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Background

Patients with muscle-invasive bladder cancer face a poor prognosis due to rapid disease progression and chemoresistance. Thus, there is an urgent need for a new therapeutic treatment. The tumor microenvironment (TME) has crucial roles in tumor development, growth, progression, and therapy resistance. TME cells may also survive standard treatment of care and fire up disease recurrence. However, whether specific TME components have tumor-promoting or tumor-inhibitory properties depends on cell type and cancer entity. Thus, a deeper understanding of the interaction mechanisms between the TME and cancer cells is needed to develop new cancer treatment approaches that overcome therapy resistance. Little is known about the function and interaction between mesenchymal stromal cells (MSC) or fibroblasts (FB) as TME components and bladder cancer cells.





Methods

We investigated the functional impact of conditioned media (CM) from primary cultures of different donors of MSC or FB on urothelial carcinoma cell lines (UCC) representing advanced disease stages, namely, BFTC-905, VMCUB-1, and UMUC-3. Underlying mechanisms were identified by RNA sequencing and protein analyses of cancer cells and of conditioned media by oncoarrays.





Results

Both FB- and MSC-CM had tumor-promoting effects on UCC. In some experiments, the impact of MSC-CM was more pronounced. CM augmented the aggressive phenotype of UCC, particularly of those with epithelial phenotype. Proliferation and migratory and invasive capacity were significantly increased; cisplatin sensitivity was reduced. RNA sequencing identified underlying mechanisms and molecules contributing to the observed phenotype changes. NRF2 and NF-κB signaling was affected, contributing to improved cisplatin detoxification. Likewise, interferon type I signaling was downregulated and regulators of epithelial mesenchymal transition (EMT) were increased. Altered protein abundance of CXCR4, hyaluronan receptor CD44, or TGFβ-signaling was induced by CM in cancer cells and may contribute to phenotypical changes. CM contained high levels of CCL2/MCP-1, MMPs, and interleukins which are well known for their impact on other cancer entities.





Conclusions

The CM of two different TME components had overlapping tumor-promoting effects and increased chemoresistance. We identified underlying mechanisms and molecules contributing to the aggressiveness of bladder cancer cells. These need to be further investigated for targeting the TME to improve cancer therapy.
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1 Introduction

Urothelial carcinoma of the bladder cancer (UC) is the 10th most commonly diagnosed cancer worldwide, with 573,278 new cases in 2020 and a higher prevalence in men (1). In total, 25% of UC patients suffer from muscle-invasive bladder cancer (MIBC) and face a poor prognosis often due to rapid local and systemic progression. The standard of care is radical cystectomy accompanied by (neo-) adjuvant chemotherapy or the recently approved modern immunotherapy with immune checkpoint inhibitors. However, the 5-year survival rate is below 50% due to therapy resistance and disease progress (2–4).

Therefore, new therapeutic options are urgently needed to improve bladder cancer treatment. Involvement of the tumor environment (TME) in treatment resistance and how this could be targeted is one current research focus. Fibroblasts (FB), mesenchymal stromal cells (MSC), pericytes, endothelial cells, and immune cells, as functional components of the TME, can affect cancer initiation, angiogenesis, invasion, and metastasis (5–8). TME cells may also be involved in the development of chemoresistance, e.g., toward cisplatin in esophageal cancer via PAI-1 secretion (9) and in head and neck cancers (10). For bladder cancer, increasing evidence also suggests that, e.g., cancer-associated fibroblasts (CAF) may affect treatment response by direct cellular interaction or cytokine signaling. Treatment of surviving stromal cells may also promote the occurrence of clinical relapse (11, 12). Thus, development of new therapeutic approaches targeting not only cancer but also TME cells came into focus, which demands for a detailed understanding of the mechanisms and molecules underlying the interaction between cancer and TME cells. The characterization of TME cells and their effects on cancer cells has been challenging due to their complex interactions, heterogeneity of, e.g., FB and tissue dependency. Pan cancer secretome in-silico analyses further supported the tissue and cell type dependency of mechanism and mediating molecules, indicating that these need to be investigated in detail in the respective tissue-dependent context and that results from other cancer entities cannot simply be transferred (13). Concurringly, both tumor-inhibiting or tumor-promoting properties of TME cells have been described (14–19). Thus, we aimed in this study to decipher mechanisms and molecules underlying the interaction of TME and bladder cancer cells to identify players and new therapeutic targets.

In bladder cancer, recently defined molecular subtypes that are associated with differences in patients’ prognosis and chemotherapy response differ in the extent of stromal differentiation and abundance of stromal cell types (20). Different FB subpopulations have been characterized in bladder cancer tissues that were also associated with patient’s survival and histopathology, clearly indicating the clinical significance of TME cells in bladder cancer and the need for a further detailed investigation (21).

Since FB are an essential component of the connective tissue (22, 23), which surrounds the bladder in the form of the lamina propria (24), this cell type is one source of stromal cells in the bladder TME. FB are highly proliferative and have multilineage differentiation potential and immunomodulatory features (25, 26). FB regulate inflammation, wound healing processes (27), induce angiogenesis (28, 29) and are an essential source of extracellular matrix (ECM)-degrading proteins such as matrix metalloproteinases (MMP) (30). It is known that FB can promote the growth and progression of cancer and are therefore considered as new targets for cancer therapies (23).

Since CAFs may also originate from tumor-induced differentiation of MSC (31), we considered MSC as a key population of TME cells. Concurringly, MSC are currently intensively investigated in the cancer context. In benign tissues, stromal MSC are responsible for tissue homeostasis and for the continuous replacement of pathophysiologically altered or destroyed cells. MSC are found in almost every tissue and have multipotent differentiation potential and immunomodulatory features as well as modulate neovascularization and paracrine effects (32–35). However, MSC differ quantitatively and qualitatively depending on the tissue origin and body site—for example, adipose-derived stromal cells contain comparatively more colony-forming units (stem cells) and have improved immunomodulating properties than bone marrow-derived stromal cells (36–38). With regard to bladder cancer, mesenchymal adipose-derived stromal cells are of particular interest since the bladder is surrounded by adipose tissue and MSC had been also isolated from the human bladder earlier (24, 39, 40). Generally, MSC have been shown to mediate pro-tumorigenic effects and chemoresistance in breast cancer (41), colon, and skin (42). By induction of metabolic changes in cancer cells and production of energy metabolites, they may provide metabolic support to the fast cycling of cancer cells. They further contribute to chemoresistance and immunosuppression by their immune-modulating properties (43). The latter may be relevant not only for immune escape of cancer cells but also for treatment response to recently approved immunotherapy with immune checkpoint inhibitors for bladder cancers (40). Thus, a detailed investigation of MSC effects on bladder cancer cells is urgently needed since they may significantly limit the treatment response to all current standard-of-care treatments of UC. However, a systematic review published in 2021 summarized both the inhibitory and augmenting effects of MSC on different cancer cell entities, indicating that the effects of MSC are cell type-specific and need to be investigated in individual cancer types (44). With regard to genitourinary cancers, prostate cancer cells were intensively analyzed. For bladder cancer, this review comprised only data from one bladder cancer cell line (T24). To date, the current knowledge of the impact of the TME, particularly of MSC and FB on bladder cancer cells is still limited (45). Particularly, the functional impact of MSC on bladder cancer cells has only been investigated in a few new in vitro studies on UC cell lines 5637 and HT-1376 with partially contradictory results. Therefore, the present study aimed to investigate the cellular and molecular effects of multi-donor pooled conditioned media (CM) from MSC or FB on tumorgenicity, epithelial mesenchymal transition (EMT), and migration and invasion capacity of urothelial carcinoma cell lines (UCC). Furthermore, analysis of secreted proteins and RNA sequencing analysis were performed with UCC treated with MSC- and FB-CM to analyze the underlying mechanisms and players that could be targeted in the future.




2 Materials and methods



2.1 Standard cell cultivation

MSC and FB were cultivated in Dulbecco’s Modified Eagle’s Medium (DMEM; 4.5 g/L glucose) with 2 mM α-glutamine, 100 U/mL penicillin, 100 µg/mL streptomycin, and 10% fetal bovine serum (FBS) (Biochrom, Berlin, Germany). The cells were maintained at 37°C in a humidified atmosphere containing 5% CO2.




2.2 Isolation and culture of MSC

MSC were isolated following an established protocol from human abdominoplasty (46). Briefly, adipose tissue was cut into small pieces (5 mm2) and digested with collagenase solution type I (type: CLS 255 U/mg; 0.2%) at 37°C for 45 min with constant shaking. The ratio of tissue to enzyme was 1:2. After filtration (100 µm), the suspension was centrifuged at 300g for 10 min. The fat layer was removed, and the cell suspension was centrifuged again at 300g for 10 min. After resuspension, the cells were seeded in cell culture flasks and cultured in a standard cell culture medium (as mentioned above). Validation of the MSC culture technique by the analysis of characteristic marker expression was reported earlier (47).




2.3 Isolation of FB

FB were isolated as described previously (48). Briefly, skin samples were cut into small pieces (5 mm2) and digested overnight with 0.2% dispase II solution. The samples were treated with 0.2% collagenase type I (type: CLS 255 U/mg) buffer (1 mM CaCl, 5 mM glucose, 0.1 M HEPES, 0.12 M NaCl, and 50 mM KCl in aqua dest.) for 2 h at 37°C in a shaking water bath to release the cells from the tissue matrix. Following digestion, the suspension was passed through a filter (100 µm), washed with PBS, and centrifuged at 300g for 5 min. The cell pellet was resuspended in a standard culture medium and incubated at 37°C, 5% CO2.




2.4 Production of conditioned media

MSC and FB were seeded in T175 cm2 cell culture flasks in 35 mL standard cell culture medium. MSC were plated in a seeding density of 9 × 105 and FB in a cell concentration of 7 × 105. After 72 h, media from six different donors in cell culture passages 3–8 were collected and sterile-filtrated (0.2 µm). The CM was aliquoted and frozen at -80°C until pooling on a parity basis and usage. For further experiments, CM of six different donors were pooled prior to application to UC cell lines.




2.5 Urothelial carcinoma cell lines and culture

Three urothelial cancer cell lines (UCC), namely, UMUC-3 (RRID : CVCL_1783, male), BFTC905 (RRID : CVCL_1083, female), and VMCUB-1 (RRID : CVCL_1786, male), were selected since they originate from rather progressive tumors and represent the heterogeneity of the disease. The characteristics and genomics of commercially available UC lines were summarized in (49, 50). Since we aimed to determine the TME effects on epithelial–mesenchymal transition (EMT), we selected BFCT905 and VMCUB-1 also due to their epithelial morphology, while UMUC-3 cells present a mesenchymal morphology. UCC were obtained from the DSMZ (Braunschweig, Germany) and Dr. H.B. Grossmann (Houston, TX, USA). These were cultured in DMEM (4.5 g/L glucose) with 2 mM α-glutamine and GlutaMAX™-Supplement, 10% FBS, 100 U/mL penicillin, and 100 µg/mL streptomycin at 37°C in a humidified atmosphere at 5% CO2. For the experiments, UCC were seeded in undiluted CM for 72 h. The exceptions were Western blot, gene expression analysis, and the additional invasion assay for BFTC-905. For these experiments, UCC were preincubated for 6 days in CM since we observed in the course of our study that certain effects took a longer incubation time to establish pronounced effects in UCC.




2.6 Cell viability assay

UCC were seeded with a standard cell culture medium or with CM. After 72 h, cell viability was determined using CellTiter-Blue (Promega, Madison, USA). CellTiter-Blue’s working solution was diluted in medium (1:20). CellTiter-Blue uses an indicator dye to measure the metabolic activity of cells, as indirect evidence for cell viability. After 1 h of incubation, fluorescence (540Ex/590Em) was measured in a 1420 Multilabel Counter (Victor3, Perkin Elmer). For the analysis of cisplatin resistance, UCC were seeded in standard cell culture medium or with CM for 24 h. Then, the respective cisplatin concentrations (0.4–6 µM) were added. After 72 h, cell viability assay was performed.




2.7 Migration assay

For the migration assay, ibidi™ inserts (Thistle Scientific Ltd., UK) were used. The ibidi inserts were placed in 12-well culture plates using sterile tweezers. Cell suspensions were prepared at 2.3 × 104 cells/chamber for VMCUB-1, 2.4 × 104 cells/chamber for UMUC-3, and 4 × 104 cells/chamber for BFTC905. After 20 h of incubation with a standard cell culture medium or CM, the inserts were carefully removed and 1.5 mL conditioned media was applied. Photo-documentation was performed after 10 h and for BFTC905 after 12 h. Cell migration was assessed using ImageJ Freehand Selection Tools by measuring the area covered with the UCC. The results were compared with the 0-h time point. Every scratch was analyzed in duplicate. For each cell line, seven to nine differently conditioned media were used, each representing a pool of six donors.




