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Abstract

:

Simple Summary


Hyper-angiogenesis is a characteristic of glioblastoma (GBM), and anti-angio-genesis is a crucial strategy to interfere with tumor progression in GBM therapy. We previously found a high expression of ALDH1A3 in proliferating vasculature in GBM patients, which was associated with poor prognosis. The present study generated two ALDH1A3-overexpressing GBM cells (oxGBMs) and demonstrated a potent pro-angiogenesis function of ALDH1A3 under the different conditions of co-culturing oxGBMs with endothelial cells in vitro and in an angiogenesis model in vivo. Moreover, we identified a mechanism underlying the oxALDH1A3-mediated pro-angiogenic effect involving the paracrine PAI-1 and IL-8 derived from oxGBMs. Blockage of PAI-1 or IL-8 hindered the hyper-angiogenesis phenotype resulting from oxALDH1A3. These findings defined a novel function of ALDH1A3 as an angiogenesis promoter in GBM, beyond its role as a well-known cancer stem cell marker, and highlighted ALDH1A3-PAI-1/IL-8 as a novel targeting signaling for future anti-angiogenesis therapy in GBM.




Abstract


Hyper-angiogenesis is a typical feature of glioblastoma (GBM), the most aggressive brain tumor. We have reported the expression of aldehyde dehydrogenase 1A3 (ALDH1A3) in proliferating vasculature in GBM patients. We hypothesized that ALDH1A3 may act as an angiogenesis promoter in GBM. Two GBM cell lines were lentivirally transduced with either ALDH1A3 (ox) or an empty vector (ev). The angiogenesis phenotype was studied in indirect and direct co-culture of endothelial cells (ECs) with oxGBM cells (oxGBMs) and in an angiogenesis model in vivo. Angiogenesis array was performed in oxGBMs. RT2-PCR, Western blot, and double-immunofluorescence staining were performed to confirm the expression of targets identified from the array. A significantly activated angiogenesis phenotype was observed in ECs indirectly and directly co-cultured with oxGBMs and in vivo. Overexpression of ALDH1A3 (oxALDH1A3) led to a marked upregulation of PAI-1 and IL-8 mRNA and protein and a consequential increased release of both proteins. Moreover, oxALDH1A3-induced angiogenesis was abolished by the treatment of the specific inhibitors, respectively, of PAI-1 and IL-8 receptors, CXCR1/2. This study defined ALDH1A3 as a novel angiogenesis promoter. oxALDH1A3 in GBM cells stimulated EC angiogenesis via paracrine upregulation of PAI-1 and IL-8, suggesting ALDH1A3-PAI-1/IL-8 as a novel signaling for future anti-angiogenesis therapy in GBM.
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1. Introduction


Glioblastoma (GBM) is the most devastating type of brain tumor, characterized by its aggressive and invasive growth pattern and resistance to therapy involving hyper-neoangiogenesis. Despite standard therapy incorporating surgery, radiotherapy, and chemotherapy, GBM remains incurable. The median survival time is less than two years, and the 5-year survival rate is 5.4% [1].



Hyper-angiogenesis is one of the characteristics of GBM and plays a critical role in tumor growth, invasion, and recurrence [2]. The angiogenesis process is triggered and promoted by angiogenic factors, such as vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), hypoxia-inducible factor 1-alpha (HIF1α), angiopoietin 1 (Ang-1), and angiopoietin 2 (Ang-2) that are mainly derived from tumor cells, glial cells, and stromal cells [3,4,5]. Thus, anti-angiogenesis becomes a promising strategy as an adjacent therapy besides the standard therapy for GBM [6]. In view of the current anti-angiogenic drugs such as bevacizumab (monoclonal antibodies against VEGF-A), cediranib (tyrosine kinase inhibitors against VEGFR-2), and aflibercept (decoy receptors developed from VEGFR-1), they are mostly designed to target the VEGF pathway. These anti-angiogenesis drugs slowed down the progression but did not significantly affect the poor prognosis [7,8,9,10]. GBM is a highly heterogeneous tumor. Defining a novel angiogenic signaling that targets multiple molecules in both tumor cells and ECs may improve the therapy outcome.



