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Abstract

:

Simple Summary


Communication between cancer and stromal cells involves paracrine signalling mediated by extracellular vesicles (EVs). EVs transmit essential factors among cells of the tumour microenvironment. EVs derived from both cancer and stromal cells have been implicated in tumour progression. In this study, we focused on the first identified metastasis suppressor NME1, and on its close homolog NME2, and investigated their function in EVs in the interplay between cancer and stromal cells.




Abstract


Nowadays, extracellular vesicles (EVs) raise a great interest as they are implicated in intercellular communication between cancer and stromal cells. Our aim was to understand how vesicular NME1 and NME2 released by breast cancer cells influence the tumour microenvironment. As a model, we used human invasive breast carcinoma cells overexpressing NME1 or NME2, and first analysed in detail the presence of both isoforms in EV subtypes by capillary Western immunoassay (WES) and immunoelectron microscopy. Data obtained by both methods showed that NME1 was present in medium-sized EVs or microvesicles, whereas NME2 was abundant in both microvesicles and small-sized EVs or exosomes. Next, human skin-derived fibroblasts were treated with NME1 or NME2 containing EVs, and subsequently mRNA expression changes in fibroblasts were examined. RNAseq results showed that the expression of fatty acid and cholesterol metabolism-related genes was decreased significantly in response to NME1 or NME2 containing EV treatment. We found that FASN (fatty acid synthase) and ACSS2 (acyl-coenzyme A synthetase short-chain family member 2), related to fatty acid synthesis and oxidation, were underexpressed in NME1/2-EV-treated fibroblasts. Our data show an emerging link between NME-containing EVs and regulation of tumour metabolism.
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1. Introduction


Metastases are responsible for 90% of death cases caused by cancer [1]. Therefore, understanding the biological functions of metastasis suppressor genes, which inhibit metastasis dissemination without influencing primary tumour growth, is essential [2]. The first metastasis suppressor gene identified was the mouse homologue of NME1, which was absent in metastatic, but present in non-metastatic mouse melanoma cell lines [3]. Since then, an additional nine members of the human NME protein family have been discovered. The most investigated members are NME1 and NME2, which are identical to 88% at the amino acid level and encode nucleoside diphosphate kinases (NDPKs) [4,5]. NME1 expression shows an inverse correlation with metastatic potential in melanoma, hepatocellular, breast and colon carcinoma, meaning that low NME1 level is connected to higher probability of metastasis formation in numerous tumour types [6,7,8,9,10,11,12,13,14,15]. However, in prostate and ovarian cancer, neuroblastoma or haematological malignancies, high NME1 expression is the hallmark of bad prognosis [16,17,18,19,20]. Our knowledge about the involvement of NME2 in different cancer types is rather limited: it has been implicated in oral squamous, breast, prostate, lung and ovarian cancers [11,21,22]. NME2 expression was significantly reduced in metastatic compared to non-metastatic tumour variants in some cohorts of patients with breast, lung and ovarian tumours [23]. Taken together, NME1 is the best studied metastasis suppressor, and the role of its highly homologous isoform, NME2, is much less documented in metastasis and remains controversial.



In addition, in neuroblastoma, breast carcinoma, acute myeloid leukaemia (AML) and non-Hodgkin lymphomas (NHL), peripheral T-cell lymphoma NME1 was detected in patients’ serum samples and its level showed a positive correlation with tumour progression [17,24,25,26,27]; thus, high serum NME1 level was associated with bad prognosis. Due to this correlation, many aspects of extracellular NME have been intensively investigated [28]. Recently, it was shown that in patients with breast carcinoma, NME1 is also secreted into the serum [27]. The secretome of colon cancer cell lines contained extracellular NME1 [29]. The presence of extracellular NME, more precisely NME2, was first detected in the supernatant of a mouse myeloid leukaemia cell line, where a subset of cells, also called M1 cells, were not able to differentiate into a more mature stage [30]. NME2 secretion was also detected from cells of human breast, colon, pancreas and lung tumours [31]. Both prokaryotic and eukaryotic NDPK/NME proteins can be secreted into the extracellular environment [32]. However, the way of secretion and the role of extracellular NDPKs (eNDPKs) are still little known. One of the possible roles of eNDPKs in the extracellular environment is the modulation of secreted nucleotide and nucleoside levels via their nucleoside diphosphate kinase activity. The nucleotides and nucleosides present in the extracellular environment act as signalling molecules through the purinergic signalling system, which is mediated through purinoceptors, divided into P1 adenosine receptors and P2 ATP and related nucleotides receptors [33,34,35]. The purinergic signalling system and extracellular NME proteins were linked in the cases of certain breast carcinoma cell lines [31]. Extracellular NME2 was suggested to play a role in modulation and regeneration of extracellular nucleotides, which can stimulate P2Y1/2 nucleotide receptors, which in turn take part in angiogenesis via activation of VEGFR-2 in the absence of its ligand VEGF [36,37].



As the NME1 isoform is present in patients’ serum samples and its level may correlate with stages of tumour progression in several tumour types, there is a need to understand the mechanism(s) by which NME is secreted into the extracellular environment. The tumour microenvironment represents a complex network, where intercellular communication among cancer cells and stromal cells is crucial and takes place by paracrine signals [38]. Accumulating evidence suggests that paracrine signalling can be mediated by EVs, which can transmit essential factors among cells in the tumour microenvironment [39].



In this study, we used human breast carcinoma cells and skin-derived fibroblasts as models to examine the role of EV-derived NME1/2 exerted on the microenvironment. Different EV fractions such as microvesicles or medium EVs (mEVs) and small EVs (sEVs), the best examples of which are exosomes, were isolated from the supernatant of NME1 and NME2 overexpressing breast carcinoma cells. We found that NME1 was present in microvesicles, whereas NME2 was abundant both in exosomal and microvesicular fractions. Next, we aimed to understand how extracellular vesicular NME1 and NME2 released by breast cancer cells influence the tumour microenvironment. Therefore, fibroblast cells representing a typical cell type of the tumour microenvironment were treated with NME1 and NME2 containing EVs, and subsequently mRNA expression changes of fibroblasts were examined. Our results show that the expression of fatty acid and cholesterol metabolism-related genes was decreased significantly in response to NME1 and NME2-EV treatment.




2. Results


2.1. NME1 and NME2 Are Present in EVs Derived from NME1/NME2 Overexpressing Human Breast Carcinoma Cell Lines


As a model, we used the invasive, human triple negative breast carcinoma cell line, MDA-MB-231T, which was stably transfected either by FLAG::NME1 or MYC::NME2 or the control vector [40]. Our aim was to examine the distribution of NME1 and NME2 in the EV fractions isolated from the supernatant of the above described cell lines. EVs of small size (sEV) containing exosomes and larger vesicles or microvesicles (mEV) [41] were isolated by differential centrifugation methods including ultracentrifugation from the culture media of the previously mentioned transfected MDA-MB-231T cells. The highly sensitive capillary Western immunoassay (WESTM) method was used to characterise lysates of the isolated EVs. Diameter distribution of EVs was controlled by nanoparticle tracking analysis (Figure S1).



EV lysates were tested for presence of a series of different vesicle markers. CD81 and CD63 are plasma membrane-associated tetraspanins [42], while TSG101 and Alix are components of the endosomal sorting complex required for transport machinery (ESCRT) [43,44]. CD63 was enriched in both isolated exosomes and microvesicles (Figure 1A). CD81 surface marker and Alix cytosolic marker were present predominantly in exosomes (Figure 1A), whereas TSG101 was identified in a higher amount in exosomes but was also detectable in microvesicles (Figure 1A).



Next, we focused on the presence of NME homologs in EV lysates. We intended to detect the fusion proteins with antibodies specific for the tags. Although a higher amount of FLAG::NME1 derived from cell extracts was well visible on WESTM expression profile (Figure 1B), in the case of EVs, the fusion protein was not detectable by the anti-FLAG antibody, presumably due to the low sensitivity of the antibody (Figure 1B). Therefore, subsequently we used a monoclonal antibody specific for NME1 (Figure 1B). NME1 protein was detected in cell extracts and the microvesicle fraction of FLAG::NME1-transfected cells (Figure 1B). Moreover, NME1 was also present in microvesicles of MDA-MB-231T cells transfected with the control vector (Figure 1D). In the sEV fraction, NME1 was not detectable by either antibody (Figure 1B,D).



MYC:NME2 content of EV lysates and cell extracts was examined using anti-MYC and selective NME2 specific antibodies [45]. The MYC tag detection worked efficiently both on cell extracts and EV lysates (Figure 1C). Anti-MYC and highly specific NME2 antibodies were able to recognise MYC::NME2 in both microvesicle and exosome fractions of the MYC::NME2 expressing cell line (Figure 1C). Endogenous NME2 was also detectable in exosomes of control vector-transfected cells, whereas endogenous NME1 was found in the microvesicles (Figure 1D).



