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Circular RNAs (circRNAs) play a crucial role in the pathogenesis of various fibrotic diseases, but the potential biological function and expression profile of circRNAs in keloids remain unknown. Herein, microarray technology was applied to detect circRNA expression in four patient-derived keloid dermal fibroblasts (KDFs) and normal dermal fibroblasts (NDFs). A total of 327 differentially expressed (DE) circRNAs (fold change > 1.5, p < 0.05) were identified with 195 upregulated and 132 downregulated circRNAs. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses showed that the upregulated circRNAs were mainly enriched in the cytoskeleton and tight junctions, while the downregulated circRNAs were related to morphogenesis of the epithelium and axonal guidance. To explore the function of DE circRNAs, a circRNA-miRNA-mRNA network, including five circRNAs, nine miRNAs, and 235 correlated mRNAs, was constructed using bioinformatics analyses. The expression of five DE circRNAs was validated by qRT–PCR in 18 pairs of KDFs and NDFs, and hsa_circ_0006867 showed promising regulatory function in keloids in vitro. Silencing hsa_circ_00006867 suppressed the proliferation, migration, and invasion of keloid fibroblasts. RNA-binding protein immunoprecipitation (RIP) assays indicated that hsa_circ_00006867 may serve as a platform for miRNA binding to Argonaute (AGO) 2. In addition, hsa-miR-29a-5p may be a potential target miRNA of hsa_circ_00006867. Taken together, our research provided multiple novel clues to understand the pathophysiologic mechanism of keloids and identified hsa_circ_0006867 as a biomarker of keloids.
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INTRODUCTION
Keloids are benign skin fibroproliferative tumors unique to humans characterized by aggressive fibroblast proliferation, excessive accumulation of extracellular matrix (ECM) (e.g., collagen I and III), long-term continuous fibrosis, and abnormal inflammatory stimuli (Yan et al., 2021; Zhang et al., 2021). Keloids show various cancer-like features, such as aggressive proliferation beyond the original boundary, lack of spontaneous regression, and vascularization ability (Huang and Ogawa, 2020). As a common clinically challenging disorder, keloid formation generally follows wounding, such as burns, surgery, laceration, or other damage to the dermis (Davies et al., 2021). Keloids are more likely to occur in areas with high skin tension, such as the chest, earlobes, shoulders, limbs, and cheeks. Keloids can invade surrounding healthy skin out of the original wound, usually causing pain, severe itch, malformation, and even dysfunction, seriously affecting the physical and mental health of patients (Bijlard et al., 2017). Therapeutic options for keloids are few and ineffective with common recurrence and deformities posttherapy (e.g., surgery, drug injection, and perioperative radiation therapy) (Qu et al., 2013; Gold et al., 2020; Lv et al., 2020). Therefore, there is an urgent need to explore and understand the aggressive progression of keloids to help identify novel effective treatment strategies and preventive methods.
Considering that keloid disease is of reticular dermal origin (Xue et al., 2022), KDFs serve as the predominant cell component in keloid tissue and have attracted much attention in keloid research. Dysregulated proliferation and apoptosis of fibroblasts are considered pivotal factors in the sustained hyperplasia of keloids (Shih et al., 2010), but the exact etiopathogenesis remains unclear. Studies have increasingly reported that epigenetics have important contributions to multifaceted processes of fibrosis, namely, DNA methylation, histone modification, and noncoding RNAs (miRNAs, lncRNAs, and circRNAs) (Yang et al., 2021). In particular, circRNAs, a new class of ncRNAs with covalently closed circular structures, have been shown to function in multiple biological processes with major roles as miRNA sponges, RNA-binding protein sponges, and polypeptide translation templates (Sinha et al., 2021; Zhao et al., 2021). For example, Zhang and the co-workers (Zhang et al., 2019) found that circHIPK3 is upregulated in a pulmonary fibrosis model and that si-circHIPK3 inhibits fibroblast proliferation by competitively binding to miR-338-3p. In colorectal cancer, circRHOBTB3 has been shown to exert suppressive effects on aggressiveness through the HuR/PTBP1 axis in both in vivo and in vitro experiments (Chen et al., 2021). Another study has identified that circ-SHPRH has an overlapping start-stop codon and is translated into a 146-aa polypeptide through IRES-mediated mechanisms in brain glioma (Zhang et al., 2018).