The aldehyde dehydrogenase (ALDH) enzyme family plays an important role in various cellular processes, including metabolism, cellular differentiation, proliferation, and the oxidative stress response [11]. Recently, ALDHs have gained much attention in cancer research due to their involvement in cancer stemness [12], resistance to therapy [13,14], and regulation of the tumor microenvironment [15]. ALDH1A3 is a member of the ALDH family and is well characterized as a cancer stem cell marker in various cancers, including lung, bile duct, prostate, colon, gastric, breast, and melanoma [16]. The impact of ALDH1A3 on GBM stem-like cells (GSCs) has been particularly noted. As a typical marker of mesenchymal (MES) GBM, the most aggressive subtype of GBM, ALDH1A3, showed the highest enzyme activity among the other ALDHs. High expression of ALDH1A3 in MES-GSCs induced mesenchymal differentiation [17], rapid intracranial tumor growth, and invasiveness [18], thereby leading to an aggressive progression of the tumor. In spite of some published data showing the implication of other members of the ALDH family in regard to angiogenesis in breast cancer cells [19] and in mesenchymal stem cells (MSCs) [20], little is known whether ALDH1A3 is involved in angiogenesis in GBM.



We have recently studied ALDH1A3 in GBM patients and found that ALDH1A3 was highly expressed in a subset of patients, which is associated with a poor prognosis. Of note, the immunoreactivity of ALDH1A3 was exclusively detected in the tumor infiltrative region, where neo-angiogenesis was active. More interestingly, we observed the expression of ALDH1A3 in the endothelial cells (ECs) of tumor vessels and glomeruloid bodies, a GBM-specific proliferating vascular structure, besides its expression in tumor cells and glial cells [21]. This expression manner found in GBM tumor tissues raised our interest to further explore whether ALDH1A3-expressing GBM tumor cells activated endothelial angiogenesis and, if so, what the underlying mechanisms were involved. To address these issues, we generated ALDH1A3-overexpressing GBM cells (oxGBMs) and investigated the endothelial angiogenesis phenotype in vitro under different conditions of co-culture of oxGBMs with ECs and in an in vivo angiogenesis model. Furthermore, the mechanism underlying oxALDH1A3-mediated pro-angiogenesis was explored.




2. Materials and Methods


2.1. Generation of ALDH1A3-Overexpressing GBM Cell Lines by Lentiviral Transduction


Two human GBM cell lines, U373 and LN229, were used to generate transduced cells overexpressing ALDH1A3. A lentiviral overexpression vector for human ALDH1A3 (ox; rwpLX305_hsALDH1A3_IRES-BsdR) was generated. The open reading frame (ORF) of human ALDH1A3 containing gateway recombination sites was synthesized in pMK (GeneArt ThermoFisher, Braunschweig, Germany). The ORF was recombined into the lentiviral expression vector rwpLX305-GW-IRES Blasti (Core Facility Cellular Tools, German Cancer Research Center, Heidelberg, Germany), under the control of a constitutive cytomegalovirus immediate early promoter (CMVie) using gateway recombination technology (ThermoFisher, Braunschweig, Germany).



Lentiviral particles were produced using a standard protocol. Briefly, HEK293FT (ThermoFisher, Braunschweig, Germany) cells were co-transfected with rwpLX305_hsALDH1A3_IRES-BsdR or empty expression vector and 2nd generation viral packaging plasmids VSV.G (plasmid #14888, Addgene, Cambridge, MA, USA) and psPAX2 (Addgene, plasmid #12260) for 2 d. Thereafter, viral supernatants were collected, filtered through a 0.45 µm filter, and used for transduction. GBM cell lines U373 and LN229 were transduced in the presence of 10 µg/mL polybrene for 24 h. After viral clearance, transduced cells were selected in Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% fetal bovine serum (FBS) and 1 nM sodium pyruvate plus 5 µg/mL blasticidin (cat# A1113902; Gibco, Darmstadt, Germany). Monoclonal single-cell clones were obtained by dispensing transduced cells in single wells of a 96-well plate coated with Poly-L-Lysin (Merck, Darmstadt, Germany) using the F. sight single-cell dispensing system (Cytena, Freiburg, Germany). After the detection of single-cell growth, clones were expanded in the DMEM growth medium containing 5 µg/mL blasticidin. The transduced cells were termed ev- and oxGBMs. The expression of ALDH1A3 was validated by real-time RT2-PCR and Western blotting.




