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			ABSTRACT

		

		
			There are many physiological processes that rely on the microRNA-messenger RNA (miRNA-mRNA) network. In this study, an analysis of miRNA-mRNA networks was conducted to identify miRNAs linked to autosomal dominant polycystic kidney disease (ADPKD). Fifty RNA samples from Gene Expression Omnibus (GEO) database were obtained to identify differentially expressed miRNAs (DEMs) and genes (DEGs) in the progression of ADPKD. Functional annotation and enrichment analysis of DEG were performed. iRegulon was used to construct the miRNA-mRNA network and predict related transcription factors (TFs) associated with ADPKD. The function of miRNA network was explored by analyzing GO and KEGG enrichment. Further, qRT-PCR was performed in vitro to determine the expression of miRNAs and mRNAs associated with ADPKD. In the results, 2 DEMs and 1090 DEGs were identified. While DEGs that were downregulated tended to be enriched for metabolic pathways, DEGs that were upregulated tended to be enriched for beta-alanine metabolism, alanine, aspartate, and glutamate metabolism. The miRNA-mRNA network consisted of 2 miRNAs (miR-199a-3p and miR-107) and 7 mRNAs. It appears that miRNAs may positively regulate fibroblast migration, calcium signaling, and cell division based on GO and KEGG analysis. What’s more, by detecting the expression of the key ADPKD-related miRNA-mRNA in vitro experiments, two miRNAs (miR-199a-3p, miR-107) and four candidate target mRNAs (Protein Kinase C Epsilon, PRKCE; Transmembrane P24 Trafficking Protein 5, TMED5; RUNX1 Partner Transcriptional Co-Repressor 1, RUNX1T1; and Fibroblast growth factor 2, FGF2) were identified. In conclusion, ADPKD may be better understood by examining the novel miRNA-mRNA network we constructed.
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			Introduction

			One of the most common hereditary renal diseases,  autosomal dominant polycystic kidney disease (ADPKD) is caused by mutations in the PKD1 gene (85% of cases) or in the PKD2 gene (the remaining 15% of cases) involving multiple cell signaling pathways. About 12.5 million people worldwide suffer from this life-threatening end-stage kidney disease (Cornec-Le-Gall et al., 2019). Typical characteristics of ADPKD are the destruction of normal renal parenchyma, hypertension, and relentless progressive development of fluid-filled kidney cysts (Nobakht et al., 2020). Aside from hemodialysis or  kidney transplantation, ADPKD is treated by decreasing cyclic adenosine monophosphate levels (cAMP) and preventing abnormal cell proliferation (Cornec-Le-Gall et al., 2019). In recent decades, numerous preclinical and clinical studies have been conducted to reveal the mechanisms of ADPKD, such as mammalian target of rapamycin (MTOR) activation (Gevers and Drenth, 2011; Song et al., 2021), Notch (Idowu et al., 2018; Radadiya et al., 2021), peroxisome proliferator-activated receptor α (PPARα) (Lakhia, 2020, 2018) signaling, and pathways associated with fibrosis in addition to janus kinases and signal transducers, Wnt, Wnt-like, and nuclear factor kappa-B (NF-κB) molecules participate in transcription (Xue and Mei, 2019). There are currently no reliable and effective treatments for this disease, so the creation of new therapeutic approaches is imperative (Xu et al., 2017). However, the pathogenesis of ADPKD is complex involving many different mechanisms and has not been fully elucidated (Shen et al., 2020). 