However, few studies have systematically evaluated circRNAs in keloid dermal fibroblasts (KDFs), and the function of dysregulated circRNAs remains to be further elucidated. Here, we identified differentially expressed (DE) circRNAs between KDFs and normal dermal fibroblasts (NDFs) by circRNA microarray analysis, which identified 327 DE circRNAs (195 upregulated and 132 downregulated) in KDFs. Furthermore, a circRNA-miRNA-mRNA network of verified candidates was established to understand the potential function of circRNAs in keloids. Finally, we found that hsa_circ_0006867 was significantly upregulated and promoted fibrosis in keloids. To our knowledge, this is the first report of the function and mechanism of hsa_circ_0006867 in keloids, and these data may offer a new understanding of the pathophysiologic mechanism in keloids.
RESULTS
Identification of Dysregulated circRNAs in Keloids
The design of the present study is summarized in the flowchart shown in Figure 1. Our microarray profiling analyses detected a total of 13,583 circRNAs. After normalization of the microarray profile (Figure 2A), 327 circRNAs (fold change> 1.5, p < 0.05) showed differential expression between the two groups with 195 upregulated and 132 downregulated circRNAs. Scatter and volcano plots revealed the DE circRNAs (Figures 2B,C). The results revealed that more than 80% of circRNAs were derived from exons of the host gene (Figure 2D). A Circos diagram was applied to show the location of circRNAs on chromosomes (Figure 2E).
[image: Figure 1]FIGURE 1 | Detailed flowchart of the entire study. First, microarray analysis was performed to explore DE circRNAs in KDFs and NDFs. Then, GO and KEGG pathway analyses showed the potential functions of the DE circRNAs. six circRNAs were then verified by qRT–PCR, and a circRNA-miRNA-mRNA network was established for the validated circRNAs. Finally, we explored the cellular function and potential mechanism of hsa_circ_0006867.
[image: Figure 2]FIGURE 2 | Expression profiles and characteristics of circRNAs in KDF and NDF samples as examined by microarray. (A) The box plot shows the distributions of the expression values after quantile normalization. (B) The scatter plot shows the difference in circRNA expression between KDFs and normal controls. The red dots above the green line and blue dots below the bottom indicate a more than 1.5-fold change (FC) in circRNAs between the two compared groups. (C) Volcano plot of differentially expressed circRNAs (fold change > 1.5 and p < 0.05). The red and blue dots represent upregulated and downregulated circRNAs, respectively. (D) The circRNA classification statistics show the percentage of each type among all differentially expressed circRNAs. (E) The Circos diagram depicts the location of all differentially expressed circRNAs on chromosomes. The orange/red and green lines represent upregulated and downregulated circRNAs, respectively. The segment length indicates the FC value.
In addition, unsupervised hierarchical clustering analyses displayed the circRNA landscape to distinguish the KDF and NDF samples, which identified 327 dysregulated circRNAs (Figure 3). The top 20 significantly dysregulated circRNAs ranked by fold change between groups are listed in Table 1. The datasets presented in this study can be found in the Gene Expression Omnibus (GEO) site repositories (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE184097).
[image: Figure 3]FIGURE 3 | Heatmap of circRNA profiles from the microarray data showing distinguishable circRNA expression patterns. Red and blue indicate high and low expression, respectively, and the color scales represent expression values. The columns represent samples, and the rows represent circRNAs. The type of circRNA and p values of each analysis are shown in the first and second columns, respectively.
