 
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colony formation, cell cycle progression, and proliferation of Huh7 and Hep3B cells (Figures 227 

4C-4F). Furthermore, the elevation of the proportion of apoptotic Huh7 and Hep3B cells caused by 228 

circSEC24A silencing was overturned after miR-455-3p inhibition (Figure 4G). Additionally, 229 

miR-455-3p inhibitor counteracted the suppressive effect of circSEC24A knockdown on migration 230 

and invasion of Huh7 and Hep3B cells (Figures 4H-4K). As expected, miR-455-3p inhibitor 231 

reversed the upregulation of E-cadherin protein and downregulation of Vimentin protein in 232 

circSEC24A-silenced Huh7 and Hep3B cells (Figures 4L, 4M). Collectively, these results illustrated 233 

that circSEC24A accelerated proliferation, metastasis,  invasion, and EMT of HCC cells via 234 

sponging miR-455-3p. 235 

PPM1F acted as a miR-455-3p target. Based on the competing endogenous RNA (ceRNA)236

hypothesis, circRNA can relieve the suppressive influence of miR on its target by functioning as a 237 

miR sponge. Thus, we identified the potential target of miR-455-3p with the starbase database. As 238 

exhibited in Figure 5A, PPM1F might be a target of miR-455-3p. The luciferase activity of the 239 

was impaired by miR-455-3p mimic compared with the control group, 240 

but the lu change (Figure 5B). Results of 241 

RT-qPCR and western blotting revealed that the levels of PPM1F mRNA and protein were 242 

upregulated in HCC tissues compared to peri-tumor tissues (Figures 5C, 5D). Also, the level of 243 

PPM1F protein was upregulated in HCC cells (Figure 5E). Furthermore, there was a negative 244 

correlation between PPM1F mRNA and miR-455-3p expression in HCC tissues (Figure 5F). The 245 

decrease in PPM1F expression in si-circSEC24A#1-transfected Huh7 and Hep3B cells was reversed 246 

by miR-455-3p inhibitor (Figure 5G). Thus, these results indicated that circSEC24A regulated 247 

PPM1F expression through serving as a miR-455-3p sponge.248 

MiR-455-3p repressed proliferation, metastasis, invasion, and EMT of HCC cells by targeting 249 

PPMF1. To investigate whether miR-455-3p played its function through targeting PPMF1 in HCC 250 

cells, rescue experiments were conducted by transfecting pcDNA-PPMF1 into Huh7 and Hep3B 251 

cells carrying miR-455-3p mimic. The overexpression efficiencies of miR-455-3p mimic and 252 

pcDNA-PPMF1 in Huh7 and Hep3B cells were verified by RT-qPCR and western blotting, 253 

respectively (Figures 6A, 6B). The transfection of pcDNA-PPMF1 restored the downregulation of 254 

PPMF1 protein in Huh7 and Hep3B cells carrying miR-455-3p mimic (Figure 6C). Moreover, 255 

PPMF1 overexpression overturned the inhibitory effect of miR-455-3p mimic on growth, colony 256 
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formation, cell cycle progression, and proliferation of Huh7 and Hep3B cells (Figures 6D-6G). 257 

Furthermore, miR-455-3p mimic induced cell apoptosis and repressed cell metastasis and invasion 258 

in Huh7 and Hep3B cells, but these impacts mediated by miR-455-3p mimic was offset after 259 

pcDNA-PPMF1 introduction (Figures 6H-6L). In addition, miR-455-3p mimic elevated the 260 

E-cadherin protein level and decreased the Vimentin protein level in Huh7 and Hep3 B cells, but 261 

these trends caused by miR-455-3p mimic were reversed by forcing PPMF1 expression (Figures 262 

6M, 6N). In summary, miR-455-3p repressed HCC cell proliferation, metastasis, invasion, and EMT 263 

via targeting PPMF1. 264 

CircSEC24A knockdown repressed HCC growth in vivo. To further validate the function of 265 

circSEC24A in HCC progression, Hep3B cells carrying lentivirus-mediated sh-circSEC24A or 266

sh-NC were subcutaneously injected into BALB/c nude mice. The results showed that tumor 267 

volume and weight in the sh-circSEC24A growth were smaller and lower compared with the sh-NC 268 

group (Figures 7A, 7B). As expected, the expression of circSEC24A and PPMF1 mRNA was 269 

downregulated in mice tumor tissues in the sh-circSEC24A group in contrast to the sh-NC group, 270 

but miR-455-3p expression was upregulated (Figure 7C). IHC analysis displayed that PPM1F and 271 