2.8 Invasion assay

In total, 24 Transwell chambers (8 μm in pore size) were pre-coated with 20 µL Matrigel (Clontech, Mountain View, CA, USA) and incubated for 20 min (37°C, 5% CO2), followed by a further coating step with 20 µL Matrigel for 1 h. For VMCUB-1 and UMUC-3, 3 × 104 cells in 100 μL Opti-MEM® Reduced-Serum medium were added to the upper chamber. For BFTC905, 5 × 104 cells were seeded, and 500 μL of conditioned media was added into the lower chamber. Then, 20 h (VMCUB-1 and UMUC-3) to 24 h (BFTC905) later, non-adherent cells were cautiously removed using a cotton swab. BFTC905 were additionally preincubated with CM media (PCM) for 6 days before the experimental setup. The cells in the chambers were washed with PBS (4°C) and fixed for 10 min with ice-cold methanol and then stained with crystal violet for 25 min. After a further washing step and 20 min of drying time, the membrane was removed with a scalpel and embedded in xylol. The membrane was positioned on a microscope slide and coated with DePeX (Serva, Heidelberg, Germany). Three representative images of each membrane were taken with a Zeiss Axiovert 200. The area covered with invaded cells was analyzed using ImageJ, and an average value was calculated. For each cell line, nine differently conditioned media were analyzed, with each of them representing a pool of six donors.




2.9 Serpin E1/PAI-ELISA

UCC were treated for 6 days with a standard cell culture medium or with CM. After that, cell culture supernatants were diluted (1:3), and 100 µL of the respective samples was added in duplicate into 96 wells. Analysis was performed according to the manufacturer’s specifications (DuoSet ELISA, R&DSystems, DY1786MN, Minneapolis, MN 55413, USA). The optical density was determined using Victor X3 Multilabel-Reader (PerkinElmer, CT, USA).




2.10 Western blot analysis

To evaluate protein abundance, Western blot analysis was performed. After the UCC were treated for 6 days with a standard cell culture medium or CM, the protein concentration was analyzed with the Pierce BCA Protein Assay Kit (ThermoFisher Scientific, Darmstadt, Germany). For electrophoresis, 10 μg (SMAD4 and α-SMA) or 20 μg protein was mixed with 5 µL of Laemmli buffer (4 × Trisglycin-SDS sample buffer, 252 mmol Tris-HCl, pH 6.8; 40% glycerin; 8% SDS; 0.01% bromphenol blue + 20% mercaptoethanol), centrifuged (3,000g, 5 min at 4°C), denatured for 5 min at 95°C, and separated on 12% sodium dodecyl sulphate-polyacryl-amide gel (SDS-PAGE). The separated proteins were transferred using BioRad Trans-Blot Turbo to a nitrocellulose membrane (Roche, Mannheim, Germany). Antigens were detected with the following antibodies: E-cadherin (Abcam ab15148; 1:1,000, RRID : AB_301693), vimentin (Thermo Fisher Scientific MA5-14564; 1:1,000, RRID : AB_10981427), SMAD4 (Santa Cruz Technologies sc7966; 1:1,000, RRID : AB_627905), CXCR-4 (Thermo Fisher Scientific; PA5-19856; 1:1,000, RRID : AB_11152329), and α-SMA (Abcam ab7817; 1:3,000, RRID : AB_262054). Anti-rabbit or anti-mouse conjugated with horseradish peroxidase (HRP) served (1:1,000) as secondary antibodies, and according to the manufacturer’s guidance, the protein concentration was normalized to that of total protein. Western blots were visualized with ChemiDoc MP Imaging system and analyzed with Image Lab, version 6.0.1, build 34, 2017, standard edition, BioRad Laboratories.




2.11 Flow cytometer analysis of CD44 receptor protein

CD44 (BD Biosciences, catalog no.: 559942, RRID : AB_398683, Heidelberg, Germany) protein abundance in UCC was analyzed after UCC had been treated for 6 days with a standard cell culture medium or with CM with a flow cytometer (BD FACS Lyric, IC-Nr.: 87135) and BD FACSsuite Software, BD Biosciences, Heidelberg, Germany). An appropriate isotype-matched control antibody was used as control in all analyses. For the flow cytometer analysis, UCC were washed with PBS and then detached with a cell scraper. Afterward, these were washed again with CellWash® (BD Biosciences, Heidelberg, Germany) containing 3% FBS and centrifuged at 300g for 5 min, the supernatant was removed, and then UCC were blocked in 50 µL FBS on ice for 20 min. The cells were then resuspended and stained for 30 min with fluorophore-conjugated antibodies (10%). After two further washing steps with CellWash + FBS (3%), the samples were analyzed.




2.12 E-cadherin and vimentin immunofluorescence

BTC905, VMCUB-1, and UMUC3 cells were pre-incubated with CM for 6 days and seeded on coverslips for 72 h with or without (w/wo) CM. The cells were washed twice with PBS and fixed with Roti-Histofix (4%). After a further washing step, anti-E-cadherin (final dilution 1:50, Abcam) and anti-vimentin (final dilution 1:200, Invitrogen) antibodies were applied in Triton X-100 with normal goat serum overnight at 4°C. The cells were rewashed and stained with secondary antibodies conjugated with Alexa-594 or Alexa-488 for 30 min at room temperature (RT). Finally, nuclear staining was performed with 0.1% 4′,6-diamidino-2-phenylindole (DAPI) for 15 min at RT. The cells were washed again, covered with Fluoromount, and examined microscopically with Zeiss Axiovert 200.




2.13 mRNA expression analysis

RNA was extracted from UCC treated w/wo CM for 6 days using the RNeasy Mini Kit according to the manufacturer’s specifications (Qiagen, Hilden, Germany). One microgram of RNA was reverse-transcribed into cDNA using the QuantiTect Reverse Transcription Kit (Qiagen), with an extended incubation time of 30 min at 42°C. Quantitative reverse transcription polymerase chain reaction (qRT-PCR) was performed with PowerUp™ SYBR® Green Master Mix (Applied Biosystems®, Dreieich, Germany) according to the manufacturer’s instructions on the StepOne Real-Time PCR System (Applied Biosystems®, Dreieich, Germany). RNA expression was measured using the primers given in Additional File 1. As housekeeping genes, TATA-box binding protein (TBP) and glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) were used. qRT-PCR was performed using initial denaturation at 95°C for 2 min and 45 cycles of amplification, including denaturation at 95°C for 10 s, annealing and elongation for 30 s at 60°C, and a melting curve analysis.




2.14 Next-generation RNA sequencing

Total RNA was extracted from BFTC-905 and VMCUB-1 cells at 72 h after treatment with FB-CM or MSC-CM or DMEM as a control. RNA was extracted as described above. Qubit RNA HS Assays (Thermo Fisher Scientific, MA, USA) were used for RNA quantification. The RNA qualities were confirmed by capillary electrophoresis using the fragment analyzer with total RNA Standard Sensitivity Assays (Agilent Technologies, Santa Clara, CA, USA). Library preparation and next-generation sequencing were performed as described (51). Multigroup comparisons were calculated using the Empirical Analysis of DGE (version 1.1, cutoff = 5) after grouping of samples (three biological replicates each) according to their respective experimental conditions. FDR and Bonferroni correction were applied to adjust the p-values for multiple testing. A p-value of ≤0.05 was considered as significant. The cutoff for differential gene expression was set to 1.5-fold. Further analysis and data visualization were performed using Microsoft Excel and Graph Pad Prism 8. Venn diagrams were prepared with the online tool Venny 2.0 (52). GO group analysis was performed using the online tool DAVID (53).




2.15 Proteome profiler human XL arrays

MSC-conditioned media from two different donors and FB-conditioned media from two different donors were applied to the Proteome Profiler Human XL Oncology Array membranes according to the manufacturer’s instructions (R&D Systems, Minneapolis, MN, USA). Dot blots were visualized with the ChemiDoc MP Imaging system and analyzed with Image Lab, version 6.0.1, build 34, 2017, standard edition, from BioRad Laboratories. The value of the negative control was subtracted from all other values. Values were further normalized to the values of the reference spots.




2.16 Statistical analysis

The statistical analysis was carried out with GraphPad Prism 8.0 (GraphPad Software Inc., San Diego, CA, USA). Two-tailed Student’s t-test or two-way ANOVA was used, and a p-value less than 0.05 was considered significant. The values shown are mean ± standard deviation (SD).





3 Results



3.1 MSC- and FB-CM augmented cell proliferation and chemoresistance of UC cell lines

Initially, we determined whether CM from stromal cells (MSC or FB) had inhibitory or augmenting effects on the cellular growth of three different UC cell lines used as models for MIBC. Since we later aimed also to determine the effects on motility and EMT, we selected two cell lines with an epithelial phenotype, namely, BFTC-905 and VM-CUB1, compared to UMUC-3 cells with a mesenchymal phenotype. MSC-CM strongly augmented the cell growth of all three cell lines (Figures 1A–C). The FB-CM treatment was less effective, but still significant.




Figure 1 | Effects of CM on cell proliferation and cisplatin sensitivity of UCC. (A–C) Cell viability was determined by CellTiter-Blue assay after treatment with CM for 72 h. DMEM -treated cells served as controls. The results of CM-treated cells were normalized to DMEM control cells. (D–F) Cell viability was again quantified by CellTiter-Blue assay after treatment with CM and the indicated doses of cisplatin for 72 h. Values were normalized to not cisplatin-treated cells set to 100%. Bars represent mean ± SD of the individual experiments indicated (n ≥ 6); *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.



Since TME cells were earlier reported to promote chemoresistance, CM-treated UCC were additionally treated with cisplatin to analyze whether CM could affect the cisplatin sensitivity of treatment-naïve UCC. Generally, UCC treated with MSC- or FB-CM tolerated the sublethal cisplatin doses of 0.4–3 µM significantly better. Compared to the other two UCC (Figures 1D, E), mesenchymal UMUC-3 (Figure 1F) cells became slightly more cisplatin-resistant by conditioned media.




3.2 MSC- and FB-CM-enhanced invasive potential of UCC

In the next step, we characterized the migratory and invasive potential of UCC treated with CM. Wound healing assays were performed to measure cell migration after 10 h (Figures 2A–I). The migration capacity was significantly increased by MSC-CM in all UCC, but not by FB-CM.




Figure 2 | Effects of CM on the migration capacity of UCC. The migration capacity of UCC was measured at several time points by wound healing assay after UCC had been treated with CM for 72 h. Representative results at time point 10 h and for BFTC-905 at 12 h are displayed as photographs and bar column for BFTC-905 cells (A–C), VMCUB-1 cells (D–F), and UMUC-3 cells (G–I) (n ≥ 7). Bars represent mean ± SD of the individual experiments indicated (n ≥ 7); **p ≤ 0.01, ***p ≤ 0.001.



Invasion potential (Figure 3A–F) was significantly increased by both CM types in VMCUB-1 and UMUC3 cells (Figures 3B, C, E, F). BFTC-905 cells became only more invasive when they were longer treated with CM (Figures 3A, D). Pretreatment for 3 days with CM (PCM) prior to the invasion assay also resulted in a highly significant increase in invasion of BFTC-905 cells.




Figure 3 | Effects of CM on the invasion capacity of UCC. The invasion capacity of UCC was analyzed by Boyden chamber assay after 20 h and for BFTC-905 after 24 h. Furthermore, BFTC-905 was pre-incubated with CM for 6 days. Bar graphs displaying the number of invaded cells (A–C) originating from images of stained invaded cells and counting (D–F). Bars represent mean ± SD of the individual experiments indicated (n = 10). PCM: cells were pretreated with indicated CM prior to the invasion assay. **p ≤ 0.01, ***p ≤ 0.001.



Furthermore, the invasive potential of CM-treated UCC was characterized on the molecular level. The CXCR4 chemokine receptor protein level associated with migration (54) and metastatic homing (55) was enhanced by CM in a cell type-dependent manner. The levels were significantly increased in BFTC-905 and UMUC-3 by MSC-CM and in VMCUB-1 cells only by FB-CM (Figures 4A–C). Raw data from Western blot are shown in Additional File 2. As a receptor for hyaluronic acid, the CD44 levels were earlier shown to correlate with poor prognosis and metastatic potential (56) and were strongly elevated by MSC- and FB-CM treatment in both UCC with epithelial morphology, BFTC-905, and VMCUB-1 (Figures 4D–L). Mesenchymal UMUC-3 cells responded rather with decreased CD44 levels to CM.




