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Abstract

:

Focal cortical dysplasia (FCD) is a congenital malformation of cortical development where the cortical neurons located in the brain area fail to migrate in the proper formation. Epilepsy, particularly medically refractory epilepsy, is the most common clinical presentation for all types of FCD. This study aimed to explore the expression change of circulating miRNAs in patients with FCD from serum exosomes. A total of nine patients with FCD and four healthy volunteers were enrolled in this study. The serum exosomes were isolated from the peripheral blood of the subjects. Transmission electron microscopy (TEM) was used to identify the exosomes. Both exosomal markers and neuronal markers were detected by Western blotting analysis to prove that we could obtain central nervous system-derived exosomes from the circulation. The expression profiles of circulating exosomal miRNAs were assessed using next-generation sequencing analysis (NGS). We obtained a total of 107 miRNAs with dominant fold change (>2-fold) from both the annotated 5p-arm and 3p-arm of 2780 mature miRNAs. Based on the integrated platform of HMDD v3.2, miRway DB and DIANA-miRPath v3.0 online tools, and confirmed by MiRBase analysis, four potentially predicted miRNAs from serum exosomes in patients with FCD were identified, including miR194-2-5p, miR15a-5p, miR-132-3p, and miR-145-5p. All four miRNAs presented upregulated expression in patients with FCD compared with controls. Through Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis and pathway category of four target miRNAs, we found eight possible signaling pathways that may be related to FCD. Among them, we suggest that the mTOR signaling pathway, PI3K-Akt signaling pathway, p53 signaling pathway, and cell cycle regulation and TGF-beta signaling pathway are high-risk pathways that play a crucial role in the pathogenesis of FCD and refractory epilepsy. Our results suggest that the circulating miRNAs from exosomes may provide a potential biomarker for diagnostic, prognostic, and therapeutic adjuncts in patients with FCD and refractory epilepsy.
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1. Introduction


Focal cortical dysplasia (FCD) is a congenital malformation of cortical development where the cortical neurons located in a brain area fail to migrate to the proper formation in utero [1,2]. Historically, FCD has been classified into subtypes (Ia, Ib, IIa, IIb, and III) based on neuropathological features [1,3]. Epilepsy, particularly medically refractory epilepsy, is the most common clinical presentation for all types of FCD [1,4,5]. With the advancement of higher-resolution brain magnetic resonance imaging (MRI), FCD can be identified more easily than in previous years, and clearly linked to the foci of seizure onset [6,7,8]. Whereas both genetic and acquired factors are involved in the pathogenesis of cortical dysplasia, the pathogenesis of FCD remains unclear [1,9]. Recent evidence suggests that FCD arises from de novo somatic mutations during brain development; most of these mutations have been identified in genes encoding regulatory proteins within the mechanistic target of rapamycin (mTOR) pathway, suggesting that aberrant mTOR pathway signaling is a critical mechanism accounting for the histopathological features of some FCD subtypes [1,2,10]. Although mutations in several mTOR pathway genes (such as MTOR, DEPDC5, and NPRL3) may be associated with FCD type IIb [10,11], in most patients with FCD, causative gene mutations have not been identified. Until now, there has been a lack of effective and potential biomarkers to elucidate the pathogenesis and epileptogenesis of FCD.



MicroRNA (miRNA) is a noncoding double-stranded RNA molecule with a length of 20–22 nucleotides; the front sequence has a stem‒loop-like hairpin structure. miRNA is known to have a turnover ability to control mRNA degradation and translation by targeting multiple mRNAs. It has been actively explored in numerous physiological and pathological processes where miRNAs act as post-transcriptional inhibitors of gene expression [12,13]. Diverse miRNA profiles have been identified through high-throughput sequencing in biofluid, human cells, and tissues [14,15]. These small noncoding RNAs may be potential novel disease-specific biomarkers, as well as other RNA species of tRNAs, snoRNAs, and piRNAs [14,16]. Changes in the expression of circulatory miRNAs have been noted in many neurological diseases, including Parkinson’s disease [17,18], Alzheimer’s disease [19], amyotrophic lateral sclerosis [20], ischemic stroke [21], and epilepsy [22,23].



Traditional diagnostic methods for epilepsy are based on a clinical history of neurological and epilepsy, electroencephalography, neuroimaging studies, and the clinical experience of physicians. However, there is no surefire method to avoid the misdiagnosis of epilepsy, to elucidate the pathophysiology of epileptogenesis, and to determine the treatment for epilepsy. Genetic diagnosis, especially whole-exome sequencing, is a powerful diagnostic tool for patients with epilepsy, particularly for patients with early-onset epilepsy of an unknown cause [24]. Recently, evidence supports that miRNAs play a crucial role in gene expression regulation in epilepsy, which provides new putative targets for the control of seizure-induced cell damage and as potential biomarkers of epileptogenesis [22,23,25]. In epilepsy-related diseases, preclinical animal [26,27,28,29] and clinical human studies showed the down- or upregulation of miRNAs, which suggested that miRNAs play an important role in the diagnosis, predicted prognosis, and treatment of epilepsy [25,30] and status epilepticus [31].



Exosomes are small (30–150 nm) membrane vesicles that originate from the endocytosis pathway after the fusion of multivesicular endocytic compartments with the cell membrane and are then released into the extracellular environment [32,33]. Exosomes can carry a great variety of molecules, including proteins, lipids, saccharides, mRNAs, and miRNAs, and the exosomal lipid bilayer protects the genetic information from degradation [32,33,34]. Recent studies point to the bodily fluid-derived exosomes as a potential source of miRNAs, and miRNAs in circulating exosomes have been used as potential diagnostic biomarkers for noninvasive diagnosis of cancer and other diseases [34,35,36,37]. Interestingly, recent evidence revealed that a key characteristic of exosomes is that they may travel between the central nervous system (CNS) and the peripheral circulation [38]. This property may lead to the circulating exosomes serving as biomarkers for CNS disorders [38]. Therefore, the alternation of miRNAs in circulating CNS-derived exosomes may be proposed as putative biomarkers of epileptogenesis and pathogenesis in patients with FCD and refractory epilepsy.



In the present study, we characterized the expression profiles of the miRNAs in patients with FCD from the serum exosomes and validated the hypothesis that the mTOR signaling pathway, PI3K-Akt signaling pathway, and other related pathways participate in pathogenesis and epileptogenesis in patients with FCD.




2. Materials and Methods


The present study was conducted at Kaohsiung Chang Gung Memorial Hospital, Kaohsiung, Taiwan. The institutional ethics committee approved the study protocol (No. 201700523A3), and informed written consent was obtained from all the subjects.



2.1. Subjects


A total of nine patients (five males and four females) with FCD confirmed by brain MRI were enrolled in the present study through the Epilepsy Outpatient Clinic of Kaohsiung Chang Gung Memorial Hospital. Four healthy volunteers (two males and two females) with unremarkable brain MRI were recruited to serve as normal controls. The clinical information of the patients with FCD were obtained from the clinical records and interventions, including seizure types and semiology, age at seizure onset, current anti-epileptic drug (AED) therapeutic state, findings of electroencephalography, and the results of the brain MRI study. The seizure types and semiology were classified according to the 2017 recommendations of the International League Against Epilepsy (ILAE, Flower Mound, TX, USA) [39].



Fasting peripheral blood was obtained from all subjects at 8:00 a.m. In patients with FCD, the peripheral blood was obtained during an interictal state. Serum samples were separated by centrifugation (2000× g for 10 min at 4 °C) and stored at −80 °C after collection to isolate the exosomes.




2.2. Isolation of Exosomes and RNA Extraction


Intact exosomes were isolated using the Total Exosome Isolation Kit (from serum) (Cat. 4478360, Invitrogen, Carlsbad, CA, USA), following the manufacturer’s protocol. The appropriate volume of exosome precipitation solution from kit was added to the biofluid, and mixed and refrigerated for 30 min. Resuspended exosome pellets in 100‒500 µL PBS were stored at −80 °C until exosomal RNA extraction. Total RNAs (including miRNAs) in the exosomes were extracted from 17 frozen serum samples using the Total Exosome RNA & Protein Isolation Kit (Cat. 4478545, Invitrogen) according to the manufacturer’s protocol.




