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Abstract 

Astrocytes are important mediators of inflammatory processes in the brain and seem to play an 

important role in several neurological disorders, including epilepsy. Recent studies show that astrocytes 

produce several microRNAs, which may function as crucial regulators of inflammatory pathways and 

could be used as therapeutic target. We aim to study which miRNAs are produced by astrocytes during 

IL-1β mediated inflammatory conditions in vitro, as well as their functional role and to validate these 

findings in human epileptogenic brain tissue.  

Sequencing was used to assess miRNA and mRNA expression in IL-1β-stimulated human fetal astrocyte 

cultures. miRNAs were overexpressed in cell cultures using miRNA mimics. Expression of miRNAs in 

resected brain tissue from patients with tuberous sclerosis complex or temporal lobe epilepsy with 

hippocampal sclerosis was examined using in situ hybridization. 

Two differentially expressed miRNAs were found: miR146a and miR147b, which were associated with 

increased expression of genes related to the immune/inflammatory response. As previously reported for 

miR146a, overexpression of miR147b reduced the expression of the pro-inflammatory mediators IL-6 

and COX-2 after IL-1β stimulation in both astrocyte and tuberous sclerosis complex cell cultures. 

miR146a and miR147b overexpression decreased proliferation of astrocytes and promoted neuronal 

differentiation of human neural stem cells. Similarly to previous evidence for miR146a, miR147b was 

increased expressed in astrocytes in epileptogenic brain. 

Due to their anti-inflammatory effects, ability to restore aberrant astrocytic proliferation and promote 

neuronal differentiation, miR146a and miR147b deserve further investigation as potential therapeutic 

targets in neurological disorders associated with inflammation, such as epilepsy. 

 

Key words: microRNA; inflammation; astrocytes; interleukin 1 beta; tuberous sclerosis complex; 

temporal lobe epilepsy.  

Page 4 of 54

John Wiley & Sons, Inc.

GLIA



4 

 

Main points: 

• miR146a and miR147b are up-regulated in fetal astrocytes after IL-1β stimulation. 

• miR147b inhibits inflammation and aberrant astrocytic proliferation, promotes neuronal 

differentiation and is up-regulated in astrocytes in human epileptogenic brain.   
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Introduction 

 

A dysregulated inflammatory response is present in various pathologies of the central nervous system 

(CNS), including epilepsy, which is one of the most common chronic neurological disorders, affecting 

more than 50 million people worldwide. In the epileptogenic brain, astrocytes, which are abundantly 

present, are considered one of the most important type of glial cells contributing to the 

neuroinflammatory response (Aronica et al. 2012; Vezzani et al. 2011). Astrocytes can produce various 

pro-inflammatory mediators, including cytokines and chemokines, which leads to activation of the innate 

and adaptive immune response (Colombo and Farina 2016; Farina et al. 2007; Vezzani et al. 2011). 

Reactive gliosis in epilepsy is also characterized by increased proliferation and aberrant generation of 

astrocytes from progenitor cells (Sierra et al. 2015; Sofroniew and Vinters 2010). In vitro, this increased 

proliferation can be induced by treatment with the pro-inflammatory cytokine interleukin-1β (IL-1β) (Cui 

et al. 2011), which is a key player in neuroinflammation, and is mainly produced by activated astroglial 

cells in response to tissue damage, increased neuronal activity (Xanthos and Sandkuhler 2014) or cellular 

stress (Moynagh 2005; Ravizza et al. 2008; Srinivasan et al. 2004). IL-1β is also highly expressed both in 

experimental rodent models of epilepsy and in human epileptogenic brain and contributes to seizure 

generation and epileptogenesis in animal models (Vezzani et al. 2011). Among its cellular targets, IL-1β 

acts on astrocytes by activating the IL-1 receptor (IL-1R1), thus leading to NF-κB-mediated transcription 

of growth factors and various immune-related molecules including cytokines and danger signals (Aronica 

et al. 2017; Sparacio et al. 1992).  

Previous studies indicate that astrocytes also produce a family of microRNAs (miRNAs), small 

non-coding RNAs that are post-transcriptional regulators of gene expression, which are crucial 

modulators of inflammatory pathways linked to various neurological disorders, including epilepsy (Li et 

al. 2010). The expression of several miRNAs, including those associated with neuroinflammatory signals, 
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has been shown to change in human epilepsy and experimental models of epilepsy, providing either 

targets for treatment or valuable disease biomarkers (Gorter et al. 2014; Li et al. 2014). For example, it 

was previously reported that miR146a, which is associated with modulation of IL-1R/Toll like receptor 4 

signaling, is up-regulated in several CNS pathologies including epilepsy, and serves as an important 

feedback inhibitor of inflammation in astrocytes (Aronica et al. 2010; Iyer et al. 2012; van Scheppingen et 

al. 2016b). Recently, it has been shown that administration of miR146a in mice developing epilepsy 

prevented disease progression and reduce seizures (Iori et al. 2017), indicating that miRNAs related to 

neuroinflammation could have therapeutic value in epilepsy. 

Besides miR146a, there may be other miRNAs that could have therapeutic potential. In order to 

identify these miRNAs, high throughput, transcriptome wide studies are required. To the best of our 

knowledge no such study has been performed yet in human astrocytes. Therefore, we studied which 

miRNAs are produced by fetal human astrocytes during inflammatory conditions in vitro and validated 

these findings in human epileptogenic brain tissues, in two different epilepsy associated pathologies: 

Tuberous Sclerosis Complex (TSC; a genetic disorder with focal developmental malformations of the 

cerebral cortex) and Temporal Lobe Epilepsy with hippocampal sclerosis (TLE-HS; the most common type 

of symptomatic epilepsy in adults). In addition, we investigated the functional role of two miRNAs, which 

were differentially expressed by astrocytes upon IL-1β/IL-1R1 activation, on the expression of 

inflammatory mediators, proliferation and differentiation of fetal human astrocytes and neural stem 

cells in culture.  
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Materials and methods 

 

Astrocyte and tuberous sclerosis complex cell cultures 

 

Primary fetal astrocyte-enriched cell cultures were obtained from human fetal brain tissue (cortex, 14-19 

gestational weeks) obtained from medically induced abortions. All material has been collected from 

donors from whom a written informed consent for the use of the material for research purposes had 

been obtained by the Bloemenhove clinic. Tissue was obtained in accordance with the Declaration of 

Helsinki and the Academic Medical Center (AMC) Research Code provided by the Medical Ethics 

Committee of the AMC. Cell isolation was performed as described previously ((van Scheppingen et al. 

2016b) see supplementary material). TSC cell cultures were derived from surgical brain specimens 

obtained from 2 patients (age at surgery: 2.5 and 2 years; gender: male; mutation: TSC2) undergoing 

epilepsy surgery at the Wilhelmina Children's Hospital  of the University Medical Center Utrecht (UMCU, 

Utrecht, The Netherlands). TSC cultures were established in the same manner as fetal cultures.  

  

Neural stem cell cultures 

 

Neural stem cells (NSCs) were obtained from fetal brain (14-16 gestational weeks). Tissue was 

enzymatically digested by incubating at 37˚C for 30 minutes with 0.3% trypsin (Sigma-Aldrich; St. Louis, 

MO, USA). The reaction was stopped by the addition of fetal calf serum (FCS). Cells were washed and 

taken up in complete deficient medium (dDMEM; DMEM without phenol with 10% FCS and 1% P/S) and 

triturated through a 70 µm mesh filter. NSCs were selected by a five-step discontinuous density gradient 

separation. 100% standard isotonic Percoll (SIP, 9 parts Percoll, GE Healthcare, Auckland, New Zealand, 

with 1 part 10x PBS pH 4.6) was diluted to 50, 40, 30, 20 and 10% with dDMEM and these dilutions were 

Page 8 of 54

John Wiley & Sons, Inc.

GLIA



8 

 

layered starting with the highest concentration at the bottom and the cells on top. After centrifugation, 

the cells at the 30/40% SIP interphase were collected and grown at 37˚C, 5% CO2 in proliferative medium 

(DMEM/HAM F10 (1:1) supplemented with 2% B27 (50x), 20 ng/ml EGF, 20 ng/ml bFGF (all from Gibco, 

Thermo Fisher Scientific, Waltham, MA, USA), 1% P/S). Medium with EGF and bFGF was refreshed every 

2-3 days. For transfection and differentiation experiments, NSCs were re-plated on laminin (10 µg/ml, 

Sigma-Aldrich). For differentiation of NSCs, medium was replaced by DMEM/HAM F10 (1:1) with 1% P/S 

and 5% FCS. To quantify differentiation, βIII-tubulin positive cells were counted , and the number of 4',6-

diamidino-2-phenylindole (DAPI) positive nuclei was determined with particle analysis (both with ImageJ 

1.44p, National Institutes of Health, Bethesda, MD, USA). 

 

Transfection and stimulation of cell cultures 

 

Cells were transfected with mimic pre-miRNA for miR146a or miR147b (mirVana miRNA mimics, Applied 

Biosystems, Carlsbad, CA, USA) for 24 hours as described previously (van Scheppingen et al. 2016b). 

Astrocyte cultures were stimulated with human recombinant (r)IL-1 β (10 ng/ml; Peprotech, Rocky Hill, 

NJ, USA) or lipopolysaccharide (LPS; 100 ng/ml; Sigma, St. Louis, MO, USA) for 24 hours. Viability of 

human cell cultures was not influenced by the treatments  (as shown previously; (van Scheppingen et al. 

