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Neuroblastoma is the most common extracranial solid tumor in childhood and arises from neural crest cells of the developing sympathetic nervous system. Prostaglandin E>2> (PGE>2>) has been identified as a key pro-inflammatory mediator of the tumor microenvironment (TME) that promotes neuroblastoma progression. We report that the interaction between the microRNA miR-574-5p and CUG-binding protein 1 (CUGBP1) induces the expression of microsomal prostaglandin E>2> synthase 1 (mPGES-1) in neuroblastoma cells, which contributes to PGE>2> biosynthesis. PGE>2> in turn specifically induces the sorting of miR-574-5p into small extracellular vesicles (sEV) in neuroblastoma cell lines. sEV are one of the major players in intercellular communication in the TME. We found that sEV-derived miR-574-5p has a paracrine function in neuroblastoma. It acts as a direct Toll-like receptor 7/8 (TLR7/8) ligand and induces α-smooth muscle actin (α-SMA) expression in fibroblasts, contributing to fibroblast differentiation. This is particularly noteworthy as it has an opposite function to that in the TME of lung carcinoma, another PGE>2> dependent tumor type. Here, sEV-derived miR-574-5p has an autokrine function that inhibits PGE>2> biosynthesis in lung cancer cells. We report that the tetraspanin composition on the surface of sEV is associated with the function of sEV-derived miR-574-5p. This suggests that the vesicles do not only transport miRs, but also appear to influence their mode of action.
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1 INTRODUCTION
Neuroblastoma is the most common extracranial solid tumor in children under 1 year of age and arises from neural crest cells of the developing sympathetic nervous system (Matthay et al., 2016). It has a remarkable phenotypic heterogeneity, ranging from spontaneous regression in the absence of treatment to a relentlessly progressive disease that is resistant to intensive multimodal therapy (Baker et al., 2010; Nuchtern et al., 2012; Pinto et al., 2015). Despite significant advances in cancer treatment, survival rates for high-risk neuroblastoma patients remain low (Smith and Foster, 2018). Standard treatments for neuroblastoma, such as chemotherapy and radiotherapy, target the proliferating, genetically unstable tumor cells. However, resistance to therapy is inevitable after long-term treatment, leading to treatment failure and cancer relapse (Larsson et al., 2019; Zhou et al., 2023). Therefore, a better understanding of how neuroblastoma cells communicate with the tumor microenvironment (TME) is essential for the development of more effective targeted therapies. The TME is generally composed of different cell types, including fibroblasts, immune cells and structural elements. Intratumoral interactions between cancer cells and TME cells contribute to cancer progression at different stages (Belli et al., 2018; Neophytou et al., 2021). Communication between cancer cells and TME cells occurs mainly through contact-independent mechanisms and is mediated by soluble proteins such as growth factors, cytokines and chemokines. Recent evidence suggests that other soluble factors such as extracellular vesicles may be involved and can contribute to neuroblastoma progression (Blavier et al., 2020; Marimpietri et al., 2021). Small extracellular vesicles (sEV) of endosomal origin are actively secreted by all cell types (Raposo and Stoorvogel, 2013; Witwer and Théry, 2019) and are critical regulators of intercellular communication in these processes (Penfornis et al., 2016; Mathieu et al., 2019; Mir and Goettsch, 2020). Neuroblastoma cells release sEV as a mechanism for the abrogation of the antitumor immune response (Marimpietri et al., 2021). These sEV promote a tolerogenic microenvironment in both primary tumors and metastases (Morandi et al., 2019; Marimpietri et al., 2021). In addition, neuroblastoma cell-derived sEV are involved in modulating the antitumor T-cell response, and such immunosuppressive activity must be considered when developing immunotherapeutic strategies (Ali et al., 2020). SEV contain various bioactive molecules that can be taken up by neighboring or distant cells far from their release. This modulates the behavior of the recipient cells to their bioactive compounds (Zhang et al., 2019).
One of these components are microRNAs (miRNAs, miRs), a group of small non-coding RNAs that have multiple effects on gene regulation (Bartel, 2004; Cheng et al., 2014). Many of these miRNAs are involved in a complex regulatory network for the modulation of various biological functions, including inflammatory processes through the modulation of lipid mediators (Saul et al., 2019a). In general, the sEV envelope protects miRNAs from degradation (Cheng et al., 2014; Hegewald et al., 2020) and can influence the internalization by recipient cells (Rana et al., 2012). By modulating the physiological function of their target cell in the tumor microenvironment or in distant organs, it critically affects tumor progression (Dai et al., 2020). In addition, chronic inflammation is known to promote a microenvironment that triggers tumor development (Mantovani et al., 2008; Greten and Grivennikov, 2019). The mechanisms by which inflammatory factors influence the TME and promote tumor growth are not fully understood. However, there is increasing evidence that the lipid mediator prostaglandin (PG) E>2> plays a central role in these processes (Samuelsson et al., 2007; Nakanishi and Rosenberg, 2013). In general, PGE>2> is formed from arachidonic acid in a two-step enzymatic reaction in which arachidonic acid is first converted to PGH>2> by cyclooxygenases and then to PGE>2> by microsomal prostaglandin E synthase-1 (mPGES-1) (Murakami et al., 2000; Wang and Dubois, 2006). PGE>2> binds to specific prostaglandin E>2> receptors EP1 to 4, which belong to the G-protein coupled receptor family. Each receptor mediates the tumor-promoting properties of PGE>2> through distinct intracellular signaling pathways (Pai et al., 2002). Cancer-associated fibroblasts are the main source of PGE>2> in neuroblastoma, particularly in a genetic subtype of neuroblastoma with 11q deletion, promoting angiogenesis, immunosuppression and tumor growth (Larsson et al., 2015; Larsson et al., 2019).Targeting this inflammatory pathway offers a therapeutic option for neuroblastoma (Larsson et al., 2015; Larsson et al., 2019) and other cancers (Harris et al., 2005; Cai et al., 2020; Drew et al., 2020). Blocking PGE>2> production not only sensitizes cancer cells to chemotherapeutics (Hanaka et al., 2009), but also reduces programmed cell death ligand 1 expression, alleviates immunosuppression, and stimulates anti-tumor immune responses (Prima et al., 2017). Therefore, combining standard cancer therapies with PGE>2> inhibition is a promising anti-cancer strategy (Zelenay et al., 2015).
Little is known to date about the interaction of these signaling pathways, given the importance of PGE>2> and sEV in the TME. Considering this, the recent discovery that PGE>2> stimulates the sorting of the miRNA miR-574-5p into sEV in non-small cell lung cancer (NSCLC) is noteworthy (Donzelli et al., 2021). PGE>2> is thus the first known exogenous factor to modulate specifically miRNA secretion in sEV, which is mediated by EP1 and 3 (Donzelli et al., 2021). After internalization by target cells, sEV-derived miR-574-5p activates Toll-like receptors (TLR) 7/8 and decreases PGE>2>-biosynthesis in adenocarcinoma cells, but not in squamous-cell carcinoma cells. This function stands in contrast to intracellular miR-574-5p. MiR-574-5p induces the expression of microsomal prostaglandin E>2> synthase-1 (mPGES-1) by interacting with the RNA binding protein CUG binding protein 1 (CUGBP1) (Saul et al., 2019b; Emmerich et al., 2020). Thus, miR-574-5p acts as decoy for CUGBP1. It prevents CUGBP1 from binding to the mPGES-1 3′untranslated region (UTR), resulting in the generation of a mPGES-1 3′UTR isoform with higher translational efficiency derived from alternative splicing of mPGES-1 wild type (WT) mRNA (Saul et al., 2019b).
The extent to which this regulatory mechanism can be generalized to other PGE>2>-dependent tumors is currently unknown. Neuroblastoma is a unique model to study the role of miR-574-5p in PGE>2>-driven cancer progression in non-epithelial tumors and an important complementary model to NSCLC. Therefore, we decided to further investigate the role of miR-574-5p in the neuroblastoma microenvironment in terms of its intracellular function as a regulator of PGE>2> biosynthesis and its extracellular function as a TLR7/8 ligand. In addition, we aimed to determine whether the function of sEV-derived miR-574-5p in TME is comparable to that in NSCLC or whether miR-574-5p affects TME differently in neuroblastoma. In addition, we examined whether certain properties of the sEV envelope might influence the function of sEV-derived miR-574-5p as a TLR7/8 ligand.
2 MATERIALS AND METHODS
2.1 Neuroblastoma tumor tissue
Neuroblastoma tumor tissue samples were provided by Prof. Dr. Per Kogner, Karolinska Institutet, Stockholm, Sweden. Ethical approval was obtained by the Stockholm Regional Ethical Review Board and the Karolinska University Hospital Research Ethics Committee (approval nos. 2009/1369-31/1 and 03/736). Tissue samples of in total 20 patients from different neuroblastoma subtypes were stained: MYCN amplified (N = 8), 11q deleted (N = 5), low risk (N = 5) and 11q deleted/MYCN amplified (N = 2).
2.2 Immunohistochemistry staining of tissue sections
Immunohistochemistry (IHC) staining of mPGES-1 and CUGBP1 was performed as previously described (Donzelli et al., 2021). For this purpose, rabbit-α-mPGES-1 (Cayman Chemicals, Ann Arbor, United States, cay160140, 1:200) and rabbit-α-CUGBP1 (Abcam, Cambridge, United Kingdom, ab129115, 1:100) antibodies were used and developed using a 3,3′-Diaminobenzidine substrate kit (Abcam, Cambridge, United Kingdom) following the manufacturer’s instructions. Counterstaining was performed with hematoxylin (Sigma-Aldrich, St. Louis, United States) for 15 s.
2.3 In situ hybridization of tissue sections
In situ hybridization (ISH) was performed as previously described (Donzelli et al., 2021). Specific locked nucleic acid probes (Qiagen, Hilden, GER) which were double-labeled with fluorescein against miR-574-5p were used. Control in situ hybridization was performed using a digoxygenin-labeled scramble control probe.
2.4 Cell lines and cell culture conditions
According to the MISEV2018 guidelines (Thery et al., 2018), all cell culture experiments were carried out with sEV-depleted fetal calf serum (FCS, Sigma-Aldrich, St. Louis, United States) which was centrifuged at 120 000 x g, 4°C for 18 h in an Optima™ XPN-80 ultracentrifuge (Beckman Coulter, Brea, United States). Subsequently, the bottom third of the volume was discarded to exclude contamination by endogenous sEV. All cell culture experiments were carried out under sterile and standardized cell culture conditions (37°C, 5% CO>2> and 98% humidity). The two neuroblastoma cell lines SK-N-AS (ATCC:CRL-2137™) and SK-N-SH (RRID:CVCL_0531) and the human lung adenocarcinoma cell line A549 (ATCC: CCL-185™) were cultured in Dulbecco’s modified Eagle medium (DMEM, Thermo Fisher Scientific, Waltham, United States) with 10% (v/v) heat-inactivated FCS, 100 U/mL Penicillin (gibco, Thermo Fisher Scientific, Waltham, United States), 100 μg/mL Streptomycin (gibco, Thermo Fisher Scientific, Waltham, United States) and 1 mM sodium pyruvate (Thermo Fisher Scientific, Waltham, United States). The human fetal lung fibroblast cell line HFL1 (CCL153, ATCC, Manassas, United States) was cultured in Kaighn’s modification of Ham’s F-12 medium (F-12K, gibco, Thermo Fisher Scientific, Waltham, United States) with 10% (v/v) FCS, 100 U/mL Penicillin and 100 μg/mL Streptomycin. The human pulmonary squamous cell carcinoma cell line 2106T (CLS Cell Lines Service GmbH, Eppelheim, GER) was cultured in 50% DMEM and 50% F-12K with 5% (v/v) FCS, 100 U/mL Penicillin, and 100 μg/mL Streptomycin, 0.5 mM sodium pyruvate and 15 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, Sigma-Aldrich, St. Louis, United States). All cell lines were passaged twice weekly. The HFL1 cell line was used for experiments from passages 4 to 11. For sEV-derived miR-574-5p measurements, cells were stimulated with 5 nM PGE>2>, 5 nM Butaprost, 5 nM Sulprostone (all Sigma-Aldrich, St. Louis, United States), 5 nM L-902,688 (Cayman Chemicals, Ann Arbor, United States), or vehicle dimethyl sulfoxide (DMSO, Carl Roth, Karlsruhe, GER) for 30 min, 1 h, and 2 h. HFL1 were stimulated with 2 μg/mL purified sEV, 100 ng/mL Resiquimod (R848, Invivogen, San Diego, United States), or 200 nM ODN 2088 Control (ODN 2087) (Miltenyi Biotec, Bergisch-Gladbach, GER) for 72 h.