TABLE 1 | Top 20 significantly dysregulated circRNAs ranked by Fold Changes between KDF and NDF groups.
[image: Table 1]Functions of Differentially Expressed circRNAs
Because genes with similar functions share the same expression patterns, we focused on the alterations of coding genes between groups to reveal the behavior of the aberrantly expressed circRNAs. To further explore the functions of the dysregulated circRNAs, the host genes of the DE circRNAs were selected to perform Gene Ontology (GO) enrichment analyses. GO analyses of the target genes covered three domains as follows: biological process (BP), cellular component (CC), and molecular function (MF). Regarding the upregulated circRNAs, actin cytoskeleton organization, cytoskeleton, and cytoskeletal protein binding were the most abundant terms in BP, CC, and MF, respectively (Figure 4A). Kyoto Encyclopedia of Gene and Genomes (KEGG) pathway analysis indicated that tight junctions and regulation of the actin cytoskeleton were the top two related functions of the upregulated circRNAs (Figure 4B). Moreover, GO analyses indicated that the downregulated circRNAs were mainly related to morphogenesis of the epithelium, focal adhesion, and structural molecule activity conferring elasticity, and KEGG analyses indicated that axon guidance and ECM−receptor interaction were the top two related functions of downregulated circRNAs (Figures 4C,D). Maps of the most affected pathways are shown in supplementary Supplementary Figures S1, S2.
[image: Figure 4]FIGURE 4 | The top 10 GO and KEGG pathway enrichment terms for the predicted target genes of DE circRNAs. GO analysis covered three domains, namely biological processes, cellular components, and molecular functions. The KEGG plot shows the top enrichment score value of the significantly enriched pathway. (A, B) The upregulated - and (C, D) downregulated circRNAs were analyzed. Abbreviations: ORF, open reading frame.
Verification of the Differentially Expressed circRNAs
After considering the fold change, p value, and raw data, we selected three significantly upregulated circRNAs (hsa_circ_0001055, hsa_circ_0006867, and hsa_circ_0073244) and three significantly downregulated circRNAs (hsa_circ_0004662, hsa_circ_0000479, and hsa_circ_0029998) for qRT–PCR validation. As shown in Figure 5A, the structure of the six circRNAs was visualized based on circPrimer 2.0, and their relative intensity values were evaluated by microarray analysis. The PCR primers are shown in Table 2. By expanding the sample numbers, the qRT–PCR results showed that the changes in the six circRNAs were consistent with the microarray data, but the expression of hsa_circ_0029998 between keloids and normal skin did not differ statistically (Figure 5B). Therefore, five verified DE circRNAs were selected for further analysis by bioinformatics methods.
[image: Figure 5]FIGURE 5 | Characteristics and verification of six candidate circRNAs. (A) Structural patterns and (B) qRT–PCR results of upregulated circRNAs (left), including hsa_circ_0001055, hsa_circ_0006867, and hsa_circ_0073244, as well as three downregulated circRNAs, including hsa_circ_0004662, hsa_circ_0000479, and hsa_circ_0029998.
TABLE 2 | Primer sequences used for qRT-PCR analysis of circRNA and mRNA levels.
[image: Table 2]Establishment of the circRNA-miRNA-mRNA Network
The competing endogenous RNA (ceRNA) hypothesis states that RNA transcripts cross-regulate each other by competing for shared miRNAs (Qi et al., 2015). Therefore, we applied Arraystar’s prediction software to construct ceRNA networks of the five verified DE circRNAs, which linked the function of protein-coding mRNAs with that of noncoding RNAs, including miRNAs and circRNAs. A total of 235 significantly negatively correlated mRNAs were regarded as the potential target genes of the nine miRNAs. The predicted circRNA-miRNA-mRNA network is shown in Figure 6. The detailed information of the circRNAs-miRNAs-mRNAs interaction network is provided in Supplementary Table S1.