2.3. Transmission Electron Microscopy for Identification of Exosomes


Freshly isolated exosomes were fixed in neutral buffered 4% (w/v) paraformaldehyde for 1 h and dropped onto a formvar/carbon-coated grid at room temperature for 20 min to be absorbed and dried. After washing in PBS, the exosomes were fixed with 1% (w/v) glutaraldehyde for 5 min. Then, 1% (w/v) aqueous uranyl acetate (5 μL) was applied to the grid for 30 s negative staining of the exosomes. The samples were then embedded in a solution of 0.4% (w/v) uranyl acetate and 1.8% (w/v) methylcellulose and incubated on ice for 10 min. The exosomes were visualized with a transmission electron microscope (TEM) (HT7800, Hitachi, Tokyo, Japan) operated at 75 kV, and images were acquired by a digital camera.




2.4. Measurement of Particle Size and Distribution of Exosomes


A Zetasizer Nano ZS system (Malvern Instruments, Malvern, UK) with a 633 nm helium–neon laser emitting at an angle of 173 degrees was using for measuring the particle size of the exosomes. Resuspended exosomes were diluted 1:100 in sterile PBS to a total volume of 1 mL and loaded into a disposable cuvette for measurement. Data interpretation was via the software bundled with the apparatus and Microsoft Office Excel 2017 (Microsoft, Redmond, WA, USA).




2.5. Western Blot Analysis


In the field of exosome research, CD63, heat shock protein 70 (HSP70), and TSG101 are often used as exosome biomarkers and have been proven to be especially enriched in exosomes [40]. To detect the content of CNS-derived exosomes from our sample, we examined the expressions of neuronal markers: MAG, which can be found in oligodendroglial exosomes [41]; GluR2&3, which have been detected in exosomes released by cultured cortical neurons [42]; and NCAM1, which has been utilized to purify neuron-derived exosomes from the serum of Alzheimer’s disease patients [43], to indicate the inclusion of CNS-derived exosomes in our isolated exosomes.



For the Western blot analysis, the primary antisera used included a mouse monoclonal antibody against TSG101 (1:1000, GTX70255, Abcam, Cambridge, MA, USA), NCAM-1 (1:500, sc-106, Santa Cruz Biotechnology, Santa Cruz, CA, USA); rabbit monoclonal or polyclonal antibody against MAG (1:1000, 9043S, Cell Signaling Technology, Danvers, MA, USA), CD63 (1:1000, ab134045, Abcam), HSP70 (1:1000, Cat. 4876, Cell Signaling Technology, Danvers, MA, USA), GluR 2&3 (1:1000, AB1506, Sigma Aldrich, St. Louis, MO, USA). This was followed by incubation with HRP-conjugated secondary antibodies, goat Anti-Rabbit IgG H&L (1:5000, ab672, Abcam) or Goat Anti-Mouse IgG H&L (1:5000, ab6789, Abcam). Specific antibody‒antigen complexes were detected by an enhanced chemiluminescence western HRP substrate (Merck Millipore, Billerica, MA, USA). The images were obtained by Analytik Jena™ UVP ChemStudio PLUS (Analytik Jena US, Upland, CA, USA).




2.6. Next-Generation Sequencing Analysis


The expression profiles of miRNA extracted from the serum exosomes were assessed using next-generation sequencing (NGS) analysis [44]. In brief, the total RNAs in the exosomes were extracted from serum samples using a Total Exosome RNA & Protein Isolation Kit (Invitrogen) according to the instruction manual. The purified RNAs were quantified at OD260nm using an ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) and qualitatively analyzed using a Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA) with RNA 6000 LabChip kit (Agilent Technologies). Library preparation and deep sequencing for NGS were carried out at Insight Genomics Inc. (Tainan, Taiwan) as the official protocol of Illumina (San Diego, CA, USA) with the Illumina NextSeq sequencing platform and a Mid Output v2.5 kit (150 cycles) Cat. #20024904 (Illumina). The analysis pipeline was developed by the CLC Genomics workbench v10.1 software package. First, reads shorter than 15 bps and longer than 35 bps with low quality scores were removed from the dataset. The read counts of miRNA were analyzed statistically and represented by reads per kilobase per million (RPKM). Then, the reads were counted on different types of small RNAs in the data and compared to the miRBase database (miRBase v22.1; http://www.mirbase.org/). The small RNAs were annotated with the name of miRNAs. For differential expression analysis, two sets of annotated samples were analyzed by the tests on proportions based on the test of Kal et al., 1999 [45]. Cluster analysis for differentially expressed miRNAs was performed using the Heatmap Mev4.9 software [46].




2.7. Analyses Using MicroRNA Target Predicting Databases


We used comprehensive atlases of predicted and validated miRNA‒target interactions, including the Human MicroRNA Disease Database (HMDD; v3.2) (http://www.cuilab.cn/) [47], miRwayDB (http://www.mirway.iitkgp.ac.in/) [48], and the DIANA-miRPath v3.0 online tool (http://snf-515788.vm.okeanos.grnet.gr/) [49], to identify the network components of significantly differentially expressed miRNAs. For further confirmation, MiRBase, an open-source software library providing comprehensive prediction of miRNA targets, was used to predict the potential targets of significantly expressed (>2-fold change) miRNAs related to FCD, seizure, epilepsy, or status epilepticus.




2.8. Analysis of Disease-Related Pathways from Predicted MicroRNA and Pathway Category


The Kyoto Encyclopedia of Genes and Genomes (KEGG) database [50] was used in the analysis of disease-related pathways from the significantly expressed miRNAs. All analyses for KEGG pathways and pathway target genes were completed by the DIANA-miRPath v3.0 online tool. We selected pathways with p-values less than 0.05.



We utilized two integrated platforms, BioPlanet (https://tripod.nih.gov/bioplanet/#) [51] and the KEGG PATHWAY Database (https://www.kegg.jp/kegg/pathway.html) [50], to classify the possible miRNA-related pathways involved in diseases and cellular events.





3. Results


3.1. Characteristics and Demographic Data


The average age of the patients with FCD was 37.4 ± 11.82 (mean ± standard deviation) years, and 37.7 ± 7.08 years in the control group. Based on the statistical analysis, age and sex were not significantly different between the two groups. All nine patients had refractory epilepsy to multiple AED therapy. Case #7 had surgery for epilepsy in 2008. However, the surgery was ineffective, and the epilepsy was still refractory to multiple AEDs. Histopathological tissue showed FCD type IIa, characterized by the loss of lamination of the cortex with disorganized medium to large-sized dysmorphic neurons. The clinical characteristics and demographic data of the nine patients with FCD are shown in Table 1.




3.2. Characterization of Exosomes from Human Serum


TEM images demonstrate the features of translucent, typically cup-shaped vesicles, corresponding to the characteristics of the exosomes (Figure 1a). We used Zetasizer to determine nanoparticles’ size distribution and the physical properties of the exosomes. The results showed that our serum exosome size was an average of 139.4 nm and the size distribution was in the range of 50 nm to 458 nm. The PdI value represents the size range of particles in the solution. The PdI value for exosomes in this study was 0.189, indicating a slightly broad particle size distribution due to the natural attributes of the exosomes being extracted from serum (Figure 1b).



Moreover, by Western blotting analysis, both exosomal markers including TSG 101, HSP70, and CD63 (Figure 2a), and neuronal markers including MAG [41], NCAM-1 [43], and GluR 2&3 [42] (Figure 2b) were detected in the circulating serum exosomes obtained from the control group. Our results demonstrated that we were able to obtain circulating exosomes from the peripheral blood samples (Figure 2). The isolated circulating exosomes are partially CNS-derived, as confirmed by neuronal markers (Figure 2b).




3.3. Expressional Changes of MicroRNA in Serum Exosomes from Patients with Focal Cortical Dysplasia


RNA-sequencing data generated with NGS were supplemented by bioinformatic analyses to identify potentially significant changes in the serum exosomal miRNA profiles in patients with FCD and controls. In order to clarify whether the circulating miRNAs in exosomes were differentially expressed in FCD, we performed a comparison analysis of miRNA modulation between patients with FCD and the controls.



Figure 3 showed differentially expressed miRNAs in circulating exosomes in patients with FCD versus controls. The expression of miRNA with >2-fold changes from NGS results was selected for further analysis. We obtained a total of 107 miRNAs with dominant fold change (>2-fold) from both the 5p-arm (Figure 3a) and the 3p-arm (Figure 3b) of 2780 mature miRNAs.



Among the 107 selected miRNAs, 46 5p-miRNAs and 61 3p-miRNAs were significantly upregulated in patients with FCD compared with the controls. Otherwise, there was no significantly downregulated expression among the 107 miRNAs. According to the differentially expressed profiles, 46 miRNAs were overexpressed (log2 value from 1.030 to 5.445) in the 5p-miRNA of FCD patients compared with the controls. In addition, 61 miRNAs were overexpressed (log2 value from 1.137 to 5.955) in the 3p-miRNA. These values were obtained from the calculated log2 fold-change between the two groups (Figure 3).