2.5 3D cell culture
Spheroid cultures of A549, SK-N-AS, and HFL1 cells were generated in hanging drops of DMEM, supplemented with 0.4% methylcellulose (Foty, 2011) (Sigma-Aldrich, St. Louis, United States). Each hanging drop contained a total cell number of 1 × 104 cells in a volume of 50 μL medium. For co-culture experiments, 66% SK-N-AS cells were combined with 33% HFL1 cells. Spheroids were cultured for 72 h and then stimulated with 5 ng/mL interleukin (IL)-1β for 24 h.
2.6 RNA extraction
Total RNA from cells was extracted using TRIzol™ reagent (Thermo Fisher Scientific, Waltham, United States) and digested with Turbo™ DNase (Thermo Fisher Scientific, Waltham, United States) according to the manufacturer’s instructions. 1 μg of DNase-treated RNA was used for reverse transcription using the High-Capacity RNA-to-cDNA Kit (Thermo Fisher Scientific, Waltham, United States) according to the manufacturer’s instructions. RNA from sEV was extracted using a phenol/guanidinium thiocyanate (GTC)-based extraction method. To each purified sEV sample, 200 μL extraction buffer (pH 4.8, 150 nM sucrose, 10 mM sodium acetate), 20 μL sodium dodecyl sulfate (SDS, 20%, Carl Roth, Karlsruhe, GER), 200 μL 6 M GTC (Sigma-Aldrich, St. Louis, United States) and 200 μL Roti®-Aqua- phenol (Carl Roth, Karlsruhe, GER), pre-warmed to 65°C, were added to each sample. The samples were vortexed and incubated at 65°C for 5 min. Afterward, 2 nmol synthetic ath-miR-159 and 200 nmol of cel-miR-39-3p were spiked in as internal standards for normalization and to enhance precipitation efficiency (Fauth et al., 2019). 200 μL chloroform isoamylalcohol (1:24, both Carl Roth, Karlsruhe, GER) were mixed into each tube and samples were centrifuged 5 min at 13 000 x g. The upper aqueous phase was transferred to fresh tubes and 1.5 mL ethanol (EtOH, 100%), 50 μL 3 M sodium acetate and 1 μL GlycoBlue™ were added. RNA was precipitated at −80°C for 20 min and tubes were centrifuged for 20 min. The supernatant was discarded, pellets were resuspended in 17 μL MQ and all samples were digested with Turbo™ DNase. The reaction was stopped by adding 100 μL EtOH (100%), 2 μL 3 M sodium acetate and 1 μL GlycoBlue™. After precipitation at −80°C for 20 min, samples were centrifuged 20 min, the supernatant was discarded and pellets washed with 200 μL EtOH (70%). After a final centrifugation step for 10 min, the supernatant was discarded, and pellets resuspended in 15 μL MQ. 10 μL of each sample were reverse transcribed using miRCURY LNA RT (Qiagen, Hilden, GER) following manufacturer’s instructions and measured by reverse transcription quantitative polymerase chain reaction (RT-qPCR).
2.7 RT-qPCR
MiRs from RNA immunoprecipitation, 3D cell culture experiments and RNase and Triton X-100 treatment of sEV were analyzed with the miRCURY system (Qiagen, Hilden, GER) and the primers miR-574-5p (YCP0044301) and ath-miR-159a (YCP0044303) following the manufacturer’s instructions. For all other samples 2 µL of each RNA sample were incubated for elongation with 2 U E.coli Poly(A) Polymerase (New England Biolabs GmbH, Ipswich, United States) and transcription by 100 U M-MuLV Reverse Transcriptase (New England Biolabs GmbH, Ipswich, United States) for 1 h at 42°C. RT-qPCR analysis was performed using the PerfeCTa® SYBR® Green SuperMix (Quantabio, Beverly, United States) according to the manufacturer`s instructions. MRNA transcripts were analyzed as previously described (Donzelli et al., 2021) with the following primer pairs: mPGES-1 coding sequence (mPGES-1 CDS fwd: 5′-GAA​GAA​GGC​CTT​TGC​CAA​C-3′; mPGES-1 CDS rev: 5′-CCA​GGA​AAA​GGA​AGG​GGT​AG-3′), mPGES-1 (mPGES-1 fwd: 5′-TCC​CGG​GCT​AAG​AAT​GCA-3′; mPGES-1 rev: 5′-ATT​GGC​TGG​GCC​AGA​ATT​TC-3′), mPGES-1 3′UTR isoform (mPGES-1 iso fwd: 5′-GTG​CCC​GTG​TGT​GTG​TAT​GTG​TGT​GTG​TGT-3′; mPGES-1 iso rev: 5′-CCC​AGC​TGG​CAG​ACA​CTT​CCA​TTT​AAT​GAC​T-3′), CUGBP1 (CUGBP1 fwd: 5′-AAA​GTC​CTC​CCA​GGG​ATG​CA-3′; CUGBP1 rev: 5′-AGC​TTC​CTG​TCT​TCC​ACT​GCA​T-3′), COX-2 (COX-2 fwd: 5′-CCG​GGT​ACA​ATC​GCA​CTT​AT-3′; COX-2 rev: 5′-GGC​GCT​CAG​CCA​TAC​AG-3′), nervous system overexpressed protein 20 (NOXP20) (NOXP20 fwd: 5′-GGC​AAA​TCT​CTG​CTG​TCG​TC-3′; NOXP20 rev: 5′-CCT​GCT​TTT​TCC​TTG​ACT​GC-3′), α-Smooth Muscle Actin (α-SMA) (α-SMA fwd: 5′-GCT​GTT​TTC​CCA​TCC​ATT​GT-3’; α-SMA rev 5′-TTT​GCT​CTG​TGC​TTC​GTC​AC-3′). In all RT-qPCR measurements, GAPDH (GAPDH fwd: 5′-TGA​GAA​CGG​GAA​GCT​TGT​CA-3′; GAPDH rev: 5′-ATC​GCC​CCA​CTT​GAT​TTT​GG-3′) was used as an endogenous control to normalize cDNA quantities between different samples.
2.8 Western blotting
Western blot analysis was performed as previously described (Saul et al., 2019b). In brief, cells or spheroids were harvested, lysed with a tissue protein extraction reagent (T-PER, Thermo Fisher Scientific, Waltham, United States) and protein concentrations were determined via Bradford assay (Bio-Rad Laboratories, Hercules, United States). Then, 20–40 µg of total protein were separated on 12% SDS gels and afterwards, wet blotted on a nitrocellulose membrane (Sigma-Aldrich, St. Louis, United States). Membranes were incubated with antibodies against mPGES-1 (1:200, 160140, Cayman Chemicals, Ann Arbor, United States), CUGBP1 (1:500, ab129115, Abcam, Cambridge, United Kingdom), α-SMA (1:1000, ab7817, Abcam, Cambridge, United Kingdom) and GAPDH (1:1000, 2118, Cell Signaling Technology, Danvers, United States) as an internal standard at 4°C overnight, then incubated with suitable infrared dye conjugated secondary antibodies (IRDye®, LI-COR Biosciences, Lincoln, United States) for 45 min at RT. Protein bands were detected with the Odyssey Fc chemiluminescence reader (LI-COR Biosciences, Lincoln, United States), which provided consistent and reliable data for quantification even at low protein levels. For tetraspanin analysis in sEV, purified sEV from 30 mL culture medium and corresponding cells were lysed in RIPA buffer (50 mM Tris-HCl (Carl Roth, Karlsruhe, GER); 150 mM NaCl (MilliporeSigma, Burlington, United States); 1% Triton X-100 (Carl Roth, Karlsruhe, GER), 0.1% SDS, 0.1% deoxycholate acid (MilliporeSigma, Burlington, United States)) supplemented with EDTA-free protease inhibitor (cOmplete Mini, EDTA-free, Roche, Basel, Switzerland). Protein concentrations of cell lysate were determined via BCA assay (EMD Millipore Corp., Burlington, United States) and 50 µg of protein were loaded. Separation, blotting and staining were performed as described above. For the detection of tetraspanins, SDS-PAGE was performed under unreduced conditions and antibodies against CD9 (1:500, Clone ALB6, sc-59140, Santa Cruz Biotechnology, Dallas, United States), CD63 (1:1000, Clone H5C6, NBP2-42225, Novus Biologicals, Littleton, United States) and CD81 (1:1000, Clone 5A6, MABF 2061, Merck, Darmstadt, Germany) were used. Calnexin (1:2000, C4731, Sigma-Aldrich, St. Louis, United States), Syntenin-1 (1:500, sc-515538, Santa Cruz Biotechnology, Dallas, United States) and GAPDH were detected under reduced conditions. Odyssey NEWBLOT IR Stripping buffer (LI-COR Biosciences, Lincoln, United States) was used for membrane stripping according to manufacturer’s instructions.
2.9 RNA immunoprecipitation
For each condition, 6 × 106 SK-N-AS cells were seeded in a 15 cm petri dish for 24 h and then stimulated with 5 ng/mL IL-1β for 24 h. Then, cells were washed with ice-cold 1x PBS (gibco, Thermo Fisher Scientific, Waltham, United States) and harvested by scraping with a cell scraper in 1x PBS with an EDTA-free protease inhibitor (Roche, Basel, CHE). Cells were pelleted by centrifugation for 5 min at 400 x g and 4°C and then resuspended in 1 mL lysis buffer containing 10 mM Tris-HCl, pH 7.5, 10 mM KCl (MilliporeSigma, Burlington, United States), 1.5 mM MgCl>2>, 0.5 mM DTT (MilliporeSigma, Burlington, United States), 0.9% IGEPAL CA-630 NP-40 (Merck, Darmstadt, GER), 8000 U RNase inhibitor, and EDTA-free protease inhibitor. The samples were incubated on ice for 10 min, and the cells were disrupted by ultrasonication 3 times for 10 s at 30% amplitude, with a 30 s pause in between. Next, samples were centrifuged at 10 000 x g for 10 min at 4°C. Finally, the supernatant containing total protein was transferred to a new tube, and 10% was taken as an input sample.
GammaBind Plus Sepharose beads (GE Healthcare, Freiburg, GER) were blocked for 90 min at 4°C in blocking buffer (0.2 mg/mL bovine serum albumin (BSA), 0.1 mg/mL yeast tRNA in 1x PBS). Then, the beads were washed 3 times with lysis buffer and centrifuged at 300 g for 5 min in-between. 10 μg antibodies against CUGBP1 (05-621 clone3B1; Merck, Darmstadt, GER) or normal mouse IgG antibody (12-371; Merck, Darmstadt, GER) were added to 50 µl beads and incubated rotating for 60 min at 4°C. The lysate was devided equally to the CUGBP1-/IgG-bead mixture and the samples were incubated at 4°C for 2 h for immunoprecipitation. Afterward, samples were washed with each wash buffer B1 (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 2 mM EDTA (MilliporeSigma, Burlington, United States), 0.1% SDS, 1% Triton, and EDTA-free protease inhibitor), B2 (20 mM Tris-HCl pH 7.5, 500 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% Triton and EDTA-free protease inhibitor) and B3 (10 mM Tris-HCl pH 7.5, 250 mM LiCl (MilliporeSigma, Burlington, United States), 1 mM EDTA, 1% sodium deoxycholate, 0.9% IGEPAL CA-630 NP-40, and EDTA-free protease inhibitor) for 5 min at 4°C, with centrifugation steps of 5 min and 300 x g in between. After the last washing step, 10% of each precipitate were taken for Western blot analysis to validate the immunoprecipitation. Western blot analysis was performed as previously described and CUGBP1 (1:1000, Abcam, Cambridge, United Kingdom, ab129115) antibody was used. The remaining precipitates were resuspended in TRIzol™ reagent (Thermo Fisher Scientific, Waltham, United States), and RNA was isolated as described above.
2.10 sEV purification
Cell culture supernatants were centrifuged at 2,000 x g and RT for 20 min. Afterward, 1 mL supernatant were centrifuged at 21 000 x g and 4°C for 1 h in a 1.5 mL polypropylene tube (Beckman Coulter, Brea, United States). The supernatant was then ultracentrifuged at 100 000 x g for 1 h at 4°C. Finally, the supernatant was discarded and sEV pellets were resuspended in 1x PBS. The protein concentration of sEV was measured via UV-Vis spectroscopy at an absorption wavelength of 280 nm to ensure constant sEV concentrations. Purified sEV were stored at 4°C and used for experiments within 48 h.
2.11 sEV characterization
Unpurified sEV of SK-N-AS and SK-N-SH neuroblastoma cell lines were characterized with ExoView R100 (NanoView Biosciences, Boston, United States). Cell culture supernatants were stained on tetraspanin chips (CD81, CD63, CD9, IgG control, NanoView Biosciences, Boston, United States) following the manufacturer’s instructions. In short, chips were covered with cell culture supernatants and incubated for 18 h. Then, the chips were washed, blocked and incubated with antibodies against CD81 (CF®555-labeled), CD63 (CF®647-labeled), and CD9 (CF®488A-labeled) (all diluted 1:600, NanoView Biosciences, Boston, United States) for 1 h. Afterward, chips were washed, dried and imaging and analysis were performed using the ExoView R100 platform. For the rest of this manuscript, the localization of multiple tetraspanins on the same sEV will be referred to as colocalization.
