

  ijms-24-11069




ijms-24-11069







Int. J. Mol. Sci. 2023, 24(13), 11069; doi:10.3390/ijms241311069




Article



microRNA Expression of Renal Proximal Tubular Epithelial Cells and Their Extracellular Vesicles in an Inflammatory Microenvironment In Vitro



Patrick C. Baer 1,*[image: Orcid], Ann-Kathrin Neuhoff 2 and Ralf Schubert 2,*[image: Orcid]





1



Department of Internal Medicine 4, Nephrology, University Hospital, Goethe-University, 60596 Frankfurt/M., Germany






2



Division of Allergology, Pneumology and Cystic Fibrosis, Department for Children and Adolescents, University Hospital, Goethe-University, 60596 Frankfurt/M., Germany









*



Correspondence: p.baer@em.uni-frankfurt.de or pcbaer@arcor.de (P.C.B.); ralf.schubert@kgu.de (R.S.); Tel.: +49-69-6301-83611 (R.S.); Fax: +49-69-6301-83349 (R.S.)







Academic Editor: Manoocher Soleimani



Received: 15 June 2023 / Revised: 29 June 2023 / Accepted: 3 July 2023 / Published: 4 July 2023



Abstract

:

Renal proximal tubular epithelial cells (PTCs) are central players during renal inflammation. In response to inflammatory signals, PTCs not only self-express altered mRNAs, microRNAs (miRNAs), proteins, and lipids, but also release altered extracellular vesicles (EVs). These EVs also carry inflammation-specific cargo molecules and are key players in cell–cell-communication. Understanding the precise molecular and cellular mechanisms that lead to inflammation in the kidney is the most important way to identify early targets for the prevention or treatment of acute kidney injury. Therefore, highly purified human PTCs were used as an in vitro model to study the cellular response to an inflammatory microenvironment. A cytokine-induced inflammatory system was established to analyze different miRNA expression in cells and their EVs. In detail, we characterized the altered miR expression of PTCs and their released EVs during induced inflammation and showed that 12 miRNAs were significantly regulated in PTCs (6 upregulated and 6 downregulated) and 9 miRNAs in EVs (8 upregulated and 1 downregulated). We also showed that only three of the miRNAs were found to overlap between cells and EVs. As shown by the KEGG pathway analysis, these three miRNAs (miR-146a-5p, miR-147b, and miR-155-5p) are functionally involved in the regulation of the Toll-like receptor signaling pathway and significantly correlated with the inflammatory mediators IL6 and ICAM1 released by stimulated PTCs. Especially with regard to a possible clinical use of miRs as new biomarkers, an accurate characterization of the miR expression altered during inflammatory processes is of enormous importance.
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1. Introduction


Renal proximal tubular epithelial cells (PTCs) are not only an integral part of the nephron, which is responsible for the reabsorption of water, electrolytes, and other substances from the filtrate produced by the glomerulus, but they are also central players during renal inflammation and mediate the response to inflammation during kidney diseases [1]. Inflammation in the proximal tubular segment is often associated with an immune response to injury or infection [2]. The inflammatory process involves the activation of immune cells, the release of pro-inflammatory molecules, the recruitment of inflammatory cells to the affected area, and tissue damage. This inflammation can lead to various renal diseases, including acute and chronic renal injury, tubulointerstitial nephritis, and finally, fibrosis [3,4].



During the inflammatory process, renal tubular epithelial cells are exposed to various stimuli, such as cytokines, chemokines, and damage-associated molecular patterns. In response to these inflammatory signals, PTC release extracellular vesicles (EVs) that carry inflammation-specific cargo molecules [5]. These EVs are than taken up by neighboring cells or transported to distant sites, where they can influence the immune response and contribute to the progression or resolution of inflammation. EVs are small membrane-bound particles released by nearly all cell types, including renal tubular epithelial cells, and they play crucial roles in cell-to-cell communication. There are different types of known EVs, leading to their classification according to their sub-cellular origin, release pathways, and size [6]. On the one hand, there are EVs released by budding from the cells’ plasma membrane, known as microvesicles, ectosomes, or microparticles. On the other hand, there are EVs which are generated inside multivesicular bodies and are secreted by the fusion of the body with the plasma membrane, known as exosomes. Both subtypes are mainly involved in intercellular communication in health and disease. Besides these types, there are also apoptotic bodies belonging to the class of EVS, which, however, have a different task compared to the other subgroups. Apoptotic vesicles are released from the plasma membrane during programmed cell death and therefore transport substances from dying cells [7].



All EVs exhibit some diversity, particularly in terms of their surface molecules, which allows them to be targeted to recipient cells. It has been shown that when EVs attach to a target cell, they trigger signaling pathways via receptor–ligand interactions or internalization via endocytosis or phagocytosis or even by fusion with the membrane of the target cell [8]. It has also been shown that EVs from parent cells can interact in a specific manner with recipient cells, e.g., in the renal nephron, and it has further been suggested that a specific signaling pathway exists from proximal to distal tubular epithelial cells [9]. The signaling pathways and communication via EVs are mostly accomplished by nucleic acids, lipids, proteins, and carbohydrates included in the EVs. By delivering their content into the cytosol of a target cell, EVs can modify the physiological state of the recipient cell [8]. In particular, small RNA molecules, so-called microRNAs (miRNAs), were proven to play a central role as epigenetic regulators in this context, since they regulate gene expression via post-transcriptional mechanisms. Therefore, they are touted as the next generation of biomarkers for different human diseases and biological states [9]. They were, inter alia, shown to prevent the uncontrollable progression of inflammation but were also shown to be frequently dysregulated in the development of renal fibrosis and other diseases [10,11]. Since free RNA included in serum or medium is relatively instable, EVs could serve as a protector of RNA from degradation and therefore contribute to the status of a potential biomarker [12].



In our present study, highly purified human renal proximal tubular epithelial cells were used as an in vitro model to study the cellular response to an inflammatory microenvironment. Therefore, a cytokine-induced inflammatory system was established to analyze different miRNA expression levels in cells and their EVs. Specifically, we describe and discuss the altered miRNA expression of PTC and their released EVs during induced inflammation. Especially with regard to a possible clinical use of miRs as new biomarkers, the accurate characterization of the miR expression altered during inflammatory processes is of enormous importance.




2. Results


2.1. Characterization of PTCs and Their EVs


Cultured PTCs displayed an epithelial morphology with a highly compact cell monolayer (Figure 1A). The expression of the characteristic markers CD13 and CD26 was shown via flow cytometry. In addition, the expression of the epithelial cell adhesion molecule (EpCAM) and the marker CD63, a characteristic marker of exosomes, was shown (Figure 1B). After incubation in an inflammatory microenvironment, the cells retained their epithelial morphology but showed smaller gaps at some sites of the cell monolayer.