2016a)). To examine the effect of the IκB kinase-2 (IKK-2) inhibitor TPCA-1 in astrocyte cultures, 

treatment with 1 or 5 µM TPCA-1 (Selleck Chemicals, Munich, Germany) in DMSO (0.05% final DMSO 

concentration) was started 1 hour before stimulation with IL-1β was initialized, and treatment was 

continued during stimulation.  

 

RNA isolation  
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For RNA isolation, cell culture or fresh brain tissue was homogenized in Qiazol Lysis Reagent (Qiagen 

Benelux, Venlo, The Netherlands). Total RNA was isolated using the miRNeasy Mini kit (Qiagen Benelux, 

Venlo, The Netherlands) according to manufacturer’s instructions. The concentration and purity of RNA 

were determined at 260/280 nm using a NanoDrop 2000 spectrophotometer (Ocean Optics, Dunedin, FL, 

USA).  

 

RNA-Sequencing 

 

RNA-Sequencing (RNA-Seq) was performed on control and IL-1β stimulated fetal astrocytes (n = 5 

donors). Two different RNA-Seq techniques were used; mRNA-Seq to identify transcripts of ~180 

nucleotides in length and longer, and small RNA-Seq to identify transcripts shorter than ~50 nucleotides. 

Library preparation and sequencing was completed by GenomeScan (Leiden, the Netherlands) as 

described previously (Mills et al. 2017).  

 

Bioinformatics analysis of small RNA and mRNA-Seq data 

 

mRNA-Seq data was analyzed as previously described (Mills et al. 2017). For small RNA-Seq, read quality 

was assessed using FastQC v0.11.2 software (Babraham Institute, Cambridgeshire, UK) and Trimmomatic 

v0.36 was used to filter reads of low quality (Bolger et al. 2014). See supplementary material for details. 

 

Gene ontology and pathway enrichment analysis 

 

The Database for Annotation, Visualization and Integrated Discovery (DAVID) version 6.8 (http://david-

d.ncifcrf.gov) was used to test DEGs for gene ontology (GO) and pathway enrichment (Huang da et al. 
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2009). GO terms and pathways with a Benjamini-Hochberg corrected p-value<0.05 were considered 

enriched. The enriched pathway list produced by DAVID, was processed using Cytoscape 

(http://www.cytoscape.org/) to produce a visual output of the text-based pathway list (Cline et al. 2007). 

 

Real-time quantitative PCR and ELISA 

 

Expression of miR146a, miR147b, and the reference genes miR23a (for extracellular miRNA) and the 

small-nucleolar RNAs RNU6B and RNU44 (for cellular miRNA) was analyzed using Taqman MicroRNA 

assays (Applied Biosystems, Foster City, CA, USA). cDNA was generated using Taqman MicroRNA reverse 

transcription kit (Applied Biosystems, Foster City, CA, USA). mRNA expression was evaluated as described 

previously (van Scheppingen et al. 2016b), using EF1A and C1orf43 as reference genes. 

 Levels of IL-6 were measured in culture supernatants using the PeliKine Compact
TM

 IL-6 ELISA kit 

(Sanquin, Amsterdam, the Netherlands) according to the manufacturer's instructions. 

 

Immunocytochemistry 

 

Immunocytochemistry on cells was performed as described previously (van Scheppingen et al. 2016a) 

using the following primary antibodies: Ki67 (clone MIB-1, monoclonal mouse, DAKO, Glostrup, 

Denmark, 1:200); βIII-tubulin/Tuj1 (monoclonal mouse, Neuromics, Edina, MN, USA, 1:6000); Glial 

fibrillary acidic protein (GFAP, polyclonal rabbit, DAKO, 1:2000); SRY (sex determining region Y)-box 2 

(SOX2, polyclonal rabbit, Millipore, Darmstadt, Germany, 1:1000); Nestin (monoclonal mouse, R&D, 

Minneapolis, MN, USA, 1:500) and the following secondary antibodies or counterstaining: Alexa Fluor® 

488 donkey-anti-mouse antibody (Invitrogen, Eugene, OR, USA, 1:200); Alexa Fluor® 568 goat-anti-rabbit 

antibody (Invitrogen, 1:200); Alexa Fluor® 594 Phalloidin (Life Technologies, 1:200, Eugene, OR, USA). 
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Coverslips were mounted with Vectashield with DAPI (H-1200, Vector Laboratories Inc., Burlingame, CA, 

USA). Fluorescent microscopy was performed using Leica Confocal Microscope TSC SP-8X (Leica, Son, the 

Netherlands). 

 

Proliferation assay 

 

Proliferation of cell cultures was determined 72 hours after start of transfection by cell cycle flow 

cytometric analysis and Ki67 staining. Ki67 positive cells and the total number of DAPI-stained nuclei 

were manually counted with ImageJ (1.44p, National Institutes of Health, Bethesda, MD, USA). For each 

culture, conditions were plated in triplicate and fifteen fields per coverslip, with on average 1100-1300 

cells per condition, were counted using a 20x magnification objective. Staining was evaluated with a 

Leica DM5000B fluorescence microscope equipped with a Leica DFC 500 camera and Leica Application 

Suite X software (Leica Microsystems CMS GmbH, version 1.5.1, Wetzlar, Germany). The number of Ki67 

positive cells was compared with the number of DAPI nuclei to determine the percentage of proliferating 

cells.  

For flow cytometric cell cycle analysis, cells were suspended in PBS/1% BSA and stained with 

Fixable Viability Dye eFluor® 780 (eBioscience, San Diego, CA, USA) on ice for 30 minutes. After fixation 

with 100% ethanol, cells were incubated with Propidium Iodide (1:100, Life Technologies) and RNAse A 

(1 g/ml used 1:1000, Sigma-Aldrich) in PBS for 10 minutes at 37˚C. Flow cytometric analysis of stained 

cells was performed using a FACSCanto Flow Cytometer equipped with FACSDiva software (BD 

Biosciences, San Jose, CA, USA) and data analysis was performed using FlowJo 7.6 (FlowJo LLC, Ashland, 

OR, USA). Viable cells showing a DNA content between G1 and G2 (S-phase) were selected as 

proliferative population.  
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Human material 

 

The cases included in this study were obtained from the archives of the departments of neuropathology 

of the AMC, the UMCU, VU Medical Center Amsterdam (The Netherlands), Motol University Hospital 

(Prague, Czech Republic) and Medical University Vienna (Austria). We evaluated 22 TSC and 16 TLE-HS 

patients from whom we obtained anatomically well preserved epileptogenic brain tissue and sufficient 

clinical data (TSC: 19 surgical specimens and 3 autopsy specimens; mean age at resection = 16.7 years; 

standard deviation (SD)= ± 14.46 years; range = 0.83-47 years; localization: 15 frontal, 6 temporal, 1 

parietal; 12 males, 10 females; TSC1/TSC2 mutation status 5/17; mean duration of epilepsy: 13.7 ± 12.7 

years; seizures >5/day. TLE-HS: 16 surgical specimens, mean age at resection = 39 years ± 12 years; range 

= 24-66 years; localization: hippocampal; 9 males, 7 females; mean duration of epilepsy: 20 ± 12 years; 

seizures: 13/month). The age- and localization-matched control group consisted of 31 autopsy cases of 

which 17 cortex (male/female: 7/10; years/range: 0.2-48; frontal:/temporal/parietal: 9/7/1) and 14 

hippocampal (male/female: 9/5; years/range: 25-86). None of these patients had a history of seizures or 

other neurological diseases. Tissue was obtained and used in accordance with the Declaration of Helsinki 

and the AMC Research Code provided by the Medical Ethics Committee. The local ethical committees of 

all participating centers gave permission to undertake the study. 

 

In situ hybridization 

 

In situ hybridization (ISH) for miR147b was performed on 5 µm thick tissue sections using a double 

digoxygenin (DIG)-labeled probe (with LNA modification every third nucleotide, Exiqon, Vedbaek, 

Denmark) as described previously (van Scheppingen et al. 2016b).  
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Statistical analysis  

 

Statistical analysis of cell culture experiments was performed with GraphPad Prism® software (Graphpad 

software Inc., La Jolla, CA, USA) using the non-parametric Mann-Whitney U test or, for multiple groups, 

the non-parametric Kruskall-Wallis test with correction for multiple comparisons (Dunn’s method). 

Correlations were assessed with SPSS (IBM Corp., Armonk, NY, USA) using the Spearman’s rank 

correlation test. P<0.05 was assumed to indicate a significant difference.   
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Results 

 

Small RNA-Sequencing 

 

To explore changes in small non-coding RNA expression in astrocytes after IL-1β-stimulation, small RNA-

Seq was carried out on control and IL-1β stimulated fetal astrocyte cultures. Each sequencing run 

produced ~11 million paired-end reads per sample. After quality assessment and filtering, ~7.5 million 

paired-end reads remained for each sample, of which ~65% were mapped to the genomic locations of 

various small RNA species. The expression of 881 small RNAs species across the control and IL-1β 

stimulated cultures was detected, this included 518 miRNAs and 295 small nucleolar RNAs. Of these 881 

small RNAs, two miRNAs, miR147b and miR146a, were identified as differentially expressed and up-

regulated 3.78-fold (adjusted p-value<0.033) and 5.35-fold (adjusted p-value<0.0008), respectively, in IL-

1β stimulated cultures (Fig 1A).  

 

mRNA-Sequencing 

 

mRNA-Seq was carried out on the same set of samples that underwent small RNA-Seq. Each sample was 

sequenced to the depth of ~21 million paired-end reads. Overall ~16 million passed quality assessment 

and filtering, of which ~84% were concordantly mapped to the human reference genome GRCh38. 