Purified sEV were visualized via transmission electron microscopy (TEM). For this purpose, sEV were isolated by ultracentrifugation and resuspended in 1x PBS. SEV were diluted to a protein concentration of 0.05 mg/mL in 1x PBS. The formvar carbon coated nickel grid (Plano, Wetzlar, GER) was covered with 15 µL sample at RT for 10 min. Then, the sEV were fixed on the grid for 10 min with 2% formaldehyde (FA, Carl Roth, Karlsruhe, GER) and washed 3x with Milli-Q water (MQ). All samples were imaged with a Zeiss EM109 electron microscope. Tetraspanins of purified sEV were analyzed on Western blot, as described above.
Particle concentration and size distribution of sEV were measured using the microfluidic resistive pulse sensing technology based nCS1™ Nanoparticle Analyzer (Spectradyne LLC, Signal Hill, United States). Samples of cell culture supernatants from SK-N-AS were diluted 1:10 in 1x PBS with 1% Tween 20 (Sigma-Aldrich, St. Louis, United States) and 3 µL of each sample was loaded into factory precalibrated TS-300 cartridges (Spectradyne LLC, Signal Hill, United States). The cartridges with a measurement range of 50-300 nm and the system were primed with running buffer containing 1x PBS and 1% Tween 20. Raw data were analyzed using the nCS1 software version 2.5.0.249.
2.12 miR-574-5p overexpression in sEV
In order to overexpress miR-574-5p in sEV, the XMIRXpress Lentivector system (System Biosciences, Palo Alto, United States) was used as previously described (Hegewald et al., 2020). A respective negative control was generated with the XMIRXP-NT system (System Biosciences, Palo Alto, United States).
SK-N-AS cells were seeded at a density of 7 × 105 and A549 cells at a density of 5 × 105 cells per well in a 6-well plate the day before transfection. SK-N-SH cells were seeded at a density of 1.4 × 105 cells per well and 2106T cells at a density of 1 × 105 cells per well in a 12-well plate. SK-N-AS and A549 cells were transfected with 2 µg plasmid and Lipofectamin 2000® (Invitrogen, Karlsruhe, GER) according to the manufacturer’s instructions. SK-N-SH cells were transfected with 3 μg plasmid per well using polyethyleneimine (PEI, 1 g/L, Sigma-Aldrich, St. Louis, United States (pH 7)). In detail, 6 μl PEI were mixed with 100 μl cell culture medium without supplements. Plasmids were mixed with 100 μl DMEM without supplements and combined with the PEI mix and incubated at RT for 15 min. According to the same protocol, 2106T cells were transfected with 2 μg plasmid per well and PEI (pH 10). After 18 h, the supernatant was harvested and centrifuged at 2,000 x g and RT and stored at −80°C.
2.13 RNase and triton X-100 treatment of sEV
RNase and Triton X-100 treatment of sEV was performed as previously described (Donzelli et al., 2021). In brief, sEV were isolated, pooled and treated with RNase and Triton X-100. Afterward, RNA was extracted and analyzed via RT-qPCR.
2.14 Tetrazolium reduction assay
Cell viability was controlled using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) tetrazolium (Carl Roth, Karlsruhe, GER) reduction assay as previously described (Donzelli et al., 2021). In brief, 1 × 104 HFL1 cells per well were seeded in 96-well plates for 24 h and then stimulated with 2 μg/mL miR-574-5p oe or ScrC sEV and 10 ng/mL Transforming growth factor (TGF)-β for 72 h. Cells without sEV treatment were used as controls. Then, cells were incubated with 5 mg/mL MTT in cell culture medium for 3 h. The reaction was stopped by aspirating the medium and resuspension of the cells in 100 µL DMSO per well. The assay was evaluated using a Tecan Infinite M 200 plate reader (Tecan Group, Männedorf, CHE) by measuring the formazan quantity at 570 nm and reference at 630 nm. Reference values were subtracted from formazan measurements and sEV treated samples were normalized to samples without sEV treatment.
2.15 Live cell imaging
HFL1, SK-N-AS or SK-N-SH cells were seeded to 8-well chamber slides (IBIDI, Gräfeling, GER) at a density of 2.6 × 104 cells per well or to a µ-24-well plate with black walls (IBIDI,Gräfeling, GER) at a density of 6 × 104 cells per well. After 24 h, cell nuclei were stained with 5 μg/mL Hoechst 33258 (Sigma-Aldrich, St. Louis, United States) for 1 h at 37°C. Isolated sEV were stained with the lipophilic tracer 3,3′- dioctadecyloxacarbocy-anine perchlorate (DiO, Sigma-Aldrich, St. Louis, United States) for 15 min at 37°C. After the sEV were added, cells were imaged at 5 min intervals for a total duration of 30-60 min. Imaging was performed with an UltraVIEW VoX spinning disk system (PerkinElmer, Waltham, United States) mounted on a Nikon TI microscope (Nikon, Minato, Japan) or with a Nikon Eclipse Ti equipped with a climate chamber (37°C, 5% CO>2>, 60% humidity). Images were acquired with a cooled 14-bit EMCCD camera (1,000 × 1,000-pixel frame transfer EMCCD, 30 fps at full frame 1 × 1 binning 35 MHz readout, 8 × 8 μm pixel size) using Velocity 6.3 (PerkinElmer, Waltham, United States) or a Nikon DS-Qi2 camera and NIS elements software (Nikon, Minato, Japan). To observe the uptake of sEV via endocytosis, HFL1 cells were incubated with 20 μg/mL pHrodo™ Red Dextran (Invitrogen, Karlsruhe, GER) together with DiO-labeled sEV. After 30 min–1 h, cells were washed briefly with 1x PBS and fresh cell culture medium was added. Cells were imaged within 15 min.
2.16 Migration assay
Cells were seeded in a 12-well plate at a density of 1 × 105 cells per well. After 24 h, cells were scratched in a cross shape twice in every well. The medium was aspirated, and the cells were washed gently 3 times with starvation medium without FCS. Then, cells were stimulated with 2 μg/mL sEV, 10 ng/mL TGF-β or 10 ng/mL R848. Immediately after the stimulation, images of each cross were taken with an Axio Vert.A1 and the ZEN 2011 software. The cells were then allowed to migrate in the incubator at 37°C and 5% CO>2> for 13 h. After 13 h, cells were washed briefly in 1x PBS and fixated with 3.7% FA in 1x PBS for 10 min at RT. Cells were washed again briefly with 1x PBS and stained with hematoxylin solution (Sigma-Aldrich, St. Louis, United States) for 5 min at RT. Finally, cells were washed 3 × 10 min with 1x PBS and final images of the crosses were taken with the Axio Vert.A1. Brightness and contrast of each image were optimized with the ImageJ Software (https://imagej.nih.gov/ij/) and migrated cells were counted with the cell counter plugin (https://imagej.nih.gov/ij/plugins/cell-counter.html). At the same time, the cells surrounding the scratch were also counted, and migrated cells were normalized to non-migrated cells. The relative cell migration between comparable scratches was then normalized to cells stimulated with ScrC sEV.
2.17 Antibody blocking of sEV
Cells were seeded in 12-well plates at a density of 1 × 105 cells per well 24 h prior to stimulation. MiR-574-5p oe sEV were isolated from the supernatant of A549 or SK-N-AS cells and resuspended in 1x PBS. 1 μg sEV were incubated with 100 ng antibody against CD81 (α-CD81, MABF 2061, Sigma-Aldrich, St. Louis, United States), CD63 (α-CD63, NBP2-42225, Novus Biologicals, Littleton, GER), CD9 (α-CD9, sc-59140, Santa Cruz Biotechnology, Dallas, United States), or Mouse IgG1 Isotype Control (MAB002, Novus Biologicals, Littleton, United States) in a total volume of 20 µL. Appropriate antibody concentrations were tested previously. All reactions were incubated at 4°C for 21 h. Then the previously seeded cells were washed briefly with 1x PBS and the medium was switched to sEV-depleted medium. Cells were stimulated with sEV previously blocked with antibodies or with antibodies without sEV for 24 h at 37°C. Then, cells were harvested, and Western blot analysis was performed.
2.18 Luciferase-assay
SEV-donor cells SK-N-AS and A549 were seeded at a density of 5 × 105 cells in a 6-well plate the day before transfection. Then, cells were transfected with 2 µg Nano-Luciferase (NLuc)-Hsp-70 plasmid (Bonsergent et al., 2021) and Lipofectamin 2000® according to the manufacturer’s instructions 18 h before sEV harvesting. SEV were harvested from the supernatant of A549 or SK-N-AS cells. 2 μg sEV were blocked with 200 ng as previously described in a total volume of 40 µL for 21 h. Acceptor cells were seeded in 96-well plates at a density of 1.5 × 104 cells per well in quadruplets 24 h prior to stimulation. Cells were stimulated with 0.5 µg blocked sEV for 4 h at 37°C and Luciferase-assay was performed using Nano-Glo® Luciferase (Promega, Madison, United States) according to the manufacturer`s instructions.
2.19 sEV uptake quantification by confocal microscopy
A549 or HFL1 cells were seeded in 8-well cell culture slides (SPL life sciences, Naechon-myeon, KOR) at a density of 1.2 × 104 cells per well. As described above, sEV derived from A549 or SK-N-AS cells were isolated and blocked with antibodies. Then, sEV were stained with DiO for 30 min and dialyzed against 1x PBS using a 14 kDa membrane for 1 h. The previously seeded cells were washed briefly with 1x PBS, and the medium was switched to sEV-depleted medium containing stained sEV. After 4 h, cells were washed 2 x with 1x PBS and fixed with 3.7% FA for 15 min. Cells were washed with 1x PBS 2 x and then incubated for 45 min in a staining solution (1% BSA; 1 μg/mL 4′,6-Diamidino-2-phenylindol (DAPI); Phalloidin i647,1:1000, Abcam, Cambridge, United Kingdom). Then, cells were washed 2 x with 1x PBS, 1 x with MQ, and mounted with a glass coverslip using Mowiol-488. Stained cells were visualized with a confocal Leica DMi8 microscope. The images were analyzed with a custom ImageJ script. First, the 3D multichannel microscope images were 2D max Z-projected and the dimensions of the cell to be explored were determined using an automatic intensity threshold based on the actin skeleton. The captured sEV within the cell were detected and counted using a classifier trained with the WEKA segmentation algorithm (doi:1093/bioinformatics/btx180). The number of sEV was normalized to the cell area to determine the relative uptake rate.
2.20 Statistics
All results are shown as mean + standard error of mean (SEM) of at least three independent experiments. Statistical analysis was carried out by Student’s unpaired t-test (two-tailed) or one-way ANOVA with Tukey’s multiple comparison test using GraphPad Prism 9.0. Experimental differences were considered as significant for p ≤ 0.05 (indicated as * for p ≤ 0.05, ** for p ≤ 0.01, *** for p ≤ 0.001, and **** for p ≤ 0.0001, or § for p ≤ 0.05, §§ for p ≤ 0.01, §§§ for p ≤ 0.001, and §§§§ for p ≤ 0.0001).
3 RESULTS
3.1 mPGES-1, CUGBP1 and miR-574-5p colocalize in 11q-deleted neuroblastoma
The interaction between miR-574-5p and CUGBP1 regulates PGE>2> biosynthesis in NSCLC (Saul et al., 2019b; Emmerich et al., 2020). To determine whether this novel PGE>2> regulatory mechanism is also present in neuroblastoma, we performed immunostaining on serial sections for mPGES-1 and CUGBP1 as well as ISH with specific miR-574-5p complementary locked nucleic acid probes. We analyzed samples from 20 patients with different neuroblastoma subtypes (11q-deleted and MYCN Proto-Oncogene (MYCN)-amplified high-risk tumors, and low-risk). Several risk factors play a role in the classification of neuroblastoma (Cohn et al., 2009). With both genetic mutations deletion within chromosome 11q and amplification of the MYCN oncogene, the chance of cure decreases significantly (Mlakar et al., 2017). In 11q-deleted tumors (Figure 1A), we found fibroblasts positive for mPGES-1 (white arrows), consistent with observations by Larsson et al. (Larsson et al., 2015). However, these cells were negative for miR-574-5p. In MYCN-amplified tumors (Figure 1B), no cells in the TME were positive for mPGES-1 or miR-574-5p. Interestingly, we observed cancer cells co-expressing mPGES-1, CUGBP1, and miR-574-5p in the 11q-deleted and low-risk tumors (black arrows) (Figures 1A, C, negative controls in Supplementary Figure S1). Based on their histological appearance, we identified these cells as differentiated neuroblastoma cells, presumably ganglion cells (Hicks and Mackay, 1995). Strikingly, miR-574-5p and CUGBP1 expression were detected in the nuclei of these cells, characteristic of the miR-574-5p/CUGBP1 decoy mechanism that regulates alternative splicing of mPGES-1 3′UTR (Saul et al., 2019b).