Vimentin protein levels were downregulated in mice tumor tissues in the sh-circSEC24A group, but 272 

the E-cadherin protein level was upregulated (Figure 7D). Together, the downregulation of 273 

circSEC24A curbed HCC growth in vivo. 274 

 275 

Discussion 276 

A series of studies have found that differential circRNA expression is related to the clinical 277 

characteristics of cancer patients [31, 32]. Also, circRNAs provide a new direction for studying 278 

tumor pathogenesis and potential therapeutic targets [33]. Herein, we demonstrated that 279 

circSEC24A played an oncogenic role through sequestering miR-455-3p and upregulating PPM1F 280 

in HCC, offering evidence to support circSEC24A as an underlying therapeutic target for HCC. 281 

The host gene of circSEC24A is SEC24A. SEC24A, a cytosolic protein, plays a fundamental role in 282 

coat protein complex II (COPII)-dependent endoplasmic reticulum-Golgi protein transport [34]. 283 

Furthermore, the intracellular transport of hepatitis B subviral envelope particles depends on the 284 

COPII mechanism through the selective utilization of SEC24A and SEC23B [35]. Also, SEC24A 285 

had been uncovered to play a promoting impact on gastric cancer cell invasion and metastasis [36]. 286 
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A recent report revealed that circSEC24A facilitated mycobacterium tuberculosis-related 287 

macrophage polarization via upregulating CTLA4. These data offered evidence for the function of 288 

circSEC24A. In this study, circSEC24A was highly expressed in HCC. And HCC patients with high 289 

circSEC24A expression had a shorter survival time than those with low circSEC24A expression, 290 

manifesting that circSEC24A might be a potential biomarker for analyzing the prognosis of HCC 291 

patients. Moreover, circSEC24A silencing constrained xenograft tumor growth and repressed HCC 292 

cell proliferation, metastasis, invasion, and EMT in vitro. Thus, these data indicated that 293 

circSEC24A exerted a promoting effect on tumor progression in HCC. 294 

Given that circRNAs can interact with miRs via miR response elements. Through a series of 295 

validation, circSEC24A was validated as a miR-455-3p decoy. Report of Lan et al. discovered that 296

miR-455-3p downregulation-mediated STK17B upregulation activated the AKT/GSK-297 

signaling, thus promoting tumorigenesis and metastasis in HCC [18]. It was reported that 298 

miR-455-3p played an antagonistic effect on liver Fibrosis by targeting HSF1 [37]. Moreover, 299 

TUG1 sequestered miR-455-3p esulting in promoting cell 300 

metastasis and glycolysis through in HCC [19]. Herein, miR-455-3p downregulation overturned 301 

circSEC24A downregulation-mediated impacts on malignant behaviors of HCC cells. Consequently, 302 

we deduced that circSEC24A contributed to HCC cell malignancy via serving as a miR-455-3p 303 

sponge. 304 

PPM1F, a serine/threonine phosphatase, takes part in the progression of human cancers [38]. A 305 

previous study revealed that miR-590-3p promoted invasion and proliferation through targeting 306 

PPM1F in gastric cancer [24]. In addition, Jurmeister et al. exposed that miR-200c inhibited cell 307 

metastasis through downregulating FHOD1 and PPM1F [39]. In HCC, circRNA circSLC3A2 308 

promoted cell invasion and proliferation through adsorbing miR-490-3p and upregulating PPM1F 309 