[image: Figure 6]FIGURE 6 | Establishment of the circRNA-miRNA-mRNA interaction network. The network contained five dysregulated circRNAs, nine miRNAs, and 235 correlated mRNAs. Edges with T-shaped arrows represent directed relationships. Nodes with purple, yellow, and pink color represent circRNAs, miRNAs, and mRNAs, respectively.
Inhibition of hsa_circ_0006867 Suppresses Keloid Cell Proliferation, Migration, and Invasion in Vitro
Because hsa_circ_0006867 was increased significantly in keloids (Figure 5B), we investigated the biological functions of hsa_circ_0006867. Two siRNAs targeting the back-splice junction sites of hsa_circ_0006867 were designed and verified significantly knockdown the expression of hsa_circ_0006867 (Figure 7A). The CCK-8 assay showed that inhibition of hsa_circ_0006867 significantly suppressed cell proliferation in both KDF1 and KDF2 cells (Figure 7B). Transwell assays and wound-healing assays indicated that silencing hsa_circ_0006867 significantly suppressed the invasion and migration ability of both KDF1 and KDF2 cells (Figures 7C,D). These results indicated that hsa_circ_0006867 plays a key role in the suppression of proliferation, invasion, and migration of KDF cells in vitro.
[image: Figure 7]FIGURE 7 | Inhibition of hsa_circ_0006867 suppresses keloid cell proliferation, migration, and invasion. (A) Effect of siRNAs targeting hsa_circ_0006867. (B) CCK-8 assays. (C) Scratch wound-healing assays. (D) Transwell migration and invasion assays. *p < 0.05, **p < 0.01, and ***p < 0.001.
Hsa_circ_0006867 Functions as a Sponge for miRNAs
Because circRNAs are mainly located in the cytoplasm and may act as sponges for miRNAs, we explored the subcellular localization of hsa_circ_0006867 in KDF cells. We extracted total RNA from the nucleus and cytoplasm, and we then applied qRT–PCR to measure the expression of hsa_circ_0006867. The results indicated that hsa_circ_0006867 was mainly located in the cytoplasm in KDF1 and KDF2 cells (Figure 8A). To determine the potential mechanism of hsa_circ_0006867 and the common target miRNAs, we analyzed the five highest ranking target miRNAs of hsa_circ_0006867 and annotated their circRNA/miRNA interactions (Figure 8B). Subsequently, the wild-type or mutated seed sequence of hsa_circ_0006867 was designed to determine whether there is a direct interaction. A dual-luciferase reporter assay in both 293T cell lines and KDF1 cells indicated that the miR-29a-5p mimic inhibited the luciferase activity of wild-type vectors (Figure 8C). Moreover, the expression of miR-29a-5p was upregulated after silencing hsa_circ_0006867 (Figure 8D).
[image: Figure 8]FIGURE 8 | Exploration of the potential regulatory mechanism of hsa_circ_0006867 in keloids. (A) Nuclear and cytoplasmic fractionation assays verified the localization of hsa_circ_0006867 in KDF1 and KDF2 cells. (B) The five highest ranking target miRNAs of hsa_circ_0006867 and annotation of their circRNA/miRNA interactions. (C) The dual-luciferase reporter assay was performed using 293T and KDF1 cells after cotransfection. (D) The expression of miR-29a-5p was significantly upregulated after silencing hsa_circ_0006867. (E) The RIP assay showed that hsa_circ_0006867 and miR-29a-5p were enriched in the presence of AGO2 antibody. (F) The Venn plot showed the overlap of the predicted mRNA target of miR-29a-5p based on the datasets from miRDB, TargetScan, and miRWalk 3.0.
Considering that miRNAs silence the expression of target genes by assembling with Argonaute (AGO) 2, we performed a RNA-Binding Protein Immunoprecipitation (RIP) assay in KDF cells using AGO2 antibodies. Compared to the IgG group, hsa_circ_0006867 was significantly enriched in the presence of AGO2 antibody, suggesting that hsa_circ_0006867 may serve as a platform for miRNA binding to AGO2 (Figure 8E). Thus, the above results demonstrated the potential of hsa_circ_0006867 to sponge miRNAs.