SEC-isolated PTC-EVs were characterized via nanoparticle tracking analysis (NTA) (Figure 1C,E) and flow cytometry (Figure 1D). EVs isolated from unstimulated controls showed a mean size of 173.7 ± 24.2 nm (distribution between 24 and 484 nm), with an average concentration of 8.47 × 1010 particles/mL (n = 3, Figure 1C). EVs isolated from stimulated cells were slightly larger in their average mean size (192.3 ± 23.8 nm, distribution between 60 and 576 nm), and with a slightly increased concentration (9.48 × 1010 particles/mL, n = 3, Figure 1E). Nevertheless, these differences were not significant. Flow cytometric analyses further showed CD63 expression on magnetic-bead-purified PTC-EVs (using specific EpCAM-marked magnetic beads) (Figure 1D).



Additional qPCR analyses to validate the effect of an inflammatory microenvironment on the cells showed significantly upregulated mRNA expression levels of interleukin (IL) 6 (IL6), IL1β, and intercellular adhesion molecule 1 (ICAM1) (Figure 2A–C). For these experiments, we used a total of six PTC samples: two identical purifications that were also used for miR sequencing and four additional cell cultures.




2.2. Effect of Inflammation on the miR Expression in PTC and Their EVs


To sequence all samples, the high-throughput Illumina sequencing technology together with the Miseq instrument were used, resulting in the generation of raw DNA sequence reads. In this study, a total of around 9,000,000 raw reads were obtained from miRNAs and the slightly longer so-called piwi-interacting RNAs (piRNAs) of PTCs or of EVs released from PTCs, respectively. Nevertheless, the actual number of reads was approximately 1,500,000 reads for samples obtained from the PTCs and 50,000 reads for samples obtained from the EVs.



To finally determine the identity and quantity of all reads included in each sample, the raw data of the sequencing were uploaded to the Qiagen database for further analysis. Therefore, the specific miRNAs and piRNAs that corresponded to the raw reads generated from Illumina sequencing were evaluated. Hierarchical clustering in the form of a heatmap should give an overview about the differences in the quantities of the different miRNAs and piRNAs between the unstimulated controls and the stimulated samples. Those miRNAs and piRNAs that had a minimum log fold change (log2FC) of >±0.75 and an adjusted p value (p-adj) of less than 0.1 were each shown in a heatmap as up- or downregulated (Figure 3A,B, Supplementary Tables S1 and S2). Of the detected small RNAs from PTCs, there were 13 upregulated and 10 downregulated (Figure 3A, Supplementary Table S1). Of the detected miRNAs and piRNAs from the EV samples, there were 16 upregulated and 34 downregulated (Figure 3B, Supplementary Table S2).



For further analyses, we only used highly significant regulated miRNAs (p-adj < 0.05) with a minimum log2FC of >±1, and no piRNAs (Figure 4A,B and Figure 5). We found 12 miRNAs in the PTC samples, of which 6 (miR-146A-5p, miR-147b, miR-146a-3p, miR-155-5p, miR-99b-5p, and miR-100-3p) were upregulated and 6 were (miR-210-3p, miR-128-3p, miR-186-5p, miR-335-5p, miR-140-3p, and miR-296-3) downregulated (Figure 4A), and 9 miRNAs in the EVs from PTCs, of which 8 were upregulated (miR-146a-5p, miR-155-5p, miR-141-3p, miR-221-3p, miR-23b-3p, miR-147b, miR-320c, and miR-3613-5p) and 1 was downregulated (miR-3687) (Figure 4B).



The Venn diagram shows the overlap of the highly significant miRNAs found in PTCs (12 miRNAs) and their EVs (9 miRNAs) (Figure 5A). These three miRNAs (miR-146a-5p (log2FC 3.384 (PTC) and 1.944 (EVs)), miR-147b (log2FC 4.244 (PTC) and 3.007 (EVs)), and miR-155-5p (log2FC 2.438 (PTC) and 1.232 (EVs)), also shown in Tables S1 and S2) were then used for network analyses to identify the contribution of these miRNAs to biological processes and target interactions (using miRNet 2.0, miRTarBase v8.0) (Figure 5B,C). In total, the three miRNAs were predicted to be involved in 55 pathways, including the Toll-like receptor signaling pathway (p-adj < 0.0000305), the T cell receptor signaling pathway (p-adj < 0.0000404), apoptosis (p-adj < 0.00142), and the B cell receptor signaling pathway (p-adj < 0.00677), and were predicted to target 3775 genes (Figure 5B,C and Supplementary Figure S1). Shared targets in the Toll-like receptor signaling pathway for miR-146a-5p and miR-155-5p were IL6, ICAM1, NFkB1, FADD, RHOA, RAC1, CXCL8, STAT1, and FOS and COL4A2 for miR-147b and miR-155-5, respectively.



The expression of the three miRNAs found (Figure 5A) was then further validated using the purchasable miRCURY system from Qiagen. Using this system, we confirmed the highly significant upregulation of all three miRNAs after the incubation of PTCs in the inflammatory microenvironment (Figure 6). Nevertheless, due to a lack of samples, we did not validate the expression of the miRNAs in EVs.



Finally, we examined whether the three miRNAs found correlated with the levels of the three inflammatory molecules from the PCR of the associated samples (see Figure 2). This showed that both IL6 and ICAM correlated well with the reads of the three miRNAs (for all correlations: r > 0.89, p < 0.05) (Figure 7A,B). Nevertheless, this was not the case for IL1β (p not significant for all the correlations).