[26]. Also, SNHG8 contributed to metastasis, invasion, and proliferation through regulation of the 310 

miR-149-5p/PPM1F pathway [25]. Consistent with previous studies [25, 26], PPM1F was highly 311 

expressed in HCC. Forced miR-455-3p expression repressed cell malignant behaviors via 312 

decreasing PPM1F expression in HCC. Importantly, circSEC24A regulated PPM1F expression via 313 

adsorbing miR-455-3p. Thus, we concluded that circSEC24A promoted tumor growth by regulation 314 

of the miR-455-3p/PPM1F pathway in HCC. 315 

In sum, circSEC24A was upregulated in HCC. Upregulation of circSEC24A adsorbed miR-455-3p 316 
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and increased PPM1F expression, thereby promoting tumor growth in HCC. The study manifested 317 

that circSEC24A was a promising target for HCC treatment.318 

 319 

 320 
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 440 
Figure Legends 441 

 442 

Figure 1. CircSEC24A was overexpressed in HCC. A) Venn diagram showed the overlapping 443 

circRNAs among the top 50 upregulated circRNAs in the GSE78520 and GSE94508 microarray 444 

datasets. B) Schematic illustration presented the formation of circSEC24A. C) RT-qPCR analysis of 445 

circSEC24A expression in 40 paired HCC tissues and peri-tumor tissues. D) Kaplan-Meier survival 446 
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curve and log-rank test were employed to assess the overall survival probability of HCC patients 447 

with high and low circSEC24A expression. Low and high circSEC24A expression was cut off by 448 

the median expression. E) Expression level of circSEC24A in HCC cells (Huh7, SK-Hep-1, Hep3B, 449 

and Bel-7405) and THEL-2 cells was detected by RT-qPCR. F) The circular structure of 450 

circSEC24A was verified by RNase R treatment and RT-qPCR analysis. *p < 0.05 451 

 452 

Figure 2. CircSEC24A facilitated malignant behaviors of HCC cells. A) RT-qPCR verified the 453 

knockdown efficiency of si-circSEC24A#1, si-circSEC24A#2, and si-circSEC24A#3 in Huh7 and 454 

Hep3B cells. B-H) Influence of circSEC24A inhibition on growth, colony formation, cell cycle 455 

progression, and proliferation of Huh7 and Hep3B cells was analyzed by CCK-8, colony formation, 456

flow cytometry, and EDU assays. I-N) Impacts of circSEC24A silencing on apoptosis, metastasis, 457 

and invasion of Huh7 and Hep3B cells were assessed by flow cytometry and transwell assays. O, P) 458 

Protein levels of E-cadherin and Vimentin in circSEC24A-repressed Huh7 and Hep3B cells were 459 

measured by western blotting. *p < 0.05 460 

 461 

Figure 3. CircSEC24A served as a sponge for miR-455-3p. A) Schematic illustration presented the 462 

binding sites between circSEC24A and miR-455-3p. B) Dual- luciferase reporter detected the 463 

luciferase activity of the circSEC24A wt or circSEC24A mut reporter in 293T cells transfected with 464 

miR-455-3p mimic and miR-NC. C) RIP was verified to verify the interaction between circSEC24A 465 

and miR-455-3p. D, E) RT-qPCR detected the expression of miR-455-3p in HCC tissues and cells. 466 

ealed the correlation between circSEC24A and miR-455-3p in 467 

HCC tissues. *p < 0.05 468 

 469 

Figure 4. CircSEC24A adsorbed miR-455-3p to accelerate proliferation, metastasis, invasion, and 470 

EMT of HCC cells. A) RT-qPCR assessed the expression of miR-455-3p in Huh7 and Hep3B cells 471 

transfected with miR-455-3p inhibitor or inhibitor NC. B-M) Huh7 and Hep3B cells were 472 

transfected with si-NC, si-circSEC24A#1, si-circSEC24A#1+inhibitor NC, or 473 

si-circSEC24A#1+miR-455-3p inhibitor. (B) Analysis of the influence of miR-455-3p inhibitor on 474 

the expression of miR-455-3p in si-circSEC24A#1-transfected Huh7 and Hep3B cells by RT-qPCR. 475 