We also found that miR-29a-5p was enriched in the AGO2 group in the RIP assay (Figure 8E). The overlapping genes of the related mRNAs of miR-29a-5p from miRDB, TargetScan, and miRWalk 3.0 were analyzed and subsequently visualized using a Venn diagram (Figure 8F). For miR-29a-5p, 52 common genes were identified. Of these, KCCN3 may be a promising potential target. Overall, these findings suggested that hsa_circ_0006867 may play a regulatory function in keloid progression as a sponge for miR-29a-5p.
DISCUSSION
As benign skin fibroproliferative tumors, keloids are characterized by a typical fibrosis state and some cancer-like features (Gold et al., 2020). A previous study has reported that circRNAs participate in the progression of fibrosis in various organs, including the skin, heart, liver, lung, and kidney (Dong et al., 2021; Wan et al., 2021). For instance, hsa_circ_0045272 may negatively regulate apoptosis and interleukin-2 secretion in T cells of systemic lupus erythematosus patients [21]. However, the role of circRNAs in the pathogenesis of keloids remains unknown. In the present study, we collected keloid tissues from different anatomical locations and cultured them as KDFs. By utilizing circRNA microarray analysis, we compared the circRNA profiles between KDFs and NDFs, and we identified 327 DE circRNAs (195 upregulated and 132 downregulated). The functions of the DE circRNAs were predicted by GO and KEGG analyses. Based on qRT–PCR results, five verified DE circRNAs were selected to construct the circRNA-miRNA-mRNA network. Moreover, we found that hsa_circ_0006867 may promote the aggressive progression of keloids by acting as a miRNA sponge.
GO and KEGG pathway enrichment analyses were performed to evaluate the functions of target genes at the molecular level. According to GO analysis for upregulated circRNAs, actin cytoskeleton organization, cytoskeleton, and cytoskeletal protein binding were the most enriched terms of biological process, cellular component, and molecular function, respectively. A previous study has shown that pathological scarring in the form of keloids and hypertrophic scars is associated with the dysfunction of cellular mechanoreceptors in the skin (such as the cytoskeleton and cell adhesion molecules) (Ogawa and Hsu, 2013). Organization of the cytoskeleton can perceive mechanical forces (Wong et al., 2011) and influence the stiffness and rigidity of the ECM as well as moderate cell motility and proliferation (Wang et al., 2015). In addition, the KEGG results also showed the important role of the cytoskeleton. Regarding downregulated circRNAs, morphogenesis of the epithelium showed the highest relevance in GO analyses. It is well known that epithelial cells transform into myofibroblasts and fibroblasts via the epithelial-mesenchymal transition (EMT) process (Yuan et al., 2019; Huang and Ogawa, 2020). Chen and the co-workers (Chen et al., 2020) found that circ_0008450 promotes proliferation and processing in human keratinized epithelial cells through the TGF-β/Smad/Runx3 axis. Moreover, the ECM-receptor interaction pathway has been suggested to be associated with downregulated circRNAs in KEGG pathway maps. Together, these findings may provide information for the research direction of DE circRNAs in keloids.
In the present study, six circRNAs (3 up- and three downregulated) were validated by qRT–PCR in 18 sample groups according to the following standards: circRNA mature sequence between 200 and 1,000 bp with top fold changes and binding sites with miRNAs. The results demonstrated that five circRNAs (hsa_circ_0001055, hsa_circ_0006867, hsa_circ_0073244, hsa_circ_0004662, and hsa_circ_0000479) showed significant changes, and the expression of hsa_circ_0029998 was altered but the changes were not statistically significant. Consequently, a circRNA-miRNA-mRNA network, including five circRNAs, nine miRNAs, and 235 correlated mRNAs, was established.