Overall, there were 79 differentially expressed genes (DEGs); 71 genes were up-regulated in IL-1β 

stimulated cultures (adjusted p-value<0.05), while 8 were down-regulated after IL-1β stimulation 

(adjusted p-value<0.05, Fig 1B, Supp. Table 2).  

A GO enrichment analysis of the 79 DEGs revealed 16 significantly enriched GO terms (adjusted 

p-value<0.05) across the categories biological process, cellular compartment and molecular function (Fig 
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1C, Table 1).  The subsequent pathway enrichment analysis identified enriched pathways related to 

immune response and inflammation, including cytokine-cytokine receptor interaction and numerous 

viral infection pathways (Fig 1D, Table 2). 

Positive and negative correlations were calculated between miR147b and the DEGs. The 

strongest correlation seen was between the expression of miR147b and the expression of C15orf48 (ρ = 

0.96, p<0.0001, Supp. Fig 1). On closer inspection of the C15orf48 locus, it was found that the pre-miRNA 

of miR147b is transcribed from a region within the 3’ UTR of C15orf48. C15orf48 was up-regulated 30-

fold in IL-1β stimulated cultures (adjusted p-value<0.02).  

 

miR147b and inflammatory mediators in fetal astrocyte cell cultures 

 

In order to validate miRNA sequencing results, fetal astrocyte cultures were stimulated with IL-1β, and 

miR147b expression was evaluated at different time points. miR147b was up-regulated after IL-1β 

stimulation with peak expression at 30 hours (p<0.0001, Fig 2A), but not after stimulation with LPS. 

miR147b could not be detected extracellularly. Previously, we showed that miR146a expression was 

increased after IL-1β stimulation (van Scheppingen et al. 2016b). Pre-treatment with TPCA-1 dose-

dependently reversed the up-regulation of miR146a (p<0.0001 for both 1 and 5 µM TPCA-1) and 

miR147b (p=0.0315 for 5 µM TPCA-1) after IL-1β stimulation (Fig 2B).  

In order to examine the functional role of miR147b in astrocytes, cells were transfected with 

miR147b mimic, which led to an increase of expression as determined with qPCR (p<0.0001). miR147b 

overexpression led to reduced interleukin 6 (IL-6) and cyclooxygenase-2 (COX-2) mRNA expression levels 

after IL-1β stimulation by approximately 71 and 79%, respectively (p=0.0002 and p<0.0001 respectively, 

Fig 2C). IL-6 mRNA levels were also reduced by miR147b mimic under basal conditions, without IL-1β 

stimulation (p=0.0002). Transfection with miR147b mimic also reduced complement component 3 (C3) 
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by approximately 35% (p<0.0001). Enzyme-Linked Immuno Sorbent Assay (ELISA) showed reduced IL-6 

on protein level after transfection with miR147b mimic, both under basal conditions and after 

stimulation with IL-1β (p<0.0001, Fig 2D). After consultation of the online databases mirDB, targetScan 

and DIANA tools and based on previous literature (Chatterjee et al. 2014), disintegrin and 

metalloproteinase domain-containing protein 15 (ADAM15), DEP domain-containing mTOR-interacting 

protein (DEPTOR) and interleukin 32 (IL-32) were selected as potential targets for further investigation. 

Of both DEPTOR and ADAM15 mRNA levels were reduced after miR147b overexpression (p<0.0001 and 

p=0.0004 respectively, Fig 2E), both under basal and inflammatory conditions. IL-32 showed a trend 

towards reduced expression (data not shown).  

 

Altered proliferation rate after miRNA mimic transfection 

 

Fetal astrocyte proliferation was decreased after transfection with miR146a (p=0.0022) and miR147b 

mimics (p=0.0022), as determined by Ki67 staining (Fig 3 A and B). Flow cytometric analysis of PI staining 

confirmed these results, as the percentage of cells in the S-phase was decreased after transfection with 

either miR146a (p=0.0043) or miR147b mimic (p=0.015, Fig 3C).  

 

Altered neural stem cell differentiation after miRNA transfection 

 

NSCs were grown in floating conditions and secondary cultures could be generated after dissociation (Fig 

4 A and B). NSCs were positive for stem cell markers Nestin and SOX-2 and gained positivity for neuronal 

or astrocytic markers (βIII-tubulin and GFAP, respectively) after differentiation for 7 or 14 days (Fig 4 C-

O). 
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The effects of miR146a and miR147b on neuronal versus astroglial cell fate differentiation in 

NSCs was investigated using staining for βIII-tubulin and GFAP. The βIII-tubulin/total cell count ratio was 

increased after transfection with miR146a (p=0.0043) and miR147b mimics (p=0.0022, Fig 5 A-M). In 

order to elucidate possible mechanisms, mRNA expression levels of several potential targets were 

examined (Fig 5 N-O). Transfection with miR146a mimic led to decreased expression of Notch homolog 

1, translocation-associated protein (NOTCH1, p=0.0260), miR147b mimic transfection decreased the 

expression of both NOTCH1 (p=0.0152,) and Janus kinase 2 (JAK2, p=0.0173). We also examined 

expression levels of the pro-neurogenesis signaling components brain-derived neurotrophic factor, 

paired box protein Pax-6 and sex determining region Y-box 4, which were predicted to be regulated by 

miR147b. However, the expression of these genes was not altered (data not shown). 

 

miR147b expression in tuberous sclerosis complex cortical tubers and temporal lobe epilepsy with 

hippocampal sclerosis  

 

Expression and localization of miR147b in TSC and TLE-HS brain tissue was examined with qPCR of fresh 

brain tissue and ISH (Fig 6 A-H), respectively. miR147b expression was increased 3.5-fold in TLE-HS 

(p<0.0001, Supp. Fig 2), and in a subset of TSC tuber homogenates (n=4 out of 16, ranging from 2.1-4.2-

fold increase, Supp. Fig 2). ISH showed neuronal expression of miR147b in control cortex and 

hippocampus. In TSC cortex miR147b expression was localized in dysmorphic neurons, giant cells and 

astrocytes in the tuber (co-localization with GFAP is depicted in inset in D), and in perituberal neurons. 

miR147b expression was evident in TSC white matter astrocytes and giant cells whereas in control white 

matter miR147b was not detected. In TLE-HS hippocampus, increased expression of miR147b was 

observed in remaining neurons and reactive astrocytes (co-localization with GFAP is depicted in inset in 

H) within sclerotic areas with gliosis.  
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miR147b and inflammatory mediators in tuberous sclerosis complex cortical tuber cell cultures 

 

To validate the findings from fetal astrocytes, TSC cell cultures were transfected with miR147b mimic. 

miR147b overexpression during IL-1β stimulation led to reduced IL-6 and COX-2 mRNA expression levels 

by approximately 31 and 28%, respectively (p=0.0022 and p<0.0043 respectively, Fig 6 I-J). There was a 

trend towards reduced C3 expression after transfection with miR147b mimic (p=0.0931, Fig 6K). 
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Discussion 

 

We aimed to identify which miRNAs are produced by fetal human astrocytes during inflammatory 

conditions in vitro, in order to find miRNAs that could be a therapeutic target. We identified miR146a 

and miR147b to be differentially expressed in fetal astrocytes after IL-1β stimulation, which was 

associated with increased expression of genes related to immune response and inflammation. 

Overexpression of miR147b reduced the expression of the pro-inflammatory mediators IL-6 and COX-2 

after IL-1β stimulation. Transfection of cell cultures with miR146a and miR147b mimics decreased 

proliferation of fetal astrocytes and promoted neuronal differentiation of NSCs. ISH showed increased 

expression of miR147b in astrocytes in resected brain tissue from patients with TLE-HS and TSC, as 

compared to controls.   

 

Increased expression of miR146a and miR147b in fetal astrocytes after IL-1β stimulation 

 

Sequencing analysis identified miR146a and miR147b as the two main miRNAs involved in IL-1β 

mediated inflammation in fetal astrocytes. miR146a was previously described in relation to epilepsy and 

inflammation in astrocytes (Aronica et al. 2010; Gorter et al. 2014; Iyer et al. 2012; van Scheppingen et 

al. 2016b). miR147b, however, has been described in endothelial cells (Chatterjee et al. 2014), 

macrophages (Liu et al. 2009) and different types of cancer (Lee et al. 2014; Omrane et al. 2014; Zhang et 

al. 2016), but has not been described in the epileptogenic brain. mRNA-sequencing identified several GO 

terms enriched after IL-1β stimulation of fetal astrocytes, related to immune response and inflammatory 

signaling. Correspondingly, the pathway enrichment analysis showed up-regulation of specific pathways 

related to inflammation like the NF-κB and TNF signaling pathway, confirming the activation of the 

targeted pathways by IL-1β stimulation. By inhibiting the NF-κB pathway in these cultures using TPCA-1, 
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an inhibitor of both the IκB kinase-2 (IKK-2), which plays a crucial role NF-κB-regulated production of pro-

inflammatory molecules (Podolin et al. 2005), and STAT3, which is also implicated in regulation of IL-6 

and COX-2 transcripts (Nan et al. 2014), we confirmed the specific involvement of this pathway in the up-

regulation of miR146a and miR147b after stimulation with IL-1β. Finally, mRNA-seq analysis also showed 

a strong positive correlation between the expression of miR147b and the expression of C15orf48, which 

is also known as NMES1 (Liu et al. 2009). The pre-miRNA of miR147b is transcribed from a region within 

the 3’ UTR of C15orf48, and since little is known about C15orf48, its strong up-regulation, co-expression 

and relation to miR147b may warrant further investigation for its role in inflammation.  