(C-F) Assessment of the effect of miR-455-3p inhibitor on growth, colony formation, cell cycle 476 
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progression, and proliferation of si-circSEC24A#1-transfected Huh7 and Hep3B cells by CCK-8, 477 

colony formation, flow cytometry, and EDU assays. G-K) Impacts of miR-455-3p inhibitor on 478 

apoptosis, metastasis, and invasion of si-circSEC24A#1-transfected Huh7 and Hep3B cells were 479 

analyzed by flow cytometry and transwell assays. L, M) Western blotting assessed the influence of 480 

miR-455-3p inhibitor on protein levels of E-cadherin and Vimentin in si-circSEC24A#1-transfected 481 

Huh7 and Hep3B cells. *p < 0.05 482 

 483 

Figure 5. CircSEC24A sponged miR-455-3p to regulate PPM1F expression. A) The predicted 484 

binding sites between miR-455- B) Dual- luciferase reporter assay was 485 

carried out to detect the luciferase activity in 293T cells co-transfected with miR-455-3p mimic or 486

miR- C, D) The levels of PPM1F 487 

mRNA and protein in HCC tissues and peri- tumor tissues were analyzed by RT-qPCR or western 488 

blotting. E) Protein level of PPM1F in HCC cells was assessed by western blotting. F) The 489 

correlation between PPM1F mRNA and miR-455-3p expression in HCC was determined by 490 

G) Influence of miR-455-3p inhibitor on the level of PPM1F protein 491 

in si-circSEC24A#1-transfected Huh7 and Hep3B cells was analyzed by western blotting. *p < 0.05 492 

 493 

Figure 6. MiR-455-3p constrained HCC cell proliferation, metastasis, invasion, and EMT via 494 

targeting PPMF1. A) RT-qPCR validated the overexpression efficiency of miR-455-3p mimic in 495 

Huh7 and Hep3B cells. B) Western blotting confirmed the overexpression efficiency of 496 

pcDNA-PPMF1 in Huh7 and Hep3B cells. C-N) Huh7 and Hep3B cells were transfected with 497 

mimic NC, miR-455-3p mimic, miR-455-3p mimic+pcDNA, or miR-455-3p 498 

mimic+pcDNA-PPMF1. C-G) Analysis of the influence of PPMF1 overexpression on growth, 499 

colony formation, cell cycle progression, and proliferation of Huh7 and Hep3B cells carrying 500 

miR-455-3p mimic by CCK-8, colony formation, flow cytometry, and EDU assays. H-L) 501 

Assessment of the effect of PPMF1 overexpression on apoptosis, metastasis, and invasion of Huh7 502 

and Hep3B cells transfected with si-circSEC24A#1 by flow cytometry and transwell assays. M, N) 503 

Analysis of the effect of PPMF1 overexpression on protein levels of E-cadherin and Vimentin in 504 

si-circSEC24A#1-transfected Huh7 and Hep3B cells by western blotting. *p < 0.05 505 

 506 
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Figure 7. CircSEC24A silencing curbed HCC growth in vivo. A) Tumor volume was recorded once 507 

a week after mice injection with stable Hep3B cells. B) Average tumor weight was calculated after 508 

xenograft tumor removal. C) RT-qPCR was carried out to assess the expression levels of 509 

circSEC24A, miR-455-3p, and PPM1F mRNA in xenograft tumors. D) IHC analysis revealed 510 

protein levels of PPM1F, E-cadherin, and Vimentin in xenograft tumors. *p < 0.05 511 

512 
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Table 1. Primer sequences used for RT-qPCR analysis. 513 

Genes Primer sequences ( -  

circSEC24A -GCCTGGACTCATGGTTCCTT-  

Reverse (R): -TGCTGACCAGAACAGTCCAA-  

SEC24A F -AGCCCTGAAACCACGAGAGGAA-  

R -TGCTGACCAGAACAGTCCAAGG-  

PPM1F F -GCTGCTACAGACAGACCTTTCC-  

 R -GGCGGTTAAAGAAACTCTGTGCC-  

GAPDH F -GTCTCCTCTGACTTCAACAGCG-  

 R -ACCACCCTGTTGCTGTAGCCAA-  

miR-455-3p F: -CGGCAGTCCATGGGCAT-  

 R: -AGTGCAGGGTCCGAGGTATT-

U6 
 

F: -CTCGCTTCGGCAGCACA-

R: -AACGCTTCACGAATTTGCGT-  

 514 
