In parallel with WESTM measurements, immunoelectron microscopy was used to detect NME1 and NME2 in isolated microvesicle and exosome fractions. In this assay, Alix, TSG101, CD63 and another tetraspanin CD9 were used as positive EV markers. CD9 staining was observed on microvesicles (Figure 2A), whereas isolated sEVs stained positive for Alix and TSG101 (Figure 2E,F). In addition, isolated sEVs were labelled by anti-CD9-specific and anti-CD63-specific antibodies, using 10 and 20 nm diameter gold particles, respectively (Figure 2D). NME2 was detected on both isolated microvesicles (Figure 2C) and exosomes (Figure 2H), using an NME2 specific antibody, whereas NME1 was only found on isolated microvesicles (Figure 2B) but not on exosomes (Figure 2G), confirming the results obtained with WES.




2.2. Analysing the Transcriptomic Effect of NME1/NME2-Containing Microvesicles and Exosomes Exerted on Fibroblasts


Next, we intended to investigate the effect of NME1/2-containing EVs derived from breast carcinoma cells on fibroblasts, which are representative cells of the tumour microenvironment. Therefore, we treated patient-derived fibroblast cells (fibroblast 203-9) with either a mixture of both sEV and mEV derived from FLAG::NME1, MYC::NME2 or control vector-transfected MDA-MB-231T cells for 24 h, and performed a transcriptomic analysis of RNA extracted from these fibroblasts. In each treatment group, three biological replicates (three parallel fibroblast cultures treated with the appropriate EVs) were used.



The mRNA expression profile of fibroblast cells treated with EVs derived from NME1 or NME2 overexpressing MDA-MB-231T cells (NME1- or NME2-containing EVs) was compared to the fibroblasts, which received a treatment of EVs isolated from control vector-transfected breast carcinoma cells (control EVs: only two parallel samples were used).



A principal component analysis based on the differentially expressed coding sequences (DE CDS) shows a distinct separation between control-EV and NME-EV-treated groups. PC3 axis also discriminates values of NME1-EV and NME2-EV-treated groups (Figure 3A). Here, 649 and 634 differentially expressed genes altered by NME1-EV and NME2-EV treatment were identified at a significant level (FDR ≤ 0.01 AND logFC ≥ log2(2)), respectively. Among NME1-EV regulated genes, 536 were upregulated and 113 downregulated. In the case of NME2-EV treatment, 520 genes were found to be upregulated, whereas 114 genes were downregulated. Overall, 491 common genes were identified, from which 411 are upregulated and 80 are downregulated by both NME1- and NME2-containing EVs (Figure 3B, Table S1). A heatmap of 1370 DE CDS also represents that a large group of genes are up- or downregulated by both NME1-EVs and NME2-EVs (Figure 3C). Pathway and gene ontology analysis identified alterations in steroid, cholesterol biosynthesis, fatty acid metabolism and NOTCH1 signalling in transcriptomic signature of fibroblasts treated either by NME1-EV or NME2-EV (Figure 3D). Perturbations in cancer-related pathways, such as motility and cell adhesion, were also detected in fibroblasts as a result of either NME1- or NME2-containing EVs. Unique changes followed by NME1-EV treatment were observed in CRCX4-mediated signalling events, regulation of actin cytoskeleton and BARD1-signalling events. NME2-EV treatment caused significant changes in JAK-STAT signalling (Figure 3D).



Genes whose expression was decreased or increased to the largest extent in response to NME1- or NME2-EV treatment compared to the control condition were selected for further validation. Interestingly, a group of genes functioning in lipid and cholesterol metabolism showed the best match in this context: the expression of these genes showed a 3- to 8-fold decrease in fibroblast cells, when they received either NME1- or NME2-containing EVs. Among these genes, we found PCSK9 (proprotein convertase subtilisin/kexin type 9) and HMGCR (3-hydroxy-3-methylglutaryl CoA reductase 2) playing a role in cholesterol metabolism. Lipid metabolism-related genes, FASN (fatty acid synthase) and ACSS2 (acyl-coenzyme A synthetase short-chain family member 2), were also significantly underexpressed in NME-EV-treated fibroblasts (Figure 4A,B). Moreover, we found an angiogenesis-related gene PTPRB (protein tyrosine phosphatase receptor type B) also underexpressed (Figure 4A,B).



Among genes regulated by NME1-EVs or NME2-EVs in our dataset, which showed a significant change in expression and are known to be involved in processes of tumour progression, the following ones were selected for further analysis: MMP7 (matrix-metalloproteinase 7) and COL5A3 (collagen type V alpha 3 chain), which are related to metastasis/invasion, were significantly overexpressed; in addition, CHI3L1 (chitinase 3-like 1) also showed an increase in expression in fibroblasts after NME1- or NME2-EV treatments (Figure 4A,B). These genes were subjected to real-time quantitative PCR (qPCR) to validate our data derived from transcriptome analysis. The expression of the following genes was significantly decreased in fibroblasts in response to treatment by NME1- or NME2-containing EVs compared to treatment managed by control EVs: ACSS2, FASN, HMGCR, PCSK9, PTPRB (Figure 4C,D). The expression level of CHIL3L1, COL5A3 and MMP7 genes was found to be increased when fibroblast cells received NME1- or NME2-containing EVs in comparison to control EVs (Figure 4C,D). Taken together, qPCR measurements nicely confirmed expression changes showed by RNAseq data (Figures S2–S5).




2.3. Fatty Acid Metabolism-Related Genes FASN and ACSS2 Are Downregulated in Fibroblasts Treated by NME1- and NME2-Containing EVs


Next, our aim was to examine whether expression changes resulted by NME1-EV or NME2-EV treatment can also be detected at the protein level. We selected two enzymes of fatty acid metabolism for further investigation, namely, ACSS2 and FASN, which are emerging markers of tumour metabolism. The function of fatty acid synthase (FASN) is crucial in growth and survival of tumours with lipogenic phenotypes [46]. Acyl coenzyme A synthetase 2 (ACSS2) converts acetate to acetyl-CoA and is linked to fatty acid oxidation [47]. Under hypoxic circumstances, ACSS2 can shift metabolism of cancer cells from aerobic glycolysis to oxidative phosphorylation (OXPHOS) [48]. NME1 and NME2 have not been linked to regulation of fatty acid synthesis and oxidation yet.



To confirm reduced ACSS2 and FASN expression in response to NME1-EVs or NME2-EVs, we treated normal skin fibroblasts with a mixture of sEVs and mEVs from either NME1- or NME2-transfected cells for 24 h. Control treatment of fibroblasts was performed with a mixture of Co-EVs (microvesicles and exosomes). Each experiment was carried out in three biological replicates. Both proteins showed a decreased expression compared to the control condition when cells were treated with either NME1-EV or NME2-EV (Figure 5A). Next, NME1-EV and NME2-EV treatments were carried out three times, at different time points (0, 24 and 48 h), and FASN and ACSS2 levels of fibroblasts were examined after 72 h in protein extracts. Repeated EV treatment also resulted in decreased FASN and ACSS2 levels compared to the control condition (Figure 5B,C).



As we detected decreased FASN and ACSS2 levels in response to NME1-EV or NME2-EV treatment, we aimed to know whether the proliferation rate of fibroblasts was affected, assuming that low free fatty acid and cholesterol levels might negatively influence membrane synthesis. Proliferation assays of NME1-EV or NME2-EV treated and control-EV fibroblasts did not show any difference (Figure 6), indicating that fibroblasts treated with NME1-EV or NME2-EV did not acquire a property of reduced proliferation as compared to the Co-EV treatment.




2.4. GTEx Portal Data Show Low FASN, ACSS2, PCSK9 and HMGCR Levels but Relatively High NME1 and NME2 Expression in Normal Skin Fibroblasts


To confirm these findings, we interrogated the GTEx Portal database (www.gtexportal.org, accessed on 1 July 2021) and analysed the mRNA expression data of NME1, NME2, FASN, ACSS2, PCSK9 and HMGCR in normal skin fibroblasts. Comparing the expression levels of those genes, we observed that NME1 and NME2 are expressed in fibroblasts, and in particular NME2, at a high level. The levels of NME1/2 target genes were low or hardly expressed. These observations suggest a negative correlation between NME expression and these target genes and confirm our transcriptional data (Figure 7).





3. Discussion


Extracellular NMEs have been shown to be present in sera of patients suffering numerous tumour types [17,24,25,26,27]. Moreover, high extracellular NME levels are often signs of bad prognosis and eNDPKs’ function was associated with tumour progression in the case of breast cancer [27]. Therefore, there is a need to understand how and why NME proteins can be released by the cancer cells into the extracellular environment. Both prokaryotic and eukaryotic NDPK/NME proteins can be secreted [32]. Porphyromonas gingivalis, an intracellular pathogen of the gingival epithelium, is able to translocate its bacterial NDPK into the extracellular environment using the pannexin-1-hemichannel (PNX1) of the host cell [49].