2.2. Real-Time RT-PCR (RT2-PCR)


Total RNA extraction, cDNA synthesis, and RT2-PCR were performed as described before [21]. Primers and corresponding annealing temperatures are listed in Table 1. The relative expression level was calculated by the 2−ΔΔCT method and normalized to a reference gene, RPS13.




2.3. Western Blot


Total protein extraction and gel electrophoresis, blot detection, and imaging were performed as described previously [21]. Unspecific binding was blocked with a 5% non-fat milk solution and followed by incubation with primary antibodies overnight at 4 °C. The following primary antibody was used: ALDH1A3 (1:1000; cat# NBP2-15339; Novus Biologicals, Wiesbaden, Germany), PAI-1 (1:500; cat# NBP2-37532; Novus Biologicals, Wiesbaden, Germany), p-Erk1/2 (1:2000; cat# 4370; Cell Signaling Technology, Danvers, MA, USA), p-AKT (1:2000; cat# 4060; Cell Signaling Technology, Danvers, MA, USA), Erk1/2 (1:1000; cat# 9102; Cell Signaling Technology, Danvers, MA, USA), AKT (1:1000; cat# 9272; Cell Signaling Technology, Danvers, MA, USA), and GAPDH (1:2000; cat# 9664; Cell Signaling Technology, Danvers, MA, USA). For semi-quantification, the integrated optical density (IOD) of the blot bands was measured using the ImageJ software (v1.1.53t). The relative expression of a protein of interest was calculated by comparing the IOD ratio of the target protein to the reference protein GAPDH. The data were presented as a percentage of the control.




2.4. Angiogenesis Array


To evaluate the potential angiogenic factors released from oxGBMs, an array was carried out using a human angiogenesis array kit (cat# ARY007; R&D Systems, Wiesbaden, Germany) according to the manufacturer’s protocol. Membranes were respectively incubated with media collected from ev- and oxU373 cells after 72 h of culture. Chemiluminescent detection with multiple exposure times was performed using ImageQuant LAS 500 (GE Healthcare, Freiburg, Germany). The semi-quantification of the dots was performed using the ImageJ software (v1.1.53t). The data were presented as the mean of duplicated dots.




2.5. Endothelial Cell Culture


Two EC lines, human umbilical vein endothelial cells (HUVECs) and human brain microvascular endothelial cells (HBMECs), were purchased from PromoCell and Provitro, respectively. The ECs were cultured in endothelial cell growth medium with supplements (ECGM; cat# C-22010; PromoCell, Heidelberg, Germany).




2.6. Indirect and Direct Co-Culture of Transduced GBM Cells with Endothelial Cells and Treatment


For indirect co-culture, we first collected the media derived from the culture of transduced GBM cells. ev- or oxGBM cells (1 × 106) were seeded in a dish (diameter 100 mm) and cultured in blasticidin-free DMEM growth medium for 3 d. The medium was collected, centrifuged at 2000× g for 10 min at 4 °C to remove cell debris, and stored at −80 °C until use. The indirect co-culture was performed by the incubation of HBMECs or HUVECs with conditioned medium (CM) containing the cell culture supernatant of transduced GBM cells (ev- and oxGBMs) and ECGM in a ratio of 1:1. Therefore, evCM and oxCM refer to the CM containing a mixture of 50% ECGM and 50% medium collected from ev- and oxGBMs, respectively.



For direct co-culture, HBMECs were pre-labeled with CellTrace™ CFSE (5 µM) (cat# C34554; Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s protocol. Labeled HBMECs were then directly co-cultured with evGBMs or oxGBMs in a ratio as indicated in individual experiments in ECGM.