3. Discussion


Understanding the precise molecular and cellular mechanisms that lead to inflammation in the kidney is the most important way to identify early targets for the prevention or treatment of acute kidney injury. Inflammation is a physiological process to protect the body from acute injury induced, for example, by toxins or pathogens. It is mediated by inflammatory cytokines, such as IL1β, IFNγ, and TNFα, released by immune cells, but also by resident tissue cells like PTCs. Thus, PTCs are involved in physiological and pathophysiological processes. The transmission of intercellular signal molecules is of great significance, including endocrine, paracrine, and autocrine biochemical pathways. Following injury or the stimulation of tubular epithelial cells, various cascades of mediator systems may be activated, leading to an increased local release of cytokines, chemokines, and other pro-inflammatory molecules. All these locally produced mediators may subsequently lead to injury enhancement, either directly or indirectly through increased the immigration of proinflammatory cells such as macrophages and lymphocytes [13]. In addition, the expression of various intracellular non-coding RNAs (miRNAs, long non-coding RNAs, and piRNAs) is altered, and extracellular vesicles as mediators of cell–cell communication are released with a cargo of inflammation-specific molecules [5,14]. Although the mechanisms regulating inflammation and the subsequent defense mechanism have not been fully elucidated, recent evidence suggests that non-coding RNAs, particularly miRNAs, play a critical role in the generation and control of the inflammatory response. These non-coding RNAs are critical for the stability and maintenance of mRNA at a post-transcriptional level. Several miRNAs, such as miR-146 and miR-155, have been shown to be important regulators of inflammation-related mediators [15]. Alexander and co-workers showed that miR-146a and miR-155 are present in exosomes and pass between immune cells in vivo and demonstrated that exosomal miR-146a inhibits while miR-155 promotes endotoxin-induced inflammation in mice [15].



There are currently limited data on altered miRNA expression in renal epithelial cells and their EVs during episodes of renal inflammation in general. Nevertheless, several studies investigated the involvement of miRNA during injury and repair in the kidney [16]. Recent studies have shown that miRNAs play a critical role in the development of acute renal failure. The overexpression of miR-150 in mice generated renal cell injury due to the downregulation of a growth factor receptor and the consequent enhancement of inflammation and the apoptosis of interstitial cells [17]. The upregulation of miR-687 in renal tubular epithelial cells both in vitro and in vivo induced renal injury by suppressing the expression of specific molecules, the activation of the cell cycle, and the induction of apoptosis [18]. On the other hand, the upregulation of miR-21 has been shown to ameliorate induced kidney injury by inhibiting inflammation and cell apoptosis [19]. Joo and co-workers demonstrated that miR-125b expression was enhanced in injury and protected the kidney from cisplatin-induced kidney injury [20]. Another study suggested that miR-155 had a protective role in cisplatin-induced nephrotoxicity [21]. The induction of miR-26a has been shown to increase tubular cell viability through the modulation of a growth and a transcription factor during kidney injury in an in vivo model [22]. Several other studies showed the influence of specific miR on cell viability and proliferation during renal regeneration (reviewed in [16]).



EVs released by (renal) cells are important mediators of cell–cell-communication and signal transduction. Urinary EVs have been intensely investigated and characterized for use as diagnostic non-invasive biomarkers of inflammatory renal diseases [23]. However, their specific cellular origin is unclear, as they could originate from any of several cell types from the kidney and bladder. For this reason, the accurate characterization of altered miRNA expression in inflammatory processes in a well-defined system of highly purified and differentiated PTCs and their released EVs is necessary. For example, Wang and co-workers identified differential expression levels of miRs and proteins from PTC-derived exosomes, a specific subpopulation of EVs, under different disease-culture conditions and described different readouts linked to renal pathological processes [14]. They identified different miRs differently expressed in exosomes between the control and the inflammatory group, such as miR-200a, miR-222, and miR-204, which were previously attributed a role within the renal disease pathways [14]. Another study by the same authors used a Transwell system to examine the molecular content and function of EVs released from the apical and the basolateral surface of polarized human primary tubular epithelial cells under inflammatory diseased conditions [5]. They used multiomic analysis to characterize the distinct molecular profiles of miRs, proteins, and lipids released from EVs of the apical versus basolateral cell membranes. The study demonstrated that EVs released, particularly basolaterally, play a central role in modulating tubulointerstitial inflammatory responses observed in immune-mediated renal disease.



Our data revealed that miR 146a, miR-155, and miR-147b were significantly upregulated in both PTCs and EVs after inflammatory stimulation. All three miRNAs have been implicated in inflammatory processes and are directly involved in the Toll-like receptor signaling pathway [24,25]. Following this, the expression of the three microRNAs has been found increased in patients with bacterial sepsis [26]. Whilst it has been proposed that the overexpression of miR-147b inhibited LPS-induced inflammation via the inhibition of the p38 MAPK signaling pathway and alleviates inflammation and apoptosis in acute lung injury, miR-146a and miR-155 have emerged as important transcriptional regulators in the regulation of NF-κB-driven inflammation [27,28]. LPS-induced inflammation in human microvascular endothelial cells showed increased levels of IL6 and ICAM1 together with an upregulation of miR-146a [29]. The overexpression of miR-146a resulted in the downregulation of IL6, as well as ICAM1, while the inhibition of miR-146a led to opposite effects. In this regard, Zhou and co-workers reported a positive feedback loop between miR-155-5p, STAT3, and NF-κB in A. cantonensis infection and the miR-155-5p-dependent expression of eosinophil inflammatory cytokines such as CCL6/C10, ICAM1, and MMP9 [30]. In inflammatory responses, the NF-κB-miR-155 axis and the NF-κB-miR-146a axis regulate the intensity and duration of inflammation [31]. As one of the first miRNAs identified as an immune system regulator, miR-146 is rapidly expressed upon NF-κB activation and downregulates IRAK1 and TRAF6 to reduce the activity of NF-κB by a negative regulatory loop mechanism [32]. miR-146a is involved in the pathogenesis and progression of several immune inflammatory diseases such as rheumatoid arthritis, inflammatory bowel disease, multiple sclerosis, psoriasis, atherosclerosis, hepatitis, or chronic obstructive pulmonary disease.



Like miR-146, miR-155 also plays a critical role in inflammatory diseases such as inflammatory autoimmune diseases (e.g., rheumatoid arthritis, systemic lupus erythematosus, multiple sclerosis, type 1 diabetes, and systemic sclerosis) and is abnormally expressed in inflammatory bowel disease, colitis ulcerosa, and neuroinflammation [33]. miR-155 is rapidly upregulated by NF-κB within the inflammatory response. Once activated, miR-155 controls the expression of both IKKβ and IKKε, forming a positive feedback loop, which leads to the repression of NF-κB activation [31]. Thus, miR-155 and miR-146 regulate the inflammatory response in a combinatorial manner [34]. Clinical and preclinical studies have shown that renal miR-155 expression increases significantly in acute renal failure [35]. An in vitro study has shown that the overexpression of miR-155 promoted cellular apoptosis and suppressed proliferation, while the inhibition of miR-155 expression exerted opposite effects [36]. For this reason, we additionally examined the correlation of the miRs found with the molecules IL6, IL1β, and ICAM1, which are increased by inflammation, and we were able to show that all three miRs correlate with the expression of IL6 and ICAM1, but not with that of IL1β.



miR-146a is also involved in the regulation of inflammation in the kidney. Fu and co-workers reported that miR-146a reduced lupus-erythematosus-induced renal injury in MRL/lpr mice by downregulating the NF-κB pathway [37]. In addition, a protective effect of miR-146 against kidney injury in diabetic nephropathy rats through mediating the NF-κB signaling pathway has also been shown [38]. It is tempting to speculate about the role of miR-147b in renal inflammation. Interestingly, a recent publication described renal injury due to the induction of miR-147 during cold-storage-associated transplantation [39]. miR-147 suppressed NDUFA4, resulting in mitochondrial damage and renal tubule cell death.