[image: Figure 1]FIGURE 1 | MPGES-1 and CUGBP1 immunostaining (IHC) and in situ hybridization (ISH) of miR-574-5p in neuroblastoma tumor sections. IHC (brown) was counterstained with hematoxylin (blue). ISH was performed using a miR-574-5p-probe (blue) and sections were then counterstained with nuclear fast red (red). Exemplary tumor sections of neuroblastoma tumor subtypes with (A) 11q deletion, (B) MYC-N amplification and (C) of the low-risk subtype. Fibroblasts in the 11q deleted subtype (white arrows) are positive for mPGES-1 and differentiated tumor cells (black arrows) positive for mPGES-1, CUGBP1 and miR-574-5p. Scale bars: 0.5 mm, magnified images: 50 µm.
We therefore investigated the decoy mechanism and regulation of mPGES-1-dependent PGE>2> synthesis in the 11q-deleted neuroblastoma SK-N-AS cells. For this purpose, the relative expression of mPGES-1, CUGBP1 and miR-574-5p was determined in SK-N-AS spheroids in comparison to A549 spheroids (Figure 2). A549 cells were used as a model system because the miR-574-5p-mediated regulation of PGE>2> in this cell system has been well characterized both in vitro and in vivo. In our experimental set-up, we have co-cultured the cancer cells with fibroblasts. Fibroblasts play a critical role in tumorigenesis in NSCLC and neuroblastoma (DuBois et al., 1999; Kock et al., 2018). We used the lung fibroblast cell line HFL1 for our co-culture experiments because neuroblastoma metastasizes to the lung and other sites (Maman et al., 2013). This allowed us to analyze the influence of both tumor types on fibroblasts derived from the same tissue. It also provided a basis for comparison of our results with those obtained with NSCLC. The spheroids were also treated with IL-1β to create a pro-inflammatory environment.
[image: Figure 2]FIGURE 2 | 3D-cell culture experiments of SK-N-AS cells combined with human lung fibroblasts (HFL1). (A–G) RT-qPCR analysis of mPGES-1 wild type (WT), mPGES-1 3′untranslated region (UTR) isoform, mPGES-1 coding sequence (CDS), cyclooxygenase (COX)-2, CUGBP1, the host gene of miR-574-5p NOXP20, and miR-574-5p RNA. Mono- and coculture spheroids of SK-N-AS cells combined with HFL1 were cultured for 72 h and then stimulated with 5 ng/mL interleukin (IL)-1β for 24 h. MRNA levels were normalized to GAPDH and miR-574-5p levels to spike-in control ath-miR-159a and untreated A549 monoculture spheroids to compare the amount of mRNA between the cell lines. Data are presented as mean +SEM (N = 4). (H,I) Western blot analysis of mPGES-1 and CUGBP1. Protein levels were normalized to GAPDH and A549 monocultures. Data are presented as mean + SEM (N = 4). Unpaired t-test to untreated A549 monocultures, *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001. One-way ANOVA to other samples § p ≤ 0.05.
Our 3D cell culture experiments with SK-N-AS cells confirmed the tissue staining results. In general, the expression of mPGES-1 on both mRNA and protein levels was significantly lower in neuroblastoma than in NSCLC cells. Thus, we detected significantly lower RNA expression of mPGES-1 and COX-2 in both mono- and co-cultured SK-N-AS spheroids compared to A549 spheroids (Figures 2A–D). In the presence of the miR-574-5p/CUGBP1 decoy mechanism, alternative splicing produces the mPGES-1 3′-UTR isoform, which has a higher translation rate than WT mPGES-1 mRNA (Saul et al., 2019b). We detected the 3′-UTR isoform of mPGES-1 for the first time in SK-N-AS spheroids (Figure 2B). IL-1β stimulation induced mPGES-1, its isoform and COX-2 mRNA levels as well as mPGES-1 protein levels (Figure 2H).
It is interesting to note that miR-574-5p levels were significantly lower in SK-N-AS spheroids than in A549 spheroids. They were not affected by IL-1β stimulation (Figure 2G). This is consistent with the low mRNA expression of NOXP20, which carries the miR-574-5p precursor in an intron (Figure 2F). In contrast, increased levels of CUGBP1 were detected in SK-N-AS spheroids compared to A549 spheroids (Figure 2I). This suggests that CUGBP1 controls the expression of mPGES-1 by binding to miR-574-5p.
Finally, we performed RNA immunoprecipitation of CUGBP1 to demonstrate that the miR-574-5p/CUGBP1 decoy mechanism regulates the expression of mPGES-1 in SK-N-AS cells (Supplementary Figure S2). We showed that both miR-574-5p and mPGES-1 mRNA together with CUGBP1 were highly enriched in both untreated and IL-1ß stimulated cells.
Taken together, our results demonstrate that miR-574-5p and CUGBP1 were involved in the regulation of mPGES-1 expression and PGE>2> synthesis in neuroblastoma. However, this occurs to a lesser extent compared to NSCLC.
3.2 PGE>2> induces secretion of miR-574-5p in sEV via EP1/3 binding in SK-N-AS cells
Our next step was to validate whether neuroblastoma cells are also able to specifically sort miR-574-5p into sEV upon stimulation by PGE>2> like NSCLC cell lines (Donzelli et al., 2021). We included another high-risk neuroblastoma cell line, SK-N-SH, without 11q deletion or MYCN amplification, as a complementary model to the SK-N-AS cell line to monitor possible neuroblastoma-specific differences. Therefore, SK-N-AS and SK-N-SH cells were stimulated with 5 nM PGE>2>. After 30 min, 1 h and 2 h we purified sEV from cell culture supernatants by differential ultracentrifugation and characterized neuroblastoma sEV populations by TEM (Supplementary Figure S3A), ExoView R100 (Figures 3A, B; Supplementary Figures S3B, C) and Western blot analysis (Figure 3C). Total RNA was isolated from both sEV and neuroblastoma cells for RT-qPCR analysis of extracellular and intracellular miR-574-5p levels.
[image: Figure 3]FIGURE 3 | Characterization of sEV derived from SK-N-AS and SK-N-SH cells. (A, B) Unpurified SK-N-AS- and SK-N-SH-derived sEV were analyzed using the ExoView R100 platform (NanoView Biosciences). SEV were captured at specific antibody-coated spots against CD81, CD63, and CD9 (bar graphs). Captured sEV were further analyzed for tetraspanin colocalization with specific fluorescent antibodies (pie charts) (C) Western blot analysis of tetraspanins CD9, CD63,CD81, Calnexin, Syntenin-1 and GAPDH of sEV and cell lysates from SK-N-AS and SK-N-SH cells. A representative blot of 3 independent experiments is shown and (D) sEV-miR-574-5p level and (E) intracellular miR-574-5p level of SK-N-AS cell supernatants and cells. Cells were stimulated with 5 nM PGE>2> for 0.5 h, 1 h and 2 h prior to supernatant harvesting. (F) Particle count measured using a nCS1™ Nanoparticle Analyzer showed no significant effect on SK-N-AS particle numbers secreted after PGE>2> treatment. For further analysis, cells were stimulated with 5 nM (G) PGE>2> receptor (EP)1/3 agonist Sulprostone, (H) EP2 agonist Butaprost and (I) EP4 agonist L-902,688 or respective control solvents. MiR levels were analyzed by RT-qPCR, normalized to the spike-in control ath-miR-159a and folded to their corresponding control. Data are shown as mean + SEM (N = 3-4). Unpaired t-test to corresponding control *p ≤ 0.05. Unpaired t-test to other samples, § p ≤ 0.05.
We observed that sEV-derived miR-574-5p was significantly upregulated after 30 min of PGE>2> stimulation and strongly decreased after 1 h (Figure 3D). However, the intracellular level of miR-574-5p (Figure 3E) and particle number (Figure 3F) were not affected by PGE>2> stimulation. Notably, the secretion effect was mediated by PGE>2> receptors EP1/3 receptors (Figures 3G–I). PGE>2> stimulation of SK-N-SH cells induced miR-574-5p secretion 2 h after treatment (Supplementary Figure S3D). Intracellular miR-574-5p levels were unaffected (Supplementary Figure S3E).
Taken together, these data suggest that the stimulation of EP1/3 receptors by PGE>2> induces the secretion of sEV-miR-574-5p in neuroblastoma cell lines.
3.3 sEV populations derived from neuroblastoma cell lines differ in their tetraspanin composition
The sEV envelope consists of a lipid bilayer in which a large number of membrane proteins are embedded (Thery et al., 2002). A highly enriched family of membrane proteins on sEVs are the tetraspanins CD9, CD63, and CD81, which are used as classical sEV markers (Andreu and Yáñez-Mó, 2014; Kowal et al., 2016). The composition of these sEV markers can be used to characterize the sEV population of cells from different origins (Breitwieser et al., 2022). Therefore, we used the ExoView R100 platform to characterize the sEV populations of the neuroblastoma cell lines SK-N-AS and SK-N-SH using these markers at the single vesicle level.
We observed that SK-N-AS- and SK-N-SH-derived sEV had similarly high levels of CD81 (Figures 3A, B). SK-N-AS-derived sEV had the lowest number of sEV bound to CD9 and CD63 spots, each accounting for approximately 20% of total sEV. In contrast, almost 40% of the total SK-N-SH-derived sEV were bound to the CD9 spot.
Next, we analyzed the localization of CD81, CD63, and CD9 on the same sEV (Figures 3A, B, pie charts). While CD63 and CD9 positive sEV showed very similar colocalization patterns in both cell types, CD81 positive sEV revealed cell-specific differences. In 7% of SK-N-AS-derived CD81 positive sEV, CD81 and CD9 colocalized. 21% showed a colocalization of CD81 and CD63, while less than 1% of sEV were positive for all three tetraspanins. Of note, 71% of CD81 positive SK-N-AS-derived sEV did not colocalize with other tetraspanins. In contrast, in SK-N-SH-derived sEV, only 38% were single positive for CD81.19% of CD81-positive SK-N-SH-derived sEV showed colocalization of CD81 and CD9, while 35% were positive for CD81 and CD63. Here, 10% of all CD81-positive derived sEV were positive for all three tetraspanins. These results show that SK-N-AS- and SK-N-SH-derived sEV have different tetraspanin compositions. These might influence the uptake of the sEV by possible target cells. Finally, we determined the distribution of the particle size of SK-N-AS- and SK-N-SH-derived sEV via light scattering. The particle size peaked at 60 nm for both cell lines (Supplementary Figures S3B, C). TEM analysis confirmed the diameter of sEV to be 50–150 nm (Supplementary Figure S3A), which is consistent with our findings from the ExoView R100 analysis.
In conclusion, the sEV populations of the neuroblastoma cell lines exhibited a unique tetraspanin composition. This suggests that neuroblastoma-specific sEV may specifically interact with target cells in the tumor environment.
3.4 SK-N-AS sEV-derived miR-574-5p increases α-SMA levels in HFL1 cells via TLR7/8
To analyze the physiological function of sEV-derived miR-574-5p in neuroblastoma, we established an overexpression (oe) system for SK-N-AS and SK-N-SH cell lines (Figures 4A, C). The system enhanced miR-574-5p loading into sEV (miR-574-5p oe sEV). Control experiments were performed with sEV loaded with a scrambled miR (ScrC sEV). We compared miR-574-5p levels of both sEV types by RT-qPCR and detected a ∼9-fold increase of miR-574-5p in both SK-N-AS-derived oe sEV and SK-N-SH-derived oe sEV (Figures 4A, C). To verify whether miR-574-5p was loaded into sEV and not attached to the outside, we performed an RNase protection experiment with SK-N-AS and SK-N-SH-derived miR-574-5p oe sEV. sEV were treated with RNase alone or combined with detergent followed by RT-qPCR analysis (Figures 4B, D). We demonstrated that the majority of miR-574-5p was protected within sEV with engineered miR-574-5p levels. The miR-574-5p levels were significantly decreased by disruption of sEV membrane followed by RNase digestion. This suggests that most of the miRs are located within sEV, as miR-574-5p was protected in samples without detergent.