To determine the effects of GBM-derived PAI-1 and IL-8 on EC behavior, the following inhibitors were used: Tiplaxtinin (cat# HY-15253; MedChemExpress, Monmouth Junction, NJ, USA), a small-molecule inhibitor of PAI-1, and reparixin (cat# HY-15251; Med-ChemExpress), an allosteric inhibitor of the IL-8 receptors CXCR1 and CXCR2. Both inhibitors were dissolved in dimethyl sulfoxide (DMSO; cat# D8418; Sigma, Munich, Germany) at a 10 mM stock concentration and stored at −80 °C. In indirect co-culture, tiplax-tinin (30 µM) was added to the CM directly, and reparixin (1 µM) was pretreated with ECs for 30 min in advance and added to the CM as well. In direct co-culture, tiplaxtinin (30 µM) was pretreated with GBM cells for 6 h. Reparixin (1 µM) was pretreated with ECs 30 min before direct co-culture and added to ECGM as well in direct co-culture. Control cells received the treatment of vehicle DMSO.




2.7. Proliferation Assay


For indirect co-culture, EC proliferation was detected by MTT assay (cat# M6494; Invitrogen, Darmstadt, Germany) as previously described [22]. Briefly, HBMECs and HU-VECs (4000 cells/well in a 96-well plate) were incubated in evCM/oxCM without or with inhibitors or vehicle DMSO. MTT assay was performed 48 h after incubation.



For direct co-culture, CFSE-labeled HBMECs were directly co-cultured with ev- and oxGBMs (in a ratio of 1:1) in a 96-well black plate (#781668; BRAND, Wertheim, Germany) in ECGM. HBMEC proliferation was measured by detecting the fluorescence intensity of CFSE-labeled HBMEC in a plate reader (Infinite 200 Pro, Tecan, Männedorf, Switzerland) at 485 nm of excitation wavelength and 535 nm of emission wavelength. To eliminate the influence on absorbance due to the declining fluorescence intensity of CFSE labeling during the incubation, a standard curve for a linear relationship between cell number and fluorescence intensity was established. EC proliferation was quantitatively analyzed based on the standard curve.




2.8. Migration Assay


Scratch assay was performed to access cell migration as described before [23]. For indirect co-culture, HBMECs or HUVECs (5 × 105/well) were cultured in CM with or without inhibitors. The images were acquired in six random fields of scratch per well at 0 h and 24 h after scratching. The wound healing area was calculated as the percentage of scratched area at 0 h using the ImageJ software (v1.1.53t).



For direct co-culture, cell migration was determined at 12 h after scratch of directly co-cultured GBM cells and HBMECs. The images were acquired randomly in six scratch fields per well under fluorescence microscopy (5× objective). The migrated EC with CFSE and Hoechst 33342 (cat# B2261; Sigma, Munich, Germany) was manually counted using the ImageJ software (v1.1.53t).




2.9. Invasion Assay


EC invasion was studied in indirect co-culture using a transwell assay as described before [23] with modifications. HBMECs and HUVECs were suspended in 200 µL of endothelial cell basal medium (ECBM) and seeded into the insert (5 × 104 cells/insert in a 24-well plate) precoated with Matrigel (1 mg/mL) (cat# 356234; Corning, NY, USA). The lower chamber contained CM (700 µL/well) with or without inhibitors. After 24 h of incubation, non-invaded ECs on the up membrane of the insert were gently removed with a cotton swab. The invaded cells underneath the membrane were fixed with 4% paraformaldehyde and stained with 0.5% crystal violet. The number of invaded cells was counted on the images acquired with a 20× objective in five random fields per well.




2.10. Tube Formation Assay


Tube formation assay was carried out according to a previously published protocol [24], with modifications in indirect co-culture. Briefly, HBMECs and HUVECs were suspended in CM with or without inhibitors at a density of 2.5 × 105 cells/mL. The cell suspension (100 µL/well in a 96-well plate) was added to the well-precoated Matrigel (50 µL), followed by incubation for 12 h and 6 h, respectively, for HUVECs and HBMECs at 37 °C. The branching points of tube-like structures were analyzed in five fields per group (5× objective) by the ImageJ software (v1.1.53t).




2.11. Sprouting Assay


Endothelial sprouting assay was performed in both indirect co-culture and direct co-culture using an established protocol [24] with modifications. For indirect co-culture, ECs were mixed with Cytodex 3 beads (400 cells per bead) and incubated overnight at 37 °C. After washing, the beads were resuspended in ECGM supplemented with 20% Matrigel. The mixture was quickly added to a 96-well plate and placed in the incubator for 30 min to form a gel. Thereafter, CM (100 µL/well) containing inhibitors or DMSO (0.3%) was added to the top of the gel. Sprouting was monitored and recorded at 24 h after incubation with a 10× objective. The length of 20 bead sprouts per group was measured using the ImageJ software (v1.1.53t).