			microRNA (miRNA) suppresses protein synthesis through suppressing messenger RNA (mRNA) translation by binding particular regions of mRNA (Bai et al., 2018). As mature miRNAs, they direct the post-transcriptional repression of their mRNA targets, by inhibiting translation or targeting degradation of mRNA (Kotani et al., 2009). So, miRNAs regulate hundreds of proteins’ transcriptional expression levels and each mRNA contains a different miRNA response element, so more than one miRNA might target the same mRNA (Shi et al., 2020). The function of the miRNA carried by the ADPKD is yet to be defined. The altered expression of miRNA may play an important role in ADPKD pathogenesis. Thus, developing anti-miRNA drugs targeting miRNA as therapeutics is feasible (Yheskel and Patel, 2017). miRNA could play an essential role in ADPKD disease progression, modulating cyst epithelial apoptosis, proliferation, and interstitial inflammation (Ramalingam et al., 2020). For example, interstitial miR-214 attenuates inflammation and ADPKD progression (Lakhia et al., 2020). The miR-17 family is the primary therapeutic target for ADPKD via reducing cyst index, cyst proliferation, and kidney/body weight ratio (Yheskel et al., 2019). Patients with ADPKD may benefit from targeting miR-192 and -194 for the treatment of cyst formation and enlargement (Lee et al., 2019). miR-199a-5p dramatic upregulation in ADPKD rat model and ADPKD cell lines (Gu and Chan, 2012). miR-200 were reported to promote epithelial to interstitial transformation and Pkd1 to exert effects in the pathological progression of ADPKD (Patel et al., 2012). miRNAs may be useful therapeutic targets for ADPKD and may serve as significant diagnostic biomarkers in this disease.

			Although there are growing bodies of studies describing the verification of the role of single miRNA expression in ADPKD, we still lack a systems-level understanding of miRNA-mRNA interaction network based on ADPKD patient samples. In ADPKD, miRNAs have a possible regulatory role, according to global miRNA and mRNA expression profiling. In the current study, the construction of a miRNA-mRNA network revealed novel molecular mechanisms through which ADPKD pathogenesis is promoted, which may support miRNA-based ADPKD diagnosis and treatment. 

			Therefore, in this study, the interactions between miRNA and mRNA were investigated by building a network between miRNAs and mRNAs in ADPKD utilizing GEO database. Several genes in the candidate miRNA-mRNA network may be useful for ADPKD diagnosis or as therapeutic targets (Supplementary Fig. S1).

			Materials and Methods

			Datasets collection

			The GEO database (https://www.ncbi.nlm.nih.gov/geoprofiles) was first used to search the data sets related to ADPKD by using the keywords “autosomal recessive polycystic kidney disease”. Sample number n ≥3 was acquired and analyzed for each set of data. Only 4 results were obtained after searching. Next, GSE100812, GSE101811, GSE35831, and GSE7869 were downloaded. For miRNA expression profiling related to ADPKD, 3 renal cyst tissue samples of patients with ADPKD undergoing nephrectomy and 3 non-ADPKD renal tissue samples from patients undergoing surgery for clear cell renal cell carcinoma were obtained from GSE100812 (GPL18743 Agilent-021827 Human miRNA Microarray), while 10 serum samples of ADPKD and 10 serum samples from non-ADPKD were enrolled in GSE101811 (GPL23825 Exiqon microRNA Ready-to-Use PCR Human panel I+II). For gene/mRNA expression profiling in ADPKD, 2 renal cyst tissue samples of patients with ADPKD and 1 non-ADPKD renal tissue sample from patients undergoing surgery for clear cell renal cell carcinoma were obtained in GSE35831 (GPL6244 Affymetrix Human Gene 1.0 ST Array), while 18 renal cyst tissue samples of ADPKD and 3 normal renal cortical tissue were enrolled in GSE7869 (GPL570 Affymetrix Human Genome U133 Plus 2.0 Array).

			Screening of differentially expressed miRNAs (DEMs) and differentially expressed genes (DEGs)

			The expression data were normalized and pre-processed through the GEO2R (http://www.ncbi.nlm.nih.gov/geo/geo2r/) tool to perform DEMs and DEGs analysis between renal cyst tissue samples from ADPKD and normal renal cortical tissue samples from non-ADPKD. DEMs and DEGs were extracted by applying the inclusion criteria: Adjusted P-value (P <0.05) and |log2FC| ≥0.5. The miRNAs that overlapped in GSE100812 and GSE101811 were selected as DEMs. The overlapped mRNAs in GSE35831 and GSE7869 were selected as DEGs. A subsequent analysis was conducted using the DEMs and DEGs.