[image: Figure 4]FIGURE 4 | sEV-miR-574-5p derived from SK-N-AS cells induce α-SMA level of HFL1 cells via TLR7/8. (A, C) sEV with miR-574-5p overexpression (oe) of SK-N-AS and SK-N-SH cells were generated using XMIR-Xpress plasmids for miR-574-5p and scrambled control (ScrC). MiR-574-5p levels were analyzed via RT-qPCR, normalized to the spike-in control ath-miR-159a and folded to their corresponding negative control (N = 3). Relative changes to ScrC are shown as mean + SEM, unpaired t-test **p ≤ 0.01; ***p ≤ 0.001. (B, D) MiR-574-5p oe sEV of SK-N-AS and SK-N-SH were treated with Triton X-100 and RNase (I). In samples without Triton X-100, miR-574-5p was protected from RNase digest. MiR-574-5p levels were analyzed via RT-qPCR, normalized to the spike-in control ath-miR-159a and folded to their corresponding negative control (SK-N-AS: N = 6, SK-N-SH: N = 5). Relative changes are shown as mean + SEM, unpaired t-test to samples without Triton X-100 §§§p ≤ 0.001; §§§§p ≤ 0.0001. (E) Western blot analysis of α-SMA protein levels in HFL1 cells treated with TGF-β and 2 μg/mL miR-574-5p oe or ScrC sEV derived from neuroblastoma cell lines SK-N-AS and SK-N-SH and lung cancer cell lines A549 and 2106T for 72 h α-SMA levels were normalized to GAPDH and folded to untreated cell samples (SK-N-AS, A549: N = 3, SK-N-SH, 2106T: N = 4). (F) Western blot analysis of α-SMA protein levels in HFL1 cells treated with SK-N-AS-derived miR-574-5p oe or ScrC sEV. HFL1 cells were treated with 2 μg/mL sEV, 100 ng/mL R848 (TLR7/8 ligand) or 200 mM ODN 2088 Control (ODN 2087) (TLR7/8 antagonist) for 72 h α-SMA levels were normalized to GAPDH and folded to untreated cell samples (N = 4). (G) Western blot analysis of α-SMA protein levels in HFL1 cells treated with 2 μg/mL miR-574-5p oe sEV of SK-N-AS previously blocked with α-CD9, α-CD63, α-CD81 or mouse IgG antibodies or antibodies without sEV for 21 h. Cells were treated for 24 h α-SMA levels were normalized to GAPDH and folded to IgG control samples (N = 3-4). (H) Western blot analysis of mPGES-1 protein levels in A549 cells treated with 2 μg/mL miR-574-5p oe sEV of A549 cells previously blocked with α-CD9, α-CD63, α-CD81 or mouse IgG antibodies or antibodies without sEV for 21 h. Cells were treated for 24 h mPGES-1-levels were normalized to GAPDH and folded to IgG control samples (N = 3-4). All Western blot results are shown as mean + SEM, unpaired t-test to untreated control or IgG control, *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001; unpaired t-test to other samples, § p ≤ 0.05.
Next, we stimulated SK-N-AS cells with engineered sEV derived from SK-N-AS cells and analyzed the levels of mPGES-1 and COX-2. As in A549 cells, we hypothesized that mPGES-1 levels would be reduced by sEV-derived miR-574-5p (Donzelli et al., 2021). No effects on mPGES-1 protein and mRNA levels were observed in response to miR-574-5p oe sEV or with the TLR7/8 ligand R848 (Supplementary Figures S4A, B). Notably, we detected mPGES-1 protein levels only after stimulation with IL-1β. This indicated that sEV-derived miR-574-5p did not have an autocrine function on mPGES-1-dependent PGE>2> biosynthesis in SK-N-AS cells. Therefore, we hypothesized that sEV-derived miR-574-5p may act in a paracrine manner in the neuroblastoma tumor environment. Since fibroblasts play a critical role in the tumor progression of neuroblastoma (Kock et al., 2018; Kock et al., 2020), we aimed to analyze the physiological function of sEV-derived miR-574-5p on fibroblasts.
Our first question was whether fibroblasts internalize sEV from neuroblastoma cells. This was confirmed by a live cell microscopy experiment using HFL1 cells (Supplementary Video S1). Next, we treated the HFL1 cells with miR-574-5p oe sEV or ScrC sEV derived from the neuroblastoma cell lines SK-N-AS and SK-N-SH and the lung cancer cell lines A549 and 2106T, combined with and without TGF-β stimulation. The additional stimulation of TGF-β was used to enhance the differentiation process of the fibroblasts (Frangogiannis, 2020). Western blot analysis showed that the level of α-SMA was slightly increased after treatment with miR-574-5p oe sEV derived from SK-N-AS (Supplementary Figure S4C). Additional stimulation with TGF-β resulted in an even more significant 1.5-fold increase after stimulation with SK-N-AS-derived miR-574-5p oe sEV (Figure 4E). This effect on α-SMA levels was not observed with SK-N-SH, 2106T, and A549-derived miR-574-5p oe sEV. The effect of SK-N-AS-derived sEV could not be attributed to increased fibroblast proliferation (Supplementary Figure S4D). In addition, initial live cell microscopy experiments revealed different uptake patterns of SK-N-AS and SK-N-SH-derived sEV by their cells, suggesting an influence of uptake on sEV function (Supplementary Figures S4F, G).
Since miR-574-5p can activate TLR7/8 signaling (Fabbri et al., 2012; Hegewald et al., 2020), we included the TLR7/8 ligand R848 as a positive control and the inhibitor ODN 2087 in our experiments (Hackstein et al., 2011; Römmler et al., 2015). The α-SMA level was increased by the addition of miR-574-5p oe sEV and R848, respectively. This effect was abolished by ODN 2087, suggesting a TLR7/8-mediated effect on α-SMA in HLF1 cells (Figure 4F). Interestingly, the α-SMA mRNA level was not affected (Supplementary Figure S4E), suggesting that TLR7/8 activation influences the regulation of α-SMA at the post-transcriptional level. Notably, miR-574-5p oe sEV not only increased α-SMA levels, but also significantly increased the migratory ability of fibroblasts (Supplementary Figures S5A, B), which was independent to TLR7/8 signaling.
Taken together, our results showed a cell- and cancer-specific response to sEV-derived miR-574-5p. miR-574-5p oe sEV derived from SK-N-AS cells induced fibroblast differentiation via TLR7/8 signaling. This effect was not observed with miR-574-5p oe sEV derived from SK-N-SH or NSCLC cell lines A549 and 2106T. Interestingly, miR-574-5p oe sEV derived from SK-N-AS and SK-N-SH cells did not affect mPGES-1 expression in cancer cells, as was observed with sEV derived from A549 cells (Donzelli et al., 2021).
3.5 CD9, CD63 and CD81 composition influences the functionality of sEV-derived miR-574-5p
We recognized that the sEV populations secreted by the different cancer cells revealed a cell type-specific composition of tetraspanins on the sEV surface, which could have an impact on the internalization and function of the extracellular miR-574-5p. To find out whether the surface proteins CD9, CD63 and CD81 might have a decisive influence on the cell-specific effect of extracellular miR-574-5p, we blocked tetraspanins on the surface of sEV with antibodies against CD81, CD63 and CD9 and analyzed α-SMA levels in HFL1 cells. Such a similar experimental approach has been described previously (Spenlehauer et al., 2001; Sims et al., 2017). Our experiments showed that treatment of SK-N-AS-derived miR-574-5p oe sEV with antibodies against CD81 and CD63, but not CD9, significantly decreased α-SMA levels in HFL1 cells (Figure 4G). We performed the same experiment with A549-derived miR-574-5p oe sEV and found no effect (Supplementary Figure S5C). In addition to this experimental setup, we treated A549 cells with A549-derived miR-574-5p oe sEV and measured mPGES-1 levels to analyze the effect of tetraspanin blocking on the physiological function of A549-derived sEV-miR-574-5p (Figure 4H). CD63 blockade significantly decreased mPGES-1 levels in A549 cells, CD81 blockade had no effect.
To determine whether blockade of tetraspanins alters the rate of vesicle internalization, we used several approaches to quantify the rate of internalization. First, we used a luciferase assay (Bonsergent et al., 2021). For this, we transfected donor cells with a nano-luciferase (NLuc)-Hsp70 (a generic EV cargo) plasmid (Gao et al., 2015), isolated sEV from the supernatant, and used them in internalization experiments. Although blocking the tetraspanins CD63 and CD81 showed an effect on the function of SK-N-AS-derived sEV, we did not observe differences in internalization rates (Figure 5A). In addition, we performed a microscopy-based analysis of sEV uptake. In this assay, the blocked sEV were additionally stained with the lipophilic tracer dye DiO. After incubation of the acceptor cells with the stained sEV, the cells were fixed with formaldehyde, and the DiO speckles within were quantified. No specific changes in sEV uptake rates were observed (Figures 5B, C). Of note, the addition of antibodies (including IgG control) to SK-N-AS derived sEV resulted in a non-specific reduction of uptake by HFL1 cells in this assay. However, when CD63 was blocked on sEV derived from A549 cells, mPGES-1 protein levels were reduced in A549 cells (Figure 4H), but no significant changes in uptake rates were measured by luciferase assay (Figure 5D) or microscopy-based assay (Figures 5E, F). The fact that tetraspanins have no effect on sEV uptake rate was also confirmed by live cell microscopy experiments (Supplementary Figures S6, S7).
[image: Figure 5]FIGURE 5 | Uptake experiments of tetraspanin-blocked sEV from SK-N-AS or A549 cells. (A) Luciferase-assays and (B, C) microscopic uptake quantification of HFL1-cells treated with sEV from SK-N-AS cells. Representative micrographs were shown after 4 h of SK-N-AS sEV uptake. Scale bars = 10 µm. (D) Luciferase-assays and (E, F) microscopic uptake quantification of A549-cells treated with sEV from A549-cells. Representative A549 micrographs were shown after 4 h of A549 sEV uptake. Scale bars = 10 µm. For Luciferase-assays sEV-donor cells were transfected with NLuc-Hsp70 plasmid 18 h prior sEV-harvesting. Then, sEV were harvested and blocked with antibodies α-CD9, α-CD63, α-CD81, or mouse IgG for 21 h and afterward, luciferase assay was performed. Results are shown as mean + SEM (N = 6). For microscopy experiments, acceptor cells were exposed to blocked and DiO labeled sEV for 4 h prior to fixation. Results are normalized to unblocked sEV and depicted as the mean + SEM (N = 3).
Taken together, these results demonstrate that blocking tetraspanins at the sEV envelope modulates the functionality of sEV-derived miR-574-5p without altering the overall vesicle uptake rate.
4 DISCUSSION
Our data provide new insights into the multiple functions of miR-574-5p in the TME of neuroblastoma. We have shown that miR-574-5p activates PGE>2> biosynthesis in tumor cells through interaction with CUGBP1. In response to PGE>2> stimulation, this miRNA is specifically sorted into sEV and exerts a paracrine function in the TME of neuroblastoma by modulating fibroblast differentiation via TLR7/8 binding (Figure 6).
[image: Figure 6]FIGURE 6 | Schematic description of the multiple functions of miR-574-5p in the tumor microenvironment (TME) of neuroblastoma (NB). miR-574-5p activates prostaglandin E>2> (PGE>2>) biosynthesis in tumor cells through interaction with CUGBP1. In response to PGE>2> stimulation, this miR-574-5p is specifically sorted into small extracellular vesicles (sEV) and exerts a paracrine function in the TME. It modulates fibroblast differentiation via toll like receptor 7/8 (TLR7/8) signaling through induction of α-smooth muscle actin (α-SMA) expression.
This is of particularly relevant, as CAFs have been described as major producers of mPGES-1-dependent PGE>2> in neuroblastoma (Larsson et al., 2015; Kock et al., 2018). In our study, we confirmed that CAFs are predominantly positive for mPGES-1 but negative for miR-574-5p and CUGBP1. Notably, mPGES-1 inhibition in CAFs reduces tumor growth (Kock et al., 2018), suggesting a key role for intercellular communication (Kock et al., 2020). Unexpectedly, we found that mPGES-1 expression in differentiated neuroblastoma cells, presumably ganglion cells, correlates with miR-574-5p and CUGBP1 expression. We confirmed this observation in 3D tumor models and demonstrated a direct interaction between miR-574-5p/mPGES-1 and CUGBP1 in neuroblastoma spheroids. Neuroblastoma is the least differentiated and most malignant of the neuroblastic tumors, but it can also spontaneously transform into ganglioneuroblastoma or ganglioneuroma (Johnsen et al., 2019). Therefore, our observation that PGE>2> biosynthesis in differentiating neuroblastoma cells is mediated by miR-574-5p interacting with CUGBP1 is intriguing. This raises the question of whether miR-574-5p regulates PGE>2> biosynthesis, thereby positively influencing neuroblastoma differentiation.Overall, the tissue staining results are consistent with the performed spheroid and RIP experiments showing a direct interaction of CUGBP1 with miR-574-5p and mPGES-1. This supports the hypothesis that the interaction between miR-574-5p and CUGBP1 regulates mPGES-1-dependent PGE >2> biosynthesis in neuroblastoma cells.