For direct co-culture, CFSE-labeled HBMECs were mixed with ev- and oxGBMs in a ratio of 2:1. The mixed cells (totaling 2.4 × 103) were suspended in 25 µL of ECGM containing 20% methocel solution, seeded into a U-shaped 96-well plate, and incubated overnight.



The formed spheroid was embedded individually in 50 µL of ECGM with 20% Matrigel and incubated at 37 °C for at least 30 min for gel formation. Next, ECGM (50 µL/well) was applied to the gel. EC sprouting was measured 24 h after embedding. The images of six spheroids per group were acquired using fluorescence microscopy with a 5× objective.



The length of CFSE-positive EC sprouts was measured using the ImageJ software (v1.1.53t).




2.12. Angiogenesis Assay on Chicken Chorioallantoic Membrane (CAM)


The angiogenesis assay model on chicken CAM was conducted as described by Palmer and Busch [25,26] with modifications. Briefly, fertilized chicken eggs were incubated in a humidified rotary incubator at 38 °C and 50% humidity for 10 d. At embryonic day 10 (ED10), the eggs were candled by shining light into the eggshell at the blunt end of the egg. The chorioallantoic vein was positioned, and a square was marked with a pencil approximately 1 cm away from the vein branching point. A hole was drilled through the blunt end of the egg into the air sac, and a window within the drawn square was opened to drop down the CAM. Through the window, 400 µL of culture medium of ev- or oxU373 cells supplemented with or without tiplaxtinin (30 µM) or reparixin (1 µM) was dropped onto the CAM. Vehicle DMSO (0.3%) was used as a control (n ≥ 10 per group). Afterward, the window was sealed, followed by incubation for 72 h. At ED13, the vasculature status of the CAM was analyzed under a stereomicroscope (Nikon SMZ 1000). The branching point of blood vessels was quantified using the ImageJ software (v1.1.53t). For histology analysis, the CM-treated CAMs were harvested and fixed in 4% paraformaldehyde, followed by paraffin embedding. The section was cut in 4 µm-thick and subjected to hematoxylin–eosin (H&E) staining. The microvessels (diameter > 10 µm) were quantified in 10 fields per CAM on microscope images (20× objective).




2.13. Immunohistochemistry (IHC) and Immunofluorescence (IF) Staining


IHC and double IF staining were described previously [21]. The following antibody mixtures were applied in double staining: Rabbit anti-ALDH1A3 (1:250; cat# NBP2-15339; Novus Biologicals, Wiesbaden, Germany); mouse anti-PAI-1 (1:200; cat# NBP2-37532; Novus Biologicals); mouse anti-IL-8 (1:50; cat# MAB208; R&D, Wiesbaden, Germany). Negative staining slides were incubated with nonimmune rabbit/mouse IgG in equal concentrations to the primary antibody. Counterstaining was performed with DAPI (Thermo Scientific, Schwerte, Germany). The images were acquired using an AxioImager M.2 microscope (Carl Zeiss AG, Oberkochen, Germany).




2.14. Database Analysis


The Pearson correlation of ALDH1A3, PAI-1, and IL-8 and with clinical prognosis presented as Kaplan–Meier curves were analyzed using the LeeY (GSE13041) dataset by Gliovis analysis (http://gliovis.bioinfo.cnio.es/, accessed on 27 August 2023) [27]. All data were accessed on 8 May 2023.




2.15. Statistics


Statistical analysis was performed using IBM SPSS Statistics 27 and GraphPad Prism 9. The data were presented as the mean and standard deviation (mean ± SD). Differences between two and multiple groups were analyzed by Student’s t-test and by one-way ANOVA followed by Tukey’s multiple comparisons test, respectively. A p-value less than 0.05 was considered statistically significant. Detailed statistical values of data using Prism 9 presented in each figure are reported in Supplementary Materials (Tables S1–S7).