			DEGs enrichment analysis

			To predict the potential roles of DEGs, KEGG pathway and gene ontology (GO) (http://www.geneontology.org/) analyses were performed using Cluster Profiler R package (v3.0.0) (Yu et al., 2012; Fan et al., 2021). In GO analysis, GO terms contain three categories: biological process (BP), the cellular components (CC), and the molecular functions (MF) (Li et al., 2020). P-value of 0.05 was considered as the cutoff score. Gene set enrichment analysis (GSEA) was also performed using GSEA v4.1.0, with a threshold set at P-value <0.05 (Long et al., 2020).

			Networks of miRNA-mRNA associated with transcription factors (TFs)

			It is known that miRNA can bind to mRNA to promote degradation. For these miRNA signatures, three databases including the miRDB (http://mirdb.org/miRDB/), miRTarBase (http://mirtarbase.mbc.nctu.edu.tw/), and TargetScan (http://www.targetscan.org/), were used and compared to identify the miRNAs’ targets. On the basis of comparing predicted target genes with DEGs, the remaining overlapped genes and their interaction pairs were used to create miRNA-mRNA pairs. 

			With iRegulon software (http://apps.cytoscape.org/apps/iregulon), miRNA-mRNA networks were predicted. IRegulon can predict TFs that regulate gene sets. It calculates the motif enrichment analysis to predict the TFs. In order to analyze motif enrichment, multiple position weight matrices (PWM) are used. Finally, each motif is ranked and scored. TFs are predicted using the optimal motif. This network of miRNA-mRNA was then constructed for TFs.

			Network analysis of miRNA-mRNA functional enrichment

			The network of miRNAs and mRNAs was then investigated for potential biological processes and pathways. With the cluster profile R package, we analysed the GO functional enrichment (Jia et al., 2021). The miRNA-mRNA pathways that were enriched in KEGG pathways were subsequently identified using KEGG (http://www.genome.jp/kegg/) (Li et al., 2017). An enrichment analysis based on GO and KEGG pathway data was considered statistically significant when the P-value <0.05 was used (Xia et al., 2020).

			Cell lines

			The human ADPKD cell lines WT9-12 (CRL-2833) and normal renal HK-2 cells (CRL-2190) were obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA). WT9-12 and HK-2 were cultured at 37°C with 5% CO2 in Dulbecco’s modified eagle’s medium (DMEM/F12) containing 10% fetal bovine serum, 1% penicillin, and 1% streptomycin (Procell Life Science and Technology Co., Ltd., Wuhan, China).

			Cell transfection

			Overexpression of miRNA was achieved by transfection of miRNA mimic using the previously reported method (Lou et al., 2018). WT9-12 cells were plated on a six-well plates and propagated to 70~80% confluency. 20 nM scrambled miRNA (miRNA NC), miR-107, and miR-199a-3p miRNA mimics (RiboBio, Guangzhou, China) were transfected into cells using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) based on the manufacturer’s instructions. After 48 h, cells were harvested for quantitative real-time polymerase chain reaction (qRT-PCR).

			qRT-PCR

			According to the procedure described previously (Fang et al., 2017), total RNA was extracted from HK-2 cells and WT9-12 cells and subjected to qRT-PCR. TRIzol reagent (CWBio, Beijing, China) and RNase-Free DNase kit was used to denature the RNA samples (Kirgen, Shanghai, China). The RNA was transcribed into cDNA using High-Capacity cDNA Reverse Transcription Kit (Qiagen, Mississauga, ON, Canada). miRNA reverse transcription primers and qRT-PCR primers obtained from Shanghai Sangon Biotech. Co. Ltd. (Shanghai, China) were shown in Table I. RT-qPCR was performed on the Light Cycler 480 Real-Time PCR System (Roche, Basel, Switzerland) and SYBR Green Master Mix (Toyobo, Osaka, Japan). qRT-PCR reaction program was: 95°C for 10 min, followed by 40 cycles of 95°C for 5 s, 55°C for 10 s, 72°C for 15 s, and 72°C for 7 s. Two copies of each qRT-PCR experiment were performed. The relative expression levels of miRNA and mRNA were normalized to the endogenous reference U6 small nuclear RNA and GAPDH, respectively, according to the 2−ΔΔCt method.