We then performed cellular function experiments to further explore the potential mechanism of candidate circRNAs in keloid formation. The results suggested that the inhibition of hsa_circ_0006867 significantly influenced the proliferation, migration, and invasion of KDFs in vitro, indicating that it may be a potential biomarker for keloids. Hsa_circ_0006867 is encoded from the 41st to 45th exons of LRBA containing 450 bp, and it was found to be more stable than the baseline gene. The present study verified that hsa_circ_0006867 was mainly located in the cytoplasm of KDFs where it sponged miRNAs. Previous studies have shown that circRNAs regulate miRNAs by interacting with miRNA response elements, which can competitively suppress miRNA activity, thereby regulating the expression of downstream genes (Salmena et al., 2011). We next predicted the circRNA/miRNA interaction, which indicated that miR-29a-5p, miR-141-3p, miR-499a-3p, miR-570-5p, and miR-26a-5p were involved (Figure 8C). A dual-luciferase reporter assay indicated that miR-29a-5p directly interacted with hsa_circ_0006867, and silencing hsa_circ_0006867 also significantly induced upregulation of miR-29a-5p.
An anti-AGO2 RIP assay was also performed to identify the relationship between hsa_circ_0006867 and these miRNAs. It is well known that the AGO family is composed of four enzymes, namely, AGO1, AGO2, AGO3, and AGO4, which are ubiquitously expressed in mammals and are all capable of loading small RNA (Ross and Kassir, 2014). Among them, AGO2 is called a “catalytic engine” that drives mRNA cleavage at miRNA target sites (Tam et al., 2008). The expression of hsa_circ_0006867 and miR-29a-5p was enriched with AGO2, indicating that hsa_circ_0006867 may bind to the AGO2 protein and thus regulate the potential target, miR-29a-5p. Next, we applied Venn analysis to identify the downstream gene of miR-29a-5p based on three databases (miRDB, TargetScan, and miRWalk 3.0). A previous study has shown that miR-29a-5p is downregulated in endometrial cancer and inhibits cancer-derived cell proliferation (Jiang et al., 2018). However, the role of miR-29a-5p in keloid progression has not yet been reported. In addition, the predicted target gene, KCCN3, has been found to be involved in matrix degradation, and blockade of KCCN3 inhibits migration, induces cells depolarization, and reduces intracellular Ca2+ in a highly metastatic mammary cancer cell line (Potier et al., 2006; Shenton et al., 2014). Thus, KCCN3 may be a promising potential target of miR-29a-5p, but further experiments are needed.
In summary, the present findings suggested that hsa_circ_0006867 may promote the progression of keloids via the miR-29a-5p/KCCN3 axis. However, the potential regulatory mechanism needs to be further verified.
MATERIALS AND METHODS
Patient Samples
Keloid and normal control tissues were collected from 36 patients who had undergone surgery at the Department of Plastic Surgery of First Affiliated Hospital, School of Medicine, Zhejiang University from 2017 to 2020. All patients were diagnosed by pathological examination and had not been treated previously. Eight samples were enrolled in microarray profiling analyses. The clinical and demographic information of the patients is displayed in Table 3. Every patient signed an informed consent form before surgery, and all experiments were performed after approval by the Clinical Research Ethics Committee of the First Affiliated Hospital, School of Medicine, Zhejiang University (No. 2014058; February 27, 2014).
TABLE 3 | Clinical information of included subjects.
[image: Table 3]Cell Culture and Transfection
Primary human dermal fibroblasts were cultured according to a previously established protocol (Pang et al., 2019). Tissue samples derived from donors were washed three times using PBS and minced into pieces after separating the epidermis. The tissue pieces were digested with 2.0 mg/ml type I collagenase (Solarbio, China) and trypsin (Gibco, United States). Cells were cultured in DMEM (Servicebio, China), containing 10% FBS (Gibco, United States), penicillin (100 U/ml), and streptomycin (100 μg/ml), in 5% CO2 at 37°C in an incubator. Fibroblasts were used from passage three to nine.