In summary, our current study provides further insight into the inflammatory response of renal proximal tubular epithelial cells. We characterized their altered expression of small RNAs in response to cytokine stimulation and compared it with their altered cargo to released EVs. We found three characteristic miRNAs, miR-146a, miR-147b, and miR-155, which were significantly upregulated in cells and in EVs, and thus may play a critical role in regulating the inflammatory response in the kidney.




4. Materials and Methods


4.1. Isolation and Culture of Human Renal Proximal Tubular Epithelial Cells


Human renal proximal tubular epithelial cells (PTCs) were separated as described previously [40]. Briefly, PTCs were isolated after nephrectomies from tissue not involved in renal cell carcinoma. Kidney tissue was minced with crossed blades, digested with collagenase/dispase, and forced through a sieve (106 µm). The tissue slurry was then incubated with collagenase IV, DNase, and MgCl2 and centrifuged over a Percoll density gradient. PTCs were then isolated in high purity using a mAb against aminopeptidase M (CD13) and the Mini-MACS system (Miltenyi, Bergisch Gladbach, Germany). Cells were characterized as previously described [40,41], seeded in cell culture plates, and cultured in standard culture medium (Medium 199 (M4530, Sigma, Taufkirchen, Germany) with a physiologic glucose concentration (100 mg/dL) and with 10% fetal bovine serum (FBS; Biochrom, Berlin, Germany)). The medium was replaced every three to four days, and confluent cells were passaged via trypsinization. Cells isolated from four different patients were used. Cells between passages 3 and 6 were used for the experiments. Selected PTCs were used for further characterizations via flow cytometry, as previously described [40].




4.2. Preconditioning in an Inflammatory Microenvironment


Cells were grown in culture flasks (75cm2) in standard cell culture medium until confluence. The cells were then washed and kept in serum-free medium 199 for 48 h, either in standard medium (controls) or in an inflammatory microenvironment. The inflammatory microenvironment was induced by culturing PTCs in medium with a mixture of cytokines (CM) containing γ-interferon (200 U/mL), interleukin-1β (25 U/mL), and TNF-α (10 ng/mL). Then, PTCs were used for direct miR isolation (see Section 4.5), and EVs were isolated from the supernatant via size exclusion chromatography (SEC) (see Section 4.3).



In addition, the effect of the inflammatory microenvironment was checked via qPCR analysis. The complete method was described earlier [42]. The primers used were IL6 (150 bp, forward AAA GAT GGC TGA AAA AGA TGG ATG C, reverse ACA GCT CTG GCT TGT TCC TCA CTA C), IL1β (83 bp, forward AGC TGA TGG CCC TAA ACA GA, reverse AGA TTC GTA GCT GGA TGC CG), ICAM1 (135 bp, forward CAA CCT CAG CCT CGC TAT GG, reverse CGG GGC AGG ATG ACT TTT GA).




4.3. Isolation of Extracellular Vesicles


The preconditioned supernatant was used to isolate EVs from cells cultured under normal and inflammatory pretreatment for 48 h (growth area of 150 cm2 with 16 mL of serum-free DMEM). After 48 h of incubation, the medium was centrifuged for 10 min at 600× g in order to remove cell debris, and then filtered using a 0.45 µm PVDF filter and concentrated approximately 40-fold via centrifugation at 2800× g for 20 min using a Vivaspin® Turbo 30 MWCO Centrifugal Filter. The concentrated medium was then used for the isolation of EVs via SEC using Sepharose CL-2B columns [43,44]. The concentrated medium was applied onto a Sepharose CL-2B column, which was washed and equilibrated with PBS. As elution buffer, PBS was applied to the column until 18 flow-through fractions with a respective volume of 500 µL were collected. The fractions 7–12 containing extracellular vesicles were pooled and subsequently concentrated (to approximately 400 µL EV solution) using a 3 kDa molecular weight cut-off Amicon filter by centrifuging for 25 min at 2800× g. EV samples were used immediately for characterization or miR isolation. Selected EV isolations were used for further characterizations.




4.4. Characterization of Extracellular Vesicles


We used nanoparticle tracking analysis (NTA) to determine the size distribution and concentration of the isolated EVs, as previously described [42]. In brief, 10 µL of concentrated EV solution was diluted 1:100 and immediately analyzed using a NanoSight NS500 (Malvern Panalytical, Malvern, UK) according to the manufacturer’s instructions (camera settings: level 14, camera gain 1.5, and temperature 28 °C). Videos were analyzed with the Nano Sight NTA 3.2 software (threshold 14, gain 1.5).



To further analyze PTC-EVs via flow cytometry, a commercially available Flow Detection Magnetic Bead Reagent Kit was used (Invitrogen, Carlsbad, CA, USA, No. 10618D (anti-EpCAM)). In brief, a 40 µL anti-EpCAM magnetic bead solution was added to 1 mL of isolation buffer (PBS, 2% FCS, 1 mM EDTA, 0.1% Sodium azide) and placed on a magnetic stand for 2 min. Then, the supernatant was removed, and the bound beads were washed and re-suspended in 90 µL of isolation buffer. Then, a 20 µL SEC-isolated PTC-EV solution in PBS was added and incubated overnight at 4 °C. The sample was then washed twice with 1 mL of isolation buffer before the beads were re-suspended in isolation buffer (300 µL). The bead-EV solution (100 µL) was then stained with 20 µL of APC-labeled anti-CD63 detection antibody (ImmunoTools, Friesoythe, Germany) and incubated under rotation at RT in the dark for 45 min and washed and re-suspended in a 300 µL isolation buffer. The samples were measured using a flow cytometer (BD Biosciences, Heidelberg, Germany) and analyzed on the instrument until 10,000 events were detected. As a control for the fluorescent measurements, a 100 µL bead-EV solution without detection antibody was mixed with 200 µL of isolation buffer and measured. In addition, we used commercially available Dynabeads M-280 (Fisher Scientific, Schwerte, Germany, No. 11205D) to calibrate forward and sideward scatter in the flow cytometric measurement.