Nowadays, EVs raise a great interest because most EVs are tools of intercellular communication as they carry specific proteins, lipids and nucleic acids, and thus EVs are emerging targets of both tumour diagnosis and therapy. Among EVs, mainly exosomes are implicated in crosstalk of cancer and microenvironmental cells [39]. In addition, new technologies are emerging based on association of specific markers with exosome subpopulations, which allow engineering of target-guided exosome-like particles for potential use in clinical practice [50]. Therefore, identification of specific markers associated with different exosome populations is of key importance. Application of exosome-based nanoplatforms have been suggested in breast cancer therapy as well [51].



In this study, we used NME1 and NME2 overexpressing triple negative breast carcinoma cells as a model, and first examined the presence of the NMEs in microvesicular (mEV) and exosomal (sEV) fractions derived from their supernatants. NME2 is present in higher quantities in EVs, whereas NME1 is detected in a lower level. We first performed a detailed subtype-specific analysis of breast carcinoma cell-derived EVs, which showed that NME1 was only present in mEVs. In contrast, NME2 was abundant in both mEVs and sEVs. In addition, we also detected the endogenous NME isoforms in the corresponding sEV and mEV fractions of control vector transfected cells.



Next, we treated normal skin fibroblasts by a mixture of microvesicles and small EVs from NME1 or NME2 overexpressing breast carcinoma cells and then examined their effect on the RNA pool of fibroblasts. Pathway analysis data show that expression of genes involved in lipid metabolism such as cholesterol and fatty acid synthesis strongly decreased in response to NME1 or NME2 EV treatment. We focused on this group of genes as recently a novel link has emerged between lipid metabolism-related genes and NMEs [52]. We note, as a limitation of our study, that the data are obtained from human skin-derived fibroblasts of a single patient.



PCSK9 and HMGCR contribute to cholesterol biosynthesis, whereas FASN and ACSS2 are involved in fatty acid synthesis and oxidation, respectively. Our data show that as a result of NME1-EV or NME2-EV treatment, PCSK9, HMGCR, FASN and ACSS2 mRNA levels decreased to 3- to 8-fold in normal skin fibroblasts, compared to the treatment managed by control vector-containing EVs. Preliminary data show that free fatty acid levels decreased in NME1-EV-treated fibroblasts, which might be the consequence of reduced FASN levels; however, this issue needs further investigation. We also analysed in detail the expression pattern of normal skin fibroblasts: GTEx Portal data show that high expression of NME2 and moderate expression of NME1 is possibly linked to low PCSK9, HMGCR, FASN and ACSS2 levels. Based on these, we suggest that high levels of NME1 and NME2 through EV might be responsible for maintaining PCSK9, HMGCR, FASN and ACSS2 expressions at low levels in fibroblastic stromal cells.



Fibroblasts are key components of the tumour microenvironment. A parallel dialogue exists between cancer cells and fibroblasts, which first helps cancer cells to attract normal fibroblasts, and next transforms disease-free fibroblasts into cancer-associated fibroblasts (CAFs). CAFs, in turn, can support and modulate cancer cells (reviewed in [53]). Due to this crosstalk, which can be managed by direct contact through cytokines or EVs, CAFs modulate the extracellular matrix, promote invasion or even facilitate EMT [53].



Cancer cells were also shown to induce metabolic changes in stromal cells; these changes allow CAFs to display activities, which support growth and progression of cancer cells. Metabolic adaptation is recognised as a hallmark of cancer [38]: crosstalk of cancer cells and cells forming the tumour microenvironment results in a metabolic symbiosis during tumour progression [54]. For example, in an orthotopic mouse model for ovarian carcinoma, glutamine supply of cancer cells was ensured by cancer-associated fibroblasts [55]. In colorectal cancer, cancer-associated fibroblasts underwent lipidomic reprogramming (among others, FASN overexpression) and secreted lipid metabolites for cancer cells; in this study, the uptake of secreted lipids was followed by enhanced migration of colorectal cancer cells [56].



Emerging data suggest a close connection between altered lipid metabolism and tumour progression, and most evidence shows that higher lipid levels, which are critical for membrane production and energy generation, support tumour progression [57]. Several tumour types, such as melanoma [58] or pancreatic cancer [59], can be characterised by lipid abundance. In addition, recent data show that lipids negatively influence antitumour immune response [60].



Studies conducted on invasive triple negative breast cancer cells and cancer-associated fibroblasts also identified fibroblasts as hubs and cancer cells as gatherers of lipids [61]. MDA-MB-231 cells, whose FASN levels are low [62], can cover their lipid demand by using exogenous sources provided by cancer-associated fibroblasts in the microenvironment [61,63]. MDA-MB-231 cells exposed to fibroblast-conditioned media displayed decreased lipid chaperon (FABP) but increased lipid transporter (FATP) expression, signs of lipid transfer from cancer-associated fibroblasts to cancer cells [61].



Compared to the above data, in our study we modelled an early stage of metabolic symbiosis between triple negative breast carcinoma cells and normal fibroblasts, when fibroblasts are still not transformed to cancer-associated fibroblasts. In this setup, we showed that MDA-MB-231T-derived EV-mediated NME1 and NME2 induce decreased fatty acid synthesis with low FASN and ACSS2 levels in normal fibroblasts, without influencing proliferation of fibroblasts. We suggest that EV-derived NME1 and NME2 cause decreased lipid production in fibroblasts, thereby inhibiting lipid supply of cancer cells provided by fibroblasts at this early stage of metabolic symbiosis.



We also hypothesise that decreased lipid production induces metabolic changes in fibroblasts, which might result in epigenetic reprogramming. To further investigate this question, metabolomic and lipidomic analyses of fibroblasts could be performed.




4. Conclusions


This study established that: (1) EVs of NME1 overexpressing breast carcinoma cells contained NME1 in mEVs but not in sEVs. (2) NME2 is present in both mEV and sEV fractions of NME2 overexpressing breast carcinoma cells. (3) NME2 is more abundant in EVs compared to NME1. (4) NME1-EV and NME2-EV treatment of normal skin fibroblasts results in underexpression of fatty acid and cholesterol metabolism genes. (5) Decreased FASN and ACSS2 protein levels were detected in fibroblasts followed by NME1-EV or NME2-EV treatment, which was not accompanied by a change in their proliferation.



Our data show an emerging link between extracellular vesicular NMEs and markers of tumour metabolism. EV-mediated NME1 and NME2 might inhibit supporting activities of fibroblasts by inducing decreased fatty acid and cholesterol synthesis.




5. Materials and Methods


5.1. Cell Lines


To examine the presence of NME1 and NME2 in EVs, we used human breast adenocarcinoma MDA-MB-231T cell lines, which were stably transfected with one of the following constructs: pcDNA3 (Co), pcDNA3/FLAG-NME1 (F::NME1) or pcDNA3/MYC-NME2 (M::NME2) (the clones are a kind donation of Maja Herak Bosnar (Rudjer Boskovic Institute, Zagreb, Croatia)). These cell lines were cultured in DMEM high glucose media (Biosera, Nuaille, France) supplemented with 10% FBS (Biosera), 2 mM L-glutamine (Biosera), 100 µI/mL penicillin–streptomycin (Biosera), 7.5% NaHCO3 (Biosera) and 50 mg/mL geneticin (Sigma) at 37 °C with 5% CO2.



To monitor the effect of EVs derived from MDA-MB-231T cells, we applied a human skin derived cell line, fibroblast 203-9. They were cultured in DMEM high glucose media (Biosera) supplemented with 10% FBS (Biosera), 2 mM L-glutamine (Biosera), 100 µI/mL penicillin–streptomycin (Biosera), 1% sodium pyruvate (Biosera) at 37 °C with 5% CO2.




5.2. Extracellular Vesicle Isolation from Conditioned Cell Culture Medium


During extracellular vesicle purification, two size-based subpopulations (mEVs and sEVs) were isolated by differential centrifugation/ultracentrifugation techniques. Twenty-four hours before EV isolation, cells were washed with PBS and maintained at the same conditions as we described above, with one exception: the replaced culture media contained 10% EV-free FBS (ultracentrifuged at 120,000× g for 15 h). After 24 h, the conditioned media were collected and centrifuged 2 times at 200× g for 5 min at room temperature to remove cells. Then the supernatant was centrifuged at 2000× g for 20 min at 16 °C (Avanti J-XP26 centrifuge, JS 5.3 rotor, Beckman Coulter Inc., Pasadena, CA, USA) and filtered by gravity through 5 μm (Milipore) and 0.8 μm (Whatman) filters. Next, supernatant was centrifuged at 12,500× g for 20 min at 14 °C to pellet mEVs (Avanti J-XP26 centrifuge, JA 25.15 rotor, Beckman Coulter Inc.). Subsequently, supernatant was filtered again by gravity through a 0.22 μm (Filtropour, Sarstedt, Germany) membrane and centrifuged at 100,000× g for 70 min at 4 °C using an MLA-55 rotor in an Optima Max XP ultracentrifuge to pellet sEVs (Beckman-Coulter). Both mEVs and sEVs pellets were resuspended once in NaCl-HEPES (0.9% NaCl containing 10 mM HEPES, pH 7.4), and recentrifuged under the same conditions as used originally for pelleting.