Hierarchical clustering analysis of 107 significantly expressed miRNAs in patients with FCD and controls was depicted with columns arranged by Heatmap MeV4.9 software analysis for NGS data (Figure 4). The sequential color scale differentiates high values (red) from low values (green) to represent the expression levels of each miRNA transcript. The color intensity of raw count data of 46 miRNAs was from 0 to 5.697 in the 5p-arm and the color intensity of raw count data of 61 miRNAs was from 0 to 10.338 in the 3p-arm.




3.4. Identification of Target MicroRNAs Related to Focal Cortical Dysplasia and Epilepsy


Based on the initial analysis with integrated platform of HMDD v3.2, miRway DB, and DIANA-miRPath v3.0 online tools, and further confirmed by MiRBase analysis, four potential targets of miRNAs, including miR-194-2, miR-15a, miR-132, and miR-145, from serum exosomes were identified related to FCD, seizures, status epilepticus, or epilepsy. These four predicted exosomal miRNAs had significantly differential expression in patients FCD compared with the controls, which may imply the evidence of related pathogenicity in patients with FCD. All four miRNAs had significantly differentially upregulated expression in serum exosomes between patients with FCD and controls. We performed a manual literature search in PubMed and the Human MicroRNA Disease Database (HMDD; v3.2) with the combined keywords “FCD, seizures, epilepsy or status epilepticus” and the four upregulated miRNAs (miR-194-2, miR-15a, miR-132, and miR-145), to confirm the relationship between the miRNAs and FCD or different types of seizures and epilepsy [52] (Table 2). According to the reported literature in PubMed, these miRNAs related to FCD and different forms of seizures and epilepsy [30,31,53,54,55,56,57] were identified, including the reported evidence of diagnostic and prognostic biomarkers and therapeutic targets (Table 2). Each single miRNA can influence multiple genes. The gene bioinformatics, regulated by four potentially predicted miRNAs in patients with FCD, were analyzed by HMDD V3.2 and are shown in Table 3.




3.5. Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway Enrichment Analysis and Pathway Category


A single miRNA can influence multiple genes and its related signaling molecular pathways and networks. Using the four upregulated miRNAs (miR-194-2, miR-15a, miR-132, and miR-145), we performed a KEGG pathway analysis to identify the possible signaling pathways related to FCD and refractory epilepsy. There were 20 enriched KEGG pathways and pathway target genes (Table 4) detected by the DIANA-miRPath v3.0 online tool. The functional category of pathways was determined using two integrated platforms, BioPlanet and KEGG PATHWAY Database, to classify the possible miRNA-related pathways category. The results showed that the pathway categories were related to the nervous system, cancer, cellular community, and cell growth and death (Table 4).




3.6. Related Pathways in Patients with Focal Cortical Dysplasia


Based on the results of HMDD V3.2 and the KEGG pathway analysis, we noted that the four predicted target miRNAs regulate gene expression and involve many pathophysiological pathways. Therefore, we selected the important target genes that are regulated by multiple miRNAs (≥2 miRNAs) to find related pathophysiological pathways in patients with FCD. We found that the expression of CDKN1A, REL, CCND1, CDK6, FGF2, SOX5, BDNF, SK1, BMI1, and TP53 was regulated by two or more of these four predicted miRNAs (Figure 5). Therefore, eight possible related pathways were revealed by KEGG analysis (Figure 5). Among these eight predicted pathways, we indicated the five risk pathways involving more than three genes, regulated by four predicted miRNAs that included the mTOR signaling pathway, the PI3K-Akt signaling pathway, the p53 signaling pathway, cell cycle regulation, and the TGF-beta signaling pathway.





4. Discussion


miRNAs are the master regulators of gene expression. A single miRNA can influence multiple genes and proteins within diverse molecular pathways and networks [25,58]. Advanced studies have shown that miRNA may be the key in the pathogenesis of epilepsy [59]. miRNAs that target gene regulation may provide new challenges in the pathogenesis, diagnosis, and treatment of epilepsy and the translation into clinical practice [23,25,30,60]. However, the potential for miRNA-based therapeutics or diagnosis in epilepsy has not been indicated. Based on animal and human studies, many miRNAs have been suggested to play an important role in epilepsy and status epilepticus, including miR-23b, miR-15a, miR-132, miR-134, miR-145 miR-146a, miR-219, miR-199a, miR-128, miR-187, miR-124, miR-532, miR-365, miR-663b, miR-137, etc. [25,26,27,28,29,30,31,61]. These miRNAs in circulation in patients with epilepsy or animals have been reported to undergo upregulation or downregulation in different types of epilepsy, stage of seizures, and etiologies. Also, conflicting results may be present in different study models. The study indicated that the downregulated expression of miR-134, miR-181a, miR-15a, miR-194, and miR-106 could be a noninvasive diagnostic biomarkers for epilepsy patients [25]. Moreover, miR-124, miR-199a, and miR-128 could be candidate biomarkers in epilepsy diagnosis [25]. Several miRNAs, including miR-194, miR-301a, miR-30b, miR-342, and miR-4446, have been shown to be differentially regulated between the drug-responsive group and the drug-resistant group [58]. Whereas some circulating miRNAs have been suggested as diagnostic biomarkers, predictions of prognosis, or therapeutic targets in epilepsy [25,26,28,29,30,31,61], the potential roles of these miRNAs in epilepsy therapy and epileptogenesis, particularly in patients with FCD, remain unclear.



We noted that both exosomal markers, such as TSG 101, HSP70, and CD63, and neuronal markers, such as MAG, NCAM-1, and GluR 2&3, have been detected in circulating serum exosomes. We were able to obtain circulating exosomes from peripheral blood; a significant number of them were from CNS. Based on the analysis of exosomal miRNAs, we noted the upregulation of four putative miRNAs extracted from circulating serum exosomes in patients with FCD: miR194-2, miR15a, miR-132, and miR-145. According to the literature, these four miRNAs may relate to different forms of seizures, epilepsy, and status epilepticus. Among them, miR-132 was the most reported to be related to status epilepticus [31,62] and temporal lobe epilepsy [55,56]. In an animal study, upregulated expression of miR132 was noted in the hippocampus during status epilepticus [31]. The microinjection of locked nucleic acid-modified oligonucleotides against miR-132 depleted hippocampal miR-132 levels and reduced seizure-induced neuronal death [31]. In addition, miR-132 was shown to have increased expression in the human and rat epileptogenic hippocampus, particularly in glial cells [55,56]. These studies support roles for miRNAs, particularly miR-132, in the pathophysiology of status epilepticus. miRNAs may represent novel therapeutic targets to reduce brain injury and epileptogenesis [31,62]. miR194-2 and miR-15a are notably downregulated in epilepsy patients, so they may be used as novel biomarkers for the improved diagnosis and prognostic prediction in epilepsy [53,54]. In a human study, miR-145 was noted to be hypo-expressed in the surgical hippocampal tissues, but hyperexpressed in the blood of patients with mesial temporal lobe sclerosis [57]. However, another study [30] showed that miR-145 was significantly downregulated in the peripheral blood of patients with mesial temporal lobe epilepsy.



Malformations of cortical development (MCD) compose a diverse range of disorders that are common causes of neurodevelopmental delay and possible related refractory epilepsy [2]. FCDs are a related group of disorders with more localized dysplastic neurons that cause epilepsy and even refractory epilepsy [1,63]. Emerging evidence of molecular and genetic expression indicates that many malformations of brain developments, including FCD and some MCDs, are associated with abnormal neuronal proliferation, and result from gene mutations affecting mTOR and related pathways that serve as a central regulator of growth and homeostasis of neurons [2,11]. However, histology, genetic analyses, the topography of the lesions, and imaging characteristics suggest that FCD types are likely different entities [1,3,4,9]. Moreover, FCD is always a sporadic disorder without defined family pedigrees, and its pathogenesis remains unknown. Thus, some proposed potential pathogenic mechanisms besides mTOR pathways, including somatic gene mutation or a toxic insult to the developing brain, have been suggested [1,3,4]. The research for expressional changes in miRNAs is limited. In immature rats with liquid nitrogen lesion-induced FCD and cultured PC12 cells, miR-139-5p may play a crucial role in the modulation of cortical neuronal migration [64]. The differential expression of hsa-miR-4521 in the brain tissue and serum of refractory epilepsy patients suggested that serum hsa-miR-4521 may represent a potential diagnostic biomarker for FCD with refractory epilepsy [65]. The expression of miR-323a-5p was positively correlated with the duration of epilepsy and seizure frequency in patients with FCD [66]. These results suggest that the expression of miRNAs could be useful for improving diagnosis and monitoring treatment responses in patients with FCD. However, in the present study we did note see changes in miR-4521, miR-323a, or miR-139 expression in our patients with FCD. Further studies may be needed to elucidate the role of miR-4521, miR-323a, and miR-139 in FCD and refractory epilepsy.