4.5. Isolation of miR from PTC


For miR extraction from cultured PTC, the NucleoSpin® miRNA kit (Macherey-Nagel, Düren, Germany) was used in accordance with the manufactures protocol. First, cells were harvested by adding 1.0 mL of Nucleozol to each flask (75 cm2) and then scratching all cells from the bottom. The mixture was then transferred into a new 1.5 mL tube, and 400 μL of RNase free water was added to each sample and mixed by shaking the tube vigorously multiple times. Afterwards, the mixture was incubated for 5 min at RT. The samples were centrifugated at 12,000× g for 15 min at RT. Then, 300 μL of each supernatant was transferred to a new tube, and 100 μL of 100% ethanol was added and incubated for 5 min at RT. Afterwards, a NucleoSpin RNA Column was placed into a 2 mL tube and the supernatants were loaded onto the column. The supernatant was collected for further miRNA extraction. Next, 350 μL of buffer was added to the column and the tubes were centrifugated for 1 min at 11,000× g. The flow-through was discarded, and 100 μL of rDNase was added to the column to digest DNA. The samples were incubated for around 15 min at RT. In the meantime, the flow-through containing small RNAs was used for adjusting binding conditions for small RNAs by adding 300 μL of Buffer MP to each flow-through. After vortexing the samples for 5 s, the tubes were centrifuged for 3 min at 11,000× g to pellet the protein. To remove the protein precipitate, the samples were loaded onto a NucleoSpin Protein Removal Column in a 2 mL tube. After a centrifugation step for 1 min at 11,000× g, the column was discarded, 800 μL of buffer was added to each flow-through, and the samples were vortexed for 5 s. To bind small RNA, for each sample, a new NucleoSpin RNA Column was placed in a 2 mL tube, and 725 μL of the sample was loaded onto the column. The tubes were centrifuged for 30 s at 11,000× g, and the flow-through was discarded. This step was repeated until the whole sample was loaded onto the column. In the next step, the columns were washed by adding 600 μL of buffer. After a centrifugation step for 30 s at 11,000× g, the flow-through was discarded, and afterwards, 700 μL of buffer was added to each sample. Again, the tube was centrifugated at 11,000× g for 30 s and, 250 μL of buffer was added and the tube was centrifugated for 2 min at 11,000× g to remove all residuals from the membrane. The column was transferred to a new collection tube, and 15–30 μL of nuclease-free water was added on the center of the membrane. After incubation for 1 min at RT, a centrifugation step followed for 1 min at 11,000× g to recover the miR.




4.6. Isolation of miR from EVs


Whole miR was isolated from EVs using the NuceloSpin® miRNA Plasma Kit (Macherey-Nagel, Düren, Germany) according to the manufacturer’s instructions. Therefore, 90 μL of buffer was added to 300 μL of the sample and mixed by vortexing the tube for 5 s. The mixture was incubated for 3 min at RT, and in connection, 30 μL of buffer was added. The sample was mixed by vortexing it for 5 s, and it was incubated for 1 min at RT. Afterwards, the tube was centrifugated at 11,000× g for 3 min at RT. The clear supernatant was transferred to a new 2 mL tube and mixed with 400 μL of isopropanol. The mixture was then transferred onto an miRNA column which was placed into a collection tube and centrifugated at 11,000× g for 2 min at RT. The flow-through was discarded, and 100 μL of buffer was applied on the column. Again, the tube was centrifugated at 11,000× g for 30 s at RT, and 700 μL of buffer was added. After another centrifugation step at 11,000× g for 30 s at RT, the flow-through was discarded, and the washing step was repeated with 250 μL of buffer, and the tube was centrifugated for 2 min at 11,000× g to remove all residuals from the membrane. The column was transferred to a new collection tube, and 30 μL of nuclease-free water was added on the center of the membrane. After a centrifugation step for 1 min at 11,000× g to recover the miR, the tube was incubated for 1 min at RT.




4.7. miR Sequencing


The concentration of miR was analyzed using the HS RNA Kit for TapeStation 4150 (Agilent, Waldbronn, Germany). The miR library was prepared using the QIAseq miRNA Library Kit according to the manufacturer’s instructions. After library preparation, the DNA concentration was analyzed by using a Qubit dsDNA Assay Kit in Qubit 3.0 Fluorometer (ThermoFisher Scientific, Darmstadt, Germany). In addition, the DNA quality was checked using an HS DNA Kit of the Bioanalyzer 2100 (Agilent, Waldbronn, Germany). Next-generation sequencing (NGS) was performed using the MiSeq Reagent Kit v3 (Illumina, San Diego, CA, USA), PhiX Sequencing Control v3, and MiSeqTM Desktop Sequencer. For this, samples were pre-diluted (1:5 or 1:10) and prepared for sequencing according to the manufacturer’s instructions. Samples were loaded into the MiSeqTM Desktop Sequencer in a sequencing cassette, and sequencing was performed.



Coverage files were converted into raw count matrices using the Qiagen pipeline. A priori filtering for sparse read counts was applied. The bioinformatics tool iDEP.96 was used to statistically analyze and display the miR sequencing data [45]. We performed a hierarchical cluster analysis of raw count data using the normalized read counts of the DESeq2 package. Kyoto encyclopedia of genes and genomes (KEGG) pathway analysis based on microRNA signature was performed with miRNet (miRTarBase v8.0) [46] for all the identified miRNAs. The Venn diagram was created in Venny 2.1.0 [47].




4.8. Validation of miR Expression


For the validation of selected miRNAs, cDNA synthesis was performed using the miRCURY LNA miR Assay Kit (339340, Qiagen, Venlo, The Netherlands) according to the manufacturer’s protocol. In brief, a master mix was prepared on ice containing 5 μL 2× miRCURY SYBR® Green Master Mix, 0.5 μL ROX Reference Dye, 1 μL PCR primer (miR-146a-5p, No. YP00204688; miR-147b, No. YP00204368; miR-155-5p, No. YP02104687; all from Qiagen) and 1 μL of RNase free water per sample. After vortexing, 7 μL of the Master mix and 3 μL of the cDNA template were loaded onto a 96-well PCR plate. For the no-template controls, 3 μL of RNase free water was used. Quantitative PCR was carried out under the following conditions: two minutes at 95 °C for enzyme activation, then 10 s at 95 °C and 60 s at 56 °C for 40 cycles. For the quantification of the PCR fragments, we used the ABI Prism® 7900HT Fast Real-Time PCR System with a Sequence Detection System SDS 2.4.1 (Thermo Fisher Scientific, Darmstadt, Germany). Relative quantification was carried out with the ∆∆CT method using spike-in control UniSP6 (Qiagen, No. YP00203954) for normalization [48], and the level of target gene expression was calculated using 2−ΔΔCt.