Next, we wanted to clarify to what extent the relative expression of CUGBP1 and miR-574-5p in the neuroblastoma is comparable to other PGE>2>-dependent tumors. Therefore, we included the A549 NSCLC cell line in our studies as a known model for miR-574-5p-mediated regulation of PGE>2> synthesis (Saul et al., 2019b; Emmerich et al., 2020; Donzelli et al., 2021). In general, mPGES-1 levels were markedly lower in the SK-N-AS spheroid experiments compared to the A549 spheroid experiments. This correlates with an increased expression of CUGBP1 and a low level of miR-574-5p in the neuroblastoma spheroids. This may be a first indication that CUGBP1 regulates mPGES-1 expression in neuroblastoma and is not compensated by low miR-574-5p expression as in NSCLC. Despite these differences at the intracellular level, neuroblastoma and NSCLC share a common feature that contributes to cellular communication in the TME.
Upon stimulation with PGE>2>, both neuroblastoma and NSCLC cell lines specifically secreted miR-574-5p into sEV, which is mediated by the receptors EP1 and 3. Furthermore, we demonstrated that sEV-miR-574-5p functions as a TLR7/8 ligand in both tumor entities but induced different physiological processes in the tumor environment. sEV-miR-574-5p exerts an autocrine function in NSCLC by inhibiting PGE>2> biosynthesis (Donzelli et al., 2021). In neuroblastoma, sEV-miR-574-5p has a paracrine function. By inducing the expression of α-SMA at the post-transcriptional level, it stimulated the differentiation of fibroblasts. Interestingly, lung cancer-specific sEV miR-574-5p cannot induce fibroblast differentiation. Conversely, neuroblastoma-specific sEV-miR-574-5p has no effect on PGE>2> biosynthesis in neuroblastoma cells.
These results suggest that additional sEV-specific factors influence extracellular miR-574-5p function. Therefore, we analyzed the cell-specific properties of sEV populations. Our results show a unique composition of tetraspanin on the surface of sEV derived from SK-N-AS and SK-N-SH cells, which is not comparable to the properties of NSCLC sEV populations (Donzelli et al., 2021; Breitwieser et al., 2022). In our live cell experiments, we also observed cell-specific uptake of the sEV population by different cell types, suggesting that certain factors of the sEV influence the vesicle internalization process and thus the function of the sEV-derived miR-574-5p. Depending on the internalization mechanism, an sEV-derived miR can be released at different sites within the cell (McKelvey et al., 2015). This can have a significant impact on its function. By changing the uptake mechanism, miR-574-5p does not enter the endosome and cannot interact with TLR7/8. This is consistent with our previous results, where we obtained initial evidence that the sEV envelope is indeed important for miR-574-5p to function as a TLR7/8 ligand. (Hegewald et al., 2020; Donzelli et al., 2021). Further studies (Rana et al., 2012; Horibe et al., 2018) support our hypothesis that the tetraspanin composition on sEV is likely to influence target cell selection and the mechanism of sEV uptake. The expression of surface proteins and receptors on the cell membrane also has a strong influence on the uptake of sEV (Jadli et al., 2020). Therefore, we aimed to investigate whether differences in the composition of the tetraspanins CD9/CD63/CD81 could affect the function of sEV miR-574-5p. We therefore aimed to investigate whether differences in the composition of the tetraspanins CD9/CD63/CD81 could affect the function of sEV miR-574-5p. In general, the tetraspanins are a highly enriched family of membrane proteins that are important for a large number of cellular processes (Hemler, 2003). In fact, several recent studies suggest that tetraspanins are involved in forming and transporting sEV, membrane fusion, and target cell recognition (Hemler, 2005; Rana et al., 2012; van Niel et al., 2018; Larios et al., 2020). We used neutralizing antibodies to inhibit the function of specific tetraspanins CD9, CD63 and CD81 on the surface of sEV. In this way, we aimed to block the interactions between the surface proteins and the cells. Compared to tetraspanin knockdown, such an approach does not affect tetraspanin composition through the compensatory mechanism or sEV biogenesis (van Niel et al., 2011; Suárez et al., 2021). Blockade of CD63 and CD81 on SK-N-AS-specific sEVs resulted in a decrease in α-SMA levels in HFL1 cells, whereas blockade of CD63 on A549-specific sEVs resulted in a decrease in mPGES-1 levels. Next, we quantified uptake rates by different methods to determine whether the change in functionality was directly related to a change in sEV uptake. Our results show for the first time that the function of miR-574-5p is linked to the tetraspanin composition on the sEV surface. The vesicles not only transport miRs, but also appear to have an impact on their mode of action.
Overall, our study highlights the multiple ways in which miR-574-5p affects the microenvironment of PGE>2>-dependent tumors and the factors that influence miRNA function. Given the important role of sEV in NB progression, the role of sEV-miR-574-5p as a TLR7/8 ligand in neuroblastoma is of particular interest because of its impact on fibroblast differentiation. It is therefore tempting to speculate how miR-574-5p may also influence other cell types of the TME and whether this can be considered when developing new therapeutic strategies for children with neuroblastoma.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The studies involving humans were approved by the Stockholm Regional Ethical Review Board and the Karolinska University Hospital Research Ethics Committee (approval nos. 2009/1369-31/1 and 03/736). The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants’ legal guardians/next of kin.
AUTHOR CONTRIBUTIONS
EP and JD performed the experiments and analyzed the data. EP wrote the manuscript. SN performed RNase protection assay experiments, migration assays, and contributed to manuscript writing. LK performed the TEM analysis and sEV Western blots. KB performed microscopy experiments of sEV uptake. TB performed nCS1 measurements. MF supported secretion experiments and contributed to qPCR analysis. MW, PK, and KL provided neuroblastoma tissue samples. KL contributed to manuscript writing and analyzed data. PH supported the tissue staining experiments. GL provided the luciferase plasmids and supported luciferase assays. MS conceived the study, designed, and supervised the overall project, and wrote the manuscript. All authors contributed to the article and approved the submitted version.
FUNDING
This project was supported by BMBF-KMU-innovativ-22: miRTumorProst (161B0768B), Wilhelm Sander-Foundation (2018.115.1), Athene Young Investigator program (Technische Universität Darmstadt; grant no: n/a), and Barncancerfonden (TJ 2017-0040 and PR 2020-0104).
ACKNOWLEDGMENTS
We want to thank Prof. Dr. Beatrix Suess (TU Darmstadt, Germany) and Prof. Dr. Dieter Steinhilber (Goethe Universität Frankfurt, Germany) for scientific discussion. We thank Prof. Dr. M. Cristina Cardoso (TU Darmstadt, Germany) and Prof. Dr. Alexander Loewer (TU Darmstadt, Germany) for providing access to their microscope facilities and Petra Snyder (TU Darmstadt, Germany) for technical support. Finally, we thank Anna Riedel (TU Darmstadt, Germany) and Melissa Aubel (TU Darmstadt, Germany) for experimental support.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2023.1183720/full#supplementary-material
REFERENCES
 Ali, S., Toews, K., Schwiebert, S., Klaus, A., Winkler, A., Grunewald, L., et al. (2020). Tumor-derived extracellular vesicles impair Cd171-specific Cd4+ car T cell efficacy. Front. Immunol. 11, 531. doi:10.3389/fimmu.2020.00531
 Andreu, Z., and Yáñez-Mó, M. (2014). Tetraspanins in extracellular vesicle formation and function. Front. Immunol. 5, 442. doi:10.3389/fimmu.2014.00442
 Baker, D. L., Schmidt, M. L., Cohn, S. L., Maris, J. M., London, W. B., Buxton, A., et al. (2010). Outcome after reduced chemotherapy for intermediate-risk neuroblastoma. N. Engl. J. Med. 363, 1313–1323. doi:10.1056/NEJMoa1001527
 Bartel, D. P. (2004). MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 116, 281–297. doi:10.1016/s0092-8674(04)00045-5
 Belli, C., Trapani, D., Viale, G., D'Amico, P., Duso, B. A., Della Vigna, P., et al. (2018). Targeting the microenvironment in solid tumors. Cancer Treat. Rev. 65, 22–32. doi:10.1016/j.ctrv.2018.02.004
 Blavier, L., Yang, R-M., and DeClerck, Y. A. (2020). The tumor microenvironment in neuroblastoma: new players, new mechanisms of interaction and new perspectives. Cancers (Basel) 12, 2912. doi:10.3390/cancers12102912
 Bonsergent, E., Grisard, E., Buchrieser, J., Schwartz, O., Théry, C., and Lavieu, G. (2021). Quantitative characterization of extracellular vesicle uptake and content delivery within mammalian cells. Nat. Commun. 12, 1864. doi:10.1038/s41467-021-22126-y
 Breitwieser, K., Koch, L. F., Tertel, T., Proestler, E., Burgers, L. D., Lipps, C., et al. (2022). Detailed characterization of small extracellular vesicles from different cell types based on tetraspanin composition by ExoView R100 platform. Int. J. Mol. Sci. 23, 8544. doi:10.3390/ijms23158544
 Cai, Y., Yousef, A., Grandis, J. R., and Johnson, D. E. (2020). NSAID therapy for PIK3CA-Altered colorectal, breast, and head and neck cancer. Adv. Biol. Regul. 75, 100653. doi:10.1016/j.jbior.2019.100653
 Cheng, L., Sharples, R. A., Scicluna, B. J., and Hill, A. F. (2014). Exosomes provide a protective and enriched source of miRNA for biomarker profiling compared to intracellular and cell-free blood. J. Extracell. vesicles 3, 23743. doi:10.3402/jev.v3.23743
 Cohn, S. L., Pearson, A. D., London, W. B., Monclair, T., Ambros, P. F., Brodeur, G. M., et al. (2009). The international neuroblastoma risk group (INRG) classification system: an INRG task force report. J. Clin. Oncol. 27, 289–297. doi:10.1200/JCO.2008.16.6785
 Dai, J., Su, Y., Zhong, S., Cong, L., Liu, B., Yang, J., et al. (2020). Exosomes: key players in cancer and potential therapeutic strategy. Sig Transduct. Target Ther. 5, 145. doi:10.1038/s41392-020-00261-0
 Donzelli, J., Proestler, E., Riedel, A., Nevermann, S., Hertel, B., Guenther, A., et al. (2021). Small extracellular vesicle-derived miR-574-5p regulates PGE2-biosynthesis via TLR7/8 in lung cancer. J. Extracell. vesicles 10, e12143. doi:10.1002/jev2.12143
 Drew, D. A., Schuck, M. M., Magicheva-Gupta, M. V., Stewart, K. O., Gilpin, K. K., Miller, P., et al. (2020). Effect of low-dose and standard-dose aspirin on PGE2 biosynthesis among individuals with colorectal adenomas: a randomized clinical trial. Cancer Prev. Res. (Phila) 13, 877–888. doi:10.1158/1940-6207.CAPR-20-0216
 DuBois, S. G., Kalika, Y., Lukens, J. N., Brodeur, G. M., Seeger, R. C., Atkinson, J. B., et al. (1999). Metastatic sites in stage IV and IVS neuroblastoma correlate with age, tumor biology, and survival. J. Pediatr. Hematol. Oncol. 21, 181–189. doi:10.1097/00043426-199905000-00005
 Emmerich, A. C., Wellstein, J., Ossipova, E., Baumann, I., Lengqvist, J., Kultima, K., et al. (2020). Proteomics-based characterization of miR-574-5p decoy to CUGBP1 suggests specificity for mPGES-1 regulation in human lung cancer cells. Front. Pharmacol. 11, 196. doi:10.3389/fphar.2020.00196
 Fabbri, M., Paone, A., Calore, F., Galli, R., Gaudio, E., Santhanam, R., et al. (2012). MicroRNAs bind to Toll-like receptors to induce prometastatic inflammatory response. Proc. Natl. Acad. Sci. U. S. A. 109, E2110–E2116. doi:10.1073/pnas.1209414109
 Fauth, M., Hegewald, A. B., Schmitz, L., Krone, D. J., and Saul, M. J. (2019). Validation of extracellular miRNA quantification in blood samples using RT-qPCR. FASEB BioAdvances 1, 481–492. doi:10.1096/fba.2019-00018
 Foty, R. (2011). A simple hanging drop cell culture protocol for generation of 3D spheroids. J. Vis. Exp. , 2720. doi:10.3791/2720
 Frangogiannis, N. (2020). Transforming growth factor-β in tissue fibrosis. J. Exp. Med. 217, e20190103. doi:10.1084/jem.20190103
 Gao, C., Yu, Z., Liu, S., Xin, H., and Li, X. (2015). Overexpression of CUGBP1 is associated with the progression of non-small cell lung cancer. Tumour Biol. 36, 4583–4589. doi:10.1007/s13277-015-3103-1