3. Results


3.1. Overexpression of ALDH1A3 in GBM Cells Increased the Expression and Release of Pro-Angiogenic Factors


To confirm the overexpression of ALDH1A3 in transduced GBM cells, the mRNA and protein levels of ALDH1A3 were detected by RT2-PCR and Western blot, respectively. The expression of ALDH1A3 mRNA in oxU373 and oxLN229 was dramatically upregulated compared to the corresponding ev groups (Figure 1A). The overexpression of ALDH1A3 was confirmed at the protein level in oxGBMs, whereas ALDH1A3 protein expression was almost not detectable in both evU373 and evLN229 as well as in corresponding wild-type (wt) U373 and LN229 cells (Figure 1B).



To explore the potential mechanism underlying the pro-angiogenic effects induced by oxALDH1A3 in GBM cells, we performed an angiogenesis array of 55 angiogenic proteins. Figure 1C shows the image of the dots array. Semi-quantification of the blots revealed 10 of 55 upregulated proteins (≥2-fold) in the ox group compared to ev (marked in Figure 1C and Figure S1A). The upregulated proteins include (1) Ang-1, (2) artemin, (3) coagulation factor III (TF), (4) endothelin-1 (ET-1), (5) granulocyte-macrophage colony-stimulating factor (GM-CSF), (6) IL-8, (7) platelet-derived growth factor AA (PDGF-AA), (8) PAI-1, (9) pigment epithelium-derived factor (PEDF), and (10) urokinase-type plasminogen activator (uPA). These data demonstrated that overexpression of ALDH1A3 in GBM cells resulted in an elevated level of multiple angiogenic factors in the culture media. We noted that the expression of PAI-1 and IL-8 exhibited the highest abundance (Figure S1B) and a 4.3-fold and 18.6-fold upregulation of PAI-1 and IL-8, respectively, in the ox group (Figure 1D, p < 0.001 for both PAI-1 and IL-8). The database study using a publicly available microarray dataset (GSE13041) [28] supported a significant correlation of the transcriptional level of PAI-1 (encoded by the gene serpin family E member 1, SERPINE1) and IL-8 (encoded by the gene C-X-C motif chemokine ligand 8, CXCL8) with that of ALDH1A3 (Figure S2A). The higher expression of PAI-1 and IL-8 in GBM patients also predicted poor prognosis (HR = 0.75, 0.61, and 0.84 and p = 0.1831, 0.0246, and 0.4235, respectively, for ALDH1A3, PAI-1, and IL-8) (Figure S2B–D). We also explored the correlation between ALDH1A3 and other upregulated factors found in the angiogenesis array and the survival correlation in the same dataset (Figure S3). Among them, only PEDF showed a significant correlation with ALDH1A3 but without a significant difference in the survival curve with the optimal cutoff for high vs. low expression. Next, we checked the association of cellular expression of ALDH1A3 with PAI-1 or with IL-8 in cultured GBM cells. Immunofluorescence staining revealed co-expression (merged images) of ALDH1A3 (red) with PAI-1 (green) or with IL-8 (green) in oxU373 and oxLN229 cells, whereas no immunoreactivity of ALDH1A3 and PAI-1 and IL-8 was detected in evU373 and evLN229 cells (Figure 1E), which confirmed the findings shown by Western blot (Figure 1B). To confirm and verify the specificity of the upregulation of PAI-I and IL-8 resulting from oxALDH1A3, the expression of PAI-I and IL-8 was detected in the presence of the specific inhibitors. Both mRNA (Figure 1F) and protein (Figure 1G) levels of PAI-I were significantly upregulated in oxU373 cells compared with evU373 cells (p < 0.001 for both mRNA and protein), which was concomitantly accompanied by an increase in protein expression of p-Erk1/2 but not p-Akt. Treatment of oxU373 with a specific PAI-1 inhibitor, tiplaxtinin, significantly reduced the expression of PAI-1 at both mRNA (Figure 1F) and protein levels, as well as the protein level of p-Erk1/2 (Figure 1G).



The expression of total AKT and Erk1/2 did not differ among the tested groups. Moreover, IL-8 was also significantly upregulated in oxU373 cells, which was not affected by the treatment with reparixin (Figure 1F). Given that reparixin is an allosteric inhibitor of IL-8 receptors CXCR1/2, this is not surprising and indeed suggests that IL-8 derived from ox-GBMs may act in a paracrine manner, but not autocrine, on neighboring cells that express enriched IL-8 receptors.