miR147b mimic acts both under inflammatory and basal conditions on a disintegrin and 

metalloproteinase15 (ADAM15), which contributes to blood-brain barrier dysfunction and inflammation 

by increasing vascular permeability and leukocyte migration (Sun et al. 2012). It was previously shown 

that ADAM15 was targeted by miR147b in human vascular endothelial cells, hereby attenuating albumin 

passage across endothelial monolayers in vitro (Chatterjee et al. 2014). Thus, the upregulation of 

miR147b under inflammatory conditions may serve as protective mechanism restoring blood-brain 

barrier dysfunction. This may be highly beneficial in the epileptogenic brain, as blood-brain barrier 

dysfunction may contribute to progression of epilepsy (van Vliet et al. 2007).  

miR147b overexpression decreased the level of DEPTOR, a mTOR-interacting protein (Peterson 

et al. 2009), which is activated in both human and experimental epileptogenic brain (Baulac 2016; Citraro 

et al. 2016; van Vliet et al. 2012). Interestingly, DEPTOR is involved in negative regulation of the mTOR 

pathway, by inhibiting mTORC1 signaling (Peterson et al. 2009). In the same study, reduction of DEPTOR 

was also associated with apoptosis and activation of PI3K signaling leading to increased proliferation, 

however, under our experimental conditions, we did not observe any of these effects. Recent studies 

suggest also direct inhibitory effects of miR147b on Akt and mTOR activation (Lee et al. 2014; Zhang et 

al. 2016) that deservers further investigation. 
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miR147b reduces pro-inflammatory mediators 

 

We found that artificial overexpression of miR147b during inflammatory conditions in fetal astrocyte and 

TSC cell cultures led to decreased expression of pro-inflammatory cytokines IL-6 and COX-2 and 

complement component 3 (C3). IL-6 and COX-2 have been reported to be associated with astrogliosis in 

different pathological conditions (Desjardins et al. 2003) and are highly up-regulated in astrocytes after 

stimulation with IL-1β (Iyer et al. 2012). C3 was recently indicated as one of the most characteristic and 

highly up-regulated genes in human A1 astrocytes, which are defined as harmful reactive astrocytes that 

up-regulate classical complement cascade genes and are often found in brain regions associated with 

disease (Liddelow et al. 2017). Downregulation of C3 might indicate either a decrease in reactivity of the 

astrocytes or a shift towards the more protective A2 type astrocyte (Liddelow et al. 2017). Thus, 

miR147b seems to act like a negative regulator of IL-1β induced inflammation, similar to what has been 

observed for miR146a (van Scheppingen et al. 2016b). In mouse macrophages, it was reported that 

miR147, the murine homolog for miR147b, was up-regulated after Toll-like receptor 4 (TLR4) activation 

by LPS, acting as a negative regulator of the macrophage inflammatory response (Liu et al. 2009). In 

these cultures, miR147b mimic transfection decreased levels of TNF-α and IL-6 under inflammatory 

conditions, indicating similar functions of this miRNA in various cell types.  

 

miR146a and miR147b decrease proliferation and promote neuronal differentiation  

 

Other than expressing inflammatory cytokines, severe reactive astrogliosis is also associated with other 

classical hallmarks like increased proliferation and aberrant generation of astrocytes (Sofroniew and 

Vinters 2010). This is found in the human epileptogenic brain as well as in experimental epilepsy models. 
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This is illustrated in an astrocyte-specific conditional TSC1 knockout mouse model with spontaneous 

seizures in which the onset of seizures is concordant with increased astrocytic proliferation (Ortinski et 

al. 2010; Uhlmann et al. 2002). Also, in vitro astrocyte proliferation was found to be increased after 

treatment with IL-1β (Cui et al. 2011). We found that miR146a and miR147b overexpression decreased 

the proliferation rate of fetal astrocyte cultures. Our results for miR146a are in line with previous studies 

showing that infection of murine astrocytes with miR146a-overexpressing lentivirus inhibited 

proliferation (Mei et al. 2011; Nguyen et al. 2016). For miR147b, similar effects are observed in colon 

cancer cells (Lee et al. 2014) and in a human breast adenocarcinoma cell line, in which overexpression of 

miR147 led to suppression of proliferation by inhibition of Akt/mTOR signaling (Zhang et al. 2016).  

Astrocytes are generated from NSCs, where tight regulation of differentiation is critical for the 

generation of a balanced number of astrocytes and neurons (Kanski et al. 2014). It was recently reported 

that neuronal hyperexcitability as seen in epilepsy increases the aberrant generation of astrocytes from 

NSCs (Sierra et al. 2015). We found that overexpression of miR147b or miR146a induced neuronal 

differentiation of NSCs derived from fetal brain. Therefore, miR146a and miR147b might have beneficial 

effects in astrogliosis and scar formation in several pathologies. In order to find targets concerning NSC 

cell fate decision, we examined multiple targets in two important signaling pathways that instruct 

astrogenesis: the JAK/STAT pathway and Notch signaling. Inhibition of these pathways would inhibit 

astrogenesis and promote neurogenesis (Kanski et al. 2014), and indeed, we found targeting of Notch 

signaling by both miR146a and miR147b, by modulation of NOTCH1. NOTCH1 targeting by miR146a was 

previously reported in human glioma development and neural stem cell proliferation and differentiation 

(Mei et al. 2011). miR147b was not predicted to target NOTCH1 by prediction models, however the 

sequence of miR147b maps on the 3’ untranslated region (UTR) of NOTCH1 (miR147b nucleotide 1-7 

maps on NOTCH1 nucleotide 52-58, and nucleotide miR147b nucleotide 3-10 maps to NOTCH1 

nucleotide 569-562). miR147b also decreased JAK2, hereby also targeting the JAK/STAT pathway. This 
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could explain why the neuronal fraction is even more increased in differentiated cultures transfected 

with miR147b mimic.  

 

miR146a and miR147b are expressed in astrocytes in tuberous sclerosis complex and temporal lobe 

epilepsy 

  

The expression and localization of miR146a has been investigated in our previous studies in TSC (van 

Scheppingen et al. 2016b), a developmental dysregulation of cortical development, and in TLE-HS 

(Aronica et al. 2010), in which increased expression of various inflammatory mediators, including IL-1β 

and gliosis are evident (Vezzani et al. 2011). These studies showed that miR146a was up-regulated in 

epileptogenic areas where gliosis occurred, and expression was mainly found in reactive astrocytes. We 

investigated the expression of miR147b in TSC and TLE-HS, and in both pathologies an astrocyte-specific 

up-regulation of miR147b was observed, confirming the findings in fetal astrocytes after IL-1β 

stimulation. Expression was also found in giant cells in TSC tubers, which are involved in induction of 

inflammation in TSC (Boer et al. 2008). Moreover, we cannot exclude that miR147b expression could 

contribute to the mixed glioneuronal phenotype of these cells. The fact that the expression of miR147 

was increased in two different pathologies, both associated with epilepsy, suggests that the occurrence 

of seizures is a critical factor.  However, this needs to be further investigated. Both in control and 

epileptogenic brain, miR147b was expressed in neurons, indicating possible roles in metabolism, cell 

growth and synaptic development. Further research would be needed in order to clarify this.  

 

miR147b as possible therapeutic target 
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Recently, the potential of miR146a to inhibit inflammation in astrocytes was tested in vivo (Iori et al. 

2017). In this study, miR146a mimic injections in the kainic acid mouse model of TLE inhibited IL-

1R1/TLR4 signaling, resulting in arrest of epilepsy progression and an 80% reduction in spontaneous 

chronic seizures. This is particularly interesting, since this indicates disease modification in epilepsy using 

a transiently applied miRNA treatment after disease onset. Since miR147b shows a comparable 

expression pattern in human epileptogenic brain as well as functional effects in vitro, and even a more 

effective modulation of neural stem cell fate decision targeting both NOTCH1 and JAK2, it is worthwhile 

to investigate the effects of miR147b administration in vivo in a similar experimental setup. So far, 

current antiepileptic drugs provide only symptomatic control of seizures and do not modify 

epileptogenesis (Weaver and Pohlmann-Eden 2013). Administrating miR147b may be a novel approach 

to modulate inflammatory pathways underlying epileptogenic pathologies and decrease the generation 

of reactive astrocytes, hereby targeting mechanisms underlying disease development.  