Figure 4 | Protein analysis of CXRC4 and CD44. The protein levels of CXCR4 (A–C) and CD44 (D–L) of CM-treated (cells were pre-incubated for 6 days) and untreated UCC were determined by Western blot (A–C) and flow cytometer analysis (D–L) as shown by raw data histograms (E, F, H, I, K, L). The protein levels were normalized to DMEM-treated controls. Bars represent mean ± SD of the individual experiments indicated (n ≥ 3); *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.



Since EMT is a known process underlying tumor invasion and metastasis that can be regulated by TGF-β signaling, we analyzed its downstream factors. To this end, we performed ELISA assays for SERPINE1/PAI1 (Figures 5A–C). Western blot analysis was performed for SMAD4- and α-SMA-protein levels (Figures 5D–I). PAI1 is predominantly expressed when TGF-β is activated and can be used as a marker for TGF-β activity (57). Secreted PAI1 levels were significantly increased in all conditions. Another downstream factor of TGF-β signaling is SMAD4, which mediates the expression induction of more TGF-β target genes. One of these target genes is α-SMA. SMAD4 protein levels were affected by CM in a cell type-dependent manner (Figures 5D–F; Additional File 2). Both increased and decreased levels were observed. The levels of the TGF-β target gene α-SMA were significantly increased by both CM in the two UCC with epithelial morphology (Figures 5G, H; Additional File 2), but not in UMUC-3 cells that already display a mesenchymal phenotype. These results indicate that both CM can activate TGF-β signaling and that EMT may be induced in UCC with an epithelial phenotype, but not in UCC with a mesenchymal phenotype.




Figure 5 | Protein analysis of PAI1, SMAD4, and α-SMA. Secreted PAI1 protein was quantified by ELISA assay (A–C). The protein levels of SMAD4 (D–F) and α-SMA (G–I) of CM-treated and untreated cells (prior analysis UCC were pre-incubated for 6 days with CM) were determined by Western blot analysis. The protein levels were normalized to DMEM-treated controls. Bars represent mean ± SD of the individual experiments indicated (n = 3); *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.



Since the loss of E-cadherin and the gain of vimentin protein levels are known indicators of EMT induction, we performed Western blot analysis (Additional Files 2, 3A–F) and immunocytostaining for E-cadherin and vimentin protein (Additional Files 3G–I). However, even though we could not detect the loss of E-cadherin protein, vimentin was significantly increased by both CM in BFTC-905 cells. Surprisingly, vimentin levels were significantly decreased by both CM in epithelial type VMCUB-1 cells. Mesenchymal UMUC-3 cells did not display relevant changes.




3.3 Identification of secreted factors mediating the effects of CM

To obtain more information about the cytokines and proteins contained in the CM that could stimulate the observed effects and molecular changes, oncoarray protein arrays were performed for 19 different proteins. Interestingly, the oncoarray results were very similar between FB-CM and MSC-CM, and data was merged (Figures 6A, B). Eight of the 19 analyzed proteins were robustly detectable, namely, thrombospondin-1, IL-8 (CXCL8), MMP-2, MMP-3, DKK-1, MCP-1/CCL2, Serpin E1/PAI-1, and IL-6. The function of identified proteins in general and with relation to bladder cancer is summarized in Additional File 4.




Figure 6 | Quantification of proteins secreted by MSC and FB. Proteome arrays were performed with conditioned media from FB and MSC and applied to oncoarray membranes. Signal intensity was quantified by means of two for indicated proteins. Mean values across FB- and MSC-CM from different donors (n = 4) are displayed (A). Raw data images of developed array membranes are displayed (B).






3.4 Identification of CM-induced molecular changes by next-generation RNA sequencing

Since we observed several significant changes in cellular properties towards a more aggressive phenotype in UCC by TME-conditioned media, we aimed at deciphering underlying signaling pathways and molecules in more detail than by protein analyses for selected proteins. To this end, we performed transcriptomic analysis by RNA sequencing. Since most prominent changes were observed in epithelial-like BFTC-905 and VMCUB-1 cells, both cell lines were used for RNA sequencing analysis after treatment with either MSC- or FB-CM and compared with DMEM controls. Overall, the numbers of significantly differentially expressed genes (DEG) were in the same range over different treatment conditions, with the exception of BFTC-905 which responded more strongly by altered gene expression to FB-CM than VM-CUB1 cells (Table 1).


Table 1 | DEG numbers after treatment of BFTC-905 and VM-CUB1 cells with MSC-CM or FB-CM.



In the first step of data analysis, we aimed to identify the cell line-independent effects of MSC-CM. To this end, we compared the MSC DEGs between BFTC-905 and VMCUB-1 cell lines (Figure 7A). Both cell lines shared 438 upregulated genes and 395 downregulated genes; only very few genes were oppositely expressed (Additional File 5). Common genes were subjected to gene ontology (GO) analysis to determine the cellular processes enriched for candidate genes. GOs were sorted by significance, and the TOP25 GOs for upregulated genes are displayed in Figure 7B. Metabolic processes like cholesterol and isoprenoid biosynthesis were among the GOs related to shared upregulated genes. This may be related to the origin of MSC cultures derived from adipose tissue and their dependency on cholesterol biosynthesis for proliferation. According induced metabolic reprogramming in UC cells may add to growth stimulation (43, 59). Furthermore, the regulation of transcription, cellular response to unfolded protein, and endoplasmatic reticulum (ER) stress were affected. A significant number of genes were also enriched in negative regulation of apoptosis.




Figure 7 | Transcriptome changes induced by conditioned media. RNA sequencing was performed to characterize transcriptomic changes induced by the indicated CM in BFTC-905 and VM-CUB1 cells. Significantly differentially expressed genes (fold change ≥1.5 and Bonferroni adjusted p-value ≤0.05) were compared by Venn diagrams between cell lines for MSC-CM (A) and FB-CM (D) using Venny 2.0 (52). The indicated numbers of genes in the overlap of MSC-CM upregulated (B) or downregulated (C) genes were subjected to gene GO analysis using DAVID online tool (58). FB-CM affected genes were likewise analyzed (E, F).



The gene expression changes of selected genes were further validated by qRT-PCR. The expression of anti-apoptotic regulators, namely, the Bcl-family members Bcl-2 and Bcl-XL, was slightly altered in a cell line-dependent manner. The survivin levels were not significantly altered (Additional File 6). Examples of strongly induced genes by MSC-CM contributing to enhanced aggressive properties, particularly migration, invasion, and cisplatin resistance of both BFTC-905 and VMCUB-1 were Snail 1 (SNAI1) and SQSTM1 encoding for p62 protein involved in the reduction of cisplatin which reduced cell stress via NRF-2 signaling-mediated detoxification and activation of NF-κB signaling (Additional File 7A). DEGs associated with inflammatory response like TNFα, as well as molecules involved in antitumor defense by immune cells like MICB, were also identified and validated by qRT-PCR (Additional File 7B).

The TOP25 GOs of common MSC downregulated DEGs were dominated by various processes of DNA damage response, DNA repair, and cell cycle. Homologous recombination (HR) repair genes like BRCA1/2, XRCC2, or RAD51 were downregulated by MSC-CM (Figure 7C; Additional File 7C). Type I IFN signaling and response to virus were also among the GOs of downregulated GOs, suggesting that cGAS-STING signaling, also known as viral mimicry, may be negatively affected by MSC-CM. Examples for downregulated genes were MX1, OASL, OAS2, and IFIT2. Some effects of MSC-CM were cell line dependent.

Our ICC and Western blot results for E-cadherin and vimentin protein changes indicated the induction of EMT in MSC-treated BFTC-905 cells, but not in VMCUB-1 cells. Concurringly, the qRT-PCR validation of SNAI1, TWIST1, and CLDN4 also demonstrated stronger expression changes in BFTC-905 cells (Additional File 7A). Likewise, CK14, a marker for less differentiated cells with epithelial plasticity, and DKK1, promoting proliferation and invasion, were strongly induced in BFTC-905 cells, but not in VMCUB-1 cells.

DEGs that were unique for either BFTC-905 or VMCUB-1 cells were also subjected to GO analysis (Additional Files 8, 9A–E, 10). A strongly increased expression of Cyclin A, D, and E in BFTC-905 cells may contribute to their enormously increased cell proliferation (Additional File 8D) that was observed compared to cells treated by FB-CM and compared to VMCUB-1 cells. Histone acetylation was unique among the downregulated DEGs in BFTC-905 (Additional File 8E).

Concurring with the observed strong stimulatory effect of MSC on the migration capacity of VMCUB-1 cells, the upregulated DEGs in VMCUB-1 cells were enriched in actin filament-based movement, microtubule organization, and cell polarity (Additional File 9D). Metabolic processes and IDO1-modulating T cell behavior were downregulated in VMCUB-1 cells (Additional Files 7B, 9E).

Next, we analyzed FB-CM-induced gene expression changes likewise. Both cell lines shared 518 upregulated genes and 463 downregulated genes; again, only very few genes were oppositely expressed (Figure 7D). Since BFTC-905 cells responded more strongly to FB CM, the number of unique BFTC-905-regulated genes was higher (Table 1; Additional Files 5, 8A).

The TOP25 GOs of upregulated DEGs shared by both cell lines overlapped with MSC-affected GOs. The GOs were sorted by significance. The TOP25 GOs are displayed in Figures 7E, F. Again, cholesterol biosynthesis, regulation of transcription, cellular response to unfolded protein, ER stress, and negative regulation of apoptosis were affected. Altered cholesterol lipoprotein metabolism in cancer cells may contribute to growth advantage (60, 61). Also, macroautophagy was enriched. Furthermore, GOs affected by FB-CM in Figure 7E show a negative regulation of MAP kinase activity, a positive regulation of NF-κB signaling, and regulation of cell proliferation. However, these GOs were also among MSC-affected GOs, but not among the TOP25 and thus not displayed in Figure 7B.

The qRT-PCR validation of the above-mentioned gene expression changes revealed that CLDN4 was induced by FB media in both cell lines much more strongly than by MSC media (Additional File 7A). Also, SQSTM1 and TNFα were more strongly induced by FB-CM than MSC-CM, concurring with finding the activation of NF-κB signaling among TOP25 FB GOs. Again, MICB was also strongly induced by FB-CM (Additional File 7B).

The TOP25 FB GOs of downregulated DEGs were even more dominated by various processes of DNA damage response, DNA repair, and cell division compared to MSC-treated UCC (Figure 7F). FB-CM highly induced DNA damage response marker GADD45B in both cell lines (Additional File 7C). Response to virus (cGAS-Sting) was also affected, though not among TOP25; in contrast to the MSC effect, type I IFN signaling was not altered by FB-CM according to GO analysis. However, individual genes like MX1 were downregulated (Additional File 7B).

Some cell line-dependent effects of FB-CM were comparable with those of MSC-CM. Again, SNAI1 was rather induced in BFTC-905 cells than in VMCUB-1 cells, as were CK14 and DKK1 (Additional File 7A). Obviously, FB-CM can also contribute to the more aggressive properties of UCC and increase the epithelial plasticity in BFTC-905 cells.

Likewise, CXCL10 was instead induced in BFTC-905 cells. In BFTC-905, several genes associated with cisplatin resistance were strikingly induced by FB-CM, but not by MSC-CM. The induced genes were nuclear factor erythroid 2-related factor 2 (NRF-2), glutathione peroxidase (GPX) 1, GPX2, and saliva level of solute carrier family 3 member 2 (SLC3A2), which are all involved in detoxification.

FB DEGs that were unique for the investigated cell lines were also subjected to GO analysis (Additional Files 8–10). While ribosomal biogenesis was enriched among upregulated DEGs unique for FB-CM-treated BFTC-905 cells (Additional File 8B), various immune/inflammatory responses were enriched among upregulated DEGs unique for FB-CM-treated VMCUB-1 cells (Additional File 9B). Cell line-dependent FB-CM downregulated genes enriched in transcriptional regulation in BFTC-905 cells (Additional File 8C) and regulation of cell cycle and cell division in VMCUB-1 cells (Additional File 9C).