			Table I. qRT-PCR primer sequences.

			
				
					
					
				
				
					
							
							Primer name

						
							
							Primer sequence 5`→3`

						
					

					
							
							GAPDH

						
							
							F-CTGGGCTACACTGAGCACC

						
					

					
							
							
							R-AAGTGGTCGTTGAGGGCAATG

						
					

					
							
							PRKCE

						
							
							F-CAACGGACGCAAGATCGAG

						
					

					
							
							
							R-CTGGCTCCAGATCAATCCAGT

						
					

					
							
							RUNX1T1

						
							
							F-CTGAGACCTTTTGTCATCCCATT

						
					

					
							
							
							R-CCGTTTTCGTTCACATCGAGAA

						
					

					
							
							SMARCE1 

						
							
							F-AGATTGGCAAGATTATTGGTGGC

						
					

					
							
							
							R-GCTTCTGCACGACTTTTTGCAT

						
					

					
							
							CALU

						
							
							F-AATAGACGCGGATAAAGATGGGT

						
					

					
							
							
							R-GCCATTGGTTTTCAACATTGTCA

						
					

					
							
							FGF2

						
							
							F-AGAAGAGCGACCCTCACATCA

						
					

					
							
							
							R-CGGTTAGCACACACTCCTTTG

						
					

					
							
							TMED5

						
							
							F-CTCGATAGCGACTTCACCTTTAC

						
					

					
							
							
							R-GGTGCTGAATGTATTGTCAAAGC

						
					

					
							
							PNRC1

						
							
							F-ACTTGCCACTAACCAAGATCAC

						
					

					
							
							
							R-TTGGAAGAACACTAGGAGAAGGT

						
					

				
			

			Data analysis

			Data are expressed as Mean ± standard error (SE). Differences were analyzed by using unpaired Student’s t-test from GraphPad Prism version 6 (GraphPad Software, La Jolla, San Diego, CA, USA). P-values <0.05 were considered statistically significant.

			Results

			Identification of DEMs and DEGs

			DEMs between GSE100812 and GSE100811 were identified. GSE100812 contained 72 upregulated and 47 downregulated miRNAs, GSE100811 comprised 13 upregulated and 16 downregulated miRNAs. DEGs were identified from GSE35831 vs. GSE7869 comparison. 1263 genes were upregulated, and 903 genes were downregulated in GSE35831. While there are 6266 DEGs (3449 upregulated, 2817 downregulated) in GSE7869 (Supplementary Fig. S2). From these datasets, the 2 overlapped DEMs were identified of which 1 were upregulated and 1 were downregulated (Fig. 1a), while 1090 DEGs were screened (648 upregulated and 442 downregulated (Fig. 1b).

			Analysis of DEGs for functional enrichment

			As shown in Supplementary Figure S3 that the down-DEGs related to carbon metabolism and metabolic pathways, while the up-DEGs referred to pertussis and staphylococcus aureus infection. Furthermore, GO and KEGG enrichment analyses indicate that these DEGs mainly target inactivation of beta-alanine metabolism, alanine, aspartate, and glutamate metabolism in the kidney (Supplementary Fig. S3b and S3c).
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			Fig. 1. DEMs and DEGs screening. a, DEMs screening (2 DEMs were screened, 1 up and 1 down). b, DEGs screening (1090 DEGs were screened).

			Network of miRNAs and mRNAs

			A miRNA-mRNA network is shown in Supplementary Figure S4, incorporating two miRNAs (miR-199a-3p, miR-107), seven mRNAs (FGF2, PNRC1, PRKCE, etc.) and top 10 transcription factors (for example, HOXA13 and EP-1G). In this miRNA network, hsa-miR-199a-3p was upregulated, while hsa-miR-107 was downregulated in ADPKD. Besides, RUNX1T1, SMARCE1, CALU, FGF2, and PNRC1 were upregulated, while PRKCE and TMED5 were downregulated in ADPKD (Fig. 2). 