5.3. Nanoparticle Tracking Analysis (NTA) of EVs


The size distribution and concentration of EVs were analysed by NTA on a ZetaView PMX-120 instrument (Particle Metrix, Inning am Ammersee, Germany). All samples were diluted in NaCl-HEPES to a final volume of 1 mL. The manufacturer’s default software settings were selected for EV analysis. For each measurement, two cycles were performed by scanning 11 cell positions. The following camera settings were used: Shutter: 100 (sEVs), 150 (mEVs); Sensitivity: 85 (sEVs), 75 (mEVs); Framrate: 60 (sEVs), 7.5 (mEVs); cell temperature: 25 °C. The videos were analysed with minimum brightness of 20, a minimum area of 5 and a maximum area of 1000 by ZetaView Analyze software 8.05.10.




5.4. Detection of EVs Content by Immunoelectron Microscopy


In this study, 5 µL of separated vesicle sample aliquots were dropped onto formvar/carbon coated 200-mesh nickel grids (S160N3, AGAR Scientific Ltd., Essex, UK). After 40 min of drying, grids were floated upside down on 50 μL drops of the following solutions: blocking solution (3% non-fat milk powder in TBS, T-8793, Sigma, St. Louis, USA), one of the primary antibody solutions (anti-Alix 1:100, anti-CD9 1:50, anti-CD63 1:50, anti-NME-1 1:100, anti-NME-2 1:100, anti-TSG101 1:100) and the secondary antibody solution (10 nm gold conjugated anti-rabbit 1:50, G3779-.4ML, Sigma, USA; 10 nm gold conjugated anti-mouse 1:50, G7652-. 4ML Sigma, USA; 20 nm gold conjugated anti-mouse, 1:50, ab27242, Abcam, UK). Antibodies are described in the table below. Incubation times were 30 min, 60 min and 4 h, respectively. All antibodies were diluted in 1.5% non-fat milk powder/TBS. TBS-1% BSA washing steps were inserted between incubations. Finally, grids were contrasted with 2% uranyl acetate prior to the investigation by a JEOL JEM-1011 electron microscope equipped with a high resolution Morada CCD camera from Olympus Soft-Imaging-Solutions.




5.5. EV Treatment of Fibroblasts and RNA Isolation


Fibroblast 203-9 cells were treated with EVs derived from MDA-MB-231T cells. Fibroblasts were cultured in 6-well plates at the same conditions mentioned above. Before treatment, the wells were gently washed two times with PBS and then the mixture of the isolated sEVs and mEVs was added and incubated for 24 h at 37 °C with 5% CO2. We tested three different groups of samples: three parallel fibroblasts cultures were treated with either FLAG::NME1 or MYC::NME2-containing vesicles; control samples received EVs isolated from MDA-MB-231T cells overexpressing the control vector pCDNA (Co-EV treatment). Each experiment was carried out in 3 biological replicates, except for Co-EV -treated samples, where 2 independent samples were used. After a 24 h incubation, fibroblasts were lysed, and RNA isolation was performed with RNeasy Mini kit (Qiagen, Hilden, Germany). The RNA concentration and purity were measured by NanoDrop (ND-100, RNA-40).




5.6. Transcriptome Analysis


5.6.1. Transcriptome Sequencing


NEBNext Ultra II Directional RNA Library Prep Kit for Illumina with Purification Beads (NEB #E7760S/L) was used for PolyA NGS library preparation following the manufacturer’s instructions. Sequencing was run on Illumina NovaSeq platform (NovaSeq 6000 SP 300 cycles (2 × 150 bp)) with data output 100 M PE reads/sample.




5.6.2. Genome Sequence and Gene Annotations


The hg19 assemblies were obtained from Ensembl database. The chromosomal sequences and annotation files were downloaded as fasta and gtf formats, respectively. Genome and transcriptome sequences in fasta format were indexed with Tophat2 (Bowtie2).




5.6.3. Pre-Processing of RNAseq Data


Illumina paired end sequencing data were exported in FASTQ file format. The reads were trimmed using Trim Galore (Babraham Bioinformatics, https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/, accessed on 19 November 2019) and cutadapt [64] to remove bases where the PHRED quality value was less than 20. Potential 3’ adapter and poly(A)-tail fragments were also removed.




5.6.4. Alignment of Obtained Reads to Genomes


The trimmed sequence sets were aligned to the genome with Tophat2 (Bowtie2), with default parameters. For further analysis the reads were sorted by samtools (http://samtools.sourceforge.net, accessed on 19 November 2019) according to coordinates [64,65,66].



The function featureCounts (Rsubread R package) was used for counting reads to genomic features. Count-based gene expression estimation with union-CDS based counting were used. To implement union-CDS, we selected the CDS entries from the annotation files, grouped them by the ENSEMBL gene identifier and merged overlapping CDS for each gene [67].




5.6.5. Testing for DE Genes


The Bioconductor package edgeR was used for differential expression analyses. Features with very low counts across all libraries were filtered out prior to further analysis.



The GLM likelihood ratio test was used with the Cox–Reid dispersion estimates. Multiplicity correction was performed by applying the Benjamini–Hochberg method on the p-values, to control the false discovery rate (FDR) [68,69].



A heatmap was generated based on RPKM values of 1370 differentially expressed CDS (FDR ≤ 0.01 AND logFC ≥ log2(2)) (Figure 3C).




5.6.6. Bioinformatic Analysis


Functional (pathway and gene ontology) analyses were performed using ToppGene Suite [70].



Gene set enrichment analyses were performed for Gene Ontology categories (Biological Processes, Molecular Function and Cell Component) and KEGG, BioSystems: KEGG, MSigDB C2 BIOCARTA (v7.1) and PantherDB Pathways gene sets. Results were considered to be significant with p < 0.05. We used the Benjamini–Hochberg method to control the false discovery rate at 0.05.





5.7. qPCR Experiments


For quantitative real-time PCR (qRT-PCR) experiments, 350 ng of total RNA was reverse transcribed using High-Capacity RNA-to-cDNA Kit (#4368814, Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. Predesigned TaqMan Gene Expression assays were used for gene expression measurements (Human FASN: Hs01005622_m1, ACCS2: Hs00218766_m1, PCSK9: Hs03037355_m1, CHI3L1: Hs01072230_g1, PTPRB: Hs01549032_m1, MMP7: Hs01042796_m1, HMGCR: Hs00168352_m1, COL5A3: Hs01555669_m1, ACTB: Hs01060665_g1 all from Applied Biosystems by Life Technologies). cDNA was diluted 100x. All measurements were performed in triplicate. DeltaCT (dCT) values were calculated and deltadeltaCT (ddCT) values were normalised to the controls in the experiments. Fold change values were calculated from 2−ddCT.




5.8. EV Treatment of Fibroblasts and Protein Isolation


Fibroblast 203-9 cells were treated with EVs derived from MDA-MB-231T cells. Fibroblasts were cultured in 6-well plates and treated by a mixture of NME1-EVs, NME2-EVs and Co-EVs as mentioned above (Section 5.6). Again, we tested three different groups of samples: three parallel fibroblast cultures were treated with either FLAG::NME1 or MYC::NME2-containing vesicles; control samples received EVs isolated from MDA-MB-231T cells overexpressing the control vector pCDNA (Co-EV treatment). After a 24 h incubation, fibroblasts were lysed, and protein isolation was performed. Protein lysates were further examined by WES (Section 5.9).