In the present study, we also noted the upregulation of miR-132, together with three other miRNAs (miR194-2, miR15a, and miR-145) that downregulated some important genes’ expression, including CDKN1A, REL, CCND1, CDK6, FGF2, SOX5, BDNF, SK1, BMI1, and TP53. Considering genes’ interaction in networks, the inhibition of these important genes’ expression may involve some risk pathways that contributed to pathogenesis and epileptogenesis in patients with FCD and refractory epilepsy. Our results revealed eight high-risk pathways. Among these eight predicted pathways, we pinpointed five major high-risk of pathways: the mTOR signaling pathway, the PI3K-Akt signaling pathway, the p53 signaling pathway, cell cycle regulation, and the TGF-beta signaling pathway, involving three genes regulated by four downregulated miRNAs. We proposed that these five pathways may play crucial roles in pathogenesis and epileptogenesis in patients with FCD and refractory epilepsy.



Gene mutations in the mTOR signaling pathway have been well established, contributing to the pathophysiology of FCD and epileptogenesis [1,11,67,68]. Mutations in the mTOR gene and its related genes may lead to FCD and epileptogenesis in brain developmental malformations by an as of yet undefined mechanism [1,11,67,68]. The mTOR pathway contains serine/threonine protein kinase (a PI3K-related kinase), which brings together different extracellular stimuli, such as growth and nutrition factors, and diverges into several biochemical and molecular pathways [67,68]. Evidence suggests that some neurodevelopmental disorders are caused by somatic mutations in genes of the PI3K-AKT3 pathway. It was hypothesized that FCD might also be due to somatic mutations in genes belonging to the mTOR signaling cascade [68]. PI3K- and Akt-dependent mTOR activation has been reported in a hippocampal culture model of posttraumatic epilepsy in rats, and inhibition of PI3K, mTOR, or both prevented ictal activity and cell death [69]. Moreover, PI3K/AKT pathway mutations are an important pathophysiology of epileptogenic brain malformations, megalencephaly, hemimegalencephaly, and FCD [63]. Thus, our results also suggest that the mTOR signaling pathway and the PI3K-Akt signaling pathway are important risk pathways of pathogenesis and epileptogenesis in patients with FCD. This information also supports the fact that mTOR inhibitors, such as everolimus, may have therapeutic implications in the treatment of patients with FCD and refractory epilepsy [10].



The tumor suppressor p53 is a sequence-specific DNA binding protein that is primarily characterized as a transcription factor [70]; it regulates the expression of multiple target genes [71]. These genes are important regulators of glucose, lipid and amino acid metabolism, oxidative phosphorylation, growth factor signaling, reactive oxygen species (ROS) generation, mitochondrial function and integrity, and cell fate [71,72]. The p53-dependent cell death pathway was noted in perturbed progenitors and cortical malformations [73]. Interestingly, human specimens of FCD and animal models have demonstrated aberrant immunoexpressions of p53, which suggests that the p53 signaling pathway plays a crucial role in the pathogenesis of FCD [74]. Moreover, mTOR can induce apoptosis via the activation of p53 and the inhibition of the antiapoptotic protein Bcl-2 in response to cellular damage [75]. The induction of p53 expression may regulate the metabolism of neuronal cells differently, inducing autophagy and apoptosis, which are dependent on the regulation of the PI3K/AKT/mTOR pathway [71,76]. However, the mechanism by which the p53 signaling pathway controls cell growth via mTOR signaling is not yet firmly established. Our results also suggest that the p53 signaling pathway may regulate the mTOR signaling pathway and PI3K-Akt signaling pathway and act as an important pathogenic mechanism in FCD.



We also found that cell cycle regulation is a high-risk pathway in the development of FCD. Recently, in both rodent and primate studies, the regulation of the cell cycle, specifically of the G1 phase, was shown to play a crucial role in controlling area-specific rates of neuron production and the generation of cytoarchitectonic maps [10,77]. In general, brain development is associated with multiple molecular mechanisms, such as neurotransmitter release, cell cycle regulation, and cell‒cell communication [10,77]. In many aspects, the regulation of the cell cycle has been described as a key pathway in neuronal differentiation, proliferation, growth, and migration related to cortical development [10].



The TGF-beta signaling pathway is involved in a variety of biological processes during embryogenesis and in adult tissue homeostasis [78]. Recently, studies have explored the essential roles of TGF-beta signaling during neuronal development in the maintenance of neuronal activity [78]. Evidence implicates significant roles of the aberrant TGF-beta superfamily signaling in the pathogenesis of neurological disorders [78]. Cytokines/chemokines and the related TGF-beta signaling pathway have been demonstrated to play a role in patients with hippocampal sclerosis and FCD [79]. The TGF-beta signaling pathway in astrocytes play a critical role in post-injury epilepsy, so the manipulation of the TGF-beta pathway is a potential strategy for the prevention of post-injury epilepsy [80]. Although the role of the TGF-beta signaling pathway in FCD is unclear, in the present study we noted that the TGF-beta signaling pathway might be an important pathway involved in the pathogenesis of FCD. However, this needs further study before we can confirm it.



Recently, the contributions of somatic mutations and noncoding miRNAs have been explored in patients with epilepsy [24,25,58]. Further work is needed to explore the function of established epilepsy genes and exosomal miRNAs in targeting genes and protein regulation, their related signaling pathways, and crosstalk with epigenetics. These works may help with the translation to clinical care and the development of new AEDs and advanced therapeutic strategies in patients with FCD and refractory epilepsy.




5. Conclusions


In the present study, we found different expressions of circulating miRNAs extracted from exosomes in FCD patients, including miR194-2-5p, miR15a-5p, miR-132-3p, and miR-145-5p. Four miRNAs presented upregulated expression in patients with FCD compared with the controls. By KEGG analysis of four target miRNAs, we found eight possible signaling pathways that may be related to FCD and refractory epilepsy. We suggested that among them, the mTOR signaling pathway, the PI3K-Akt signaling pathway, the p53 signaling pathway, cell cycle regulation, and the TGF-beta signaling pathway are the high-risk pathways that play a crucial role in pathogenesis and epileptogenesis of FCD and refractory epilepsy. Our results suggest that circulating miRNAs from exosomes may provide a potential biomarker for diagnostic, prognostic, and therapeutic adjuncts in patients with FCD and refractory epilepsy.







Author Contributions


S.-D.C., H.-Y.P., M.-H.T., and Y.-C.C. researched data, contributed to the discussion, and wrote the manuscript. S.-D.C. and Y.-C.C. designed the study. J.-B.H., X.-P.L., J.-H.L., J.-L.Y., C.-J.H., S.-F.C., and N.-C.C. collected the clinical information and did the experimental studies. S.-D.C., M.-H.T, J.-L.Y and Y.-C.C. contributed to the discussion and reviewed and edited the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by research grants MOST106-2314-B-182A-071- from the Ministry of Science and Technology, Taiwan, and CMRPG8G0231 from the Chang Gung Medical Foundation to Yao-Chung Chuang.