 

Conclusion 

 

Taken together, using small RNA-sequencing, we found miR147b and miR146a as main miRNAs involved 

in IL-1β-associated inflammation in fetal human astrocyte cultures and both are up-regulated under 

inflammatory conditions in astrocyte cultures, as well as in the human epileptogenic brain. Since 

miR147b is capable of providing negative feedback on inflammatory signaling and reducing aberrant 

proliferation and generation of astrocytes, miR147b deserves further investigation as potential 

therapeutic agent in neurological disorders associated with inflammation, such as TLE-HS and TSC. 
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Figure legends 

FIGURE 1: Differentially expressed small RNAs and mRNAs as identified from RNA-Seq. A Volcano plot of 

differentially expressed small RNAs as identified from small RNA-Seq. Across both the controls and IL-1β 

stimulated fetal human astrocyte cultures there were 881 expressed small RNAs. Of these only miR146a-

5p and miR147b were differentially expressed. miR147b was up-regulated 3.78-fold in the IL-1β 

stimulated cultures (adjusted p-value<0.033), while miR146a-5p was up-regulated 5.35-fold in the IL-1β 

stimulated cultures (adjusted p-value<0.0008). B Volcano plot of differentially expressed mRNAs as 

identified from mRNA-Seq. Volcano plot showing the differential expressed genes between the control 

cultures and IL-1β stimulated cultures. 71 genes were up-regulated in the IL-1β stimulated cultures 

(adjusted p-value<0.05, fold-change>2), and 8 genes were down-regulated (adjusted p-value<0.05, fold-

change<-2). C Enriched gene ontology terms derived from the differentially expressed gene lists. 16 GO 

terms were identified as enriched (Benjamini-Hochberg corrected p-value<0.05). Each enriched GO term 

is listed on the y-axis, the x-axis is the log10(1/adjusted p-value), n is equal to the number of the DEGs in 

each gene ontology terms. D Enrichment map of enriched pathways derived from the differentially 

expressed gene lists. 12 pathways were considered enriched (Benjamini-Hochberg corrected p-

value<0.05). Each node represents a pathway, the size of the node reflects the statistical significance of 

each pathway. The larger the node the smaller the adjusted p-value e.g. TNF signaling pathway was 

statistically more significant than the retinoic acid-inducible gene I (RIG-I)-like receptor signaling 

pathway. The edge connection between nodes represents the similarity between the genes list of each 

pathway, the thicker the edge the more similar the gene lists. 
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FIGURE 2: miR147b decreases inflammation in astrocytes. Quantitative real-time PCR of miRNA or mRNA 

expression (A-C, E) and ELISA analysis of protein levels (D) in fetal human astrocyte cultures. A 

Astrocytes were treated with IL-1β (10 ng/ml) or LPS (100 ng/ml)  for 1, 6, 24, 30 and 48 hours. miR147b 

was up-regulated after stimulation with IL-1β with peak expression at 30 hours. B TPCA-1 decreased both 

miR146a and miR147b expression. C-E Astrocytes were transfected for 24 hours with miR147b mimic (50 

nM) followed by 24 hours of IL-1β stimulation. miR147b mimic decreased the mRNA levels of pro-

inflammatory markers IL-6 and COX-2 and reactivity marker C3 (C), and the level of IL-6 in culture 

supernatants (D). E miR147b mimic decreased the mRNA levels of predicted targets DEPTOR and 

ADAM15. Experiments were performed in triplicate and data are mean ± SEM. *p<0.05, **p<0.01, 

***p<0.001 compared to control, Kruskall-Wallis with Dunn’s post-hoc test (A) and Mann Whitney U test 

(B-E). 
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FIGURE 3: Proliferation of astrocytes after transfection with miR146a and miR147b mimics. Fetal human 

astrocytes were transfected for 24 hours with miRNA mimic (50 nM) and after a total of three days 

stained with anti-Ki67 antibody (A and B) or propidium iodine (PI, C). A Representative Ki67 staining in 

control cells and cells treated with miR146a or miR147b mimic. B Quantification of Ki67 staining showed 

decreased proliferation after miR146a and miR147b mimic transfection compared to control. C Both 

miR146a and miR147b mimic transfected cells showed lesser cells in the S-phase compared to control 

cells. Data are expressed relative to the levels observed in cells treated with transfection reagent only 

and are mean ± SEM of two experiments from two donors performed in triplicate. Cells in A were 

counterstained with phalloidin (actin filaments; red) and diamidino-2-phenylindole, DAPI (nuclei; blue). 

Scale bar in A: 50 µM. *p<0.05, **p<0.01 compared to control, Mann Whitney U test. 
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FIGURE 4: Culturing and differentiation of fetal neural stem cells (NSCs). Phase contrast pictures of live 

cells in culture and confocal images of fixed and immunostained cells. A and B NSCs were grown in 

floating conditions where they formed clusters of cells (A) and secondary cultures could be formed 

after dissociation and re-plating (B). C NSCs expressed stem cell markers Nestin and SOX2. D-G 

Expression of GFAP and βIII-tubulin was low in NSCs. H-O After differentiation with 5% FCS for 7 or 14 

days, strong immunoreactivity for βIII-tubulin and GFAP was visible. Scale bar in B: 100 µm (A-B); scale 

bar in C, N, O: 50 µm (C-O). 
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FIGURE 5: Differentiation of fetal neural stem cells (NSCs) after transfection with miR146a and miR147b 

mimics. NSCs were transfected with miRNA mimic (50 nM) for 24 hours, followed by 7 days of 

differentiation. A-L Confocal images of fixed and immunostained cells and phase contrast pictures of live 

cells in culture. Cells were stained for βIII-tubulin, GFAP and counterstained with DAPI. The βIII-tubulin-

positive cells and DAPI nuclei were quantified. M The βIII-tubulin/DAPI ratio was increased after 

transfection with miR146a or miR147b mimics. N and O Quantitative real-time PCR of target mRNA 

expression in NSC cultures 48 hours after initiation of differentiation. N NOTCH1 expression was 

decreased after transfection with miR146a or miR147b mimics. O miR147b mimic decreased the 

expression of JAK2. Scale bar in K and L: 50 µM. Experiments in I-K were performed in triplicate in 

cultures from three separate donors and data are mean ± SEM. *p<0.05, **p<0.01 compared to control, 

Mann Whitney U test. 
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FIGURE 6: miR147b expression in tuberous sclerosis complex (TSC) cortical tubers and temporal lobe 

epilepsy with hippocampal sclerosis (TLE-HS), and modulation of inflammation by miR147b in TSC 

cortical tuber cell cultures. A-H In situ hybridization of miR147b expression in TSC, TLE-HS and control 

brain tissue. In control cortex, miR147b expression is only visible in neurons in the gray matter (GM, 

arrows in A), with no expression in the white matter (WM, C). In TSC tubers, besides expression in 

dysmorphic neurons and giant cells (arrows in B and D), miR147b is also visible in astrocytes (arrow 

heads, B and D). Inset in D shows co-localization of miR147b with GFAP in the tuber. In control 

hippocampus, miR147b is expressed by neurons (E, G), whereas in TLE-HS expression is also localized in 

astrocytes (arrowheads in F and H) besides neurons (arrows in F and H). Inset in H shows co-localization 

of miR147b with GFAP in the hilus. I-K Quantitative real-time PCR of mRNA expression in TSC cell 

cultures. TSC cells were transfected for 24 hours with miR147b mimic (50 nM) followed by 24 hours of IL-

1β stimulation (10 ng/ml). miR147b mimic decreased the mRNA levels of pro-inflammatory cytokines IL-6 

(I) and COX-2 (J), complement component 3 (C3) showed a trend towards decreased expression (K). 

Scale bar in H: 100 µm, in inset: 25 µm. ***p<0.001 compared to control, Mann Whitney U test. 

Experiments in I-K were performed in triplicate in cultures from two separate donors and data are mean 

± SEM. **p<0.01, Mann Whitney U test. 
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TABLE 1: Enriched gene ontology (GO) terms and associated differential expressed mRNAs as determined 

by mRNA-sequencing of control and IL-1β stimulated human astrocyte cultures. 

 

Gene 

ontology 

category 

Term ID Gene ontology term Gene 

count  

Genes 

Biological 

Process 

GO:0060337 type I interferon 

signaling pathway 

9 IRF1, IFI6, OAS2, OAS3, IFI35, MX1, ISG15, GBP2, OAS1 

Biological 

Process 

GO:0051607 defense response to 

virus 

10 IRF1, PLSCR1, OAS2, IFI44L, DDX60, OAS3, MX1, ISG15, 

IL6, OAS1 

Biological 

Process 

GO:0006954 inflammatory response 13 CCL20, C3, PLA2G4C, NFKBIZ, TNIP1, RELB, CSF1, PTX3, 

IL6, NFKB2, CXCL8, TNFAIP6, TNFAIP3 

Biological 

Process 

GO:0006955 immune response 13 IL32, CCL20, IFI6, OAS2, LIF, OAS3, C1R, IL6, GBP2, 

CXCL8, C3, IL7R, OAS1 

Biological 

Process 

GO:0045071 negative regulation of 

viral genome 

replication 

6 TNIP1, PLSCR1, OAS3, MX1ISG15, OAS1 

Biological 

Process 

GO:0009615 response to virus 7 OAS2, DDX60, IFI44, OAS3, MX1, IFIH1, OAS1 

Biological 

Process 

GO:0060333 interferon-gamma-

mediated signaling 

pathway 

6 IRF1, OAS2, OAS3, VCAM1, GBP2, OAS1 

Biological 

Process 

GO:0032480 negative regulation of 

type I interferon 

production 

4 UBE2L6, IFIH1, ISG15, TNFAIP3 

Biological 

Process 

GO:0045087 innate immune 

response 

9 DDX60, RELB, CSF1, C1R, APOL1, MX1, IFIH1, NFKB2, 

PTX3 

Biological 

Process 

GO:0045944 positive regulation of 

transcription from RNA 

polymerase II 

promoter 

13 NFKBIA, IRF1, POU2F2, HELZ2, TNIP1, PARK2, PLSCR1, 

LIF, IL11, RELB, NAMPT, NFKB2, IL6 

Biological 

Process 

GO:0046888 negative regulation of 

hormone secretion 

3 LIF, IL11, IL6 

Cellular 

Compart-

ment 

GO:0005615 extracellular space 21 IL32, AKR1B1, CCL20, LIF, IL11, CHI3L2, OAS3, NAMPT, 

ABI3BP, C1QTNF1, C3, PAPPA, TNFAIP2, VCAM1, CSF1, 

APOL1, STC1, IL6, PTX3, CXCL8, TNFAIP6 

Cellular 

Compart-

ment 

GO:0005829 cytosol 25 NFKBIA, AKR1B1, IL32, PLSCR1, UBE2L6, PARK2, OAS2, 

OAS3, AMPD3, NAMPT, ISG15, GBP2, OAS1, IRF1, 

PLA2G4C, HERC6, BIRC3, IFI35, FHIT, GRIP1, RELB, 

MX1, IFIH1, NFKB2, TNFAIP3 

Molecular 

Function 

GO:0001730 2'-5'-oligoadenylate 

synthetase activity 

3 OAS2, OAS3, OAS1 

Molecular 

Function 

GO:0003725 double-stranded RNA 

binding 

5 OAS2, DDX60, OAS3, IFIH1, OAS1 

Molecular 

Function 

GO:0005125 cytokine activity 6 IL32, LIF, CSF1, NAMPT, IL6 
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TABLE 2: Enriched pathway terms and associated differential expressed mRNAs as determined by mRNA-

sequencing of control and IL-1β stimulated human astrocyte cultures. 