5.9. Capillary Western Immunoassay (WESTM)


The protein content of cell lysates and EV lysates was quantified by Bradford protein assay (BioRad, Hercules, CA, USA) and immunodetected with WESTM Simple analysis on WESTM system (ProteinSimple-Biotechne 004–600). Here, 12–230 kDa Separation Module (ProteinSimple SM-W004) and either the Anti-Mouse Detection Module (ProteinSimple DM-002) or Anti-Rabbit Detection Module (ProteinSimple DM-001) were applied depending on the primary antibodies. Briefly, protein samples were diluted in sample buffer thereafter mixed with Fluorescent Master Mix 1:4 and denatured at 95 °C for 5 min. According to the manufacturer’s instructions, the samples, the blocking reagent (antibody diluent), the primary antibodies, the HRP-conjugated secondary antibodies and the chemiluminescent substrate were added to the plate. Immunodetection was performed automatically, and the results were reported as virtual gels and electropherograms. The default settings were the following: stacking and separation at 395 V for 30 min; blocking reagent for 5 min, primary and secondary antibodies both for 30 min; luminol/peroxide chemiluminescence detection for 15 min (exposure times were selected for different antibodies between 1 and 512 s). Primary antibodies used are detailed in the Table 1:




5.10. In Vitro Proliferation Assays—Alamar Blue and Sulforhodamine B Assays


Alamar blue (AB; 10 µL/well; Thermo Fisher Scientific) assay was applied to monitor the short-time effect (24 and 72 h) of EVs on fibroblast cell growth and cellular metabolic activity. After a 4 h incubation with AB, the fluorescence was measured with a fluorimeter (Fluoroskan Ascent FL; Labsystems International; Ascent Software, Fluoroskan Ascent, Vantaa, Finland) at 570–590 nm. To detect the total protein content of control and EV-treated cells, sulforhodamine B (SRB) test was performed. Fibroblasts were fixed by adding trichloroacetic acid (10%; 50 µL/well) for one hour at 4 °C; then, the wells were washed with distilled water. After a 15 min incubation with SRB (0.4 m/V%; 50 µL/well) at room temperature, the unbound SRB solution was washed with acetic acid (1%). Thereafter, Tris base solution (10 mM; 150 µL/well) was added to each well to solubilise the protein-bound dye. Multiskan MS microplate reader (Labsystems International; Transmit Software, Vantaa, Finland) was used for measuring the absorbance at 570 nm.




5.11. Free Fatty Acid Measurements


Free fatty acid levels were determined by enzymatic colorimetric method (DiaSys) on a Konelab 20i Analyzer (Thermo Fischer Scientific, Waltham, MA, USA).




5.12. Statistical Analysis


In case of transcriptomics and qPCR data, the differences in the logFC values of the investigated genes were examined using one-way analysis of variance (ANOVA) with Tukey’s post-hoc test for multiple comparisons. The proliferation assay was evaluated with an independent samples t-test. The WESTM data were analysed with a one-sample t-test. In every analysis, p-values less than 0.05 were considered statistically significant.









Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/cancers14163913/s1, Figure S1: Nanoparticle tracking analysis (NTA) of Evs. Size distribution and concentration of (A, C) sEVs and (B, C) mEVs. Table S1: Common genes regulated by NME1-EVs and NME2-EVs in fibroblasts. Figure S2: One-way ANOVA analysis of genes selected from transcriptome analysis (see Figure 4B: NME2-EV vs. Co-EV treatment) reveals that most of the pairwise comparisons are statistically significant. Figure S3: One-way ANOVA analysis of genes selected from transcriptome analysis (see Figure 4A: NME1-EV vs. Co-EV treatment) reveals that most of the pairwise comparisons are statistically significant. Figure S4: One-way ANOVA analysis of genes examined by qPCR (see Figure 4D: NME2-EV vs. Co-EV treatment) reveals that most of the pairwise comparisons are statistically significant. Figure S5: One-way ANOVA analysis of genes examined by qPCR (see Figure 4C: NME1-EV vs. Co-EV treatment) reveals that most of the pairwise comparisons are statistically significant.





Author Contributions


Conceptualization, K.T.-V., A.S., M.B. and E.I.B.; methodology, B.M., G.P., T.D., H.B., P.L., I.P., R.B., D.B.-R., Z.F., K.M. and K.P.; software, I.L., H.B. and T.S.; validation, B.M., H.B., K.P. and G.P.; formal analysis, I.L., H.B., B.M. and T.S.; investigation, B.M., G.P., T.D., K.P., K.M., Z.F., R.B. and D.B.-R.; resources, A.S., K.T.-V., H.B. and E.I.B.; data curation I.L., H.B., B.M. and T.S.; writing—original draft preparation B.M., K.T.-V., I.P., M.B., I.L. and A.S.; writing—review and editing, K.T.-V., A.S. and M.B.; visualization, B.M., I.L., T.S., G.P., K.P. and K.M.; supervision, K.T.-V., A.S. and M.B.; project administration, B.M., G.P., T.D., H.B., P.L., I.P., R.B., D.B.-R., Z.F., K.M. and K.P.; funding acquisition, K.T.-V. All authors have read and agreed to the published version of the manuscript.




Funding


Project no. FIEK_16-1-2016-0005 has been implemented with the support provided from the National Research, Development and Innovation Fund of Hungary, financed under the FIEK_16 funding scheme. This work was completed in the ELTE Institutional Excellence Program (1783-3/2018/FEKUTSRAT) supported by the Hungarian Ministry of Human Capacities. HB is a recipient of Bolyai Research Fellowship of the Hungarian Academy of Sciences.




Data Availability Statement


GEO number can be provided up on request from correspondence author.




Acknowledgments


We thank Maja Herak Bosnar for transfected MDA-MB-231T cell lines and Monika Truszka for technical help in immunoelectron microscopy.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Chaffer, C.L.; Weinberg, R.A. A Perspective on Cancer Cell Metastasis. Science 2011, 331, 1559–1564. [Google Scholar] [CrossRef] [PubMed]

	



Rinker-Schaeffer, C.W.; O’Keefe, J.P.; Welch, D.R.; Theodorescu, D. Metastasis Suppressor Proteins: Discovery, Molecular Mechanisms, and Clinical Application. Clin. Cancer Res. 2006, 12, 3882–3889. [Google Scholar] [CrossRef] [PubMed]

	



Steeg, P.S.; Bevilacqua, G.; Kopper, L.; Thorgeirsson, U.P.; Talmadge, J.E.; Liotta, L.A.; Sobep, M.E. Evidence for a Novel Gene Associated with Low Tumor Metastatic Potential. JNCI J. Natl. Cancer Inst. 1988, 80, 200–204. [Google Scholar] [CrossRef]

	



Boissan, M.; Dabernat, S.; Peuchant, E.; Schlattner, U.; Lascu, I.; Lacombe, M.-L. The Mammalian Nm23/NDPK Family: From Metastasis Control to Cilia Movement. Mol. Cell. Biochem. 2009, 329, 51–62. [Google Scholar] [CrossRef] [PubMed]

	



Desvignes, T.; Pontarotti, P.; Fauvel, C.; Bobe, J. Nme Protein Family Evolutionary History, a Vertebrate Perspective. BMC Evol. Biol. 2009, 9, 256. [Google Scholar] [CrossRef]

	



Bevilacqua, G.; Sobel, M.E.; Liotta, L.A.; Steeg, P.S. Association of Low Nm23 RNA Levels in Human Primary Infiltrating Ductal Breast Carcinomas with Lymph Node Involvement and Other Histopathological Indicators of High Metastatic Potential. Cancer Res. 1989, 49, 5185–5190. [Google Scholar]

	



Flørenes, V.A.; Aamdal, S.; Myklebost, O.; Maelandsmo, G.M.; Bruland, O.S.; Fodstad, O. Levels of Nm23 Messenger RNA in Metastatic Malignant Melanomas: Inverse Correlation to Disease Progression. Cancer Res. 1992, 52, 6088–6091. [Google Scholar]

	



Xerri, L.; Grob, J.J.; Battyani, Z.; Gouvernet, J.; Hassoun, J.; Bonerandi, J.J. NM23 Expression in Metastasis of Malignant Melanoma Is a Predictive Prognostic Parameter Correlated with Survival. Br. J. Cancer 1994, 70, 1224–1228. [Google Scholar] [CrossRef]

	



Boissan, M.; Lacombe, M.-L. Nm23/NDP Kinases in Hepatocellular Carcinoma. J. Bioenerg. Biomembr. 2006, 38, 169–175. [Google Scholar] [CrossRef]

	



An, R.; Meng, J.; Shi, Q.; Dai, X.-X.; Chen, J.-H.; Lei, Y.-J.; Shan, B.; Gao, C.; Chu, Y.-L.; Dong, X.-P. Expressions of Nucleoside Diphosphate Kinase (Nm23) in Tumor Tissues Are Related with Metastasis and Length of Survival of Patients with Hepatocellular Carcinoma. Biomed. Environ. Sci. 2010, 23, 267–272. [Google Scholar] [CrossRef]

	



Hartsough, M.T.; Steeg, P.S. Nm23/Nucleoside Diphosphate Kinase in Human Cancers. J. Bioenerg. Biomembr. 2000, 32, 301–308. [Google Scholar] [CrossRef]

	



Lacombe, M.; Boissan, M. NME1 (NME/NM23 Nucleoside Diphosphate Kinase 1). Atlas Genet. Cytogenet. Oncol. Haematol. 2013, 17, 526–538. [Google Scholar] [CrossRef]

	



Liu, L.; Li, M.; Zhang, C.; Zhang, J.; Li, G.; Zhang, Z.; He, X.; Fan, M. Prognostic Value and Clinicopathologic Significance of Nm23 in Various Cancers: A Systematic Review and Meta-Analysis. Int. J. Surg. 2018, 60, 257–265. [Google Scholar] [CrossRef]

	