Acknowledgments


In this section you can acknowledge any support given which is not covered by the author contribution or funding sections. This may include administrative and technical support, or donations in kind (e.g., materials used for experiments).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Crino, P.B. Focal Cortical Dysplasia. Semin. Neurol. 2015, 35, 201–208. [Google Scholar] [CrossRef] [PubMed]

	



Desikan, R.S.; Barkovich, A.J. Malformations of cortical development. Ann. Neurol. 2016, 80, 797–810. [Google Scholar] [CrossRef] [PubMed]

	



Najm, I.M.; Sarnat, H.B.; Blumcke, I. Review: The international consensus classification of Focal Cortical Dysplasia—A critical update 2018. Neuropathol. Appl. Neurobiol. 2018, 44, 18–31. [Google Scholar] [CrossRef] [PubMed]

	



Kabat, J.; Krol, P. Focal cortical dysplasia—Review. Pol. J. Radiol. 2012, 77, 35–43. [Google Scholar] [CrossRef]

	



Sisodiya, S.M. Malformations of cortical development: Burdens and insights from important causes of human epilepsy. Lancet Neurol. 2004, 3, 29–38. [Google Scholar] [CrossRef]

	



Adler, S.; Lorio, S.; Jacques, T.S.; Benova, B.; Gunny, R.; Cross, J.H.; Baldeweg, T.; Carmichael, D.W. Towards in vivo focal cortical dysplasia phenotyping using quantitative MRI. Neuroimage Clin. 2017, 15, 95–105. [Google Scholar] [CrossRef]

	



Chang, W.S.; Nakajima, M.; Ochi, A.; Widjaja, E.; Rutka, J.T.; Yau, I.; Baba, S.; Otsubo, H. Detection of epileptogenic focus using advanced dynamic statistical parametric mapping with magnetoencephalography in a patient with MRI-negative focal cortical dysplasia type IIB. J. Neurosurg. Pediatr. 2019. [Google Scholar] [CrossRef]

	



Lorio, S.; Adler, S.; Gunny, R.; D’Arco, F.; Kaden, E.; Wagstyl, K.; Jacques, T.S.; Clark, C.A.; Cross, J.H.; Baldeweg, T.; et al. MRI profiling of focal cortical dysplasia using multi-compartment diffusion models. Epilepsia 2020, 61, 433–444. [Google Scholar] [CrossRef]

	



Crino, P.B. Molecular pathogenesis of focal cortical dysplasia and hemimegalencephaly. J. Child. Neurol. 2005, 20, 330–336. [Google Scholar] [CrossRef]

	



Iffland, P.H., 2nd; Crino, P.B. Focal Cortical Dysplasia: Gene Mutations, Cell Signaling, and Therapeutic Implications. Annu. Rev. Pathol. 2017, 12, 547–571. [Google Scholar] [CrossRef]

	



Mirzaa, G.M.; Campbell, C.D.; Solovieff, N.; Goold, C.; Jansen, L.A.; Menon, S.; Timms, A.E.; Conti, V.; Biag, J.D.; Adams, C.; et al. Association of MTOR Mutations With Developmental Brain Disorders, Including Megalencephaly, Focal Cortical Dysplasia, and Pigmentary Mosaicism. JAMA Neurol. 2016, 73, 836–845. [Google Scholar] [CrossRef] [PubMed]

	



Bartel, D.P. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 2004, 116, 281–297. [Google Scholar] [CrossRef]

	



Tomankova, T.; Petrek, M.; Kriegova, E. Involvement of microRNAs in physiological and pathological processes in the lung. Respir. Res. 2010, 11, 159. [Google Scholar] [CrossRef] [PubMed]

	



Vasu, S.; Kumano, K.; Darden, C.M.; Rahman, I.; Lawrence, M.C.; Naziruddin, B. MicroRNA Signatures as Future Biomarkers for Diagnosis of Diabetes States. Cells 2019, 8, 1533. [Google Scholar] [CrossRef]

	



Ferrero, G.; Cordero, F.; Tarallo, S.; Arigoni, M.; Riccardo, F.; Gallo, G.; Ronco, G.; Allasia, M.; Kulkarni, N.; Matullo, G.; et al. Small non-coding RNA profiling in human biofluids and surrogate tissues from healthy individuals: Description of the diverse and most represented species. Oncotarget 2018, 9, 3097–3111. [Google Scholar] [CrossRef]

	



Yeri, A.; Courtright, A.; Reiman, R.; Carlson, E.; Beecroft, T.; Janss, A.; Siniard, A.; Richholt, R.; Balak, C.; Rozowsky, J.; et al. Total Extracellular Small RNA Profiles from Plasma, Saliva, and Urine of Healthy Subjects. Sci. Rep. 2017, 7, 44061. [Google Scholar] [CrossRef]

	



Taguchi, Y.H.; Wang, H. Exploring MicroRNA Biomarkers for Parkinson’s Disease from mRNA Expression Profiles. Cells 2018, 7, 245. [Google Scholar] [CrossRef]

	



Saghazadeh, A.; Rezaei, N. MicroRNA machinery in Parkinson’s disease: A platform for neurodegenerative diseases. Expert Rev. Neurother. 2015. [Google Scholar] [CrossRef]

	



Denk, J.; Boelmans, K.; Siegismund, C.; Lassner, D.; Arlt, S.; Jahn, H. MicroRNA Profiling of CSF Reveals Potential Biomarkers to Detect Alzheimer`s Disease. PLoS ONE 2015, 10, e0126423. [Google Scholar] [CrossRef]

	



Ricci, C.; Marzocchi, C.; Battistini, S. MicroRNAs as Biomarkers in Amyotrophic Lateral Sclerosis. Cells 2018, 7, 219. [Google Scholar] [CrossRef]

	



Eyileten, C.; Wicik, Z.; De Rosa, S.; Mirowska-Guzel, D.; Soplinska, A.; Indolfi, C.; Jastrzebska-Kurkowska, I.; Czlonkowska, A.; Postula, M. MicroRNAs as Diagnostic and Prognostic Biomarkers in Ischemic Stroke-A Comprehensive Review and Bioinformatic Analysis. Cells 2018, 7, 249. [Google Scholar] [CrossRef]

	



Srivastava, A.; Dixit, A.B.; Banerjee, J.; Tripathi, M.; Sarat Chandra, P. Role of inflammation and its miRNA based regulation in epilepsy: Implications for therapy. Clin. Chim. Acta 2016, 452, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Bielefeld, P.; Mooney, C.; Henshall, D.C.; Fitzsimons, C.P. miRNA-Mediated Regulation of Adult Hippocampal Neurogenesis; Implications for Epilepsy. Brain Plast. 2017, 3, 43–59. [Google Scholar] [CrossRef] [PubMed]

	



Demos, M.; Guella, I.; DeGuzman, C.; McKenzie, M.B.; Buerki, S.E.; Evans, D.M.; Toyota, E.B.; Boelman, C.; Huh, L.L.; Datta, A.; et al. Diagnostic Yield and Treatment Impact of Targeted Exome Sequencing in Early-Onset Epilepsy. Front. Neurol. 2019, 10, 434. [Google Scholar] [CrossRef] [PubMed]

	



Ma, Y. The Challenge of microRNA as a Biomarker of Epilepsy. Curr. Neuropharmacol. 2018, 16, 37–42. [Google Scholar] [CrossRef]

	



Zhan, L.; Yao, Y.; Fu, H.; Li, Z.; Wang, F.; Zhang, X.; He, W.; Zheng, W.; Zhang, Y.; Zheng, H. Protective role of miR-23b-3p in kainic acid-induced seizure. Neuroreport 2016, 27, 764–768. [Google Scholar] [CrossRef]

	



Zheng, H.; Tang, R.; Yao, Y.; Ji, Z.; Cao, Y.; Liu, Z.; Peng, F.; Wang, W.; Can, D.; Xing, H.; et al. MiR-219 Protects Against Seizure in the Kainic Acid Model of Epilepsy. Mol. Neurobiol. 2016, 53, 1–7. [Google Scholar] [CrossRef]

	



Haenisch, S.; von Ruden, E.L.; Wahmkow, H.; Rettenbeck, M.L.; Michler, C.; Russmann, V.; Bruckmueller, H.; Waetzig, V.; Cascorbi, I.; Potschka, H. miRNA-187-3p-Mediated Regulation of the KCNK10/TREK-2 Potassium Channel in a Rat Epilepsy Model. ACS Chem. Neurosci. 2016, 7, 1585–1594. [Google Scholar] [CrossRef]

	



Wang, W.; Guo, Y.; He, L.; Chen, C.; Luo, J.; Ma, Y.; Li, J.; Yang, Y.; Yang, Q.; Du, C.; et al. Overexpression of miRNA-137 in the brain suppresses seizure activity and neuronal excitability: A new potential therapeutic strategy for epilepsy. Neuropharmacology 2018, 138, 170–181. [Google Scholar] [CrossRef]

	



Surges, R.; Kretschmann, A.; Abnaof, K.; van Rikxoort, M.; Ridder, K.; Frohlich, H.; Danis, B.; Kaminski, R.M.; Foerch, P.; Elger, C.E.; et al. Changes in serum miRNAs following generalized convulsive seizures in human mesial temporal lobe epilepsy. Biochem. Biophys. Res. Commun. 2016, 481, 13–18. [Google Scholar] [CrossRef]

	