 

Pathway Gene 

count 

Genes P value  Adjusted p-

value
a 

hsa04668: TNF signaling 

pathway 

8 NFKBIA, BIRC3, CCL20, LIF, CSF1, VCAM1, IL6, 

TNFAIP3 

7.74E-07 7.97E-05 

hsa04064: NF-kappa B 

signaling pathway 

7 NFKBIA, BIRC3, RELB, VCAM1, NFKB2, CXCL8, 

TNFAIP3 

4.05E-06 1.39E-04 

hsa05162: Measles 8 NFKBIA, OAS2, OAS3, MX1, IFIH1, IL6, 

TNFAIP3, OAS1 

3.58E-06 1.85E-04 

hsa05164: Influenza A 8 NFKBIA, OAS2, OAS3, MX1, IFIH1, IL6, CXCL8, 

OAS1 

2.11E-05 5.43E-04 

hsa05160: Hepatitis C 7 NFKBIA, IRF1, OAS2, OAS3, CLDN1, CXCL8, 

OAS1 

4.66E-05 9.59E-04 

hsa04621: NOD-like receptor 

signaling pathway 

5 NFKBIA, BIRC3, IL6, CXCL8, TNFAIP3 1.57E-04 0.00230227 

hsa05134: Legionellosis 5 NFKBIA, NFKB2, IL6, CXCL8, C3 1.46E-04 0.00249934 

hsa05168: Herpes simplex 

infection 

7 NFKBIA, OAS2, OAS3, IFIH1, IL6, C3, OAS1 2.72E-04 0.00349796 

hsa05133: Pertussis 5 IRF1, C1R, IL6, CXCL8, C3 5.20E-04 0.00592968 

hsa05323: Rheumatoid 

arthritis 

5 CCL20, IL11, CSF1, IL6, CXCL8 9.51E-04 0.00887256 

hsa04060: Cytokine-cytokine 

receptor interaction 

7 CCL20, LIF, CSF1, IL6, CSCL8, IL7R 9.20E-04 0.00943084 

hsa04622: RIG-I-like receptor 

signaling pathway 

4 NFKBIA, IFIH1, ISG15, CXCL8 0.00516713 0.04349202 

a
Benjamini-Hochberg adjusted p-value. 
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FIGURE 1: Differentially expressed small RNAs an mRNAs as identified from RNA-Seq. A Volcano plot of 
differentially expressed small RNAs as identified from small RNA-Seq. Across both the controls and IL-1β 
stimulated cultures there were 881 expressed small RNAs. Of these only miR146a-5p and miR147b were 

differentially expressed. miR147b was up-regulated 3.78-fold in the IL-1β stimulated cultures (adjusted p-
value<0.033), while miR146a-5p was up-regulated 5.35-fold in the IL-1β stimulated cultures (adjusted p-

value<0.0008). B Volcano plot of differentially expressed mRNAs as identified from mRNA-Seq. Volcano plot 
showing the differential expressed genes between the control cultures and IL-1β stimulated cultures. 71 

genes were up-regulated in the IL-1β stimulated cultures (adjusted p-value<0.05, fold-change>2), and 8 
genes were down-regulated (adjusted p-value<0.05, fold-change<-2). C Enriched gene ontology terms 

derived from the differentially expressed gene lists. 16 GO terms were identified as enriched (Benjamini-
Hochberg corrected p-value<0.05). Each enriched GO term is listed on the y-axis, the x-axis is the 

log10(1/adjusted p-value), n is equal to the number of the DEGs in each gene ontology terms. D Enrichment 
map of enriched pathways derived from the differentially expressed gene lists. 12 pathways were considered 
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enriched (Benjamini-Hochberg corrected p-value<0.05). Each node represents a pathway, the size of the 
node reflects the statistical significance of each pathway. The larger the node the smaller the adjusted p-
value e.g. TNF signaling pathway was statistically more significant than the retinoic acid-inducible gene I 

(RIG-I)-like receptor signaling pathway. The edge connection between nodes represents the similarity 
between the genes list of each pathway, the thicker the edge the more similar the gene lists.  
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FIGURE 2: miR147b decreases inflammation in astrocytes. Quantitative real-time PCR of miRNA or mRNA 
expression (A-C, E) and ELISA analysis of protein levels (D) in human astrocyte cultures. A Astrocytes were 
treated with IL-1β (10 ng/ml) or LPS (100 ng/ml)  for 1, 6, 24, 30 and 48 hours. miR147b was up-regulated 

after stimulation with IL-1β with peak expression at 30 hours. B TPCA-1 decreased both miR146a and 
miR147b expression. C-E Astrocytes were transfected for 24 hours with miR147b mimic (50 nM) followed by 
24 hours of IL-1β stimulation. miR147b mimic decreased the mRNA levels of pro-inflammatory markers IL-6 
and COX-2 and reactivity marker C3 (C), and the level of IL-6 in culture supernatants (D). E miR147b mimic 

decreased the mRNA levels of predicted targets DEPTOR and ADAM15. Experiments were performed in 
triplicate and data are mean ± SEM. *p<0.05, **p<0.01, ***p<0.001 compared to control, Kruskall-Wallis 

with Dunn’s post-hoc test (A) and Mann Whitney U test (B-E).  
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FIGURE 3: Proliferation of fetal astrocytes after transfection with miR146a and miR147b mimics. Astrocytes 
were transfected for 24 hours with miRNA mimic (50 nM) and after a total of three days stained with anti-

Ki67 antibody (A and B) or propidium iodine (PI, C). A Representative Ki67 staining in control cells and cells 

treated with miR146a or miR147b mimic. B Quantification of Ki67 staining showed decreased proliferation 
after miR146a and miR147b mimic transfection compared to control. C Both miR146a and miR147b mimic 

transfected cells showed lesser cells in the S-phase compared to control cells. Data are expressed relative to 
the levels observed in cells treated with transfection reagent only and are mean ± SEM of two experiments 
from two donors performed in triplicate. Cells in A were counterstained with phalloidin (actin filaments; red) 
and diamidino-2-phenylindole, DAPI (nuclei; blue). Scale bar in A: 50 µM. *p<0.05, **p<0.01 compared to 

control, Mann Whitney U test.  
 

170x235mm (300 x 300 DPI)  

Page 42 of 54

John Wiley & Sons, Inc.

GLIA



 

 

Page 43 of 54

John Wiley & Sons, Inc.

GLIA



  

 

 

FIGURE 4: Culturing and differentiation of fetal neural stem cells (NSCs). Phase contrast pictures of live cells 
in culture and confocal images of fixed and immunostained cells. A and B NSCs were grown in floating 

conditions where they formed clusters of cells (A) and secondary cultures could be formed after dissociation 

and re-plating (B). C NSCs expressed stem cell markers Nestin and SOX2. D-G Expression of GFAP and βIII-
tubulin was low in NSCs. H-O After differentiation with 5% FCS for 7 or 14 days, strong immunoreactivity for 

βIII-tubulin and GFAP was visible. Scale bar in B: 100 µm (A-B); scale bar in C, N, O: 50 µm (C-O).  
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FIGURE 5: Differentiation of fetal neural stem cells (NSCs) after transfection with miR146a and miR147b 
mimics. NSCs were transfected with miRNA mimic (50 nM) for 24 hours, followed by 7 days of 

differentiation. A-L Confocal images of fixed and immunostained cells and phase contrast pictures of live 

cells in culture. Cells were stained for βIII-tubulin, GFAP and counterstained with DAPI. The βIII-tubulin-
positive cells and DAPI nuclei were quantified. M The βIII-tubulin/DAPI ratio was increased after transfection 

with miR146a or miR147b mimics. N and O Quantitative real-time PCR of target mRNA expression in NSC 
cultures 48 hours after initiation of differentiation. N NOTCH1 expression was decreased after transfection 
with miR146a or miR147b mimics. O miR147b mimic decreased the expression of JAK2. Scale bar in K and 
L: 50 µM. Experiments in I-K were performed in triplicate in cultures from three separate donors and data 

are mean ± SEM. *p<0.05, **p<0.01 compared to control, Mann Whitney U test.  
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FIGURE 6: miR147b expression in tuberous sclerosis complex (TSC) cortical tubers and temporal lobe 
epilepsy with hippocampal sclerosis (TLE-HS), and modulation of inflammation by miR147b in TSC cortical 

tuber cell cultures. A-H In situ hybridization of miR147b expression in TSC, TLE-HS and control brain tissue. 