The siRNAs against hsa_circ_0006867 and the negative control were synthesized by RiboBio Co., Ltd. (China) and validated by qRT–PCR. The primer sequences were as follows: si-hsa_circ_0006867-1 (sense), 5′- GAGAUUUGUCCAAGAUCUUdtdt-3′; and si-hsa_circ_0006867-2 (sense), 5′-UCAGAGAUUUGUCCAAGAUdtdt-3′. To achieve better knockdown efficiency and fewer off-target effects, two siRNAs were merged together as a siRNA pool to cotransfect KDFs in the interference experiments. Following the manufacturer’s instructions, 50 nM siRNA was transfected into HKFs using jetPRIME transfection reagent (Polyplus, Illkirch, France).
Circular RNA Microarray Detection and Differential Expression Analysis
Detailed information for the KDFs and NDFs used for microarray detection is listed in Table 3. Total RNA was extracted from cells using TRIzol reagent (Invitrogen, United States) and quantified using a NanoDrop ND-1000 (Thermo Fisher, United States). Total RNA was treated with ribonuclease R (Epicenter, United States) to remove linear RNAs and enrich circular RNAs (circRNAs). The enriched circRNAs were then amplified and transcribed into fluorescent cRNA utilizing a random priming method (Super RNA Labeling Kit, Arraystar, Rockville, United States). The labeled cRNAs were hybridized onto the Arraystar Human circRNA Array V2 (8 × 15K, Arraystar). After cleaning the slides, the arrays were scanned by the Agilent Scanner G2505C.
Agilent feature extraction software (version 11.0.1.1) was applied to analyze the acquired array images. We then used the limma package in R software for quantile normalization and microarray analysis. CircRNAs with a p value <0.05 and fold change ≥1.5 were considered to be significantly differentially expressed and were then identified through volcano plot filtration. The expression patterns of distinguished circRNAs were demonstrated using hierarchical clustering.
GO and KEGG Analyses
GO analysis (http://www.geneontology.org) was conducted to further explore the potential biological functions of the host genes of the identified circRNAs. Kyoto Encyclopedia of Gene and Genomes (KEGG) pathway analysis (http://www.genome.jp/kegg/) revealed the signaling pathways based on the identified target genes of circRNAs.
Quantitative Real-Time Polymerase Chain Reaction
Total RNA was extracted from cells and tissue samples with TRIzol reagent (Invitrogen, United States), and 500 ng of RNA was amplified and transcribed into cDNA using a PrimeScript RT reagent Kit (Takara, China). Specific primers covering circRNA back-splice junctions (sequences are shown in Table 2) were designed and synthesized by RiboBio Co., Ltd. (Guangzhou, China). Following the manufacturers’ instructions, circRNA and mRNA expression was measured by qRT–PCR using the SYBR Green Kit (Takara, China). The expression of each circRNA was analyzed using the 2-ΔΔCt method and normalized to the GAPDH gene.
Prediction of the circRNA-miRNA-mRNA Pathway
We constructed the circRNA-miRNA-mRNA network based on the ceRNA hypothesis to predict the potential target miRNAs of the selected circRNAs. The downstream genes of miRNAs were predicted by two prediction algorithms, namely, TargetScan (http://www.targetscan.org/) and MiRanda (http://www.microrna.org/). Thereafter, cross-analysis of the two datasets was performed to identify the possible competing miRNAs using Arraystar’s commercial miRNA coaction prediction software. Finally, ceRNA networks were established using 5 DE circRNAs and predicted miRNAs and mRNAs.
Cell Proliferation Assay
The CCK-8 assay determined the cell proliferation capacity at different times according to the manufacturer’s instructions. At 24, 48, 72, and 96 h, 200 µL of CCK-8 solution was added to each well followed by incubation at 37°C for 2 h. The OD values at 450 nm were measured using a microtiter plate reader. Each group was set up with three replicates.