			Analyzing the miRNA-mRNA network in terms of functional enrichment 

			These miRNA-mRNA networks were investigated by analyzing KEGG pathway enrichment and GO functional annotations from the KEGG database. GO consists of three categories: MF, BP, CC. In Supplementary Figure S5a and Supplementary Table SI, the top 30 enriched GO items are listed. Based on GO BP analysis, miRNA-mRNA networks are significantly enriched in the regulation of fibroblast migration, cell division, calcium entry, wound healing, and lipid metabolism. For CC analysis, miRNA-mRNA networks were significantly enriched in SWI/SNF complex, SWI/SNF superfamily type complex, npBAF complex, nBAF complex, ATPase complex, endoplasmic reticulum exit site, cis-Golgi network, sarcoplasmic reticulum, endoplasmic reticulum-Golgi intermediate compartment membrane, and sarcoplasm. KEGG enrichment analysis was performed for this miRNA-mRNA network. As listed in Table II and Supplementary Figure S5b, this miRNA-mRNA network was significantly enriched in acute myeloid leukemia, EGFR tyrosine kinase inhibitor resistance, Fc gamma R−mediated phagocytosis, melanoma, and Type II diabetes mellitus.
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			Fig. 2. miRNA-mRNA network expression in ADPKD.

			Table II. The KEGG pathways of DEMs in the DEMs-DEGs regulatory network.

			
				
					
					
					
					
				
				
					
							
							Description

						
							
							Count

						
							
							P value

						
							
							Gene ID

						
					

					
							
							Type II diabetes mellitus

						
							
							1

						
							
							0.022

						
							
							hsa04930

						
					

					
							
							Acute myeloid leukemia

						
							
							1

						
							
							0.033

						
							
							hsa05221

						
					

					
							
							Melanoma

						
							
							1

						
							
							0.035

						
							
							hsa05218

						
					

					
							
							EGFR tyrosine kinase inhibitor resistance

						
							
							1

						
							
							0.038

						
							
							hsa01521

						
					

					
							
							Fc gamma R-mediated phagocytosis

						
							
							1

						
							
							0.047

						
							
							hsa04666

						
					

					
							
							Inflammatory mediator regulation of TRP channels

						
							
							1

						
							
							0.047

						
							
							hsa04750

						
					

					
							
							Aldosterone synthesis and secretion

						
							
							1

						
							
							0.047

						
							
							hsa04925

						
					

					
							
							AGE-RAGE signaling pathway in diabetic complications

						
							
							1

						
							
							0.048

						
							
							hsa04933

						
					

				
			

			Identification of several potential miRNAs and their target gene expression in vitro

			To confirm the results of the mRNA expression in Figure 2, qRT-PCR for target mRNAs was performed in WT9-12 cells and HK-2 cells. As shown in Figure 3, comparing ADPKD cells to normal cells, PRKCE (Fig. 3a), TEMED5 (Fig. 3f) were significantly downregulated whereas RUNX1T1 (Fig. 3b), CALU (Fig. 3d), and FGF2 (Fig. 3e) were markedly up-regulated. In ADPKD cells, however, no significant increase in SMARCE1 (Fig. 3c) or PNRC1 (Fig. 3g) expression was observed.
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			Fig. 3. qRT-PCR validation of target mRNA expression in HK-2 and WT9-12 cells. a, PRKCE; b, RUNX1T1; c, SMARCE1; d, CALU; e, FGF2; f, TMED5; g, PNRC1. 

			Notes: n = 6 per group; *P <0.05 vs. HK-2. Data are Mean ± SE, results were obtained after repeating the experiment three times.
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			Fig. 4. The expression levels of target genes (A and B) and (C-F) the alteration of target gene after transfection in WT9-12. 

			a, miR-199a-3p miRNA; b, miR-107 miRNA; c, PRKCE; d, TMED5; e, RUNX1T1; f, FGF2.

			Notes: n= 6 per group. # P <0.05 vs. NC. Data are Mean ± SE. Similar results were obtained after repeating the experiment three times.