 Greten, F. R., and Grivennikov, S. I. (2019). Inflammation and cancer: triggers, mechanisms, and consequences. Immunity 51, 27–41. doi:10.1016/j.immuni.2019.06.025
 Hackstein, H., Knoche, A., Nockher, A., Poeling, J., Kubin, T., Jurk, M., et al. (2011). The TLR7/8 ligand resiquimod targets monocyte-derived dendritic cell differentiation via TLR8 and augments functional dendritic cell generation. Cell. Immunol. 271, 401–412. doi:10.1016/j.cellimm.2011.08.008
 Hanaka, H., Pawelzik, S. C., Johnsen, J. I., Rakonjac, M., Terawaki, K., Rasmuson, A., et al. (2009). Microsomal prostaglandin E synthase 1 determines tumor growth in vivo of prostate and lung cancer cells. Proc. Natl. Acad. Sci. U. S. A. 106, 18757–18762. doi:10.1073/pnas.0910218106
 Harris, R., Beebe-Donk, J., Doss, H., and Doss, D. (2005). Aspirin, ibuprofen, and other non-steroidal anti-inflammatory drugs in cancer prevention: a critical review of non-selective COX-2 blockade (review). Oncol. Rep. 13, 559–583. doi:10.3892/or.13.4.559
 Hegewald, A. B., Breitwieser, K., Ottinger, S. M., Mobarrez, F., Kortokova, M., Rethi, B., et al. (2020). Extracellular miR-574-5p induces osteoclast differentiation via TLR 7/8 in rheumatoid arthritis. Front. Immunol. 11, 585282. doi:10.3389/fimmu.2020.585282
 Hemler, M. E. (2005). Tetraspanin functions and associated microdomains. Nat. Rev. Mol. Cell Biol. 6, 801–811. doi:10.1038/nrm1736
 Hemler, M. E. (2003). Tetraspanin proteins mediate cellular penetration, invasion, and fusion events and define a novel type of membrane microdomain. Annu. Rev. Cell Dev. Biol. 19, 397–422. doi:10.1146/annurev.cellbio.19.111301.153609
 Hicks, M. J., and Mackay, B. (1995). Comparison of ultrastructural features among neuroblastic tumors: maturation from neuroblastoma to ganglioneuroma. Ultrastruct. Pathol. 19, 311–322. doi:10.3109/01913129509064236
 Horibe, S., Tanahashi, T., Kawauchi, S., Murakami, Y., and Rikitake, Y. (2018). Mechanism of recipient cell-dependent differences in exosome uptake. BMC cancer 18, 47. doi:10.1186/s12885-017-3958-1
 Jadli, A. S., Ballasy, N., Edalat, P., and Patel, V. B. (2020). Inside(sight) of tiny communicator: exosome biogenesis, secretion, and uptake. Mol. Cell. Biochem. 467, 77–94. doi:10.1007/s11010-020-03703-z
 Johnsen, J. I., Dyberg, C., and Wickström, M. (2019). Neuroblastoma-A neural crest derived embryonal malignancy. Front. Mol. Neurosci. 12, 9. doi:10.3389/fnmol.2019.00009
 Kock, A., Bergqvist, F., Steinmetz, J., Elfman, L. H., Korotkova, M., Johnsen, J. I., et al. (2020). Establishment of an in vitro 3D model for neuroblastoma enables preclinical investigation of combined tumor-stroma drug targeting. FASEB J. 34, 11101–11114. doi:10.1096/fj.202000684R
 Kock, A., Larsson, K., Bergqvist, F., Eissler, N., Elfman, L. H., Raouf, J., et al. (2018). Inhibition of microsomal prostaglandin E synthase-1 in cancer-associated fibroblasts suppresses neuroblastoma tumor growth. EBioMedicine 32, 84–92. doi:10.1016/j.ebiom.2018.05.008
 Kowal, J., Arras, G., Colombo, M., Jouve, M., Morath, J. P., Primdal-Bengtson, B., et al. (2016). Proteomic comparison defines novel markers to characterize heterogeneous populations of extracellular vesicle subtypes. Proc. Natl. Acad. Sci. U. S. A. 113, E968–E977. doi:10.1073/pnas.1521230113
 Larios, J., Mercier, V., Roux, A., and Gruenberg, J. (2020). ALIX- and ESCRT-III-dependent sorting of tetraspanins to exosomes. J. Cell Biol. 219, e201904113. doi:10.1083/jcb.201904113
 Larsson, K., Kock, A., Idborg, H., Arsenian Henriksson, M., Martinsson, T., Johnsen, J. I., et al. (2015). COX/mPGES-1/PGE2 pathway depicts an inflammatory-dependent high-risk neuroblastoma subset. Proc. Natl. Acad. Sci. U. S. A. 112, 8070–8075. doi:10.1073/pnas.1424355112
 Larsson, K., Kock, A., Kogner, P., and Jakobsson, P-J. (2019). Targeting the COX/mPGES-1/PGE2 pathway in neuroblastoma. Adv. Exp. Med. Biol. 1161, 89–100. doi:10.1007/978-3-030-21735-8_9
 Maman, S., Edry-Botzer, L., Sagi-Assif, O., Meshel, T., Yuan, W., Lu, W., et al. (2013). The metastatic microenvironment: lung-derived factors control the viability of neuroblastoma lung metastasis. Int. J. Cancer 133, 2296–2306. doi:10.1002/ijc.28255
 Mantovani, A., Allavena, P., Sica, A., and Balkwill, F. (2008). Cancer-related inflammation. Nature 454, 436–444. doi:10.1038/nature07205
 Marimpietri, D., Airoldi, I., Faini, A. C., Malavasi, F., and Morandi, F. (2021). The role of extracellular vesicles in the progression of human neuroblastoma. Int. J. Mol. Sci. 22, 3964. doi:10.3390/ijms22083964
 Mathieu, M., Martin-Jaular, L., Lavieu, G., and Théry, C. (2019). Specificities of secretion and uptake of exosomes and other extracellular vesicles for cell-to-cell communication. Nat. Cell Biol. 21, 9–17. doi:10.1038/s41556-018-0250-9
 Matthay, K. K., Maris, J. M., Schleiermacher, G., Nakagawara, A., Mackall, C. L., Diller, L., et al. (2016). Neuroblastoma. Nat. Rev. Dis. Prim. 2, 16078. doi:10.1038/nrdp.2016.78
 McKelvey, K. J., Powell, K. L., Ashton, A. W., Morris, J. M., and McCracken, S. A. (2015). Exosomes: mechanisms of uptake. J. Circ. Biomark. 4, 7. doi:10.5772/61186
 Mir, B., and Goettsch, C. (2020). Extracellular vesicles as delivery vehicles of specific cellular cargo. Cells 9, 1601. doi:10.3390/cells9071601
 Mlakar, V., Jurkovic Mlakar, S., Lopez, G., Maris, J. M., Ansari, M., and Gumy-Pause, F. (2017). 11q deletion in neuroblastoma: a review of biological and clinical implications. Mol. cancer 16, 114. doi:10.1186/s12943-017-0686-8
 Morandi, F., Marimpietri, D., Horenstein, A. L., Corrias, M. V., and Malavasi, F. (2019). Microvesicles expressing adenosinergic ectoenzymes and their potential role in modulating bone marrow infiltration by neuroblastoma cells. Oncoimmunology 8, e1574198. doi:10.1080/2162402X.2019.1574198
 Murakami, M., Naraba, H., Tanioka, T., Semmyo, N., Nakatani, Y., Kojima, F., et al. (2000). Regulation of prostaglandin E2 biosynthesis by inducible membrane-associated prostaglandin E2 synthase that acts in concert with cyclooxygenase-2. J. Biol. Chem. 275, 32783–32792. doi:10.1074/jbc.M003505200
 Nakanishi, M., and Rosenberg, D. W. (2013). Multifaceted roles of PGE2 in inflammation and cancer. Semin. Immunopathol. 35, 123–137. doi:10.1007/s00281-012-0342-8
 Neophytou, C. M., Panagi, M., Stylianopoulos, T., and Papageorgis, P. (2021). The role of tumor microenvironment in cancer metastasis: molecular mechanisms and therapeutic opportunities. Cancers (Basel) 13, 2053. doi:10.3390/cancers13092053
 Nuchtern, J. G., London, W. B., Barnewolt, C. E., Naranjo, A., McGrady, P. W., Geiger, J. D., et al. (2012). A prospective study of expectant observation as primary therapy for neuroblastoma in young infants: a children's oncology group study. Ann. Surg. 256, 573–580. doi:10.1097/SLA.0b013e31826cbbbd
 Pai, R., Soreghan, B., Szabo, I. L., Pavelka, M., Baatar, D., and Tarnawski, A. S. (2002). Prostaglandin E2 transactivates EGF receptor: a novel mechanism for promoting colon cancer growth and gastrointestinal hypertrophy. Nat. Med. 8, 289–293. doi:10.1038/nm0302-289
 Penfornis, P., Vallabhaneni, K. C., Whitt, J., and Pochampally, R. (2016). Extracellular vesicles as carriers of microRNA, proteins and lipids in tumor microenvironment. Int. J. Cancer 138, 14–21. doi:10.1002/ijc.29417
 Pinto, N. R., Applebaum, M. A., Volchenboum, S. L., Matthay, K. K., London, W. B., Ambros, P. F., et al. (2015). Advances in risk classification and treatment strategies for neuroblastoma. J. Clin. Oncol. 33, 3008–3017. doi:10.1200/JCO.2014.59.4648
 Prima, V., Kaliberova, L. N., Kaliberov, S., Curiel, D. T., and Kusmartsev, S. (2017). COX2/mPGES1/PGE2 pathway regulates PD-L1 expression in tumor-associated macrophages and myeloid-derived suppressor cells. Proc. Natl. Acad. Sci. U. S. A. 114, 1117–1122. doi:10.1073/pnas.1612920114
 Rana, S., Yue, S., Stadel, D., and Zöller, M. (2012). Toward tailored exosomes: the exosomal tetraspanin web contributes to target cell selection. Int. J. Biochem. Cell Biol. 44, 1574–1584. doi:10.1016/j.biocel.2012.06.018
 Raposo, G., and Stoorvogel, W. (2013). Extracellular vesicles: exosomes, microvesicles, and friends. J. Cell Biol. 200, 373–383. doi:10.1083/jcb.201211138
 Römmler, F., Hammel, M., Waldhuber, A., Müller, T., Jurk, M., Uhlmann, E., et al. (2015). Guanine-modified inhibitory oligonucleotides efficiently impair TLR7-and TLR9-mediated immune responses of human immune cells. PLoS One 10, e0116703. doi:10.1371/journal.pone.0116703
 Samuelsson, B., Morgenstern, R., and Jakobsson, P. J. (2007). Membrane prostaglandin E synthase-1: a novel therapeutic target. Pharmacol. Rev. 59, 207–224. doi:10.1124/pr.59.3.1
 Saul, M. J., Baumann, I., Bruno, A., Emmerich, A. C., Wellstein, J., Ottinger, S. M., et al. (2019b). miR-574-5p as RNA decoy for CUGBP1 stimulates human lung tumor growth by mPGES-1 induction. Faseb J. 33, 6933–6947. doi:10.1096/fj.201802547R
 Saul, M. J., Emmerich, A. C., Steinhilber, D., and Suess, B. (2019a). Regulation of eicosanoid pathways by MicroRNAs. Front. Pharmacol. 10, 824. doi:10.3389/fphar.2019.00824
 Sims, B., Farrow, A., Williams, S., Bansal, A., Krendelchtchikov, A., Gu, L., et al. (2017). Role of TIM-4 in exosome-dependent entry of HIV-1 into human immune cells. Int. J. Nanomedicine 12, 4823–4833. doi:10.2147/IJN.S132762
 Smith, V., and Foster, J. (2018). High-risk neuroblastoma treatment review. Child. (Basel) 5, 114. doi:10.3390/children5090114
 Spenlehauer, C., Kirn, A., Aubertin, A-M., and Moog, C. (2001). Antibody-mediated neutralization of primary human immunodeficiency virus type 1 isolates: investigation of the mechanism of inhibition. J. Virol. 75, 2235–2245. doi:10.1128/JVI.75.5.2235-2245.2001
 Suárez, H., Andreu, Z., Mazzeo, C., Toribio, V., Pérez-Rivera, A. E., López-Martín, S., et al. (2021). CD9 inhibition reveals a functional connection of extracellular vesicle secretion with mitophagy in melanoma cells. J. Extracell. vesicles 10, e12082. doi:10.1002/jev2.12082
 Thery, C., Witwer, K. W., Aikawa, E., Alcaraz, M. J., Anderson, J. D., Andriantsitohaina, R., et al. (2018). Minimal information for studies of extracellular vesicles 2018 (MISEV2018): a position statement of the international society for extracellular vesicles and update of the MISEV2014 guidelines. J. Extracell. Vesicles 23, 1535750. doi:10.1080/20013078.2018.1535750
 Thery, C., Zitvogel, L., and Amigorena, S. (2002). Exosomes: composition, biogenesis and function. Nat. Rev. Immunol. 2, 569–579. doi:10.1038/nri855
 van Niel, G., Charrin, S., Simoes, S., Romao, M., Rochin, L., Saftig, P., et al. (2011). The tetraspanin CD63 regulates ESCRT-independent and -dependent endosomal sorting during melanogenesis. Dev. Cell 21, 708–721. doi:10.1016/j.devcel.2011.08.019
 van Niel, G., D'Angelo, G., and Raposo, G. (2018). Shedding light on the cell biology of extracellular vesicles. Nat. Rev. Mol. Cell Biol. 19, 213–228. doi:10.1038/nrm.2017.125
 Wang, D., and Dubois, R. N. (2006). Prostaglandins and cancer. Gut 55, 115–122. doi:10.1136/gut.2004.047100
 Witwer, K. W., and Théry, C. (2019). Extracellular vesicles or exosomes? On primacy, precision, and popularity influencing a choice of nomenclature. J. Extracell. vesicles 8, 1648167. doi:10.1080/20013078.2019.1648167
 Zelenay, S., van der Veen, A. G., Böttcher, J. P., Snelgrove, K. J., Rogers, N., Acton, S. E., et al. (2015). Cyclooxygenase-dependent tumor growth through evasion of immunity. Cell 162, 1257–1270. doi:10.1016/j.cell.2015.08.015
 Zhang, Y., Liu, Y., Liu, H., and Tang, W. H. (2019). Exosomes: biogenesis, biologic function and clinical potential. Cell Biosci. 9, 19. doi:10.1186/s13578-019-0282-2
 Zhou, X., Wang, X., Li, N., Guo, Y., Yang, X., and Lei, Y. (2023). Therapy resistance in neuroblastoma: mechanisms and reversal strategies. Front. Pharmacol. 14, 1114295. doi:10.3389/fphar.2023.1114295
Conflict of interest: TB was employed by Merck KGaA. MF was employed by Prolytic GmbH, a Kymos Company.
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Proestler, Donzelli, Nevermann, Breitwieser, Koch, Best, Fauth, Wickström, Harter, Kogner, Lavieu, Larsson and Saul. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-14-1183720-g005.gif
ontror