Jimenez-Mateos, E.M.; Bray, I.; Sanz-Rodriguez, A.; Engel, T.; McKiernan, R.C.; Mouri, G.; Tanaka, K.; Sano, T.; Saugstad, J.A.; Simon, R.P.; et al. miRNA Expression profile after status epilepticus and hippocampal neuroprotection by targeting miR-132. Am. J. Pathol. 2011, 179, 2519–2532. [Google Scholar] [CrossRef] [PubMed]

	



Thery, C.; Zitvogel, L.; Amigorena, S. Exosomes: Composition, biogenesis and function. Nat. Rev. Immunol. 2002, 2, 569–579. [Google Scholar] [CrossRef] [PubMed]

	



Rahmati, S.; Shojaei, F.; Shojaeian, A.; Rezakhani, L.; Dehkordi, M.B. An overview of current knowledge in biological functions and potential theragnostic applications of exosomes. Chem. Phys. Lipids 2020, 226, 104836. [Google Scholar] [CrossRef] [PubMed]

	



Jan, A.T.; Rahman, S.; Khan, S.; Tasduq, S.A.; Choi, I. Biology, Pathophysiological Role, and Clinical Implications of Exosomes: A Critical Appraisal. Cells 2019, 8, 99. [Google Scholar] [CrossRef] [PubMed]

	



Ruivo, C.F.; Adem, B.; Silva, M.; Melo, S.A. The Biology of Cancer Exosomes: Insights and New Perspectives. Cancer Res. 2017, 77, 6480–6488. [Google Scholar] [CrossRef] [PubMed]

	



Bhome, R.; Del Vecchio, F.; Lee, G.H.; Bullock, M.D.; Primrose, J.N.; Sayan, A.E.; Mirnezami, A.H. Exosomal microRNAs (exomiRs): Small molecules with a big role in cancer. Cancer Lett. 2018, 420, 228–235. [Google Scholar] [CrossRef] [PubMed]

	



Yan, S.; Zhang, H.; Xie, W.; Meng, F.; Zhang, K.; Jiang, Y.; Zhang, X.; Zhang, J. Altered microRNA profiles in plasma exosomes from mesial temporal lobe epilepsy with hippocampal sclerosis. Oncotarget 2017, 8, 4136–4146. [Google Scholar] [CrossRef]

	



Shi, M.; Sheng, L.; Stewart, T.; Zabetian, C.P.; Zhang, J. New windows into the brain: Central nervous system-derived extracellular vesicles in blood. Prog. Neurobiol. 2019, 175, 96–106. [Google Scholar] [CrossRef]

	



Fisher, R.S. The New Classification of Seizures by the International League against Epilepsy 2017. Curr. Neurol. NeuroSci. Rep. 2017, 17, 48. [Google Scholar] [CrossRef]

	



Doyle, L.M.; Wang, M.Z. Overview of Extracellular Vesicles, Their Origin, Composition, Purpose, and Methods for Exosome Isolation and Analysis. Cells 2019, 8, 727. [Google Scholar] [CrossRef]

	



Fruhbeis, C.; Frohlich, D.; Kramer-Albers, E.M. Emerging roles of exosomes in neuron-glia communication. Front. Physiol. 2012, 3, 119. [Google Scholar] [CrossRef] [PubMed]

	



Faure, J.; Lachenal, G.; Court, M.; Hirrlinger, J.; Chatellard-Causse, C.; Blot, B.; Grange, J.; Schoehn, G.; Goldberg, Y.; Boyer, V.; et al. Exosomes are released by cultured cortical neurones. Mol. Cell Neurosci. 2006, 31, 642–648. [Google Scholar] [CrossRef] [PubMed]

	



Fiandaca, M.S.; Kapogiannis, D.; Mapstone, M.; Boxer, A.; Eitan, E.; Schwartz, J.B.; Abner, E.L.; Petersen, R.C.; Federoff, H.J.; Miller, B.L.; et al. Identification of preclinical Alzheimer’s disease by a profile of pathogenic proteins in neurally derived blood exosomes: A case-control study. Alzheimers Dement. 2015, 11, 600–607. [Google Scholar] [CrossRef] [PubMed]

	



Tsai, M.J.; Chang, W.A.; Liao, S.H.; Chang, K.F.; Sheu, C.C.; Kuo, P.L. The Effects of Epigallocatechin Gallate (EGCG) on Pulmonary Fibroblasts of Idiopathic Pulmonary Fibrosis (IPF)-A Next-Generation Sequencing and Bioinformatic Approach. Int. J. Mol. Sci. 2019, 20, 1958. [Google Scholar] [CrossRef]

	



Kal, A.J.; van Zonneveld, A.J.; Benes, V.; van den Berg, M.; Koerkamp, M.G.; Albermann, K.; Strack, N.; Ruijter, J.M.; Richter, A.; Dujon, B.; et al. Dynamics of gene expression revealed by comparison of serial analysis of gene expression transcript profiles from yeast grown on two different carbon sources. Mol. Biol. Cell 1999, 10, 1859–1872. [Google Scholar] [CrossRef]

	



Williams, J.R.; Yang, R.; Clifford, J.L.; Watson, D.; Campbell, R.; Getnet, D.; Kumar, R.; Hammamieh, R.; Jett, M. Functional Heatmap: An automated and interactive pattern recognition tool to integrate time with multi-omics assays. BMC Bioinform. 2019, 20, 81. [Google Scholar] [CrossRef]

	



Huang, Z.; Shi, J.; Gao, Y.; Cui, C.; Zhang, S.; Li, J.; Zhou, Y.; Cui, Q. HMDD v3.0: A database for experimentally supported human microRNA-disease associations. Nucleic Acids Res. 2019, 47, D1013–D1017. [Google Scholar] [CrossRef]

	



Das, S.S.; Saha, P.; Chakravorty, N. miRwayDB: A database for experimentally validated microRNA-pathway associations in pathophysiological conditions. Database (Oxford) 2018, 2018. [Google Scholar] [CrossRef]

	



Vlachos, I.S.; Zagganas, K.; Paraskevopoulou, M.D.; Georgakilas, G.; Karagkouni, D.; Vergoulis, T.; Dalamagas, T.; Hatzigeorgiou, A.G. DIANA-miRPath v3.0: Deciphering microRNA function with experimental support. Nucleic Acids Res. 2015, 43, W460–W466. [Google Scholar] [CrossRef]

	



Du, J.; Yuan, Z.; Ma, Z.; Song, J.; Xie, X.; Chen, Y. KEGG-PATH: Kyoto encyclopedia of genes and genomes-based pathway analysis using a path analysis model. Mol. Biosyst. 2014, 10, 2441–2447. [Google Scholar] [CrossRef]

	



Huang, R.; Grishagin, I.; Wang, Y.; Zhao, T.; Greene, J.; Obenauer, J.C.; Ngan, D.; Nguyen, D.T.; Guha, R.; Jadhav, A.; et al. The NCATS BioPlanet—An Integrated Platform for Exploring the Universe of Cellular Signaling Pathways for Toxicology, Systems Biology, and Chemical Genomics. Front. Pharmacol. 2019, 10, 445. [Google Scholar] [CrossRef] [PubMed]

	



Li, K.; Li, Z.; Zhao, N.; Xu, Y.; Liu, Y.; Zhou, Y.; Shang, D.; Qiu, F.; Zhang, R.; Chang, Z.; et al. Functional analysis of microRNA and transcription factor synergistic regulatory network based on identifying regulatory motifs in non-small cell lung cancer. BMC Syst. Biol. 2013, 7, 122. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Yu, J.T.; Tan, L.; Tian, Y.; Ma, J.; Tan, C.C.; Wang, H.F.; Liu, Y.; Tan, M.S.; Jiang, T.; et al. Genome-wide circulating microRNA expression profiling indicates biomarkers for epilepsy. Sci. Rep. 2015, 5, 9522. [Google Scholar] [CrossRef]

	



Sun, J.; Cheng, W.; Liu, L.; Tao, S.; Xia, Z.; Qi, L.; Huang, M. Identification of serum miRNAs differentially expressed in human epilepsy at seizure onset and post-seizure. Mol. Med. Rep. 2016, 14, 5318–5324. [Google Scholar] [CrossRef] [PubMed]

	



Korotkov, A.; Broekaart, D.W.M.; Banchaewa, L.; Pustjens, B.; van Scheppingen, J.; Anink, J.J.; Baayen, J.C.; Idema, S.; Gorter, J.A.; van Vliet, E.A.; et al. microRNA-132 is overexpressed in glia in temporal lobe epilepsy and reduces the expression of pro-epileptogenic factors in human cultured astrocytes. Glia 2020, 68, 60–75. [Google Scholar] [CrossRef]