3.5 Differences in gene expression alterations between MSC- and FB-CM-treated UCC

Taken together, treatment with both MSC- or FB-CM often induced similar changes in cellular processes in UCC. Concurringly, 954 and 810 DEGs in VMCUB-1 cells overlapped between FB- and MSC-regulated genes (Additional File 9A) and 1,126 and 1,161 DEGs were in the overlap of BFTC-905 cells (Additional File 8A). While in BFTC-905 the number of genes uniquely affected by MSC-CM was very small compared to uniquely FB-CM regulated genes, the opposite was observed for VMCUB-1 cells, suggesting differences in the responsiveness of UCC to different cell types of TME. To identify those processes uniquely affected by either FB or MSC in a cell line-dependent manner, the respective unique DEGs were subjected to GO analysis.

The unique FB effects in BFTC-905 cells were related to chromatin remodeling enzymes, zinc finger nucleases, regulation of translation and protein folding, vesicle formation and transport (Golgi, autophagy), and response to reactive oxygen species (Additional Files 8A–C).

Unique MSC effects in BFTC-905 cells involved interstrand crosslink repair and factors involved in histone and protein acetylation, but not classic histone acetyltransferase or deacetylases. Upregulated genes regulated the blood vessel morphogenesis and sprouting angiogenesis (Additional Files 8D, E).

Unique FB effects in VMCUB-1 cells were involved in antigen presentation, immune response, IFN γ signaling, and T cell interaction. Downregulated genes were frequently involved in DNA replication, repair, and chromosome segregation (Additional Files 9A–C).

The unique MSC effects in VMCUB-1 cells were various metabolic processes like cholesterol, insulin, and lipid metabolism as well as microtubule organization, polarity, and focal adhesion (Additional Files 9D, E).





4 Discussion

Treatment resistance, e.g., to cisplatin-based chemotherapy is a major limitation of therapy not only for UC patients (62–64). Cisplatin-resistant cancer cells utilize a plethora of resistance mechanisms that differ even between tumor cells within one cancer entity (65). Thus, therapy resistance cannot be overcome by targeting one individual signaling pathway; a broader treatment approach needs to be developed instead.

Lately, there is growing evidence that cellular components in the TME, like MSC and FB, can also affect cancer development and chemoresistance (12, 23, 35, 66–68). However, the impact of such cells can be either tumor-promoting or tumor-inhibiting (69) and can be tissue-dependent as demonstrated by a meta-analysis of data on the effect of MSC-derived CM on various human cancer cell lines (70). This analysis of 47 publications included only one bladder cancer cell line. The T24 cell line was reported by Maj et al. to respond with inhibited cell proliferation to MSC-CM (71). Only few further studies on human bladder cancer cell lines 5637 and HT-1376 have been performed since then, with partially inconsistent results for 5637 (72, 73). Differing results for one cancer entity or even the same cell line may originate from the heterogeneity of MSC cultures. It is well known that their properties and effect depend on their source (e.g., bone marrow- or adipose-derived), characteristics of specific donors (like age), or the passage number of MSC cultures (47, 74, 75).

Accordingly, further investigations on the effect of TME in bladder cancer, particularly for poorly investigated MSC, are needed because TME affects the relevant properties of cancer cells and, importantly, the patients’ response to the standard-of-care treatment. If TME cells survive standard chemotherapy, they may contribute to tumor relapse by promoting the outgrowth of chemoresistant tumor clones from residual disease (76, 77). Once the functional role of TME cells in urothelial cancer is understood, innovative treatment regimens targeting TME cells can be developed.

Thus, the primary aim of our study was to characterize the effects of CM from TME cells on UC cells in detail. We decided to use FB and MSC. FB are a known major TME component and were well investigated in the past [recently reviewed in (11)] so that we aimed to used them in comparison to the less well-investigated MSC. MSC also have the capacity to differentiate into various tumor-associated cells, also activated FB (CAFs) (78). Furthermore, for other cancer entities, their relevance for treatment response has been reported, e.g., for colon cancer (42) and prostate cancer (79). To prevent inconsistencies originating from heterogenic primary cultures, we followed a more standardized approach. We used defined cell numbers of proliferating primary cell cultures in the early passage (only passage numbers 3–8) of six different donors to manufacture one pooled CM. We subsequently utilized this as one “n”. Since UC is a heterogenic disease, we selected three different UC cell lines, two with an epithelial phenotype and one with a mesenchymal phenotype.

Generally, we observed that the CM of MSC and FB had consistent growth-promoting effects in all three UC cell lines. However, the impact of MSC-CM was much stronger and the effect was most prominent in BFTC-905 and UMUC-3 cells compared to VMCUB-1 cells. The proliferation-promoting effects of MSC on the cancer cells of other entities, e.g., ovarian, colorectal, and liver cancer, were already reported (80–82). MSC are thought to reprogram the energy metabolism of cancer cells and to support the latter with high-energy metabolites (43), which may explain why we observed stronger growth-promoting effects by MSC-CM than FB-CM. Our observed differences in the proliferation activity between UCC were also reflected at the molecular level in our RNA and protein analyses. MSC and FB induced more CK14 and DKK1 in BFTC-905 than in VMCUB-1 and thus could be jointly responsible for the increased proliferation and more epithelial plasticity, also contributing to chemoresistance (83, 84). Likewise, the expression of cyclins and CXCR-4 was most strongly induced in BFTC-905 cells by MSC-CM compared to VMCUB-1. Several working groups reported that CXCR-4 mediates proliferation and migration via MAPK or PI3K/Akt pathways (85) and that CXCR-4 is involved in the regulation of Cyclin D1 expression (86). CXCR-4 has been identified as a potential target for breast cancer treatment. Tripathy et al. could demonstrate that blocking CXCR-4 with a specific antibody (AMD3100) synergizes with docetaxel and led to abnormal mitosis in resistant cell lines (87). Thus, our results may indicate that AMD3100 could also be suitable for synergistic therapy in UC.

Concurringly, more broad GO analyses of our RNA Seq results confirmed a strong impact of MSC-CM on proliferation in BFTC-905 cells. At the protein level, we found very few differences between MSC- and FB-CM in secreted proteins by oncoarray analyses, which demands whole secretome analyses in the future. MSC-secreted factors known to activate tumor cell growth and proliferation of other cancer entities are, for example, CCL2/MCP-1, angiogenin, and VEGF (44, 88, 89). We could show that high levels of secreted CCL2 and IL-6 were detectable in both FB- and MSC-CM, which could also be targeted in the future.

When we additionally treated UC cells with cisplatin, we found that the CM of both TME cell types reduced the cisplatin sensitivity of all three UCC. Thus, to our knowledge, we demonstrate for the first time that MSC do affect the response of bladder cancer cells to chemotherapy with cisplatin. Earlier studies on UC reported similar affects regarding treatment with ciprofloxacin, an antibiotic given in the case of urogenital infections (71).

To analyze whether UC cells acquire a more aggressive phenotype by treatment with CM, we investigated migratory and invasive capacity and molecular markers. While MSC-CM significantly increased the migration capacity of all three investigated UC lines, FB-CM did not. Both CM types strongly increased the invasive potential.

Concurringly, the GO analysis of RNA Seq data revealed an upregulation of smooth muscle contraction, with cell migration involved in sprouting angiogenesis in BFTC-905 cells. Response to mechanical stimulus, actin filament-based movement, establishment of monopolar cell polarity, and cytoplasmatic microtubule organization were induced in VMCUB-1 cells. To our knowledge, our study provides the first RNA Seq data set from functional experiments with different UCC treated with conditioned media of MSC compared to FB. Concurringly, data on the impact of MSC on bladder cancer cells is scarce; however, MSC-induced amplification of aggressive phenotypes was already observed in cancer cells from lung and breast and in melanoma (66, 90, 91). Melanoma cell behavior was influenced by TGF-β (91), and the invasive capacity of breast cancer cells was modified by MSC-secreted CCL5 and CCL9 and the activation of MMP (92) as well as by the induction of EMT via activated ERK signaling (93).

Also, data on the impact of FB on bladder cancer cells is limited. Early immunohistochemical analyses of UC patient tissues demonstrated that the abundance of FB subpopulations correlated with EMT and tumor progression (94). One report on bladder cancer cell lines (5637, T24, J82, HT1376, and MGHU-1 cells) demonstrated that CM from FB increased the invasion capacity and identified secreted HGF as one mediating soluble factor (95). FB effect is better studied in other cancer entities, particularly in breast cancer. It is well known that FB modulate the TME supporting tumor expansion and invasion. Apart from FB-secreted pro-inflammatory cytokines and chemokines, another promoting factor described is tissue polysaccharide hyaluronan (HA) through binding to HA receptors like CD44 and RHAMM/HMMR. In breast cancer, increased HA receptor expression is even prognostic for poor outcome disease recurrence (96). We also observed increased CD44 levels for UC lines with epithelia morphology after treatment with CM. CD44 could be a promising tool to address the TME and improve bladder cancer therapy as already demonstrated for pancreatic ductal adenocarcinoma. A doubled overall survival could be demonstrated there using a combination of chemotherapeutic regimen and pegvorhyaluronidase α (PEGPH20), an enzymatic agent that can rapidly reduce the HA level (97, 98). In addition, Hoffmann and colleagues published earlier that CD44v6, an isoform of CD44, is a suitable target for the targeting of CAR T cells (99).

In the literature, FB were also reported to induce EMT in breast cancer cells by the secretion of activating growth factors like TGF-β1, EGF, PDGF, HGF, and MMP (100). Our analysis of the selected secreted factors in CM by oncoarrays also proved the secretion of chemokines like CCL2, IL6, and IL8. The only earlier published results of MSC effects on 5637 and HT-1376 bladder cancer cell lines by ELISA reported cell line-dependent effects on IL-1B, IL-6, IL-8, TNFα, GM-CSF, MCP-1, TGF-β, and RANTES (72). Thus, with our results, new treatment options for UC targeting the interaction between UC and TME cells are emerging, as it has already been demonstrated that small-molecule inhibitors targeting CCL-2 as Bindarit inhibit tumor progression and metastasis in a breast cancer cell line and in prostate cancer xenograft mice (101).

Furthermore, we found the MMP-2 and MMP-3 levels to be increased in CM. PAI-1 and SMAD4 were further analyzed to prove the activation of TGF-β signaling by CM treatment. After TGF-β signaling activation, the TGF-β receptor phosphorylates SMAD2 and SMAD3 proteins that complex with SMAD4, translocating to the nucleus where EMT-related genes as E-cadherin, PAI-1, and α-SMA will be regulated (102). However, PAI-1 is not only associated with EMT but additionally promotes cell invasion and migration (103), accelerates cell proliferation, and protects the cell from apoptosis (104). In bladder cancer patients, PAI-1 expression correlated with tumor grade, tumor stage, and overall patient survival (105).

Since TGF-β can induce EMT (106), we also determined the levels of EMT markers. Downregulation of E-cadherin and upregulation of vimentin and α-SMA are well known characteristics of EMT (107). Our protein analyses for E-cadherin and vimentin did not result in a clear result, maybe due to only partial EMT induction. It is well known that EMT may be a continuum with intermediate states. However, α-SMA was clearly induced in the two cell lines with an epithelial phenotype. In addition, the RT-PCR validation of RNA Seq candidates demonstrated that the expression of EMT regulators like SNAI1, TWIST1, and CLDN4 (108–113) was induced by both CM, proving the induction of EMT in BFTC-905 and VMCUB-1 cells.

It is well known that, also in bladder cancer, EMT is associated with invasion and metastasis as well as drug resistance (114–116). Concurringly, we observed that FB- and MSC-CM significantly accelerated cisplatin resistance. In a previous work, we extensively studied molecular cisplatin resistance mechanisms that are intrinsically activated in UC cells and act on different levels of cisplatin detoxification (65, 117, 118). These aforementioned mechanisms also seem to be activated by CM treatment. We reported that cisplatin-resistant UC cells gain an induced capacity of detoxification by the deregulated expression of ROS detoxification molecules (117). Key factors mediating ROS detoxification are NRF-2 and NRF-2 target genes (GPX1, GPX2, and SLC3A2) regulating drug uptake/efflux and antioxidant response via glutathione metabolism (119, 120). Concurringly, for example, BFTC-905 cells treated with FB-CM displayed elevated levels of NRF-2, GPX1, GPX2, and SLC3A2 which may lead to the observed increased cisplatin resistance. Furthermore, CM-treated BFTC-905 and VMCUB-1 cells had p62 and TNFα upregulated. Also, p62 is involved in cisplatin detoxification via NRF-2 signaling and activation of NF-κB signaling. The latter signaling cascade can also be activated by TNFα, which, in turn, is associated with apoptosis prevention, upregulation of EMT markers, tumor progression, and cisplatin-induced chemoresistance in bladder cancer (121).