4.9. Statistical Analysis


For the analysis of qPCR data, we used Student’s t-test. The data are expressed as mean ± SEM. p values < 0.05 were considered significant. The statistical analysis and Pearson r value correlation of the measured data as well as their graphic representation was performed with the software GraphPad Prism 7.04.









Supplementary Materials


The supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms241311069/s1.





Author Contributions


Investigation, A.-K.N. and P.C.B.; conceptualization, P.C.B. and R.S.; formal analysis, P.C.B. and R.S.; writing, review, and editing, P.C.B. and R.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the ethics committee of the clinic of the Goethe University, Frankfurt (UGO 03/10, Amendment, 5 December 2014).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Not applicable.




Acknowledgments


We thank Rita Schmitt-Prokopp and Michael Lein, SANA, Klinik für Urologie und Kinderurologie, Offenbach, Germany, for providing us with human renal tissue.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Schlondorff, D.O. Overview of factors contributing to the pathophysiology of progressive renal disease. Kidney Int. 2008, 74, 860–866. [Google Scholar] [CrossRef] [PubMed]

	



McWilliam, S.J.; Wright, R.D.; Welsh, G.I.; Tuffin, J.; Budge, K.L.; Swan, L.; Wilm, T.; Martinas, I.-R.; Littlewood, J.; Oni, L. The complex interplay between kidney injury and inflammation. Clin. Kidney J. 2021, 14, 780–788. [Google Scholar] [CrossRef] [PubMed]

	



Vallon, V. The proximal tubule in the pathophysiology of the diabetic kidney. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2011, 300, R1009–R1022. [Google Scholar] [CrossRef] [PubMed]

	



Andrade-Oliveira, V.; Foresto-Neto, O.; Watanabe, I.K.M.; Zatz, R.; Câmara, N.O.S. Inflammation in Renal Diseases: New and Old Players. Front. Pharmacol. 2019, 10, 1192. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Wilkinson, R.; Kildey, K.; Ungerer, J.P.J.; Hill, M.M.; Shah, A.K.; Mohamed, A.; Dutt, M.; Molendijk, J.; Healy, H.; et al. Molecular and functional profiling of apical versus basolateral small extracellular vesicles derived from primary human proximal tubular epithelial cells under inflammatory conditions. J. Extracell. Vesicles 2021, 10, e12064. [Google Scholar] [CrossRef] [PubMed]

	



Colombo, M.; Raposo, G.; Théry, C. Biogenesis, secretion, and intercellular interactions of exosomes and other extracellular vesicles. Annu. Rev. Cell Dev. Biol. 2014, 30, 255–289. [Google Scholar] [CrossRef]

	



Battistelli, M.; Falcieri, E. Apoptotic Bodies: Particular Extracellular Vesicles Involved in Intercellular Communication. Biology 2020, 9, 21. [Google Scholar] [CrossRef]

	



Tkach, M.; Théry, C. Communication by Extracellular Vesicles: Where We Are and Where We Need to Go. Cell 2016, 164, 1226–1232. [Google Scholar] [CrossRef] [PubMed]

	



Jeon, J.S.; Kim, E.; Bae, Y.-U.; Yang, W.M.; Lee, H.; Kim, H.; Noh, H.; Han, D.C.; Ryu, S.; Kwon, S.H. microRNA in Extracellular Vesicles Released by Damaged Podocytes Promote Apoptosis of Renal Tubular Epithelial Cells. Cells 2020, 9, 1409. [Google Scholar] [CrossRef]

	



Chung, A.C.-K.; Lan, H.Y. MicroRNAs in renal fibrosis. Front. Physiol. 2015, 6, 50. [Google Scholar] [CrossRef]

	



Khoury, S.; Tran, N. Circulating microRNAs: Potential biomarkers for common malignancies. Biomark. Med. 2015, 9, 131–151. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Y.; Wang, Y.; Wei, S.; Zhou, C.; Yu, J.; Wang, G.; Wang, W.; Zhao, L. Extracellular vesicles isolated by size-exclusion chromatography present suitability for RNomics analysis in plasma. J. Transl. Med. 2021, 19, 104. [Google Scholar] [CrossRef] [PubMed]

	



Daha, M.R.; van Kooten, C. Is the proximal tubular cell a proinflammatory cell? Nephrol. Dial. Transpl. 2000, 15 (Suppl. S6), 41–43. [Google Scholar] [CrossRef]

	



Wang, X.; Wilkinson, R.; Kildey, K.; Potriquet, J.; Mulvenna, J.; Lobb, R.J.; Möller, A.; Cloonan, N.; Mukhopadhyay, P.; Kassianos, A.J.; et al. Unique molecular profile of exosomes derived from primary human proximal tubular epithelial cells under diseased conditions. J. Extracell. Vesicles 2017, 6, 1314073. [Google Scholar] [CrossRef]

	



Alexander, M.; Hu, R.; Runtsch, M.C.; Kagele, D.A.; Mosbruger, T.L.; Tolmachova, T.; Seabra, M.C.; Round, J.L.; Ward, D.M.; O’Connell, R.M. Exosome-delivered microRNAs modulate the inflammatory response to endotoxin. Nat. Commun. 2015, 6, 7321. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Z.; Wang, Y.; Shu, S.; Cai, J.; Tang, C.; Dong, Z. Non-coding RNAs in kidney injury and repair. Am. J. Physiol. Cell Physiol. 2019, 317, C177–C188. [Google Scholar] [CrossRef]

	



Ranganathan, P.; Jayakumar, C.; Tang, Y.; Park, K.; Teoh, J.; Su, H.; Li, J.; Kim, I.; Ramesh, G. MicroRNA-150 deletion in mice protects kidney from myocardial infarction-induced acute kidney injury. Am. J. Physiol. Renal Physiol. 2015, 309, F551–F558. [Google Scholar] [CrossRef]

	



Bhatt, K.; Wei, Q.; Pabla, N.; Dong, G.; Mi, Q.-S.; Liang, M.; Mei, C.; Dong, Z. MicroRNA-687 Induced by Hypoxia-Inducible Factor-1 Targets Phosphatase and Tensin Homolog in Renal Ischemia-Reperfusion Injury. J. Am. Soc. Nephrol. 2015, 26, 1588–1596. [Google Scholar] [CrossRef]