In control cortex, miR147b expression is only visible in neurons in the gray matter (GM, arrows in A), with 
no expression in the white matter (WM, C). In TSC tubers, besides expression in dysmorphic neurons and 
giant cells (arrows in B and D), miR147b is also visible in astrocytes (arrow heads, B and D). Inset in D 

shows co-localization of miR147b with GFAP in the tuber. In control hippocampus, miR147b is expressed by 
neurons (E, G), whereas in TLE-HS expression is also localized in astrocytes (arrowheads in F and H) besides 

neurons (arrows in F and H). Inset in H shows co-localization of miR147b with GFAP in the hilus. I-K 
Quantitative real-time PCR of mRNA expression in TSC cell cultures. TSC cells were transfected for 24 hours 

with miR147b mimic (50 nM) followed by 24 hours of IL-1β stimulation (10 ng/ml). miR147b mimic 
decreased the mRNA levels of pro-inflammatory cytokines IL-6 (I) and COX-2 (J), complement component 3 

(C3) showed a trend towards decreased expression (K). Scale bar in H: 100 µm, in inset: 25 µm. 
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***p<0.001 compared to control, Mann Whitney U test. Experiments in I-K were performed in triplicate in 
cultures from two separate donors and data are mean ± SEM. **p<0.01, Mann Whitney U test.  
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SUPPLEMENTARY FIGURE 1: Relationship between C15orf48 and miR147b. The genomic location of C15orf48 
and miR147b is shown. Both transcripts are transcribed from the same template strand on chromosome 15. 
The pre-miR147b transcript is harbored within a region that is also transcribed as the 3’ UTR of C15orf48. 

There was a strong correlation between miR147b and C15orf48 expression levels (ρ=0.96, p-value<0.0001, 
Spearman’s rank correlation test). Expression is shown in log2(normalized read-counts+1).  
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SUPPLEMENTARY FIGURE 2: miR147b expression in tuberous sclerosis complex (TSC) cortical tubers and 

temporal lobe epilepsy with hippocampal sclerosis (TLE-HS). Quantitative real-time PCR of fresh frozen brain 

tissue. A miR147b expression levels in TSC tubers (n=16) did not differ to expression in control cortex 

(n=19), however increased levels are observed in a subset of patients. B expression levels in TLE-HS (n=16) 

were increased compared to control hippocampus (n=14).  
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Supplementary Table 1 Primer sequences.  

 Forward primer (5’-3’) Reverse primer (5’-3’) 

IL-6 ctcagccctgagaaaggaga tttcagccatctttggaagg 

COX-2 gaatggggtgatgagcagtt gccactcaagtgttgcacat 

DEPTOR tgagaggacagaggctatatgaaa tgaaggtgcgctcatacttg 

ADAM15 ggcatggccattcagaac aggatgctggtggagtggt 

IL-32 ctctgtctctctcggctgagtat cggccaaaagttcaagga 

EF1A atccacctttgggtcgcttt ccgcaactgtctgtctcatatcac 

C1orf43 gatttccctgggtttccagt attcgactctccagggttca 

NOTCH1 ctgcctgtctgaggtcaatg tcacagtcgcacttgtaccc 

JAK2 caaaaaccaggcgctgaact tgccactgcaataccaacga 

C3 cctgaagatagagggtgacca ccaccacgtcccagatctta 
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Supplementary Table 2 Complete list of differentially expressed mRNAs as determined by mRNA-

sequencing of control and IL-1β stimulated human astrocyte cultures. 

 

Gene Description Location Control 

FPKM 

IL-1β 

FPKM 

Log2(Fold 

Change) 

p-value Adjusted 

p-value
a 

CCL20 C-C motif chemokine ligand 20 chr2:2278138

41-227817564 

0 51.2757 inf 5.00E-05 0.0124559 

OAS2 2'-5'-oligoadenylate synthetase 2 chr12:112906

776-

113017751 

0.146736 13.1993 6.4911 0.00015 0.0310521 

OAS1 2'-5'-oligoadenylate synthetase 1 chr12:112906

776-

113017751 

0.153149 25.2314 7.36414 5.00E-05 0.0124559 

FCRLA Fc receptor like A chr1:1617069

71-161714352 

0.309749 1.20955 1.9653 0.00025 0.0453642 

C3 complement C3 chr19:667770

3-6737603 

0.310427 20.0424 6.01266 5.00E-05 0.0124559 

APOL1 apolipoprotein L1 chr22:362530

09-36267530 

0.384288 3.53226 3.20033 5.00E-05 0.0124559 

MCTP1 multiple C2 and transmembrane 

domain containing 1 

chr5:9415296

5-95284575 

0.418875 1.89586 2.17826 5.00E-05 0.0124559 

LUCAT1 lung cancer associated transcript 1 

(non-protein coding) 

chr5:9130203

0-91314484 

0.602348 6.1486 3.35159 5.00E-05 0.0124559 

IFI44L interferon induced protein 44 like chr1:7861992

1-78647788 

0.798437 44.5501 5.80211 5.00E-05 0.0124559 

BIRC3 baculoviral IAP repeat containing 3 chr11:102317

449-

102339403 

0.881077 21.8314 4.63099 5.00E-05 0.0124559 

HERC6 HECT and RLD domain containing E3 

ubiquitin protein ligase family 

member 6 

chr4:8837869

8-88443111 

0.948065 14.3077 3.91566 5.00E-05 0.0124559 

IFIH1 interferon induced with helicase C 

domain 1 

chr2:1622670

78-162318703 

1.08361 10.076 3.21699 0.00025 0.0453642 

SLC7A2 solute carrier family 7 member 2 chr8:1749436

7-17570573 

1.1903 39.438 5.05018 5.00E-05 0.0124559 

MX1 MX dynamin like GTPase 1 chr21:414203

03-41459214 

1.20825 53.308 5.46336 5.00E-05 0.0124559 

IL6 interleukin 6 chr7:2272539

4-22732002 

1.50528 236.633 7.29648 5.00E-05 0.0124559 

OAS3 2'-5'-oligoadenylate synthetase 3 chr12:112906

776-

113017751 

1.54914 27.6823 4.15943 5.00E-05 0.0124559 

RAB27B RAB27B, member RAS oncogene 

family 

chr18:547178

59-54898083 

1.61661 7.16462 2.14792 0.00025 0.0453642 

CHI3L2 chitinase 3 like 2 chr1:1111863

26-111243440 

1.63045 19.0502 3.54646 5.00E-05 0.0124559 

DDX60 DExD/H-box helicase 60 chr4:1682162

92-168318807 

1.70224 9.23533 2.43973 5.00E-05 0.0124559 

TNFAIP2 TNF alpha induced protein 2 chr14:103123

441-

103137440 

1.73929 85.6917 5.62258 5.00E-05 0.0124559 

CXCL8 C-X-C motif chemokine ligand 8 chr4:7374050

5-73743716 

2.03126 2393.87 10.2028 5.00E-05 0.0124559 

HELZ2 helicase with zinc finger 2 chr20:635580

85-63574239 

2.05428 8.68881 2.08053 0.0002 0.0397243 
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PLA2G4C phospholipase A2 group IVC chr19:480478

42-48110824 

2.11715 5.64599 1.4151 0.0001 0.0219373 

C1QTNF1 C1q and tumor necrosis factor 

related protein 1 

chr17:790192

08-79049788 

2.2431 68.3922 4.93026 5.00E-05 0.0124559 

POU2F2 POU class 2 homeobox 2 chr19:420861

07-42196585 

2.26248 14.6095 2.69093 0.0001 0.0219373 

RRAD RRAD, Ras related glycolysis inhibitor 

and calcium channel regulator 

chr16:669216

78-66925644 

2.33152 15.3715 2.72092 0.00015 0.0310521 

ERG ERG, ETS transcription factor chr21:383799

36-38661780 

2.50476 0.260025 -3.26795 5.00E-05 0.0124559 

ZC3H12A zinc finger CCCH-type containing 12A  chr1:3747448

3-37484379 

2.5178 27.5319 3.45087 5.00E-05 0.0124559 

GRIP1 glutamate receptor interacting 

protein 1 

chr12:663024

44-66804186 

2.86211 0.714187 -2.0027 5.00E-05 0.0124559 

TNFAIP6 TNF alpha induced protein 6  chr2:1513575

91-151380048 

3.10017 23.6116 2.92907 5.00E-05 0.0124559 

RELB RELB proto-oncogene, NF-kB subunit chr19:450014

29-45038194 

3.24664 20.529 2.66064 0.0002 0.0397243 

C15orf48 chromosome 15 open reading frame 

48 

chr15:454305

28-45586304 

3.46722 105.565 4.92821 5.00E-05 0.0124559 

PARP12 poly(ADP-ribose) polymerase family 

member 12 

chr7:1400237

43-140063721 

3.60355 13.8702 1.94449 0.0001 0.0219373 

TNFAIP3 TNF alpha induced protein 3 chr6:1378236

72-137883312 

4.14814 70.1543 4.08 5.00E-05 0.0124559 

AMPD3 adenosine monophosphate 

deaminase 3 

chr11:103083

12-10507579 

4.21017 26.2652 2.6412 5.00E-05 0.0124559 

IL7R interleukin 7 receptor chr5:3585269

4-35879603 

4.50659 17.1924 1.93166 5.00E-05 0.0124559 

PARK2 parkin RBR E3 ubiquitin protein ligase chr6:1613474

19-163315492 

4.96004 0.355266 -3.80338 5.00E-05 0.0124559 

IL32 interleukin 32 chr16:306529

6-3087100 

5.05667 70.016 3.79143 5.00E-05 0.0124559 

PARP14 poly(ADP-ribose) polymerase family 

member 14 

chr3:1226806

17-122730840 

5.07642 22.7363 2.16311 5.00E-05 0.0124559 

IFI44 interferon induced protein 44  chr1:7864979

5-78664120 

5.08599 46.6088 3.196 5.00E-05 0.0124559 

GBP2 guanylate binding protein 2 chr1:8910613

1-89176040 

5.13141 22.3103 2.12028 5.00E-05 0.0124559 

IFI35 interferon induced protein 35 chr17:430067

24-43014456 

5.17351 28.7573 2.47471 0.00015 0.0310521 

IRF1 interferon regulatory factor 1 chr5:1324816

08-132490798 

6.28649 27.3311 2.12021 5.00E-05 0.0124559 

CSF1 colony stimulating factor 1 chr1:1099102

41-109930993 

6.46701 32.9044 2.34711 5.00E-05 0.0124559 

PDPN podoplanin chr1:1358346

4-13617957 

7.39325 54.5508 2.88332 5.00E-05 0.0124559 

ABI3BP ABI family member 3 binding protein chr3:1007491

01-100993515 

7.47862 44.1101 2.56027 5.00E-05 0.0124559 

SLC43A3 solute carrier family 43 member 3 chr11:573867

93-57427580 

7.4997 31.6702 2.07822 0.0001 0.0219373 

STC1 stanniocalcin 1 chr8:2384191

4-23854807 

7.71336 36.4453 2.2403 0.0001 0.0219373 

VCAM1 vascular cell adhesion molecule 1 chr1:1007197

41-100739045 

8.47649 108.738 3.68125 5.00E-05 0.0124559 

NFKB2 nuclear factor kappa B subunit 2 chr10:102394

109-

8.71398 39.1334 2.167 5.00E-05 0.0124559 
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PAPPA pappalysin 1 chr9:1161537