Also, interferon (IFN) signaling may be involved in the mediation of chemoresistance. Intact IFN type I signaling impacts on the efficacy of cytotoxic drug therapy, radiotherapy, and targeted immunotherapies and depends on both direct tumor cell inhibition and indirect anti-tumor immune response. Thus, malfunctions of IFN signaling, as observed in hypoxic TME or in immune cells, may be a causative factor behind the therapeutic resistance in cancer patients (122, 123). Interestingly, MSC-CM negatively affected IFN type I signaling and IFN-inducible antiviral effectors such as OAS2, OASL, MX1, and IFIT2.

Interferon genes may also be related to DNA damage via the cyclic GMP-AMP synthase (cGAS)-STING pathway. cGAS senses cytosolic double-stranded DNA (dsDNA), resulting in the synthesis of cyclic GMP-AMP, a secondary messenger binding to the adaptor protein STING. It is known that TME can impact the DNA repair pathways in cancer cells (124). Once cisplatin–DNA adducts have been formed and DNA is damaged, cisplatin tolerance could be mediated by different DNA repair mechanisms, such as nucleotide excision repair (NER), base excision repair (BER) (112), or repair of DNA double-strand breaks (DSB) by non-homologous end joining (NHEJ) or homologous recombination (HR). The known mechanism how TME may regulate DNA repair capacity is the cGAS interaction with PARP, inhibiting HR through the downregulation of repair molecules like RAD51 and RPA2. DNA repair factors have also been shown to be reduced by hypoxia induced by TME (124). Concurringly, we found DNA repair molecules like BRCA2 and RAD51 to be reduced by CM, and the DNA damage response marker GADD45B increased. Theoretically, reduced DNA repair capacity rather argues against increased chemoresistance. However, common sense in the literature is that the TME may impair the DNA repair of highly proliferating cancer cells, leading to the accumulation of further DNA damage and increased genetic instability. Increased genetic instability and high mutational burden may then secondarily contribute to chemoresistance (67). Of note is that muscle-invasive bladder cancer is one of the most genetically instable cancer entities anyway.

In conclusion, our analyses clearly demonstrated consistently that conditioned media from MSC and FB affected various properties of UC cells, resulting in a more aggressive phenotype. Concurring with data from literature on other cancer entities, we confirmed for the first time that these candidate factors mediate the observed effects also in bladder cancer cells. Such factors could also be putative targets for future therapeutic approaches targeting the interaction between TME and bladder cancer cells to overcome treatment resistance or prevent the disease relapse of UC patients. For a deeper understanding of the underlying mechanism in the TME of bladder cancer, direct co-culture models with the above-mentioned new combination treatment approaches, high throughput secretome analyses, and validation studies in patient tissues should be performed hereafter.
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Additional File 1 | Primer sequences used for qRT-PCR validation.

Additional File 2 | Protein analysis of CXCR4, SMAD4, α-SMA, E-cadherin, and vimentin. The raw Western blot images used for quantification in Figures 4, 5 and Additional File 3 are displayed. For better comparability, we compared the abundance of target proteins to total protein using the stain-free technique. The advantage of the stain-free method is improved precision compared to normalization to actin and β-tubulin.

Additional File 3 | Protein analysis of E-cadherin and vimentin. Western blot analysis of the protein levels of E-cadherin (A–C) and vimentin (D–F) of CM-treated and untreated cells (treatment duration was 6 days). Protein levels were quantified and normalized to DMEM-treated controls. Bars represent mean ± SD of the individual experiments indicated (n = 3), *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. (G–I) Immunofluorescence staining of the indicated UCC treated with MSC-CM or DMEM for E-cadherin (red), vimentin (green), and DAPI (blue). A merged image of all fluorescence channels was created.

Additional File 4 | Function of secreted proteins identified by oncoarray in general and with relation to bladder cancer.

Additional File 5 | Lists of common DEGs corresponding with the analyses displayed in .

Additional File 6 | qRT-PCR analysis of anti-apoptotic regulators. Gene expression changes in UCC were measured by quantitative RT-PCR. Tata-box binding protein (TBP) was used as a reference gene. Gene expression changes in cells treated with indicated CM were normalized to the respective DMEM controls.

Additional File 7 | qRT-PCR validation of gene expression changes identified by RNA sequencing. Gene expression changes in BFTC-905 and VMCUB-1 cells were validated by quantitative RT-PCR. Tata-box binding protein (TBP) was used as a reference gene. Gene expression changes in cells treated with indicated CM were normalized to the respective DMEM controls. Different groups of genes associated with plasticity (A), immune response (B), and DNA damage and repair (C) were investigated.

Additional File 8 | Identification of DEGs unique for either MSC-CM or FB-CM in BFCT-905 cells. Unique genes for the respective treatment group were identified by Venn diagram (A) and subjected to GO analysis. Uniquely affected DEGs by FB-CM (B, C) and by MSC-CM (D, E) are displayed.

Additional File 9 | Identification of DEGs unique for either MSC-CM or FB-CM in VMCUB-1. Unique genes for the respective treatment group were identified by Venn diagram (A) and subjected to GO analysis. Uniquely affected DEGs by FB-CM (B, C) and by MSC-CM (D, E) are displayed.

Additional File 10 | Lists of unique DEGs corresponding with analyses displayed in Additional Files 8, 9.




References

1. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin (2021) 71(3):209–49. doi: 10.3322/caac.21660

2. Niegisch, G, Gerullis, H, Lin, SW, Pavlova, J, Gondos, A, Rudolph, A, et al. A real-world data study to evaluate treatment patterns, clinical characteristics and survival outcomes for first- and second-line treatment in locally advanced and metastatic urothelial cancer patients in germany. J Cancer (2018) 9(8):1337–48. doi: 10.7150/jca.23162

3. von der Maase, H, Sengelov, L, Roberts, JT, Ricci, S, Dogliotti, L, Oliver, T, et al. Long-term survival results of a randomized trial comparing gemcitabine plus cisplatin, with methotrexate, vinblastine, doxorubicin, plus cisplatin in patients with bladder cancer. J Clin Oncol (2005) 23(21):4602–8. doi: 10.1200/JCO.2005.07.757

4. Powles, T, Park, SH, Voog, E, Caserta, C, Valderrama, BP, Gurney, H, et al. Avelumab maintenance therapy for advanced or metastatic urothelial carcinoma. N Engl J Med (2020) 383(13):1218–30. doi: 10.1056/NEJMoa2002788

5. Tlsty, TD, and Hein, PW. Know thy neighbor: stromal cells can contribute oncogenic signals. Curr Opin Genet Dev (2001) 11(1):54–9. doi: 10.1016/S0959-437X(00)00156-8

6. Elenbaas, B, and Weinberg, RA. Heterotypic signaling between epithelial tumor cells and fibroblasts in carcinoma formation. Exp Cell Res (2001) 264(1):169–84. doi: 10.1006/excr.2000.5133

7. Gan, L, Shen, H, Li, X, Han, Z, Jing, Y, Yang, X, et al. Mesenchymal stem cells promote chemoresistance by activating autophagy in intrahepatic cholangiocarcinoma. Oncol Rep (2021) 45(1):107–18.

8. Müerköster, S, Wegehenkel, K, Arlt, A, Witt, M, Sipos, B, Kruse, ML, et al. Tumor stroma interactions induce chemoresistance in pancreatic ductal carcinoma cells involving increased secretion and paracrine effects of nitric oxide and interleukin-1beta. Cancer Res (2004) 64(4):1331–7. doi: 10.1158/0008-5472.CAN-03-1860

9. Che, Y, Wang, J, Li, Y, Lu, Z, Huang, J, Sun, S, et al. Cisplatin-activated PAI-1 secretion in the cancer-associated fibroblasts with paracrine effects promoting esophageal squamous cell carcinoma progression and causing chemoresistance. Cell Death Dis (2018) 9(7):759. doi: 10.1038/s41419-018-0808-2

10. Peltanova, B, Liskova, M, Gumulec, J, Raudenska, M, Polanska, HH, Vaculovic, T, et al. Sensitivity to cisplatin in head and neck cancer cells is significantly affected by patient-derived cancer-associated fibroblasts. Int J Mol Sci (2021) 22(4):1912. doi: 10.3390/ijms22041912

11. Caramelo, B, Zagorac, S, Corral, S, Marqués, M, and Real, FX. Cancer-associated fibroblasts in bladder cancer: Origin, biology, and therapeutic opportunities. Eur Urol Oncol (2023) 6(4):366–75. doi: 10.1016/j.euo.2023.02.011

12. Yoshida, GJ, Azuma, A, Miura, Y, and Orimo, A. Activated fibroblast program orchestrates tumor initiation and progression; molecular mechanisms and the associated therapeutic strategies. Int J Mol Sci (2019) 20(9):2256. doi: 10.3390/ijms20092256

13. Robinson, JL, Feizi, A, Uhlén, M, and Nielsen, J. A systematic investigation of the malignant functions and diagnostic potential of the cancer secretome. Cell Rep (2019) 26(10):2622–35.e5. doi: 10.1016/j.celrep.2019.02.025

14. Klopp, AH, Gupta, A, Spaeth, E, Andreeff, M, and Marini, F 3rd. Concise review: Dissecting a discrepancy in the literature: do mesenchymal stem cells support or suppress tumor growth? Stem Cells (2011) 29(1):11–9. doi: 10.1002/stem.559

15. Tokunori, Y, Gotoh, M, Koide, N, Funahashi, Y, Shimizu, S, and Takei, Y. Influence of human adipose stem cells on prostate cancer cell growth. Nagoya J Med Sci (2020) 82(2):217–24.

16. Illouz, YG. Breast cancer treatment by adipose-derived stem cells: an experimental study. J Stem Cells (2014) 9(4):211–7.

17. Ryan, D, Paul, BT, Koziol, J, and ElShamy, WM. The pro- and anti-tumor roles of mesenchymal stem cells toward BRCA1-IRIS-overexpressing TNBC cells. Breast Cancer Res (2019) 21(1):53. doi: 10.1186/s13058-019-1131-2

18. Castells, M, Milhas, D, Gandy, C, Thibault, B, Rafii, A, Delord, JP, et al. Microenvironment mesenchymal cells protect ovarian cancer cell lines from apoptosis by inhibiting XIAP inactivation. Cell Death Dis (2013) 4(10):e887. doi: 10.1038/cddis.2013.384

19. Melzer, C, von der Ohe, J, and Hass, R. Enhanced metastatic capacity of breast cancer cells after interaction and hybrid formation with mesenchymal stroma/stem cells (MSC). Cell Commun Signal (2018) 16(1):2. doi: 10.1186/s12964-018-0215-4

20. Kamoun, A, de Reyniès, A, Allory, Y, Sjödahl, G, Robertson, AG, Seiler, R, et al. A consensus molecular classification of muscle-invasive bladder cancer. Eur Urol (2020) 77(4):420–33. doi: 10.1016/j.eururo.2019.09.006

21. Mezheyeuski, A, Segersten, U, Leiss, LW, Malmstrom, PU, Hatina, J, Ostman, A, et al. Fibroblasts in urothelial bladder cancer define stroma phenotypes that are associated with clinical outcome. Sci Rep (2020) 10(1):281. doi: 10.1038/s41598-019-55013-0

22. Brunner, A, Mayerl, C, Tzankov, A, Verdorfer, I, Tschörner, I, Rogatsch, H, et al. Prognostic significance of tenascin-c expression in superficial and invasive bladder cancer. J Clin pathology (2004) 57(9):927–31. doi: 10.1136/jcp.2004.016576

23. Kalluri, R, and Zeisberg, M. Fibroblasts in cancer. Nat Rev Cancer (2006) 6(5):392–401. doi: 10.1038/nrc1877

24. Tran, L, Xiao, JF, Agarwal, N, Duex, JE, and Theodorescu, D. Advances in bladder cancer biology and therapy. Nat Rev Cancer (2021) 21(2):104–21. doi: 10.1038/s41568-020-00313-1

25. Lorenz, K, Sicker, M, Schmelzer, E, Rupf, T, Salvetter, J, Schulz-Siegmund, M, et al. Multilineage differentiation potential of human dermal skin-derived fibroblasts. Exp Dermatol (2008) 17(11):925–32. doi: 10.1111/j.1600-0625.2008.00724.x

26. Haniffa, MA, Wang, XN, Holtick, U, Rae, M, Isaacs, JD, Dickinson, AM, et al. Adult human fibroblasts are potent immunoregulatory cells and functionally equivalent to mesenchymal stem cells. J Immunol (2007) 179(3):1595–604. doi: 10.4049/jimmunol.179.3.1595

27. Bainbridge, P. Wound healing and the role of fibroblasts. J Wound Care (2013) 22(8):407–8, 10-12.

28. Elshabrawy, HA, Chen, Z, Volin, MV, Ravella, S, Virupannavar, S, and Shahrara, S. The pathogenic role of angiogenesis in rheumatoid arthritis. Angiogenesis (2015) 18(4):433–48. doi: 10.1007/s10456-015-9477-2

29. Van Linthout, S, Miteva, K, and Tschöpe, C. Crosstalk between fibroblasts and inflammatory cells. Cardiovasc Res (2014) 102(2):258–69. doi: 10.1093/cvr/cvu062

30. Simian, M, Hirai, Y, Navre, M, Werb, Z, Lochter, A, and Bissell, MJ. The interplay of matrix metalloproteinases, morphogens and growth factors is necessary for branching of mammary epithelial cells. Development (2001) 128(16):3117–31. doi: 10.1242/dev.128.16.3117

31. O'Malley, G, Heijltjes, M, Houston, AM, Rani, S, Ritter, T, Egan, LJ, et al. Mesenchymal stromal cells (MSCs) and colorectal cancer: a troublesome twosome for the anti-tumour immune response? Oncotarget (2016) 7(37):60752–74. doi: 10.18632/oncotarget.11354

32. Friedenstein, AJ, Deriglasova, UF, Kulagina, NN, Panasuk, AF, Rudakowa, SF, Luriá, EA, et al. Precursors for fibroblasts in different populations of hematopoietic cells as detected by the in vitro colony assay method. Exp Hematol (1974) 2(2):83–92.