	



Zhang, W.; Shu, L. Upregulation of miR-21 by Ghrelin Ameliorates Ischemia/Reperfusion-Induced Acute Kidney Injury by Inhibiting Inflammation and Cell Apoptosis. DNA Cell Biol. 2016, 35, 417–425. [Google Scholar] [CrossRef]

	



Joo, M.S.; Lee, C.G.; Koo, J.H.; Kim, S.G. miR-125b transcriptionally increased by Nrf2 inhibits AhR repressor, which protects kidney from cisplatin-induced injury. Cell Death Dis. 2013, 4, e899. [Google Scholar] [CrossRef]

	



Pellegrini, K.L.; Han, T.; Bijol, V.; Saikumar, J.; Craciun, F.L.; Chen, W.W.; Fuscoe, J.C.; Vaidya, V.S. MicroRNA-155 deficient mice experience heightened kidney toxicity when dosed with cisplatin. Toxicol. Sci. 2014, 141, 484–492. [Google Scholar] [CrossRef] [PubMed]

	



Gattai, P.P.; Maquigussa, E.; Da Silva Novaes, A.; Da Silva Ribeiro, R.; Varela, V.A.; Ormanji, M.S.; Boim, M.A. miR-26a modulates HGF and STAT3 effects on the kidney repair process in a glycerol-induced AKI model in rats. J. Cell. Biochem. 2018, 119, 7757–7766. [Google Scholar] [CrossRef] [PubMed]

	



Lv, L.-L.; Feng, Y.; Tang, T.-T.; Liu, B.-C. New insight into the role of extracellular vesicles in kidney disease. J. Cell. Mol. Med. 2019, 23, 731–739. [Google Scholar] [CrossRef]

	



Lin, L.; Hu, K. MiR-147: Functions and Implications in Inflammation and Diseases. Microrna 2021, 10, 91–96. [Google Scholar] [CrossRef] [PubMed]

	



Nahid, M.A.; Satoh, M.; Chan, E.K. MicroRNA in TLR signaling and endotoxin tolerance. Cell. Mol. Immunol. 2011, 8, 388–403. [Google Scholar] [CrossRef] [PubMed]

	



Trung, N.T.; Lien, T.T.; Sang, V.V.; Hoan, N.X.; Manh, N.D.; Thau, N.S.; Quyen, D.T.; Hien, T.T.T.; Hoan, P.Q.; Bang, M.H.; et al. Circulating miR-147b as a diagnostic marker for patients with bacterial sepsis and septic shock. PLoS ONE 2021, 16, e0261228. [Google Scholar] [CrossRef]

	



Xu, Q.; Huang, G.-D.; Duan, G.-C.; Qin, H.-J. MicroRNA-147b alleviates inflammation and apoptosis in acute lung injury via inhibition of p38 MAPK signaling pathway. Eur. Rev. Med. Pharmacol. Sci. 2021, 25, 1974–1981. [Google Scholar] [CrossRef]

	



Ma, X.; Becker Buscaglia, L.E.; Barker, J.R.; Li, Y. MicroRNAs in NF-kappaB signaling. J. Mol. Cell Biol. 2011, 3, 159–166. [Google Scholar] [CrossRef]

	



Feng, L.-L.; Xin, W.-N.; Tian, X.-L. MALAT1 modulates miR-146’s protection of microvascular endothelial cells against LPS-induced NF-κB activation and inflammatory injury. Innate Immun. 2019, 25, 433–443. [Google Scholar] [CrossRef]

	



Zhou, X.; Zhang, J.; Liu, J.; Guo, J.; Wei, Y.; Li, J.; He, P.; Lan, T.; Peng, L.; Li, H. MicroRNA miR-155-5p knockdown attenuates Angiostrongylus cantonensis-induced eosinophilic meningitis by downregulating MMP9 and TSLP proteins. Int. J. Parasitol. 2021, 51, 13–22. [Google Scholar] [CrossRef]

	



Mahesh, G.; Biswas, R. MicroRNA-155: A Master Regulator of Inflammation. J. Interferon Cytokine Res. 2019, 39, 321–330. [Google Scholar] [CrossRef]

	



Mortazavi-Jahromi, S.S.; Aslani, M.; Mirshafiey, A. A comprehensive review on miR-146a molecular mechanisms in a wide spectrum of immune and non-immune inflammatory diseases. Immunol. Lett. 2020, 227, 8–27. [Google Scholar] [CrossRef] [PubMed]

	



Hu, J.; Huang, S.; Liu, X.; Zhang, Y.; Wei, S.; Hu, X. miR-155: An Important Role in Inflammation Response. J. Immunol. Res. 2022, 2022, 7437281. [Google Scholar] [CrossRef]

	



Mann, M.; Mehta, A.; Zhao, J.L.; Lee, K.; Marinov, G.K.; Garcia-Flores, Y.; Lu, L.-F.; Rudensky, A.Y.; Baltimore, D. An NF-κB-microRNA regulatory network tunes macrophage inflammatory responses. Nat. Commun. 2017, 8, 851. [Google Scholar] [CrossRef] [PubMed]

	



Saikumar, J.; Hoffmann, D.; Kim, T.-M.; Gonzalez, V.R.; Zhang, Q.; Goering, P.L.; Brown, R.P.; Bijol, V.; Park, P.J.; Waikar, S.S.; et al. Expression, circulation, and excretion profile of microRNA-21, -155, and -18a following acute kidney injury. Toxicol. Sci. 2012, 129, 256–267. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.-B.; Chen, X.; Li, D.-J.; Qi, G.-N.; Dai, Y.-Q.; Gu, J.; Chen, M.-Q.; Hu, S.; Liu, Z.-Y.; Yang, Z.-M. Inhibition of miR-155 Ameliorates Acute Kidney Injury by Apoptosis Involving the Regulation on TCF4/Wnt/β-Catenin Pathway. Nephron 2019, 143, 135–147. [Google Scholar] [CrossRef]

	



Fu, H.-X.; Fan, X.-P.; Li, M.; Liu, M.-J.; Sun, Q.-L. MiR-146a relieves kidney injury in mice with systemic lupus erythematosus through regulating NF-κB pathway. Eur. Rev. Med. Pharmacol. Sci. 2019, 23, 7024–7032. [Google Scholar] [CrossRef]

	



Yu, H.-Y.; Meng, L.-F.; Lu, X.-H.; Liu, L.-H.; Ci, X.; Zhuo, Z. Protective effect of miR-146 against kidney injury in diabetic nephropathy rats through mediating the NF-κB signaling pathway. Eur. Rev. Med. Pharmacol. Sci. 2021, 25, 6445. [Google Scholar] [CrossRef]