			Compared to miRNA NC transfected in WT9-12 cells, miRNA-199a-3p (Fig. 4a) and miR-107 (Fig. 4b) miRNA levels were significantly increased compared to miRNA NC transfected in the same cells. The expression of PRKCE and TMED5 was attenuated by miR-199a-3p overexpression in Figure 4c and 4d, respectively. Overexpression of miR-107 attenuated RUNX1T1 (Fig. 4e) and FGF2 (Fig. 4f) expression. Together, these data strongly suggested that miR-199a-3p and miR-107 had an important pathophysiological role in the development of ADPKD.

			Discussion

			ADPKD is a fairly common hereditary renal disease, and there is no radical treatment and imposes substantial societal costs (Cloutier et al., 2020). The regulatory mechanisms underlying miRNA functions in ADPKD have previously been studied (Li and Sun, 2020). Using GEO database data, we analyzed a differential expression analysis of miRNA and mRNA. 

			miRNA participates in regulating PKD1, PKD2, and other genes that involved in ADPKD pathogenesis (Tan et al., 2011). The dysregulation of miRNA is relevant to pathologic mechanisms of cyst formation as potential biomarker and innovative therapies in ADPKD (Yheskel and Patel, 2017). Over the past few years, numerous studies revealed that alteration of miRNAs and their downstream target gene expression levels is closely associated with ADPKD progression (Hajarnis et al., 2015; Li and Sun, 2020; Ramalingam et al., 2020). ADPKD and normal kidney showed differential expression of DEMs and DEGs in our study. Utilizing combined DEGs, we further analyzed GO and KEGG pathways for identifying biological functions. In GO biological processes, certain genes were found to be concentrated in several process areas, including migration of fibroblasts and epithelial cells, calcium signaling, and cell division. 

			It is believed that miRNAs function by degrading or inhibiting specific mRNAs in the body (Zhi et al., 2019). A total of 1090 DEGs (648 upregulated and 442 downregulated) and 2 DEMs (1 upregulated and 1 downregulated) were found between ADPKD and non-ADPKD patients. hsa-miR-199a-3p unregulated DEMs and hsa-miR-107 downregulated DEMs were finally identified. The results of in silico analyses were further supported by subsequent experiments. qRT-PCR validation identified that RUNX1T1, CALU, and FGF2 mRNA expression levels were significantly upregulated but PRKCE, TMED5 mRNA expression levels were markedly downregulated in WT9-12 compared with HK-2 cells. In addition, we confirmed that overexpression of miR-199-3p mimics inhibited PRKCE and TMED5 expression. Meanwhile, miR-107 mimic overexpression could downregulated the mRNA expression level of RUNX1T1, FGF2. Experimental results indicate that miR-199a-3p-TMED5, miR-107-FGF2, miR-107-RUNX1T1 and miR-199a-3p-PRKCE are the most beneficial miRNA-mRNA regulatory pathways among all identified miRNA-mRNA pathways. The importance of these regulatory pathways needs to be emphasized in the future. 

			Several cancer tissues show downregulation of hsa-miR-199a-3p, which is related to tumor malignancy grades, such as metastasis, invasion, and proliferation (Shin and Chu, 2014). The inactivation of the IKKβ/NF-κB pathway by miR-199a-3p protects HK-2 cells from high glucose induced damage; demonstrating miR-199a-3p could be used for the treatment of diabetic nephropathy (Zhang et al., 2020b). Esophageal cancer cells are less likely to multiply when miR-199a-3p targets p21, activating kinase 4 in the process (Phatak et al., 2018). Further findings showed that miR-199a-3p inhibits the colonization, invasion, proliferation, and migration of clear cell renal cell carcinoma cells (Liu et al., 2018). According to Tao et al. (2019), MiR-199a-3p inhibits CD151 expression in cardiomyocytes. Human diseases can therefore be treated by targeting miR-199a-3p, though the exact mechanism varies with the type of cell. MiR-199a-3p overexpression suppressed PRKCE and TMED5 in ADPKD cells, suggesting that it inhibits the pathogenic effects of ADPKD. Due to the complex regulatory functions of miR-199a-3p, its mechanism of action in ADPKD remains to be studied in depth. The pathogenesis of renal disease is also attributed to miR-107 (Jiang and Zhou, 2014). Suppressing miR-107 in endothelial cells prevents renal tubular damage in septic acute kidney injury (Wang et al., 2017). There is a marked decline in miR-107 levels even in patients who have the earliest stages of the disease. A study by our group showed that ADPKD cells overexpressed miR-107 showed a decreased production of RUNX1T1 and FGF2. Combined, these findings support our hypothesis that miR-199a-3p and miR-107 contribute to ADPKD progression.