33. Ghajar, CM, Kachgal, S, Kniazeva, E, Mori, H, Costes, SV, George, SC, et al. Mesenchymal cells stimulate capillary morphogenesis via distinct proteolytic mechanisms. Exp Cell Res (2010) 316(5):813–25. doi: 10.1016/j.yexcr.2010.01.013

34. Alessandro, P, and Maria, RZ. Immunomodulatory properties of mesenchymal stromal cells: Still unresolved “Yin and yang”. Curr Stem Cell Res Ther (2019) 14(4):344–50.

35. Melzer, C, Yang, Y, and Hass, R. Interaction of MSC with tumor cells. Cell Communication Signaling (2016) 14(1):20. doi: 10.1186/s12964-016-0143-0

36. Kuhbier, JW, Weyand, B, Radtke, C, Vogt, PM, Kasper, C, and Reimers, K. Isolation, characterization, differentiation, and application of adipose-derived stem cells. Adv Biochem Eng Biotechnol (2010) 123:55–105. doi: 10.1007/10_2009_24

37. Melief, SM, Zwaginga, JJ, Fibbe, WE, and Roelofs, H. Adipose tissue-derived multipotent stromal cells have a higher immunomodulatory capacity than their bone marrow-derived counterparts. Stem Cells Trans Med (2013) 2(6):455–63. doi: 10.5966/sctm.2012-0184

38. Sousa, BR, Parreira, RC, Fonseca, EA, Amaya, MJ, Tonelli, FMP, Lacerda, SMSN, et al. Human adult stem cells from diverse origins: An overview from multiparametric immunophenotyping to clinical applications. Cytometry Part A (2014) 85(1):43–77. doi: 10.1002/cyto.a.22402

39. Lu, J, Zhu, LF, Cai, YM, Dong, HY, Zhu, L, and Tan, JM. Isolation and multipotential differentiation of mesenchymal stromal cell−like progenitor cells from human bladder. Mol Med Rep (2019) 19(1):187–94.

40. Ma, L, Chen, H, Yang, W, and Ji, Z. Crosstalk between mesenchymal stem cells and cancer stem cells reveals a novel stemness-related signature to predict prognosis and immunotherapy responses for bladder cancer patients. Int J Mol Sci (2023) 24(5):4760. doi: 10.3390/ijms24054760

41. Plava, J, Cihova, M, Burikova, M, Matuskova, M, Kucerova, L, and Miklikova, S. Recent advances in understanding tumor stroma-mediated chemoresistance in breast cancer. Mol Cancer (2019) 18(1):67. doi: 10.1186/s12943-019-0960-z

42. Ko, JH, Um, JY, Lee, SG, Yang, WM, Sethi, G, and Ahn, KS. Conditioned media from adipocytes promote proliferation, migration, and invasion in melanoma and colorectal cancer cells. J Cell Physiol (2019) 234(10):18249–61. doi: 10.1002/jcp.28456

43. Nwabo Kamdje, AH, Seke Etet, PF, Simo Tagne, R, Vecchio, L, Lukong, KE, and Krampera, M. Tumor microenvironment uses a reversible reprogramming of mesenchymal stromal cells to mediate pro-tumorigenic effects. Front Cell Dev Biol (2020) 8:545126. doi: 10.3389/fcell.2020.545126

44. Raj, AT, Kheur, S, Bhonde, R, Gupta, AA, and Patil, S. Assessing the effect of human mesenchymal stem cell-derived conditioned media on human cancer cell lines: A systematic review. Tissue Cell (2021) 71:101505. doi: 10.1016/j.tice.2021.101505

45. Hatogai, K, and Sweis, RF. The tumor microenvironment of bladder cancer. Adv Exp Med Biol (2020) 1296:275–90. doi: 10.1007/978-3-030-59038-3_17

46. Zuk, PA, Zhu, M, Ashjian, P, De Ugarte, DA, Huang, JI, Mizuno, H, et al. Human adipose tissue is a source of multipotent stem cells. Mol Biol Cell (2002) 13(12):4279–95. doi: 10.1091/mbc.e02-02-0105

47. Grotheer, V, Skrynecki, N, Oezel, L, Windolf, J, and Grassmann, J. Osteogenic differentiation of human mesenchymal stromal cells and fibroblasts differs depending on tissue origin and replicative senescence. Sci Rep (2021) 11(1):11968.

48. Junker, JP, Sommar, P, Skog, M, Johnson, H, and Kratz, G. Adipogenic, chondrogenic and osteogenic differentiation of clonally derived human dermal fibroblasts. Cells Tissues Organs (2010) 191(2):105–18. doi: 10.1159/000232157

49. Zuiverloon, TCM, de Jong, FC, Costello, JC, and Theodorescu, D. Systematic review: Characteristics and preclinical uses of bladder cancer cell lines. Bladder Cancer (2018) 4(2):169–83. doi: 10.3233/BLC-180167

50. Earl, J, Rico, D, Carrillo-de-Santa-Pau, E, Rodriguez-Santiago, B, Mendez-Pertuz, M, Auer, H, et al. The UBC-40 urothelial bladder cancer cell line index: a genomic resource for functional studies. BMC Genomics (2015) 16(1):403.

51. Lang, A, Yilmaz, M, Hader, C, Murday, S, Kunz, X, Wagner, N, et al. Contingencies of UTX/KDM6A action in urothelial carcinoma. Cancers (Basel) (2019) 11(4):481. doi: 10.3390/cancers11040481

52. Oliveros, JC, and VENNY. An interactive tool for comparing lists with venn diagrams. (2007).

53. Huang, DW, Sherman, BT, and Lempicki, RA. Systematic and integrative analysis of large gene lists using DAVID bioinformatics resources. Nat Protoc (2009) 4(1):44–57. doi: 10.1038/nprot.2008.211

54. Marquez-Curtis, LA, and Janowska-Wieczorek, A. Enhancing the migration ability of mesenchymal stromal cells by targeting the SDF-1/CXCR4 axis. BioMed Res Int (2013) 2013:561098. doi: 10.1155/2013/561098

55. Sowder, ME, and Johnson, RW. Bone as a preferential site for metastasis. JBMR Plus (2019) 3(3):e10126. doi: 10.1002/jbm4.10126

56. Naor, D, Sionov, RV, and Ish-Shalom, D. CD44: Structure, function and association with the malignant process. In:  GF Vande Woude, and G Klein, editors. Advances in cancer research, vol. 71 . Cambridge, Massachusetts, US: Academic Press (1997). p. 241–319.

57. Jenkins, G. The role of proteases in transforming growth factor-beta activation. Int J Biochem Cell Biol (2008) 40(6-7):1068–78. doi: 10.1016/j.biocel.2007.11.026

58. Sherman, BT, Hao, M, Qiu, J, Jiao, X, Baseler, MW, Lane, HC, et al. DAVID: a web server for functional enrichment analysis and functional annotation of gene lists (2021 update). Nucleic Acids Res (2022) 50(W1):W216–21. doi: 10.1093/nar/gkac194

59. Zanette, DL, Lorenzi, JC, Panepucci, RA, Palma, PV, Dos Santos, DF, Prata, KL, et al. Simvastatin modulates mesenchymal stromal cell proliferation and gene expression. PloS One (2015) 10(4):e0120137. doi: 10.1371/journal.pone.0120137

60. Ye, Y, Sun, X, and Lu, Y. Obesity-related fatty acid and cholesterol metabolism in cancer-associated host cells. Front Cell Dev Biol (2020) 8:600350. doi: 10.3389/fcell.2020.600350

61. Broitman, SA, Cerda, S, and Wilkinson, JT. Cholesterol metabolism and colon cancer. Prog Food Nutr Sci (1993) 17(1):1–40.

62. Loren, P, Saavedra, N, Saavedra, K, De Godoy Torso, N, Visacri, MB, Moriel, P, et al. Contribution of MicroRNAs in chemoresistance to cisplatin in the top five deadliest cancer: An updated review. Front Pharmacol (2022) 13:831099. doi: 10.3389/fphar.2022.831099

63. Antoni, S, Ferlay, J, Soerjomataram, I, Znaor, A, Jemal, A, and Bray, F. Bladder cancer incidence and mortality: A global overview and recent trends. Eur Urol (2017) 71(1):96–108. doi: 10.1016/j.eururo.2016.06.010

64. Jin, W. Role of JAK/STAT3 signaling in the regulation of metastasis, the transition of cancer stem cells, and chemoresistance of cancer by epithelial-mesenchymal transition. Cells (2020) 9(1). doi: 10.3390/cells9010217

65. Skowron, MA, Melnikova, M, van Roermund, JGH, Romano, A, Albers, P, Thomale, J, et al. Multifaceted mechanisms of cisplatin resistance in long-term treated urothelial carcinoma cell lines. Int J Mol Sci (2018) 19(2):590. doi: 10.3390/ijms19020590

66. Luo, D, Hu, S, Tang, C, and Liu, G. Mesenchymal stem cells promote cell invasion and migration and autophagy-induced epithelial-mesenchymal transition in A549 lung adenocarcinoma cells. Cell Biochem Funct (2018) 36(2):88–94. doi: 10.1002/cbf.3320

67. Lama-Sherpa, TD, and Shevde, LA. An emerging regulatory role for the tumor microenvironment in the DNA damage response to double-strand breaks. Mol Cancer Res (2020) 18(2):185–93. doi: 10.1158/1541-7786.MCR-19-0665

68. Klein, TJ, and Glazer, PM. The tumor microenvironment and DNA repair. Semin Radiat Oncol (2010) 20(4):282–7. doi: 10.1016/j.semradonc.2010.05.006

69. Mueller, MM, and Fusenig, NE. Friends or foes - bipolar effects of the tumour stroma in cancer. Nat Rev Cancer (2004) 4(11):839–49. doi: 10.1038/nrc1477

70. Xu-Monette, ZY, Wei, L, Fang, X, Au, Q, Nunns, H, Nagy, M, et al. Genetic subtyping and phenotypic characterization of the immune microenvironment and MYC/BCL2 double expression reveal heterogeneity in diffuse large b-cell lymphoma. Clin Cancer Res (2022) 28(5):972–83. doi: 10.1158/1078-0432.CCR-21-2949

71. Maj, M, Bajek, A, Nalejska, E, Porowinska, D, Kloskowski, T, Gackowska, L, et al. Influence of mesenchymal stem cells conditioned media on proliferation of urinary tract cancer cell lines and their sensitivity to ciprofloxacin. J Cell Biochem (2017) 118(6):1361–8. doi: 10.1002/jcb.25794

72. Maj, M, Kokocha, A, Bajek, A, and Drewa, T. The interplay between adipose-derived stem cells and bladder cancer cells. Sci Rep (2018) 8(1):15118. doi: 10.1038/s41598-018-33397-9

73. Maj, M, Kokocha, A, Bajek, A, and Drewa, T. The effects of adipose-derived stem cells on CD133-expressing bladder cancer cells. J Cell Biochem (2019) 120(7):11562–72. doi: 10.1002/jcb.28436

74. Kuçi, S, Henschler, R, Müller, I, Biagi, E, and Meisel, R. Basic biology and clinical application of multipotent mesenchymal stromal cells: from bench to bedside. Stem Cells Int (2012) 2012:185943.