	



Zhu, J.; Xiang, X.; Hu, X.; Li, C.; Song, Z.; Dong, Z. miR-147 Represses NDUFA4, Inducing Mitochondrial Dysfunction and Tubular Damage in Cold-storage Kidney Transplantation. J. Am. Soc. Nephrol. 2023; Online ahead of print. [Google Scholar] [CrossRef]

	



Baer, P.C.; Nockher, W.A.; Haase, W.; Scherberich, J.E. Isolation of proximal and distal tubule cells from human kidney by immunomagnetic separation. Technical note. Kidney Int. 1997, 52, 1321–1331. [Google Scholar] [CrossRef] [PubMed]

	



Baer, P.C.; Bereiter-Hahn, J.; Schubert, R.; Geiger, H. Differentiation status of human renal proximal and distal tubular epithelial cells in vitro: Differential expression of characteristic markers. Cells Tissues Organs (Print) 2006, 184, 16–22. [Google Scholar] [CrossRef]

	



Koch, B.; Geßner, A.; Farmand, S.; Fuhrmann, D.C.; Chiocchetti, A.G.; Schubert, R.; Baer, P.C. Effects of Hypoxia on RNA Cargo in Extracellular Vesicles from Human Adipose-Derived Stromal/Stem Cells. Int. J. Mol. Sci. 2022, 23, 7384. [Google Scholar] [CrossRef] [PubMed]

	



Mol, E.A.; Goumans, M.-J.; Doevendans, P.A.; Sluijter, J.P.G.; Vader, P. Higher functionality of extracellular vesicles isolated using size-exclusion chromatography compared to ultracentrifugation. Nanomedicine 2017, 13, 2061–2065. [Google Scholar] [CrossRef]

	



Böing, A.N.; van der Pol, E.; Grootemaat, A.E.; Coumans, F.A.W.; Sturk, A.; Nieuwland, R. Single-step isolation of extracellular vesicles by size-exclusion chromatography. J. Extracell. Vesicles 2014, 3, 23430. [Google Scholar] [CrossRef] [PubMed]

	



Ge, X. iDEP Web Application for RNA-Seq Data Analysis. Methods Mol. Biol. 2021, 2284, 417–443. [Google Scholar] [CrossRef]

	



Chang, L.; Zhou, G.; Soufan, O.; Xia, J. miRNet 2.0: Network-based visual analytics for miRNA functional analysis and systems biology. Nucleic Acids Res. 2020, 48, W244–W251. [Google Scholar] [CrossRef] [PubMed]

	



Oliveros, J.C. Venny. An Interactive Tool for Comparing Lists with Venn’s Diagrams. Available online: https://bioinfogp.cnb.csic.es/tools/venny/index.html (accessed on 22 May 2023).

	



Faraldi, M.; Gomarasca, M.; Sansoni, V.; Perego, S.; Banfi, G.; Lombardi, G. Normalization strategies differently affect circulating miRNA profile associated with the training status. Sci. Rep. 2019, 9, 1584. [Google Scholar] [CrossRef]








[image: Ijms 24 11069 g001 550] 





Figure 1. Characterization of PTCs (A,B) and EVs isolated from PTC supernatant (C,D). (A) Characteristic phase contrast microscopy of confluent PTCs cultured in standard cell culture. (B) Representative flow cytometric overlay histograms of characteristic PTC marker expression (CD13, CD26, and EpCAM), and of CD63, a characteristic marker of exosomes. The black histograms represent isotype controls. (C) Representative nanoparticle tracking analysis (NTA) of EVs isolated from unstimulated PTC after standard cell culture for 48 h. (D) Representative flow cytometric overlay histogram of PTC-EVs isolated using EpCAM-beads and immunostained with CD63-APC. The black histogram represents an unstained control. (E) Representative nanoparticle tracking analysis (NTA) of EVs isolated from PTCs after culture in an inflammatory microenvironment for 48 h. 
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Figure 2. Validation of inflammatory stimulation of PTCs. mRNA expression of selected factors under an inflammatory culture condition for 48 h: (A) IL6, (B) IL1β, and (C) ICAM1. The expression levels in each experiment were normalized to a housekeeping gene (β-actin) and expressed relative to the control using the ∆∆CT method (Expression). A mixture of pro-inflammatory cytokines (stimulation) significantly increased the mRNA expression of all three readouts after 48 h of incubation. Mean ± SEM, * p < 0.05 (A, B), *** p < 0.001 (C), n = 6. 
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Figure 3. RNAseq analysis of miRNA extracted from PTCs (A) and EVs (B). Heatmap showing hierarchical clustering of analyzed miRNAs and piRNA from stimulated PTCs or their EVs and unstimulated controls (minimum fold change ±1.5, p-adj < 0.1). The groups are represented in columns and the specific miRNAs in rows. Each colored cell on the map corresponds to an expression value. 
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Figure 4. RNAseq analysis of miRNA extracted from (A) PTCs and (B) their EVs. Volcano Plot combining log fold change (log2FC) analysis. Fold changes with a highly significant upregulation or downregulation are highlighted (log2FC > ±1; p-adj < 0.05). 
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Figure 5. Venn diagram and network analysis. (A) Venn diagram to show the overlapping highly significant regulated miRNA from PTCs and their EVs. Only three miRNAs (miR-146a-5p, miR-147b, and miR-155-5p) overlapped between the two groups (Venny 2.1.0). (B,C) Network analyses showing miRNA target interactions. Network visualization: miR (blue squares) and the potentially interacting gene network (magenta and green dots) created with miRNet 2.0 (miRTarBase). (B) Dissected miRNA–target interactions and functional associations through network-based visual analysis (miRNet). miR-146a-5p, miR-155-5p, and miR-147b regulate 1092 genes, including ICAM1 and IL6. (C) Interaction and targets involved in Toll-like receptor signaling pathway. 
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Figure 6. Validation of miR-146a-5p, miR-147b, and miR-155-5p expression in unstimulated PTCs (controls) and after stimulation. Values were normalized using the UniSP6 spike-in control primer set. Data are mean  ±  SEM of three independent experiments. Significance was calculated using Student’s t-test. * p  <  0.05; *** p  <  0.001. 
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Figure 7. Correlations. Correlation of overlapping miRNAs (reads of miR-146a-5p, miR-147b, and miR-155-5p) with (A) IL6- and (B) ICAM1-mRNA expression. 
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