Transwell Experiment
The migration and invasion abilities of different groups were assessed by the Transwell assay. Transfected cells in 300 µL of serum-free DMEM were seeded in the bottom of the Transwell chamber (8 μm pore size; BD Falcon, Corning NY, United States) with or without Matrigel (Corning) for invasion or migration assays. The lower chamber contained 800 µL of serum-containing medium. After 48 h of incubation, cells in the upper chamber were removed, and the membrane was fixed with fixation solution for 4 min and stained with staining solution for 6 min (Wright-Giemsa Stain Kit, Nanjing Jiancheng Bioengineering Institute, China). The stained cells were imaged and counted in five fields of view using a phase contract microscope (Olympus, Japan).
Scratch Wound-Healing Assay
We used a culture insert (Ibidi, Germany) for cell scratch wound-healing experiments. First, transfected cells were seeded into the cell insert at a suitable density and cultured overnight. The cell insert was then removed and washed twice with PBS. Cells were imaged 0 and 24 h, and the width of the wound was measured. The wound width in each group was measured in three replicates.
Nuclear and Cytoplasmic Fractionation
Cytoplasmic and nuclear RNAs were separated using a PARIS™ kit (Invitrogen, United States). Following the manufacturer’s instructions, 1 × 107 fresh cells were washed in PBS, fully resuspended in ice-cold cell fractionation buffer, and incubated on ice. The supernatant (cytoplasm) and pellet (nucleus) were separated by centrifugation. The nuclear fractions were then lysed by cell disruption buffer. Both the cytoplasmic fraction and the nuclear fraction were separately mixed with 2x lysis/binding solution at room temperature, and 100% ethanol was then added. The sample mixture was added to the collection tube and centrifuged, and the sample mixture was then added to the rescue tube for washing steps. Finally, nuclear and cytoplasmic RNA was eluted with hot elution solution.
Dual-Luciferase Reporter Assay
To demonstrate direct targeting by hsa_circ_0006867, pmirGLO vectors (Promega, United States), containing the respective wild-type or mutated miR-29a-5p 3′UTR, were cotransfected with 50 nM miR-29a-5p mimics or NC controls in 293T and KDF1 cells. The relative luciferase activity was measured 48 h after transfection, and the firefly fluorescein activity was normalized to the expression of Renilla luciferase in each sample.
RNA-Binding Protein Immunoprecipitation Assay
A Magna RIP RNA-binding protein immunoprecipitation kit (Millipore, Billerica, MA, United States) was used for RIP analysis. Cultured cells were collected and lysed in RIP lysis buffer. Next, either 5 μg of anti-AGO-2 antibody (ab186733, Abcam, Cambridge, United Kingdom) with the protein of interest or 5 μg of negative anti-IgG antibody was added to protein A/G magnetic beads for 1 h at room temperature. The RIP lysate was then removed and added to each bead-antibody complex in the RIP immunoprecipitation buffer (rotating overnight at 4°C). The beads were mixed with proteinase K buffer and incubated at 55°C for 30 min with vibration. The immunoprecipitated RNA was extracted, and the expression levels of hsa_circ_0006867 and miR-29a-5p were detected by qRT–PCR.
Statistical Analyses
R software (version 3.6.0) was used to integrate and analyze the microarray data. PRISM software (version 7.0; GraphPad Software, United States) was applied for the other statistical analyses. Student’s t test was used to compare continuous variables among groups. p < 0.05 was considered statistically significant.
CONCLUSION
In summary, our study delineated comprehensive expression data of circRNAs in keloids and identified 327 dysregulated circRNAs through microarray detection. Several potential circRNA–miRNA–mRNA axes were constructed and may offer promising targets for mechanistic research on keloid formation. Here, we first reported the role of hsa_circRNA_0006867 in promoting the proliferation, migration, and invasion of KDFs, which may serve as a potential biomarker and therapeutic target for keloid prevention and treatment.
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