75. Bruder, SP, Jaiswal, N, and Haynesworth, SE. Growth kinetics, self-renewal, and the osteogenic potential of purified human mesenchymal stem cells during extensive subcultivation and following cryopreservation. J Cell Biochem (1997) 64(2):278–94. doi: 10.1002/(SICI)1097-4644(199702)64:2<278::AID-JCB11>3.0.CO;2-F

76. Senthebane, DA, Rowe, A, Thomford, NE, Shipanga, H, Munro, D, Mazeedi, MAMA, et al. The role of tumor microenvironment in chemoresistance: To survive, keep your enemies closer. Int J Mol Sci (2017) 18(7):1586. doi: 10.3390/ijms18071586

77. Wu, T, and Dai, Y. Tumor microenvironment and therapeutic response. Cancer Lett (2017) 387:61–8. doi: 10.1016/j.canlet.2016.01.043

78. Dzobo, K, Senthebane, DA, and Dandara, C. The tumor microenvironment in tumorigenesis and therapy resistance revisited. Cancers (Basel) (2023) 15(2):376. doi: 10.3390/cancers15020376

79. Prantl, L, Muehlberg, F, Navone, NM, Song, YH, Vykoukal, J, Logothetis, CJ, et al. Adipose tissue-derived stem cells promote prostate tumor growth. Prostate (2010) 70(15):1709–15. doi: 10.1002/pros.21206

80. McLean, K, Gong, Y, Choi, Y, Deng, N, Yang, K, Bai, S, et al. Human ovarian carcinoma–associated mesenchymal stem cells regulate cancer stem cells and tumorigenesis via altered BMP production. J Clin Invest (2011) 121(8):3206–19. doi: 10.1172/JCI45273

81. Zhang, X, Hu, F, Li, G, Li, G, Yang, X, Liu, L, et al. Human colorectal cancer-derived mesenchymal stem cells promote colorectal cancer progression through IL-6/JAK2/STAT3 signaling. Cell Death Dis (2018) 9(2):25. doi: 10.1038/s41419-017-0176-3

82. Chen, J, Ji, T, Wu, D, Jiang, S, Zhao, J, Lin, H, et al. Human mesenchymal stem cells promote tumor growth via MAPK pathway and metastasis by epithelial mesenchymal transition and integrin α5 in hepatocellular carcinoma. Cell Death Disease (2019) 10(6):425.

83. Jung, M, Jang, I, Kim, K, and Moon, KC. CK14 expression identifies a Basal/Squamous-like type of papillary non-Muscle-Invasive upper tract urothelial carcinoma. Front Oncol (2020) 10:623. doi: 10.3389/fonc.2020.00623

84. Suda, T, Yamashita, T, Sunagozaka, H, Okada, H, Nio, K, Sakai, Y, et al. Dickkopf-1 promotes angiogenesis and is a biomarker for hepatic stem cell-like hepatocellular carcinoma. Int J Mol Sci (2022) 23(5):2801. doi: 10.3390/ijms23052801

85. Möhle, R, Schittenhelm, M, Failenschmid, C, Bautz, F, Kratz-Albers, K, Serve, H, et al. Functional response of leukaemic blasts to stromal cell-derived factor-1 correlates with preferential expression of the chemokine receptor CXCR4 in acute myelomonocytic and lymphoblastic leukaemia. Br J Haematol (2000) 110(3):563–72. doi: 10.1046/j.1365-2141.2000.02157.x

86. Mo, W, Chen, J, Patel, A, Zhang, L, Chau, V, Li, Y, et al. CXCR4/CXCL12 mediate autocrine cell- cycle progression in NF1-associated malignant peripheral nerve sheath tumors. Cell (2013) 152(5):1077–90. doi: 10.1016/j.cell.2013.01.053

87. Liu, S, Xie, SM, Liu, W, Gagea, M, Hanker, AB, Nguyen, N, et al. Targeting CXCR4 abrogates resistance to trastuzumab by blocking cell cycle progression and synergizes with docetaxel in breast cancer treatment. Breast Cancer Res (2023) 25(1):62. doi: 10.1186/s13058-023-01665-w

88. Liubomirski, Y, Lerrer, S, Meshel, T, Rubinstein-Achiasaf, L, Morein, D, Wiemann, S, et al. Tumor-Stroma-Inflammation networks promote pro-metastatic chemokines and aggressiveness characteristics in triple-negative breast cancer. Front Immunol (2019) 10:757. doi: 10.3389/fimmu.2019.00757

89. Xu, M, Wang, Y, Xia, R, Wei, Y, and Wei, X. Role of the CCL2-CCR2 signalling axis in cancer: Mechanisms and therapeutic targeting. Cell Prolif (2021) 54(10):e13115. doi: 10.1111/cpr.13115

90. Karnoub, AE, Dash, AB, Vo, AP, Sullivan, A, Brooks, MW, Bell, GW, et al. Mesenchymal stem cells within tumour stroma promote breast cancer metastasis. Nature (2007) 449(7162):557–63. doi: 10.1038/nature06188

91. Lv, C, Dai, H, Sun, M, Zhao, H, Wu, K, Zhu, J, et al. Mesenchymal stem cells induce epithelial mesenchymal transition in melanoma by paracrine secretion of transforming growth factor-β. Melanoma Res (2017) 27(2):74–84. doi: 10.1097/CMR.0000000000000325

92. Swamydas, M, Ricci, K, Rego, SL, and Dréau, D. Mesenchymal stem cell-derived CCL-9 and CCL-5 promote mammary tumor cell invasion and the activation of matrix metalloproteinases. Cell Adh Migr (2013) 7(3):315–24. doi: 10.4161/cam.25138

93. Zhou, X, Li, T, Chen, Y, Zhang, N, Wang, P, Liang, Y, et al. Mesenchymal stem cell−derived extracellular vesicles promote the in vitro proliferation and migration of breast cancer cells through the activation of the ERK pathway. Int J Oncol (2019) 54(5):1843–52.

94. Schulte, J, Weidig, M, Balzer, P, Richter, P, Franz, M, Junker, K, et al. Expression of the e-cadherin repressors snail, slug and Zeb1 in urothelial carcinoma of the urinary bladder: relation to stromal fibroblast activation and invasive behaviour of carcinoma cells. Histochem Cell Biol (2012) 138(6):847–60. doi: 10.1007/s00418-012-0998-0

95. Wang, P, Nishitani, MA, Tanimoto, S, Kishimoto, T, Fukumori, T, Takahashi, M, et al. Bladder cancer cell invasion is enhanced by cross-talk with fibroblasts through hepatocyte growth factor. Urology (2007) 69(4):780–4. doi: 10.1016/j.urology.2007.01.063

96. Schwertfeger, KL, Cowman, MK, Telmer, PG, Turley, EA, and McCarthy, JB. Hyaluronan, inflammation, and breast cancer progression. Front Immunol (2015) 6:236. doi: 10.3389/fimmu.2015.00236

97. Provenzano, PP, and Hingorani, SR. Hyaluronan, fluid pressure, and stromal resistance in pancreas cancer. Br J Cancer (2013) 108(1):1–8. doi: 10.1038/bjc.2012.569

98. Jacobetz, MA, Chan, DS, Neesse, A, Bapiro, TE, Cook, N, Frese, KK, et al. Hyaluronan impairs vascular function and drug delivery in a mouse model of pancreatic cancer. Gut (2013) 62(1):112. doi: 10.1136/gutjnl-2012-302529

99. Grunewald, CM, Haist, C, Konig, C, Petzsch, P, Bister, A, Nossner, E, et al. Epigenetic priming of bladder cancer cells with decitabine increases cytotoxicity of human EGFR and CD44v6 CAR engineered t-cells. Front Immunol (2021) 12:782448. doi: 10.3389/fimmu.2021.782448

100. Qiao, A, Gu, F, Guo, X, Zhang, X, and Fu, L. Breast cancer-associated fibroblasts: their roles in tumor initiation, progression and clinical applications. Front Med (2016) 10(1):33–40. doi: 10.1007/s11684-016-0431-5

101. Zollo, M, Di Dato, V, Spano, D, De Martino, D, Liguori, L, Marino, N, et al. Targeting monocyte chemotactic protein-1 synthesis with bindarit induces tumor regression in prostate and breast cancer animal models. Clin Exp Metastasis (2012) 29(6):585–601. doi: 10.1007/s10585-012-9473-5

102. Hao, Y, Baker, D, and Ten Dijke, P. TGF-β-Mediated epithelial-mesenchymal transition and cancer metastasis. Int J Mol Sci (2019) 20(11):2767. doi: 10.3390/ijms20112767

103. Wang, X, Liu, C, Wang, J, Fan, Y, Wang, Z, and Wang, Y. Oxymatrine inhibits the migration of human colorectal carcinoma RKO cells via inhibition of PAI-1 and the TGF-β1/Smad signaling pathway. Oncol Rep (2017) 37(2):747–53. doi: 10.3892/or.2016.5292

104. Furuya, H, Sasaki, Y, Chen, R, Peres, R, Hokutan, K, Murakami, K, et al. PAI-1 is a potential transcriptional silencer that supports bladder cancer cell activity. Sci Rep (2022) 12(1):12186. doi: 10.1038/s41598-022-16518-3

105. Spaeth, E, Klopp, A, Dembinski, J, Andreeff, M, and Marini, F. Inflammation and tumor microenvironments: defining the migratory itinerary of mesenchymal stem cells. Gene Ther (2008) 15(10):730–8. doi: 10.1038/gt.2008.39

106. Batlle, E, and Massagué, J. Transforming growth factor-β signaling in immunity and cancer. Immunity (2019) 50(4):924–40. doi: 10.1016/j.immuni.2019.03.024

107. Zhang, N, Ng, AS, Cai, S, Li, Q, Yang, L, and Kerr, D. Novel therapeutic strategies: targeting epithelial-mesenchymal transition in colorectal cancer. Lancet Oncol (2021) 22(8):e358–e68. doi: 10.1016/S1470-2045(21)00343-0

108. Elloul, S, Elstrand, MB, Nesland, JM, Tropé, CG, Kvalheim, G, Goldberg, I, et al. Snail, slug, and smad-interacting protein 1 as novel parameters of disease aggressiveness in metastatic ovarian and breast carcinoma. Cancer (2005) 103(8):1631–43. doi: 10.1002/cncr.20946

109. Hotz, B, Arndt, M, Dullat, S, Bhargava, S, Buhr, H-J, and Hotz, HG. Epithelial to mesenchymal transition: Expression of the regulators snail, slug, and twist in pancreatic cancer. Clin Cancer Res (2007) 13(16):4769–76. doi: 10.1158/1078-0432.CCR-06-2926

110. Roy, HK, Smyrk, TC, Koetsier, J, Victor, TA, and Wali, RK. The transcriptional repressor SNAIL is overexpressed in human colon cancer. Digestive Dis Sci (2005) 50(1):42–6. doi: 10.1007/s10620-005-1275-z

111. Smith, BN, and Odero-Marah, VA. The role of snail in prostate cancer. Cell Adhesion Migration (2012) 6(5):433–41. doi: 10.4161/cam.21687

112. Yan, T, Tan, Y, Deng, G, Sun, Z, Liu, B, Wang, Y, et al. TGF-β induces GBM mesenchymal transition through upregulation of CLDN4 and nuclear translocation to activate TNF-α/NF-κB signal pathway. Cell Death Disease (2022) 13(4):339.