	



Guo, J.; Wang, H.; Wang, Q.; Chen, Y.; Chen, S. Expression of p-CREB and activity-dependent miR-132 in temporal lobe epilepsy. Int. J. Clin. Exp. Med. 2014, 7, 1297–1306. [Google Scholar]

	



Antonio, L.G.L.; Freitas-Lima, P.; Pereira-da-Silva, G.; Assirati, J.A., Jr.; Matias, C.M.; Cirino, M.L.A.; Tirapelli, L.F.; Velasco, T.R.; Sakamoto, A.C.; Carlotti, C.G., Jr.; et al. Expression of MicroRNAs miR-145, miR-181c, miR-199a and miR-1183 in the Blood and Hippocampus of Patients with Mesial Temporal Lobe Epilepsy. J. Mol. Neurosci. 2019, 69, 580–587. [Google Scholar] [CrossRef]

	



Tiwari, D.; Peariso, K.; Gross, C. MicroRNA-induced silencing in epilepsy: Opportunities and challenges for clinical application. Develop. Dyn. 2018, 247, 94–110. [Google Scholar] [CrossRef]

	



Karnati, H.K.; Panigrahi, M.K.; Gutti, R.K.; Greig, N.H.; Tamargo, I.A. miRNAs: Key Players in Neurodegenerative Disorders and Epilepsy. J. Alzheimers Dis. 2015, 48, 563–580. [Google Scholar] [CrossRef]

	



Xiao, W.; Wu, Y.; Wang, J.; Luo, Z.; Long, L.; Deng, N.; Ning, S.; Zeng, Y.; Long, H.; Xiao, B. Network and Pathway-Based Analysis of Single-Nucleotide Polymorphism of miRNA in Temporal Lobe Epilepsy. Mol. Neurobiol. 2019, 56, 7022–7031. [Google Scholar] [CrossRef]

	



Manna, I.; Labate, A.; Borzi, G.; Mumoli, L.; Cavalli, S.M.; Sturniolo, M.; Quattrone, A.; Gambardella, A. An SNP site in pri-miR-124, a brain expressed miRNA gene, no contribution to mesial temporal lobe epilepsy in an Italian sample. Neurol. Sci. 2016, 37, 1335–1339. [Google Scholar] [CrossRef] [PubMed]

	



Henshall, D.C. MicroRNAs in the pathophysiology and treatment of status epilepticus. Front. Mol. Neurosci. 2013, 6, 37. [Google Scholar] [CrossRef] [PubMed]

	



Jansen, L.A.; Mirzaa, G.M.; Ishak, G.E.; O’Roak, B.J.; Hiatt, J.B.; Roden, W.H.; Gunter, S.A.; Christian, S.L.; Collins, S.; Adams, C.; et al. PI3K/AKT pathway mutations cause a spectrum of brain malformations from megalencephaly to focal cortical dysplasia. Brain 2015, 138, 1613–1628. [Google Scholar] [CrossRef] [PubMed]

	



Huang, Y.; Jiang, J.; Zheng, G.; Chen, J.; Lu, H.; Guo, H.; Wu, C. miR-139-5p modulates cortical neuronal migration by targeting Lis1 in a rat model of focal cortical dysplasia. Int. J. Mol. Med. 2014, 33, 1407–1414. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Sun, Y.; Tan, Z.; Che, N.; Ji, A.; Luo, X.; Sun, X.; Li, X.; Yang, K.; Wang, G.; et al. Serum MicroRNA-4521 is a Potential Biomarker for Focal Cortical Dysplasia with Refractory Epilepsy. Neurochem. Res. 2016, 41, 905–912. [Google Scholar] [CrossRef] [PubMed]

	



Che, N.; Zu, G.; Zhou, T.; Wang, X.; Sun, Y.; Tan, Z.; Liu, Y.; Wang, D.; Luo, X.; Zhao, Z.; et al. Aberrant Expression of miR-323a-5p in Patients with Refractory Epilepsy Caused by Focal Cortical Dysplasia. Genet. Test. Mol. Biomark. 2017, 21, 3–9. [Google Scholar] [CrossRef]

	



D’Gama, A.M.; Woodworth, M.B.; Hossain, A.A.; Bizzotto, S.; Hatem, N.E.; LaCoursiere, C.M.; Najm, I.; Ying, Z.; Yang, E.; Barkovich, A.J.; et al. Somatic Mutations Activating the mTOR Pathway in Dorsal Telencephalic Progenitors Cause a Continuum of Cortical Dysplasias. Cell Rep. 2017, 21, 3754–3766. [Google Scholar] [CrossRef]

	



Marsan, E.; Baulac, S. Review: Mechanistic target of rapamycin (mTOR) pathway, focal cortical dysplasia and epilepsy. Neuropathol. Appl. Neurobiol. 2018, 44, 6–17. [Google Scholar] [CrossRef]

	



Berdichevsky, Y.; Dryer, A.M.; Saponjian, Y.; Mahoney, M.M.; Pimentel, C.A.; Lucini, C.A.; Usenovic, M.; Staley, K.J. PI3K-Akt signaling activates mTOR-mediated epileptogenesis in organotypic hippocampal culture model of post-traumatic epilepsy. J. Neurosci. 2013, 33, 9056–9067. [Google Scholar] [CrossRef]

	



Kastenhuber, E.R.; Lowe, S.W. Putting p53 in Context. Cell 2017, 170, 1062–1078. [Google Scholar] [CrossRef]

	



Simabuco, F.M.; Morale, M.G.; Pavan, I.C.B.; Morelli, A.P.; Silva, F.R.; Tamura, R.E. p53 and metabolism: From mechanism to therapeutics. Oncotarget 2018, 9, 23780–23823. [Google Scholar] [CrossRef] [PubMed]

	



Zaika, A.I.; Wei, J.; Noto, J.M.; Peek, R.M. Microbial Regulation of p53 Tumor Suppressor. PLoS Pathog. 2015, 11, e1005099. [Google Scholar] [CrossRef] [PubMed]

	



Bizzotto, S.; Francis, F. Morphological and functional aspects of progenitors perturbed in cortical malformations. Front. Cell Neurosci. 2015, 9, 30. [Google Scholar] [CrossRef] [PubMed]

	



Liu, S.; Zhang, C.; Shu, H.; Wion, D.; Yang, H. Cortical dysplasia: A possible substrate for brain tumors. Future Oncol. 2012, 8, 251–258. [Google Scholar] [CrossRef]

	



McDaniel, S.S.; Wong, M. Therapeutic role of mammalian target of rapamycin (mTOR) inhibition in preventing epileptogenesis. Neurosci. Lett. 2011, 497, 231–239. [Google Scholar] [CrossRef]

	



Zhang, Y.; Huang, B.; Wang, H.Y.; Chang, A.; Zheng, X.F.S. Emerging Role of MicroRNAs in mTOR Signaling. Cell Mol. Life Sci. 2017, 74, 2613–2625. [Google Scholar] [CrossRef]

	



Dehay, C.; Kennedy, H. Cell-cycle control and cortical development. Nat. Rev. Neurosci. 2007, 8, 438–450. [Google Scholar] [CrossRef]

	



Kashima, R.; Hata, A. The role of TGF-beta superfamily signaling in neurological disorders. Acta Biochim. Biophys Sin. (Shanghai) 2018, 50, 106–120. [Google Scholar] [CrossRef]

	



Srivastava, A.; Dixit, A.B.; Paul, D.; Tripathi, M.; Sarkar, C.; Chandra, P.S.; Banerjee, J. Comparative analysis of cytokine/chemokine regulatory networks in patients with hippocampal sclerosis (HS) and focal cortical dysplasia (FCD). Sci. Rep. 2017, 7, 15904. [Google Scholar] [CrossRef]

	



Weissberg, I.; Wood, L.; Kamintsky, L.; Vazquez, O.; Milikovsky, D.Z.; Alexander, A.; Oppenheim, H.; Ardizzone, C.; Becker, A.; Frigerio, F.; et al. Albumin induces excitatory synaptogenesis through astrocytic TGF-beta/ALK5 signaling in a model of acquired epilepsy following blood-brain barrier dysfunction. Neurobiol. Dis. 2015, 78, 115–125. [Google Scholar] [CrossRef]








[image: Cells 09 01867 g001 550] 