Leonard, M.K.; McCorkle, J.R.; Snyder, D.E.; Novak, M.; Zhang, Q.; Shetty, A.C.; Mahurkar, A.A.; Kaetzel, D.M. Identification of a Gene Expression Signature Associated with the Metastasis Suppressor Function of NME1: Prognostic Value in Human Melanoma. Lab. Investig. 2018, 98, 327–338. [Google Scholar] [CrossRef]

	



Howlett, A.R.; Petersen, O.W.; Steeg, P.S.; Bissell, M.J. A Novel Function for the Nm23-H1 Gene: Overexpression in Human Breast Carcinoma Cells Leads to the Formation of Basement Membrane and Growth Arrest. J. Natl. Cancer Inst. 1994, 86, 1838–1844. [Google Scholar] [CrossRef] [PubMed]

	



Harłozińska, A.; Bar, J.K.; Gerber, J. Nm23 Expression in Tissue Sections and Tumor Effusion Cells of Ovarian Neoplasms. Int. J. Cancer 1996, 69, 415–419. [Google Scholar] [CrossRef]

	



Niitsu, N.; Honma, Y.; Lijima, K.; Takagi, T.; Higashihara, M.; Sawada, U.; Okabe-Kado, J. Clinical Significance of Nm23-H1 Proteins Expressed on Cell Surface in Non-Hodgkin’s Lymphoma. Leukemia 2003, 17, 196–202. [Google Scholar] [CrossRef] [PubMed]

	



Andolfo, I.; De Martino, D.; Liguori, L.; Petrosino, G.; Troncone, G.; Tata, N.; Galasso, A.; Roma, C.; Chiancone, F.; Zarrilli, S.; et al. Correlation of NM23-H1 Cytoplasmic Expression with Metastatic Stage in Human Prostate Cancer Tissue. Naunyn. Schmiedebergs. Arch. Pharmacol. 2011, 384, 489–498. [Google Scholar] [CrossRef] [PubMed]

	



Chang, C.L.; Zhu, X.X.; Thoraval, D.H.; Ungar, D.; Rawwas, J.; Hora, N.; Strahler, J.R.; Hanash, S.M.; Radany, E. Nm23-H1 Mutation in Neuroblastoma. Nature 1994, 370, 335–336. [Google Scholar] [CrossRef]

	



Garcia, I.; Mayol, G.; Rios, J.; Domenech, G.; Cheung, N.-K.V.; Oberthuer, A.; Fischer, M.; Maris, J.M.; Brodeur, G.M.; Hero, B.; et al. A Three-Gene Expression Signature Model for Risk Stratification of Patients with Neuroblastoma. Clin. Cancer Res. 2012, 18, 2012–2023. [Google Scholar] [CrossRef] [PubMed]

	



Ouatas, T.; Salerno, M.; Palmieri, D.; Steeg, P.S. Basic and Translational Advances in Cancer Metastasis: Nm23. J. Bioenerg. Biomembr. 2003, 35, 73–79. [Google Scholar] [CrossRef] [PubMed]

	



Salerno, M.; Ouatas, T.; Palmieri, D.; Steeg, P.S. Inhibition of Signal Transduction by the Nm23 Metastasis Suppressor: Possible Mechanisms. Clin. Exp. Metastasis 2003, 20, 3–10. [Google Scholar] [CrossRef] [PubMed]

	



Thakur, R.K.; Yadav, V.K.; Kumar, P.; Chowdhury, S. Mechanisms of Non-Metastatic 2 (NME2)-Mediated Control of Metastasis across Tumor Types. Naunyn. Schmiedebergs. Arch. Pharmacol. 2011, 384, 397–406. [Google Scholar] [CrossRef]

	



Niitsu, N.; Okabe-Kado, J.; Nakayama, M.; Wakimoto, N.; Sakashita, A.; Maseki, N.; Motoyoshi, K.; Umeda, M.; Honma, Y. Plasma Levels of the Differentiation Inhibitory Factor Nm23-H1 Protein and Their Clinical Implications in Acute Myelogenous Leukemia. Blood 2000, 96, 1080–1086. [Google Scholar] [CrossRef] [PubMed]

	



Niitsu, N.; Okabe-Kado, J.; Okamoto, M.; Takagi, T.; Yoshida, T.; Aoki, S.; Hirano, M.; Honma, Y. Serum Nm23-H1 Protein as a Prognostic Factor in Aggressive Non-Hodgkin Lymphoma. Blood 2001, 97, 1202–1210. [Google Scholar] [CrossRef]

	



Okabe-Kado, J.; Kasukabe, T.; Honma, Y.; Hanada, R.; Nakagawara, A.; Kaneko, Y. Clinical Significance of Serum NM23-H1 Protein in Neuroblastoma. Cancer Sci. 2005, 96, 653–660. [Google Scholar] [CrossRef] [PubMed]

	



Yokdang, N.; Nordmeier, S.; Speirs, K.; Burkin, H.R.; Buxton, I.L.O. Blockade of Extracellular NM23 or Its Endothelial Target Slows Breast Cancer Growth and Metastasis. Integr. Cancer Sci. Ther. 2015, 2, 192–200. [Google Scholar] [CrossRef] [PubMed]

	



Bunce, C.M.; Khanim, F.L. The “Known-Knowns”, and “Known-Unknowns” of Extracellular Nm23-H1/NDPK Proteins. Lab. Investig. 2018, 98, 602–608. [Google Scholar] [CrossRef]

	



Álvarez-Chaver, P.; Rodríguez-Piñeiro, A.M.; Rodríguez-Berrocal, F.J.; García-Lorenzo, A.; Páez de la Cadena, M.; Martínez-Zorzano, V.S. Selection of Putative Colorectal Cancer Markers by Applying PCA on the Soluble Proteome of Tumors: NDK A as a Promising Candidate. J. Proteom. 2011, 74, 874–886. [Google Scholar] [CrossRef]

	



Okabe-Kado, J.; Kasukabe, T.; Honma, Y.; Hayashi, M.; Henzel, W.J.; Hozumi, M. Identity of a Differentiation Inhibiting Factor for Mouse Myeloid Leukemia Cells with NM23/Nucleoside Diphosphate Kinase. Biochem. Biophys. Res. Commun. 1992, 182, 987–994. [Google Scholar] [CrossRef]

	



Anzinger, J.; Malmquist, N.A.; Gould, J.; Buxton, I.L.O. Secretion of a Nucleoside Diphosphate Kinase (Nm23-H2) by Cells from Human Breast, Colon, Pancreas and Lung Tumors. Proc. West. Pharmacol. Soc. 2001, 44, 61–63. [Google Scholar] [PubMed]

	



Romani, P.; Ignesti, M.; Gargiulo, G.; Hsu, T.; Cavaliere, V. Extracellular NME Proteins: A Player or a Bystander? Lab. Investig. 2018, 98, 248–257. [Google Scholar] [CrossRef] [PubMed]

	



Burnstock, G. A Basis for Distinguishing Two Types of Purinergic Receptor; Raven Press: New York, NY, USA, 1978; p. 556. [Google Scholar]

	



Burnstock, G.; Kennedy, C. Is There a Basis for Distinguishing Two Types of P2-Purinoceptor? Gen. Pharmacol. 1985, 16, 433–440. [Google Scholar] [CrossRef]

	



Abbracchio, M.P.; Burnstock, G. Purinoceptors: Are There Families of P2X and P2Y Purinoceptors? Pharmacol. Ther. 1994, 64, 445–475. [Google Scholar] [CrossRef]

	



Rumjahn, S.M.; Javed, M.A.; Wong, N.; Law, W.E.; Buxton, I.L.O. Purinergic Regulation of Angiogenesis by Human Breast Carcinoma-Secreted Nucleoside Diphosphate Kinase. Br. J. Cancer 2007, 97, 1372–1380. [Google Scholar] [CrossRef]

	



Buxton, I.L.O.; Rumjahn, S.M.; Yokdang, N.; Baldwin, K.A.; Thai, J. Purinergic Regulation of Vascular Endothelial Growth Factor Signaling in Angiogenesis. Br. J. Cancer 2009, 100, 1465–1470. [Google Scholar] [CrossRef]

	



Hanahan, D. Hallmarks of Cancer: New Dimensions. Cancer Discov. 2022, 12, 31–46. [Google Scholar] [CrossRef]

	



Dai, J.; Su, Y.; Zhong, S.; Cong, L.; Liu, B.; Yang, J.; Tao, Y.; He, Z.; Chen, C.; Jiang, Y. Exosomes: Key Players in Cancer and Potential Therapeutic Strategy. Signal Transduct. Target. Ther. 2020, 5, 145. [Google Scholar] [CrossRef]

	



Ćetković, H.; Bosnar, M.H.; Perina, D.; Mikoč, A.; Deželjin, M.; Belužić, R.; Bilandžija, H.; Ruiz-Trillo, I.; Harcet, M. Characterization of a Group I Nme Protein of Capsaspora Owczarzaki-a Close Unicellular Relative of Animals. Lab. Investig. 2018, 98, 304–314. [Google Scholar] [CrossRef]

	