113. Owari, T, Sasaki, T, Fujii, K, Fujiwara-Tani, R, Kishi, S, Mori, S, et al. Role of nuclear claudin-4 in renal cell carcinoma. Int J Mol Sci (2020) 21(21):8340. doi: 10.3390/ijms21218340

114. McConkey, DJ, Choi, W, Marquis, L, Martin, F, Williams, MB, Shah, J, et al. Role of epithelial-to-mesenchymal transition (EMT) in drug sensitivity and metastasis in bladder cancer. Cancer Metastasis Rev (2009) 28(3-4):335–44. doi: 10.1007/s10555-009-9194-7

115. Oshimori, N, Oristian, D, and Fuchs, E. TGF-β promotes heterogeneity and drug resistance in squamous cell carcinoma. Cell (2015) 160(5):963–76. doi: 10.1016/j.cell.2015.01.043

116. Arumugam, T, Ramachandran, V, Fournier, KF, Wang, H, Marquis, L, Abbruzzese, JL, et al. Epithelial to mesenchymal transition contributes to drug resistance in pancreatic cancer. Cancer Res (2009) 69(14):5820–8. doi: 10.1158/0008-5472.CAN-08-2819

117. Skowron, MA, Niegisch, G, Albrecht, P, van Koeveringe, G, Romano, A, Albers, P, et al. Various mechanisms involve the nuclear factor (Erythroid-derived 2)-like (NRF2) to achieve cytoprotection in long-term cisplatin-treated urothelial carcinoma cell lines. Int J Mol Sci (2017) 18(8):1680. doi: 10.3390/ijms18081680

118. Skowron, MA, Niegisch, G, Fritz, G, Arent, T, van Roermund, JG, Romano, A, et al. Phenotype plasticity rather than repopulation from CD90/CK14+ cancer stem cells leads to cisplatin resistance of urothelial carcinoma cell lines. J Exp Clin Cancer Res (2015) 34:144. doi: 10.1186/s13046-015-0259-x

119. Hayden, A, Douglas, J, Sommerlad, M, Andrews, L, Gould, K, Hussain, S, et al. The Nrf2 transcription factor contributes to resistance to cisplatin in bladder cancer. Urologic Oncology: Semin Original Investigations (2014) 32(6):806–14. doi: 10.1016/j.urolonc.2014.02.006

120. Dai, Z, Huang, Y, Sadee, W, and Blower, P. Chemoinformatics analysis identifies cytotoxic compounds susceptible to chemoresistance mediated by glutathione and cystine/glutamate transport system xc. J Med Chem (2007) 50(8):1896–906. doi: 10.1021/jm060960h

121. Sun, Y, Guan, Z, Liang, L, Cheng, Y, Zhou, J, Li, J, et al. NF-κB signaling plays irreplaceable roles in cisplatin-induced bladder cancer chemoresistance and tumor progression. Int J Oncol (2016) 48(1):225–34. doi: 10.3892/ijo.2015.3256

122. Miar, A, Arnaiz, E, Bridges, E, Beedie, S, Cribbs, AP, Downes, DJ, et al. Hypoxia induces transcriptional and translational downregulation of the type i IFN pathway in multiple cancer cell types. Cancer Res (2020) 80(23):5245–56. doi: 10.1158/0008-5472.CAN-19-2306

123. Sadler, AJ, and Williams, BR. Interferon-inducible antiviral effectors. Nat Rev Immunol (2008) 8(7):559–68. doi: 10.1038/nri2314

124. Chen, Q, Sun, L, and Chen, ZJ. Regulation and function of the cGAS-STING pathway of cytosolic DNA sensing. Nat Immunol (2016) 17(10):1142–9. doi: 10.1038/ni.3558




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.


Copyright © 2023 Frerichs, Frerichs, Petzsch, Köhrer, Windolf, Bittersohl, Hoffmann and Grotheer. 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.


OEBPS/Images/fonc-13-1228185-g002.jpg
Migrated Cells (%)

O

9
<
o
I
O
°
e
o
2
=

Migrated Cells (%)

a
o

N

a
o

VMCUB-1

%,
%

VMCUB-1

SN |
ARSI o
o

g






OEBPS/Images/fonc.2023.1228185_cover.jpg
& frontiers | Frontiers in Oncology

Tumorigenic effects of human mesenchymal
stromal cells and fibroblasts on bladder
cancer cells





OEBPS/Images/fonc-13-1228185-g005.jpg
VMCUB-1 & umuc-3

B

BFTC-905

A

* %%

600

600

* %%k

(=
=]
<

(%) Ivd

(=
=4
<

(%) Ivd

* k%

k%

(=
=4
<

(%) Ivd

200

200

E VMCUB-1 F UMUC-3

BFTC-905

D

(%) 19A97 ulgj01d YAVINS

(%) 19A27 ulsjold YAVINS

VMCUB-1 I UMUC-3

H

BFTC-905

(=
'd o wn =] n

o

0
0
0
0
50
0

(%) 19A@7 ulel0Id VINS-D

&

O,
%

\v,,v\vo





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Tumorigenic effects of human mesenchymal stromal cells and fibroblasts on bladder cancer cells

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Standard cell cultivation

          



          		

            2.2 Isolation and culture of MSC

          



          		

            2.3 Isolation of FB

          



          		

            2.4 Production of conditioned media

          



          		

            2.5 Urothelial carcinoma cell lines and culture

          



          		

            2.6 Cell viability assay

          



          		

            2.7 Migration assay

          



          		

            2.8 Invasion assay

          



          		

            2.9 Serpin E1/PAI-ELISA

          



          		

            2.10 Western blot analysis

          



          		

            2.11 Flow cytometer analysis of CD44 receptor protein

          



          		

            2.12 E-cadherin and vimentin immunofluorescence

          



          		

            2.13 mRNA expression analysis

          



          		

            2.14 Next-generation RNA sequencing

          



          		

            2.15 Proteome profiler human XL arrays

          



          		

            2.16 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 MSC- and FB-CM augmented cell proliferation and chemoresistance of UC cell lines

          



          		

            3.2 MSC- and FB-CM-enhanced invasive potential of UCC

          



          		

            3.3 Identification of secreted factors mediating the effects of CM

          



          		

            3.4 Identification of CM-induced molecular changes by next-generation RNA sequencing

          



          		

            3.5 Differences in gene expression alterations between MSC- and FB-CM-treated UCC

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-13-1228185-g001.jpg
Cell number (0)

150

=]
5

BFTC-905

600 Fkk

400

200 *k

Cell number (%)

0
L R
5&’ ¥ o<

BFTC-905

TrANOTWONDDON
o - -

Cisplatin (uMol)

16-

Cell number (%)

Cell number (%)

vmcusa  © umuc-3
600- 600
400 ? 400 Fkek
5
-1
g
e g
200- b = 200 .
o
0 0
S & S & @
& ¥ R
F
VMCUB-1
150
" =
i =
100 * g
£
g
z
= 3
o
]

OYTrNOLTWONDDON
=] < -

Cisplatin (uMol)

16:

Il DMEM
O Msc
= FB

umMmuc-3

fraOILON®O 0N

Cisplatin (uMol)

Il DMEM
[ MsC
B FB





OEBPS/Images/fonc-13-1228185-g007.jpg
MSC

A VMCUB-1 MSC up BFTC905 MSC up D VMCUB-IFBup BFTC905 FB up

VMCUB-1 MSC down BFTC905 MSC down VMCUB-1 FB down BFTCY905 FB down

B overlap 438 DEG MSC up E overlap 518 DEG FB up

cholesterol biosynthetic process
IRE1-mediated unfolded protein response
isoprenoid biosynthetic process
response to endoplasmic reticulum stress
negative regulation of apoptotic process
‘macroautophagy
transcription from RNA polymerase Ii promoter
PERK-mediated unfolded protein response
response to unfolded protein
cell cycle arrest
neg. regulation of ER stress-induced elF2 alpha phosphorylation
circadian rhythm
pos. regulation of transcription from RNA POLII promoter
negative regulation of MAP kinase activity
circadian regulation of gene expression
retrograde vesicie-mediated transport, Golgi to ER
protein ubiquitination
ATF6-mediated unfolded protein response
regulation of cholesterol homeostasis
inactivation of MAPK activity
response to cAM
ER overload response
regulation of circadian rhythm
skeletal muscle cell differentiation
neg. regulation of transcription from RNA POLI promoter

i . IRE1-mediated unfolded protein response
negative regulation of transcription from RNA polymerase il promoter
| ion from RNA polymerase Il promoter
positive regulation of transcription from RNA polymerase Il promoter
cholesterol biosynthetic process
response to endoplasmic reticulum stress
negative regulation of apoptotic process.
macroautophagy

scription, DNA-template
rograde vesicle-mediated transport, Golgi to ER
intrinsic apoptotic signaling pathway in response fo sndoplasmic reticulum stress
posifive regulation of ranscription, DNAtemplated
circadian rhythm
§ . circadian regulation of gene expression
pos. regulation of transcription from RNA POLIl promoter in response to ER str
PERK-mediated unfolded protein resp
regulation of epithelial oll proliforation
fespanse (o unfolded protein
duced elF2 alpha phosphorylation
positive regulation of protein kinase activity
positive regulation of I-kappaB kinase/NF-kappaB signaling
A call cycle arrest
transcription from RNA polymerase IIf promoter

antigen processing and presental

negative regulation of MAP kinase a

neg.regulation of ER stress.-

o 5 10 15 0 2 4 6 8
-log10(p) -log10(p)
C overlap 395 DEG MSC down F overlap 463 DEG FB down
DNA replication DNA replication
. " DNA repai DNA synthesis involved in DNA repair
DNA synthesis involved in DNA repair strand displacemer
strand displacement NA rey
DNA replication initiation DNA replic initiati
cilium assembly cilium assembly
o __response to X-ray telomere maintenance via recombinati
-strand break repair via break-induced repli cell division
double-strand break repair via homologous recombi interstrand cross-link repair
DNA strand elongation involved in DNA replication double-strand break repair via break-induced replicatic
DNA duplex unwinding mitotic nuclear

intraciiary transpor double-strand break repair via homologous recombina
cilium morphogenesis eplication fork protection
defense response 0 virus DNA strand elongation involved in DNA rop

interstrand cross-link repair DNA duplex unwinding
telomere maintenance via recombination response to X-ray

replication fork protection mitotic recombinati
X cllular response to DNA damage stimulus cilium morphogenesis
cellular component disassembly involved in execution phase of apoptosis reciprocal meiotic recombination
strand invasion nucleobase-containing compound metabolic process
type | interferon signaling pathway intraciliary transport
‘double-strand break repair collular response to DNA damage stimulus
hair follicle morphogenesis G1/S transition of mitotic cell cycle
cell division strand invasion

mitotic nuclear divi

cell. component disassembly involved in execution of apoptosis
o 2 4 & 8 10 0 5 10 15

-10g10(p) -10g10(p)





OEBPS/Images/fonc-13-1228185-g003.jpg
g . g
2 i % S
s
=) \\ 5
z@o w
o (=3 [=] =3 (=] o
8 8 8 & @8
o (%) sl18D papeAu]
) ; % =
g i % 8
* 8
s % 2
> 4, >
%
(od
[=3 (=3 =3 [=] [=] o
(=] =] (=3 [=] =]
n < (3] N -
o (%) slleD papeAu] w
" A = 8,
8 &wvo 8
( % L4 @
m oy — %, o
[T k Oéé [
o0 ..o\v 0. m
, %, L4
© © © © o0 90 9 o @0
o O © © SO0 © O
Lol il < o T M AN -
X X X X
<t M N -
< (%) sli®D papeAu| o






OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc-13-1228185-g006.jpg
<

=]
o

=] =] (=]
© < «

('n "e aanejau) AesseosuQ





OEBPS/Images/table1.jpg
BFTC-905 MSC M-CUB1 MSC VM-CUB1
Genes upregulated 1,159 1,255 1,721 1,236
Genes downregulated 1,320 1,155 1,869 1,069

Fold change 1.5 and Bonferroni adjusted p-value <0.05 were the cutoff values.





OEBPS/Images/fonc-13-1228185-g004.jpg
A BFTC-905  © VMCUB-1
= 250 ~ 250
s 2 *
% 200 % 200
- * -l
£ 150 = 150
2 2
é 100 & 100
b
5 50 5 50
x x
© o O o
S O R S O R
0@3/ \‘fﬂ 3 °§$ ‘&{b <
BFTC-905
D 40 - E
30 MSC
g *% 600
3 20 - 500
Q £ 400 | msc
(3] 2 |
S 300
10 200
100 "
0 0 ‘o‘iﬁ
1 10°
e@“‘ \x(b(" QQ APC-A FL4-A
Q
G VMCUB-1 H
40
MSC
30
g
g 20 *
9 bl
10
[}
NS LR APC-A FL4-A
<& @ «
N ~
UMUC-3
J K
40
MSC
30
S
g 20
[=]
o
10
ek
0 W e
\é”é “3,0 & APC-A FL4-A
Q

Count

(9]

CXCR-4 Protein Level (%)

500

400

300

Count

200

100

150

50

N
(2]
o

200

150

100

DMEM

100

100

UMucC-3

FB

L\

{0‘ 108
APC-A FL4-A

FB

10t 10°
APC-A FL4-A

104 ’ 10°
APC-A FL4-A