			Of note, we found upregulation (e.g., FGF2 and RUNX1T1) and downregulation (TMED5 and PRKCE) of multiple developmental genes, and transcription factors (TFs) (e.g., BBX, VDR, TCF12, and EP300). Most of these genes have been identified as key regulators in ADPKD. FGF2, for instance, belongs to the fibroblast growth factor family, which regulates migration, differentiation, and cell growth (Nawrocka et al., 2020). Basic fibroblast growth factor increases with the progression of kidney cystic lesions in DBA/2FG-pcy mice (Nakamura et al., 1993). Both unilateral ureteral obstruction mice and diabetic mice were all exhibited significantly renal fibrosis, concomitant with a marked FGF2 production (Dong et al., 2020; Guan et al., 2014). Our data also revealed that ADPKD cells were significantly upregulated compared with HK-2 cells in terms of FGF2. An ETO family member, RUNX1T1, is conservative in ideology (Swart and Heidenreich, 2021). Initially, RUNX1T1 was identified as a possible component of acute myeloid leukemia translocations, and BMP4 and TGF-β2 have been shown to mediate the angiogenic activity of RUNX1T1 (Liao et al., 2017). RUNX1T1 will improve the therapeutic effect of ischemia by promoting the formation of new blood vessels (Liao et al., 2017). TMED5, located in region 1p21-22 of chromosome, is related to the pathogenesis of myeloma and bladder cancer (Scaravilli et al., 2014). TMED5 overexpression induces malignant phenotypes such as cell migration, proliferation, and apoptosis (Zou et al., 2021). Based on our results, miR-199a-3p may directly target and inhibit TMED5. Tumor aggressiveness is linked to PRKCE. It has been suggested that because it is elevated in a variety of malignancies, it plays a role in malignant transformation and metastasis (Zhang et al., 2020a). It has been reported that PRKCE modulates tumorigenesis and drug resistance by targeting several miRNAs (Korner et al., 2013). In the current study, we speculate that PRKCE gene can also be regulated by miR-199a-3p miRNA in ADPKD cells. It has been demonstrated that TFs are capable of regulating miRNA expression in the past. For example, VDR expression is the association with kidney volume in ADPKD patients (Vendramini et al., 2019). In the future, more experiments on the role of these predicted TFs in ADPKD are needed.

			The following limitations of the current study need to be taken into account: (1) The underlying mechanisms of ADPKD have not been fully explored, although several mRNA and miRNA markers have been linked to the disease. (2) It is essential to provide more experimental evidence to support the bioinformatics analysis results that were derived from qRT-PCR validation. (3) The following comprehensive analysis requires more clinical information.

			Conclusions

			FGF2, TMED5, RUNX1T1, and PRKCE mRNA expression were identified as potential ADPKD biomarkers. Prognostic markers such as miR-107 and miR-199a-3p may also help clinicians decide how to treat ADPKD. This study shows that the miRNA-mRNA regulatory axis has a relatively comprehensive potential mechanism in the pathogenesis of ADPKD. As a future treatment for ADPKD, it may target the established miRNA-mRNA regulatory network to improve prognosis.
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Identification of ADPKD-Related Key miRNAs
by Constructing a miRNA-mRNA Interaction

Network and Experimental Verification

Hui Fang*, Kai Xue and Teng Yang
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ABSTRACT