Théry, C.; Witwer, K.W.; Aikawa, E.; Alcaraz, M.J.; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, F.; Atkin-Smith, G.K.; et al. 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 2018, 7, 1535750. [Google Scholar] [CrossRef]

	



Escola, J.M.; Kleijmeer, M.J.; Stoorvogel, W.; Griffith, J.M.; Yoshie, O.; Geuze, H.J. Selective Enrichment of Tetraspan Proteins on the Internal Vesicles of Multivesicular Endosomes and on Exosomes Secreted by Human B-Lymphocytes. J. Biol. Chem. 1998, 273, 20121–20127. [Google Scholar] [CrossRef] [PubMed]

	



Simons, M.; Raposo, G. Exosomes—Vesicular Carriers for Intercellular Communication. Curr. Opin. Cell Biol. 2009, 21, 575–581. [Google Scholar] [CrossRef] [PubMed]

	



van der Pol, E.; Böing, A.N.; Harrison, P.; Sturk, A.; Nieuwland, R. Classification, Functions, and Clinical Relevance of Extracellular Vesicles. Pharmacol. Rev. 2012, 64, 676–705. [Google Scholar] [CrossRef] [PubMed]

	



Boissan, M.; Wendum, D.; Arnaud-Dabernat, S.; Munier, A.; Debray, M.; Lascu, I.; Daniel, J.-Y.; Lacombe, M.-L. Increased Lung Metastasis in Transgenic NM23-Null/SV40 Mice with Hepatocellular Carcinoma. J. Natl. Cancer Inst. 2005, 97, 836–845. [Google Scholar] [CrossRef]

	



Fhu, C.W.; Ali, A. Fatty Acid Synthase: An Emerging Target in Cancer. Molecules 2020, 25, 3935. [Google Scholar] [CrossRef]

	



Huang, Z.; Zhang, M.; Plec, A.A.; Estill, S.J.; Cai, L.; Repa, J.J.; McKnight, S.L.; Tu, B.P. ACSS2 Promotes Systemic Fat Storage and Utilization through Selective Regulation of Genes Involved in Lipid Metabolism. Proc. Natl. Acad. Sci. USA 2018, 115, E9499–E9506. [Google Scholar] [CrossRef]

	



Li, C.-J.; Chiu, Y.-H.; Chang, C.; Chang, Y.-C.I.; Sheu, J.J.-C.; Chiang, A.-J. Acetyl Coenzyme A Synthase 2 Acts as a Prognostic Biomarker Associated with Immune Infiltration in Cervical Squamous Cell Carcinoma. Cancers 2021, 13, 3125. [Google Scholar] [CrossRef]

	



Atanasova, K.; Lee, J.; Roberts, J.; Lee, K.; Ojcius, D.M.; Yilmaz, Ö. Nucleoside-Diphosphate-Kinase of P. Gingivalis Is Secreted from Epithelial Cells in the Absence of a Leader Sequence through a Pannexin-1 Interactome. Sci. Rep. 2016, 6, 37643. [Google Scholar] [CrossRef]

	



Maisano, D.; Mimmi, S.; Dattilo, V.; Marino, F.; Gentile, M.; Vecchio, E.; Fiume, G.; Nisticò, N.; Aloisio, A.; de Santo, M.P.; et al. A Novel Phage Display Based Platform for Exosome Diversity Characterization. Nanoscale 2022, 14, 2998–3003. [Google Scholar] [CrossRef]

	



Liu, Q.; Zhang, X.; Zhang, J. Exosome-Based Nanoplatforms: The Emerging Tools for Breast Cancer Therapy. Front. Oncol. 2022, 12, 898605. [Google Scholar] [CrossRef]

	



Zhang, S.; Nelson, O.D.; Price, I.R.; Zhu, C.; Lu, X.; Fernandez, I.R.; Weiss, R.S.; Lin, H. Long-Chain Fatty Acyl Coenzyme A Inhibits NME1/2 and Regulates Cancer Metastasis. Proc. Natl. Acad. Sci. USA 2022, 119, e2117013119. [Google Scholar] [CrossRef] [PubMed]

	



Asif, P.J.; Longobardi, C.; Hahne, M.; Medema, J.P. The Role of Cancer-Associated Fibroblasts in Cancer Invasion and Metastasis. Cancers 2021, 13, 4720. [Google Scholar] [CrossRef] [PubMed]

	



Sebestyén, A.; Dankó, T.; Sztankovics, D.; Moldvai, D.; Raffay, R.; Cervi, C.; Krencz, I.; Zsiros, V.; Jeney, A.; Petővári, G. The Role of Metabolic Ecosystem in Cancer Progression—Metabolic Plasticity and MTOR Hyperactivity in Tumor Tissues; Springer: New York, NY, USA, 2021; Volume 40, ISBN 0123456789. [Google Scholar]

	



Yang, L.; Achreja, A.; Yeung, T.-L.; Mangala, L.S.; Jiang, D.; Han, C.; Baddour, J.; Marini, J.C.; Ni, J.; Nakahara, R.; et al. Targeting Stromal Glutamine Synthetase in Tumors Disrupts Tumor Microenvironment-Regulated Cancer Cell Growth. Cell Metab. 2016, 24, 685–700. [Google Scholar] [CrossRef] [PubMed]

	



Gong, J.; Lin, Y.; Zhang, H.; Liu, C.; Cheng, Z.; Yang, X.; Zhang, J.; Xiao, Y.; Sang, N.; Qian, X.; et al. Reprogramming of Lipid Metabolism in Cancer-Associated Fibroblasts Potentiates Migration of Colorectal Cancer Cells. Cell Death Dis. 2020, 11, 267. [Google Scholar] [CrossRef] [PubMed]

	



Butler, L.M.; Perone, Y.; Dehairs, J.; Lupien, L.E.; de Laat, V.; Talebi, A.; Loda, M.; Kinlaw, W.B.; Swinnen, J.V. Lipids and Cancer: Emerging Roles in Pathogenesis, Diagnosis and Therapeutic Intervention. Adv. Drug Deliv. Rev. 2020, 159, 245–293. [Google Scholar] [CrossRef]

	



Zhang, Y.; Kurupati, R.; Liu, L.; Zhou, X.Y.; Zhang, G.; Hudaihed, A.; Filisio, F.; Giles-Davis, W.; Xu, X.; Karakousis, G.C.; et al. Enhancing CD8+ T Cell Fatty Acid Catabolism within a Metabolically Challenging Tumor Microenvironment Increases the Efficacy of Melanoma Immunotherapy. Cancer Cell 2017, 32, 377–391.e9. [Google Scholar] [CrossRef]

	



Manzo, T.; Prentice, B.M.; Anderson, K.G.; Raman, A.; Schalck, A.; Codreanu, G.S.; Nava Lauson, C.B.; Tiberti, S.; Raimondi, A.; Jones, M.A.; et al. Accumulation of Long-Chain Fatty Acids in the Tumor Microenvironment Drives Dysfunction in Intrapancreatic Cd8+ t Cells. J. Exp. Med. 2020, 217, e20191920. [Google Scholar] [CrossRef]

	



Prendeville, H.; Lynch, L. Diet, Lipids, and Antitumor Immunity. Cell. Mol. Immunol. 2022, 19, 432–444. [Google Scholar] [CrossRef]

	



Lopes-Coelho, F.; André, S.; Félix, A.; Serpa, J. Breast Cancer Metabolic Cross-Talk: Fibroblasts Are Hubs and Breast Cancer Cells Are Gatherers of Lipids. Mol. Cell. Endocrinol. 2018, 462, 93–106. [Google Scholar] [CrossRef]

	



Petővári, G.; Dankó, T.; Tőkés, A.-M.; Vetlényi, E.; Krencz, I.; Raffay, R.; Hajdu, M.; Sztankovics, D.; Németh, K.; Vellai-Takács, K.; et al. In Situ Metabolic Characterisation of Breast Cancer and Its Potential Impact on Therapy. Cancers 2020, 12, 2492. [Google Scholar] [CrossRef]

	



Antalis, C.J.; Uchida, A.; Buhman, K.K.; Siddiqui, R.A. Migration of MDA-MB-231 Breast Cancer Cells Depends on the Availability of Exogenous Lipids and Cholesterol Esterification. Clin. Exp. Metastasis 2011, 28, 733–741. [Google Scholar] [CrossRef] [PubMed]

	



Martin, M. Cutadapt Removes Adapter Sequences from High-Throughput Sequencing Reads. EMBnet. J. 2011, 17, 10. [Google Scholar] [CrossRef]

	



Kim, D.; Pertea, G.; Trapnell, C.; Pimentel, H.; Kelley, R.; Salzberg, S.L. TopHat2: Accurate Alignment of Transcriptomes in the Presence of Insertions, Deletions and Gene Fusions. Genome Biol. 2013, 14, R36. [Google Scholar] [CrossRef] [PubMed]

	