Figure 1. (a) Transmission electron microscopy (TEM) images demonstrate the characteristics of exosomes. Scale bars: (1) 79.3 nm, (2) 77.3 nm, (3) 92.4 nm, (4) 113 nm, (5) 92.3 nm, (6) 74.7 nm, (7) 80.6 nm. (b) The size distribution of the exosomes extracted from serum. 
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Figure 2. Western blotting analysis revealed that (a) exosomal markers TSG 101, HSP70, and CD63 were detected in the circulating serum exosomes. (b) Furthermore, the neuronal markers MAG, GluR 2&3, and NCAM-1 were also present in the serum exosomes from peripheral blood. CNS-derived exosomes were confirmed by neuronal markers. 
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Figure 3. The expression profiles of miRNA extracted from serum exosomes were assessed using next-generation sequencing (NGS) analysis. The correlation analysis of microRNA (miRNA) expression in patients with focal cortical dysplasia and controls: 107 miRNAs showed statistically significant expression (p < 0.05), as assessed by a Student’s t-test. The bar chart indicates the 5p- (a) and 3p- (b) log2 ratio levels of mature miRNAs, sorted from highest to lowest in patients normalized to normal controls. log2 (mean of miRNA in patients/mean of miRNA in controls) expressed as log2 fold change. 
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Figure 4. Cluster analysis of 107 differentially expressed miRNAs in patients with focal cortical dysplasia (Test Mean) and controls (Control Mean) by heatmap MeV4.9 software. Green = lower than mean intensity; red = higher than mean intensity. The conventional value of p < 0.05 was used for each miRNA. 
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Figure 5. Multiple gene expressions regulated by four target miRNAs; a network model (KEGG) showed the possible pathophysiological pathways related to focal cortical dysplasia. has-miR: Homo sapiens microRNA. 
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Table 1. Clinical characteristics and demographic data of patients with focal cortical dysplasia (FCD).
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	Case
	Sex/Age
	Seizure Semiology
	Family History
	MRI Finding
	AEDs





	1
	F/39
	Focal to bilateral tonic‒clonic seizure
	-
	Multiple bilateral subcortical heterotopia; right frontal FCD
	CBZ, LTG



	2
	M/40
	Focal onset clonic seizure
	-
	Bilateral frontoparietal and occipital heterotopia
	LEV, ZNS, PER, LCM



	3
	M/29
	Focal to bilateral automatic seizure
	-
	Right parietal FCD
	OXC, PER



	4
	F/34
	Focal impaired awareness clonic seizure
	-
	Right temporo-parietal FCD
	LTG, LCM



	5
	M/36
	Focal impaired awareness clonic seizure
	-
	Right frontoparietal FCD
	LTG, PER, LCM



	6
	M/63
	Focal impaired awareness dyscognitive seizure
	-
	Left frontoparietal lobe and subcortical band heterotopia
	TPM, LEV



	7
	M/31
	Focal to bilateral tonic‒clonic seizure
	-
	Left temporal lobe button of sulcus heterotopia
	CBZ, LTG, PHT



	8
	F/18
	Focal impaired awareness clonic seizure
	+
	Right frontoparietal lobe heterotopia
	LEV, ZNS



	9
	F/47
	Focal to bilateral tonic‒clonic seizure
	-
	Right posterior tempo-parietal and subcortical band heterotopia
	VPA, LEV, LCM







MRI: brain magnetic resonance imaging; FCD: focal cortical dysplasia; AED: antiepileptic drug; CBZ: carbamazepine; LTG: lamotrigine; VPA: valproic acid; LEV: levetiracetam; ZNS: zonisamide; PER: perampanel; LCM: lacosamide; RFM: rufinamide; OXC: oxcarbazepine; TPM: topiramate; PHT: phenytoin.
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Table 2. Profiles of four identified target miRNAs in serum exosomes from patients with FCD.






Table 2. Profiles of four identified target miRNAs in serum exosomes from patients with FCD.





	
miRNA ID

	
Stem‒Loop

	
Expression

	
Evidence

	
Disease Publication

	
PMID






	
miR-194-2

	
5p

	
Up

	
Diagnostic biomarker

	
Epilepsy

	
25825351




	
miR-15a

	
5p

	
Up

	
Diagnostic biomarker

	
Epilepsy

Seizure onset and post-seizure

	
25825351

27840934




	
miR-132

	
3p

	
Up

	
Therapeutic target

	
Status epilepticus

Temporal lobe epilepsy

	
21945804

31408236

24995086




	
miR-145

	
5p

	
Up

	
Circulating biomarker

	
Mesial temporal lobe epilepsy

	
27833019

31368064




	
MID: PubMed identification.
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Table 3. Four target microRNAs regulating multiple genes.
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	miRNA
	Regulation
	Target Genes





	hsa-miR-194
	Down
	TP53, SKI, CARM1, BMI1, DNMT3A, CAV1, ICOSLG, IL10, YWHAE, SLC7A5, CPT1A, PEX26, AP1S1



	hsa-miR-15a
	Down
	USP8, CCND2, CHD4, DIAPH1, BSG, BRCA1, ZBTB18, GNAL, RS1, SLC7A5, IRF4, CCND1, CDK6, RASSF5, CDC42SE2, APP, RBPJ, OCRL, BHLHE40, GCLM, MYB, BMI1, PEX13, ACOX1, EIF2B2, AKT3, EN2, SBNO1, TRAK1, CYP26B1, MBD4, WNK3, CHEK1, BCL2, HNRNPA1, NUFIP2, IKBKG, MTHFR, IFNG, BACE1, PAK2, AP3M1, BAP1, B3GNT2, CLCN3, PDE4D, RPS6KA3, ITGA2, NR2C2, RIMS3, HMGA1, CADM1, TMEM245, YAP1, CASK, KPNA3, WT1, CDKN2B, KIF1A, TLL1, L2HGDH, PAG1, DICER1, HNRNPDL, GRB2KMT2D, PDIK1L, PI4K2B, CTNNA3, SCAMP5, EFNB2, GSK3B, ARHGDIA, KIF5B, PNPO, MYO5A, REL, CA8, UBE2H, ALDH3B1



	hsa-miR-132
	Down
	RAB18, ADGRF4, GDF5, FGF2, CHRNA5, NBN, NLGN2, S100A9 CHL1, MMP9, STMN1, IRAK1, CDKN1A, MAPK1, RGMB, NCS1, LIFR RTN4, SOX5, SOX6, POLK, BDNF, KPNA1, SIRT1, GPR153, SMN1, B3GAT1



	hsa-miR-145
	Down
	SOD2, IFNB1, CD44, MDM2, TGFBR2, NR1D2, HDAC2, JAG1, GGCX, CTGF, NTRK2, MAP3K3, SERPINE1, CDKN1A, IRS2, DUSP6, CCND1 TPM1, CDK6, FXN, TGFB2, ACTB, BTG1, ITGB8, ESR1, REL, SMAD3 TPM3, CD40, SOX2, IGF1R, VEGFA, MUC1







has-miR: Homo sapiens microRNA; the gene bioinformatics were analyzed by HMDD V3.2.
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Table 4. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis and pathway category of four target microRNAs in serum exosomes from patients with focal cortical dysplasia.
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	Pathway Category
	Gene Count
	miRNAs
	p-Value





	Nervous System
	
	
	



	Glioma
	25
	4
	0.00000



	TGF-beta signaling pathway
	27
	4
	0.00005



	mTOR signaling pathway
	25
	4
	0.00015



	ErbB signaling pathway
	28
	4
	0.00015



	FoxO signaling pathway
	41
	4
	0.00101



	PI3K-Akt signaling pathway
	79
	4
	0.00613



	Hedgehog signaling pathway
	18
	4
	0.01366



	Axon guidance
	30
	4
	0.03526



	Cancer
	
	
	



	Proteoglycans in cancer
	73
	4
	0.00000



	Pathways in cancer
	102
	4
	0.00000



	Transcriptional misregulation in cancer
	39
	4
	0.00101



	Cellular community
	
	
	



	Signaling pathways regulating

pluripotency of stem cells
	53
	4
	0.00000



	Focal adhesion
	66
	4
	0.00000



	Adherens junction
	24
	4
	0.00011



	Cell growth and death
	
	
	



	Hippo signaling pathway
	52
	4
	0.00000



	Wnt signaling pathway
	40
	4
	0.00011



	p53 signaling pathway
	25
	4
	0.00048



	Cell cycle
	37
	4
	0.00311



	MAPK signaling pathway
	66
	4
	0.00483



	Rap1 signaling pathway
	51
	4
	0.01187











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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