OPS/images/fphar-14-1183720-g006.gif





OPS/images/fphar-14-1183720-g003.gif
. SKN-AS 0 81 sk
o)
3 w0
T 3
Iw

33333

<CDAICOS1 +CDBUCDB! non-coloc +CDICDRCDS! = CDSICDEY

c SEV celllysate D PGE, E PGE,
a4 A =4
AR
EH 5s2,
Z81 LB
05h th 2n onsn h Zh

episagonist M EPzagonst | Epd sgonis
n

. .
iz A
55 ge2 £t

0. o o






OPS/images/fphar-14-1183720-g004.gif
S gty
9 S5 | o 8E )
EE I &
b 25" FH
T BB 2" e
|5 2 .
|g8al ||| & &0z
[l ||| &7 [
g o . Titn
L R 3
S <
iy Fo s sev
" Tl
S p——
o e .
Il i
B2

I
gs & <
2311 s
€2 ¥






OPS/xhtml/nav.xhtml
Contents

		Cover

		The multiple functions of miR-574-5p in the neuroblastoma tumor microenvironment		1 Introduction

		2 Materials and methods		2.1 Neuroblastoma tumor tissue

		2.2 Immunohistochemistry staining of tissue sections

		2.3 In situ hybridization of tissue sections

		2.4 Cell lines and cell culture conditions

		2.5 3D cell culture

		2.6 RNA extraction

		2.7 RT-qPCR

		2.8 Western blotting

		2.9 RNA immunoprecipitation

		2.10 sEV purification

		2.11 sEV characterization

		2.12 miR-574-5p overexpression in sEV

		2.13 RNase and triton X-100 treatment of sEV

		2.14 Tetrazolium reduction assay

		2.15 Live cell imaging

		2.16 Migration assay

		2.17 Antibody blocking of sEV

		2.18 Luciferase-assay

		2.19 sEV uptake quantification by confocal microscopy

		2.20 Statistics





		3 Results		3.1 mPGES-1, CUGBP1 and miR-574-5p colocalize in 11q-deleted neuroblastoma

		3.2 PGE2 induces secretion of miR-574-5p in sEV via EP1/3 binding in SK-N-AS cells

		3.3 sEV populations derived from neuroblastoma cell lines differ in their tetraspanin composition

		3.4 SK-N-AS sEV-derived miR-574-5p increases α-SMA levels in HFL1 cells via TLR7/8

		3.5 CD9, CD63 and CD81 composition influences the functionality of sEV-derived miR-574-5p





		4 Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Pharmacology






OPS/images/fphar-14-1183720-g001.gif
o

8 oerasl:






OPS/images/fphar-14-1183720-g002.gif
A 8 c
[POESINT g jEGEStalom g eGes-1 <09
Fon
i
E<os »
g !_'
g glilli

ot
WD
s el

o o e oo
s e
H 52
: EE
H 22 ]a1
] 324 |l
sy x| B
ol 3, Ll
SREITE monh
G mRs7asp W MPGES1
e R
22 2, -
83 10 §2
e
£foe L










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