Langmead, B.; Trapnell, C.; Pop, M.; Salzberg, S.L. Ultrafast and Memory-Efficient Alignment of Short DNA Sequences to the Human Genome. Genome Biol. 2009, 10, R25. [Google Scholar] [CrossRef] [PubMed]

	



Liao, Y.; Smyth, G.K.; Shi, W. FeatureCounts: An Efficient General Purpose Program for Assigning Sequence Reads to Genomic Features. Bioinformatics 2014, 30, 923–930. [Google Scholar] [CrossRef]

	



Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. EdgeR: A Bioconductor Package for Differential Expression Analysis of Digital Gene Expression Data. Bioinformatics 2009, 26, 139–140. [Google Scholar] [CrossRef]

	



McCarthy, D.J.; Chen, Y.; Smyth, G.K. Differential Expression Analysis of Multifactor RNA-Seq Experiments with Respect to Biological Variation. Nucleic Acids Res. 2012, 40, 4288–4297. [Google Scholar] [CrossRef]

	



Chen, J.; Bardes, E.E.; Aronow, B.J.; Jegga, A.G. ToppGene Suite for Gene List Enrichment Analysis and Candidate Gene Prioritization. Nucleic Acids Res. 2009, 37, W305–W311. [Google Scholar] [CrossRef]








[image: Cancers 14 03913 g001 550] 





Figure 1. Detection of NME1 and NME2 in extracellular vesicles (EVs) derived from supernatants of NME1 or NME2 overexpressing, and control vector expressing MDA-MB-231T cell lines with WESTM Simple. Abbreviations: F::NME1, M::NME2 and Co stand for protein or EV lysates from FLAG::NME1, MYC::NME2 and control vector-transfected cells, respectively. Small- and medium-size extracellular vesicles are abbreviated as sEV and mEV, respectively. (A) Vesicle marker detection in EV lysates. TSG101 content of sEV fraction was higher than that of the mEV fraction. The enrichment of CD63 was observed in both isolated sEV and mEV fractions. CD81 and Alix were predominantly present in sEVs. (B–D) Detection of NME1 and NME2 proteins in cell and EV lysates. (B,D) NME1 protein was present in cell extracts and mEV fractions of (B) FLAG::NME1, and (D) the control vector-transfected cells. (B,D) In sEVs NME1 was not detectable by either antibodies. (C,D) NME2 protein was detected in cell extracts and (C) in both mEV and sEV fractions of the MYC::NME2 expressing cell line by using anti-MYC and NME2 specific antibodies. 
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Figure 2. Characterisation of separated EVs by immunoelectron microscopy. Immuno-localisation of tetraspanins (CD9, CD63) on mEVs (A) and sEVs (D). EV markers Alix (E) and TSG101 (F) are present on sEVs. Identification of NME1 and NME2 on mEVs (B,C). NME1 cannot be detected on sEVs (G), whereas NME2 staining can be observed on sEVs (H). Gold particles are indicated by white arrowheads (10 nm) and black arrow (20 nm). mEVs and sEVs stained positive for EV markers CD63, CD9, Alix and TSG101 (A,D–F) were isolated from MDA-MB-231T cell line expressing the control vector pCDNA. NME1-positive mEVs (B) and NME1-negative sEVs (G) were isolated from F::NME1 overexpressing cells, whereas NME2 positive mEVs (C) and sEVs (H) are derived from M::NME2 overexpressing MDA-MB-231T cells. 
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Figure 3. Changes in transcriptomic signature of normal skin fibroblasts caused by NME1-EV and NME2 EV-treatments. (A) Principal component analysis of 1370 differentially expressed CDS (FDR ≤ 0.01 AND logFC ≥ log2(2)). Control EV-treated samples are Co EV1 and Co EV2 (blue), NME1-EV treated fibroblasts are by represented by light green (F::NME1-EV1-3), whereas NME2- EV treated ones are labelled by dark green (M::NME2-EV1-3). (B) Venn diagram representing the summary of genes regulated by NME1- and NME2-containing EVs (FDR ≤ 0.05) in fibroblast cells. The number of up and downregulated genes is represented by up and down arrows; at the intersection, 491 genes can be found, which are up and downregulated by both NME1- and NME2-containing EVs. (C) Heatmap of RPKM values of 1370 differentially expressed CDS (FDR ≤ 0.01 AND logFC ≥ log2(2)). (D) Venn diagram of significant pathways, biological processes and molecular functions identified using KEGG, BioSystems: KEGG, MSigDB C2 BIOCARTA (v7.1) and PantherDB databases. 
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Figure 4. Fatty acid and cholesterol metabolism-related genes are underexpressed, whereas some genes related to tumour progression are overexpressed in NME1-EV or NME2-EV treated fibroblasts. Transcriptome analysis shows that the expression level of ACSS2, FASN, HMGCR, PCSK9, PTPPRB mRNAs was decreased, whereas the level of CHIL3L1, COL5A3, MMP7 mRNAs was increased in fibroblasts in response to NME1-EV (A) and NME2-EV (B) treatment. LogFC values of the changes in gene expressions are shown relative to Co-EV treatment. (C,D) qPCR validation of the above-presented RNAseq data. qPCR results confirm expression changes obtained in transcriptome analysis. In the case of NME1-EV treatment, one-way ANOVA analysis revealed that there is a statistically significant difference in logFC values in both transciptomics and qPCR. The one-way ANOVA analysis of NME2-EV treatment yielded significant results for mean logFC differences in transcriptomics and qPCR data as well. The Tukey post-hoc test revealed that most of the pairwise comparisons are statistically significant. 
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Figure 5. FASN and ACSS2 protein levels are decreased in normal skin fibroblasts after NME1-EV and NME2-EV treatments. Normal skin fibroblast cells were treated with a mixture of sEVs and mEVs derived from the supernatant of the three different transfected MDA-MB-231T cell lines: F::NME1, M::NME2 and Co, respectively. (A) After a 24 h incubation, fibroblasts were lysed, and protein extracts were prepared. Cell lysates were immunodetected by WESTM Simple capillary immunoassay system. A decreased FASN and ACSS2 protein level was observed in fibroblasts treated with either NME1-EVs or NME2-EVs compared to the control condition. (B) In another experiment, fibroblasts were treated 3 times (0, 24, 48 h) with sEVs and mEVs derived from the supernatant of the three transfected MDA-MB-231T cell lines. After 72 h, cell lysates were collected and analysed by WESTM. (C) Corresponding electropherograms of WESTM analysis on panel (B) also show that multiple NME1-EV and NME2-EV treatments resulted in decreased FASN and ACSS2 levels compared to the Co condition, analysed by WESTM after 72 h. 
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Figure 6. NME1-EV or NME2-EV treatment does not influence proliferation of fibroblasts. Alamar blue (AB) and sulforhodamine B (SRB) assays monitored the in vitro cell growth of EV-treated fibroblasts after 24 and 72 h. Cell proliferation of NME1-EV and NME2-EV treated fibroblasts is given in % of control (mean ± SD). Control corresponds to Co-EV treated fibroblasts. All data represent mean ± SD. 
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Figure 7. GTEx Portal (a reference website) data show mRNA expression of NME1, NME2, FASN, ACSS2, PCSK9, HMGCR in cultured skin fibroblasts. Box plots are shown as median and 25th and 75th percentiles; points are displayed as outliers if they are above or below 1.5 times the interquartile range. Expression values are shown in TPM (transcripts per million) in a linear representation. 
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Table 1. List of the used primary antibodies (catalogue numbers, dilutions and expected sizes for WES analyses were given).
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Primary Antibody

	
WES

	

	
Electron Microscopy

	

	
Size (kDa)




	

	
Cat. No.

	
Dilution

	
Cat. No.

	
Dilution

	






	
NME1

	
OriGene #TA801264

	
1:50

	
OriGene #TA801264

	
1:100

	
17




	
NME2

	
[45]

	
1:50

	
[45]

	
1:100

	
17




	
FLAG (biotin)

	
Sigma #F9291

	
1:50

	
-

	
-

	
17




	
MYC

	
Sigma #M4439

	
1:50

	
-

	
-

	
17, 62




	
β-Actin

	
Sigma #A2228

	
1:100

	
-

	
-

	
42




	
CD63

	
Santa Cruz #sc-15363

	
1:50

	
Abcam #ab134045

	
1:50

	
26/30, 60




	
CD81

	
Sigma #SAB3500454

	
1:50

	
-

	
-

	
26




	
CD9

	
-

	
-

	
Sigma #C9993

	
1:50

	
24




	
Alix

	
Sigma #SAB4200477

	
1:50

	
Abcam #ab186429

	
1:100

	
95




	
TSG101

	
Sigma #T5701

	
1:50

	
Sigma #T5701

	
1:100

	
46




	
FASN

	
Cell signaling CS #3180

	
1:50

	
-

	
-

	
241




	
ACSS2

	
Cell signaling CS #3658

	
1:50

	
-

	
-

	
79
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