There are many physiological processes that rely on the microRNA-messenger RNA (miRNA-mRNA)
network. In this study, an analysis of miRNA-mRNA networks was conducted to identify miRNAs linked
to autosomal dominant polycystic kidney disease (ADPKD). Fifty RNA samples from Gene Expression
Omnibus (GEO) database were obtained to identify differentially expressed miRNAs (DEMs) and genes
(DEGs) in the progression of ADPKD. Functional annotation and enrichment analysis of DEG were
performed. iRegulon was used to construct the miRNA-mRNA network and predict related transcription
factors (TFs) associated with ADPKD. The function of miRNA network was explored by analyzing
GO and KEGG enrichment. Further, qRT-PCR was performed in vifro to determine the expression of
miRNAs and mRNAs associated with ADPKD. In the results, 2 DEMs and 1090 DEGs were identified.
While DEGs that were downregulated tended to be enriched for metabolic pathways, DEGs that were
upregulated tended to be enriched for beta-alanine metabolism, alanine, aspartate, and glutamate
metabolism. The miRNA-mRNA network consisted of 2 miRNAs (miR-199a-3p and miR-107) and 7
mRNAs. It appears that miRNAs may positively regulate fibroblast migration, calcium signaling, and cell
division based on GO and KEGG analysis. What’s more, by detecting the expression of the key ADPKD-
related miRNA-mRNA in vitro experiments, two miRNAs (miR-199a-3p, miR-107) and four candidate
target mRNAs (Protein Kinase C Epsilon, PRKCE; Transmembrane P24 Trafficking Protein 5, TMEDS;
RUNXI Partner Transcriptional Co-Repressor 1, RUNX1T1; and Fibroblast growth factor 2, FGF2) were
identified. In conclusion, ADPKD may be better understood by examining the novel miRNA-mRNA
network we constructed.
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INTRODUCTION

One of the most common hereditary renal diseases,
autosomal dominant polycystic kidney disease
(ADPKD) is caused by mutations in the PKD1 gene (85%
of cases) or in the PKD?2 gene (the remaining 15% of cases)
involving multiple cell signaling pathways. About 12.5
million people worldwide suffer from this life-threatening
end-stage kidney disease (Cornec-Le-Gall er al., 2019).
Typical characteristics of ADPKD are the destruction of
normal renal parenchyma, hypertension, and relentless
progressive development of fluid-filled kidney cysts
(Nobakht ef al., 2020). Aside from hemodialysis or kidney
transplantation, ADPKD is treated by decreasing cyclic
adenosine monophosphate levels (¢<AMP) and preventing
abnormal cell proliferation (Cornec-Le-Gall ef al., 2019).
In recent decades, numerous preclinical and clinical studies
have been conducted to reveal the mechanisms of ADPKD,
such as mammalian target of rapamycin (MTOR) activation
(Gevers and Drenth, 2011; Song et al., 2021), Notch
(Idowu et al., 2018; Radadiya ef al., 2021), peroxisome
proliferator-activated receptor o (PPARa) (Lakhia, 2020,
2018) signaling, and pathways associated with fibrosis

in addition to janus kinases and signal transducers, Wnt,
Wnat-like, and nuclear factor kappa-B (NF-kB) molecules
participate in transcription (Xue and Mei, 2019). There
are currently no reliable and effective treatments for this
disease, so the creation of new therapeutic approaches is
imperative (Xu ef al., 2017). However, the pathogenesis of
ADPKD is complex involving many different mechanisms
and has not been fully elucidated (Shen ef al., 2020).

microRNA (miRNA) suppresses protein synthesis
through suppressing messenger RNA (mRNA) translation
by binding particular regions of mRNA (Bai ef a/., 2018).
As mature miRNAs, they direct the post-transcriptional
repression of their mRNA targets, by inhibiting translation
or targeting degradation of mRNA (Kotani ef al., 2009).
So, miRNAs regulate hundreds of proteins’ transcriptional
expression levels and each mRNA contains a different
miRNA response element, so more than one miRNA
might target the same mRNA (Shi ef a/., 2020). The
function of the miRNA carried by the ADPKD is yet to
be defined. The altered expression of miRNA may play an
important role in ADPKD pathogenesis. Thus, developing
anti-miRNA drugs targeting miRNA as therapeutics is
feasible (Yheskel and Patel, 2017). miRNA could play an
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