72-116402322 

9.99727 36.9252 1.885 0.0001 0.0219373 

CLDN1 claudin 1 chr3:1903057

00-190412143 

10.022 66.4346 2.72876 0.00015 0.0310521 

FHIT fragile histidine triad chr3:5974930

9-61251459 

10.0362 0.959353 -3.38701 5.00E-05 0.0124559 

PLSCR1 phospholipid scramblase 1  chr3:1465131

72-146544864 

10.0403 33.624 1.7437 0.00025 0.0453642 

MAN1A1 mannosidase alpha class 1A member 

1 

chr6:1191772

08-119349761 

10.6771 40.7582 1.93258 5.00E-05 0.0124559 

NAMPT nicotinamide 

phosphoribosyltransferase 

chr7:1062482

84-106286326 

11.1375 70.6468 2.6652 5.00E-05 0.0124559 

NAMPTL nicotinamide 

Phosphoribosyltransferase 

Pseudogene 1 

chr10:365217

20-36524234 

11.1467 50.7209 2.18596 5.00E-05 0.0124559 

NFKBIA NFKB inhibitor alpha chr14:354015

10-35404749 

11.7044 92.9857 2.98996 5.00E-05 0.0124559 

IL11 interleukin 11 chr19:553643

59-55370463 

11.7916 137.573 3.54437 5.00E-05 0.0124559 

UBE2L6 ubiquitin conjugating enzyme E2 L6  chr11:575516

55-57568284 

12.5631 47.4698 1.91782 0.00025 0.0453642 

ST7 suppression of tumorigenicity 7  chr7:1169524

45-117230103 

13.0018 219.761 4.07915 5.00E-05 0.0124559 

TFPI2 tissue factor pathway inhibitor 2 chr7:9359157

2-93911265 

15.2534 150.608 3.30359 5.00E-05 0.0124559 

CD82 CD82 molecule chr11:445644

26-44620363 

17.2744 90.9421 2.39631 5.00E-05 0.0124559 

C1R complement C1r chr12:708020

8-7122501 

17.7931 47.0554 1.40304 0.00025 0.0453642 

LIF leukemia inhibitory factor chr22:302391

93-30257441 

17.9234 103.183 2.52528 5.00E-05 0.0124559 

PPIF peptidylprolyl isomerase F chr10:793474

68-79355337 

18.2791 51.6866 1.4996 0.0002 0.0397243 

NRP2 neuropilin 2 chr2:2056819

89-205798133 

20.3695 73.5131 1.85159 5.00E-05 0.0124559 

FAM84B family with sequence similarity 84 

member B  

chr8:1265524

41-126713415 

20.6608 4.82695 -2.09771 0.0001 0.0219373 

NFKBIZ NFKB inhibitor zeta chr3:1017792

01-101861022 

21.9384 60.2573 1.45768 0.00025 0.0453642 

TNIP1 TNFAIP3 interacting protein 1 chr5:1510299

44-151093577 

23.378 98.6386 2.077 5.00E-05 0.0124559 

IFI6 interferon alpha inducible protein 6 chr1:2766606

0-27672218 

25.2823 368.982 3.86735 5.00E-05 0.0124559 

ISG15 ISG15 ubiquitin-like modifier chr1:1001137

-1014541 

32.3332 323.06 3.32071 5.00E-05 0.0124559 

SLC39A14 solute carrier family 39 member 14 chr8:2236724

8-22434129 

35.661 182.218 2.35324 5.00E-05 0.0124559 

PTX3 pentraxin 3 chr3:1571752

22-157533720 

36.7351 280.721 2.93391 5.00E-05 0.0124559 

SOD2 superoxide dismutase 2 chr6:1596690

56-159789749 

39.0679 1280.35 5.03441 5.00E-05 0.0124559 

AKR1B1 aldo-keto reductase family 1 member 

B 

chr7:1344423

49-134459284 

54.8537 236.928 2.11079 5.00E-05 0.0124559 

JPX JPX transcript, XIST activator (non-

protein coding) 

chrX:7394432

3-74293574 

137.857 16.381 -3.07307 0.0001 0.0219373 
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ARIH2 ariadne RBR E3 ubiquitin protein 

ligase 2  

chr3:4891778

7-49023495 

159.733 29.1804 -2.45259 5.00E-05 0.0124559 

PVT1_1 Pvt1 oncogene conserved region 1 chr8:1277944

85-128101253 

426.305 29.0083 -3.87735 5.00E-05 0.0124559 

a
Benjamini-Hochberg adjusted p-value. 
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Supplementary Materials and methods 

 

Astrocyte and tuberous sclerosis complex cell cultures 

Briefly, after removal of blood vessels, tissue was mechanically minced into smaller fragments and 

enzymatically digested by incubating at 37˚C for 30 minutes with 2.5% trypsin (Sigma-Aldrich; St. 

Louis, MO, USA). Tissue was washed with incubation medium containing Dulbecco’s modified Eagle’s 

medium (DMEM)/HAM F10 (1:1) medium (Gibco, Thermo Fisher Scientific, Waltham, MA, USA), 

supplemented with 1% penicillin/streptomycin and 10% fetal calf serum (FCS; Gibco, Thermo Fisher 

Scientific, Waltham, MA, USA) and triturated by passing through a 70 µm mesh filter. Cell suspension 

was incubated at 37˚C, 5% CO2 for 48 hours to let astroglial cells adhere the culture flask before it 

was washed with phosphate-buffered saline (PBS; 0.1 M, pH 7.4) to remove excess of myelin and cell 

debris. Cultures were subsequently refreshed twice a week. Cultures reached confluence after 2-3 

weeks. Secondary astrocyte cultures for experimental manipulation were established by trypsinizing 

confluent cultures and re-plating onto poly-L-lysine (PLL; 15 µg/ml, Sigma-Aldrich; St. Louis, MO, 

USA)-pre-coated 12 and 24-well plates (Costar, Cambridge, MA, USA; 10 × 104 cells/well in a 12-well 

plate for RNA isolation and quantitative real-time PCR; 5 × 10
4
 cells/well in a 24-well plate for 

immunocytochemistry). For flow cytometric analysis, cells were plated at a density of 10 × 10
4
 

cells/well in uncoated 12-well plates. Astrocytes were used for analyses at passage 1-4. The purity of 

our cultures was examined using immunocytochemistry for GFAP, S100β and Vimentin, which 

showed approximately 98% purity.  

 

Bioinformatics analysis of small RNA and mRNA-Seq data 

Reads were aligned to the human reference genome, GRCh38 using TopHat2 v2.0.13, no 

mismatches between the trimmed reads and the reference genome were allowed, reads were 

allowed to be aligned a maximum of ten times (Kim et al. 2013). Using the featureCounts program 

from the Subread package the number of reads that aligned to the known miRNAs, according to 

miRBase21 (www.mirbase.org) and other short RNA species extracted from Gencode v25 were 

calculated (Griffiths-Jones 2004; Harrow et al. 2012; Liao et al. 2014). Small RNAs with less than 3 

reads in 6 or more samples were excluded. Differential expression analysis was performed using 

DESeq2 (Love et al. 2014). The false discovery rate was controlled for using the Benjamini-Hochberg 

correction, gene expression changes with an adjusted p-value<0.05 were considered statistically 

significant. 
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SUPPLEMENTARY FIGURE 1: Relationship between C15orf48 and miR147b. The genomic location of 

C15orf48 and miR147b is shown. Both transcripts are transcribed from the same template strand on 

chromosome 15. The pre-miR147b transcript is harbored within a region that is also transcribed as the 3’ 

UTR of C15orf48. There was a strong correlation between miR147b and C15orf48 expression levels 

(ρ=0.96, p-value<0.0001, Spearman’s rank correlation test). Expression is shown in log2(normalized read-

counts+1). 
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SUPPLEMENTARY FIGURE 2: miR147b expression in tuberous sclerosis complex (TSC) cortical tubers and 

temporal lobe epilepsy with hippocampal sclerosis (TLE-HS). Quantitative real-time PCR of fresh frozen 

brain tissue. A miR147b expression levels in TSC tubers (n=16) did not differ to expression in control 

cortex (n=19), however increased levels are observed in a subset of patients. B expression levels in TLE-

HS (n=16) were increased compared to control hippocampus (n=14). 
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