3.2. Indirect Co-Culture Stimulated Endothelial Angiogenesis Involving Paracrine PAI-1 and IL-8


The indirect co-culture was carried out by culturing ECs in CM derived from evGBMs or oxGBMs. The key angiogenesis phenotypes of ECs, including proliferation, migration, invasion, tube formation, and sprouting, were evaluated. Proliferation assay revealed a 220% (p < 0.001) and 329% (p < 0.001) increase in the proliferation of HBMECs, respectively, after incubation with CM derived from oxU373 and oxLN229 (oxCM) compared with the corresponding evCM groups (Figure 2A, left panel). A significantly increased proliferation was also observed in HUVECs (Figure 2A, right panel). Moreover, a 6.0-fold (p < 0.001) and 1.4-fold (p < 0.05) increase in migration were detected in HBMECs cultured with oxCM derived from oxU373 and oxLN229, respectively (Figure 2B). Invasion assay revealed 6.2-fold (p < 0.001) and 3.1-fold (p < 0.001) more invaded HMBEC in oxCM from respective oxU373 and oxLN229 (Figure 2C). Incubation of HBMECs with oxCM also largely promoted tube formation, as evidenced by a nearly 300% increase in tube branching points (p < 0.001) (Figure 2D) as well as sprouting (Figure 3E). These indirect co-culture data suggested that overexpression of ALDH1A3 induced a pro-angiogenesis effect in ECs via the secreted soluble factors.



To evaluate whether PAI-1 and IL-8 are involved in this effect as key angiogenic factors, the specific PAI-1 inhibitor tiplaxtinin and the IL-8 receptor CXCR1/2 inhibitor reparixin were added to oxCM. We found that tiplaxtinin and reparixin commonly or differently affected different endothelial behaviors. Tiplaxtinin (Figure 2A) but not reparixin reversed the proliferation effect of oxCM, whereas reparixin but not tiplaxtinin suppressed the increase in invasion in oxCM-incubated HBMECs (Figure 2C). Interestingly, both inhibitors partially reversed the migration effect (Figure 2B), but completely abolished tube formation (Figure 2D) and sprouting (Figure 2E) mediated by oxCM. The pro-angiogenic effect of oxCM and the rescue effect of inhibitors were similarly observed in the indirect co-culture of HUVECs with oxCM (Figure S4). Interestingly, the combinational treatment of both inhibitors was more effective in suppressing the proliferation and migration of HUVEC cultured in oxCM (Figure S5). Additionally, we also assessed the impact of these inhibitors on the evCM-treated group and observed no discernible effects on EC behaviors (Figure S6). These findings indicate PAI-1 and IL-8 as key angiogenic factors involved in the pro-angiogenesis mediated by oxGBMs.




3.3. Direct Co-Culture of oxGBMs with ECs Produced Pro-Angiogenic Effect on HBMEC, Which Was Reversed by the Treatment of PAI-1 and IL-8 Receptors Inhibitors


Next, we studied the EC angiogenic phenotype in direct co-culture, which allows direct interaction of GBM cells with ECs, mimicking an in vivo tumor environment. To distinguish HBMECs from co-cultured GBM cells, CFSE, a long-retaining green fluorescence tracker for living cells, was used to label HBMECs prior to direct co-culture. Figure 3A shows CFSE-labeled HBMECs (green) directly co-cultured with transduced U373 or with LN229 cells in a ratio of 1:1. The angiogenic phenotype of HBMEC, including proliferation, migration, and sprouting, was investigated under this established direct co-culture condition. As presented in Figure 3B, HBMECs grew more rapidly when directly co-cultured with oxU373 and oxLN229 cells than with corresponding evGBMs (151.5% and 130.6%, respectively, for U373 and LN229; p < 0.001). Of note, this proliferative effect was completely reversed by the treatment with tiplaxtinin and reparixin (p < 0.001). The images acquired 12 h after scratching revealed more migrated HBMECs (green) when directly co-cultured with oxU373 and oxLN229 (Figure 3C). A remarkable increase in HBMEC sprouting appeared after 24 h of direct co-culture with oxU373 and oxLN229 (Figure 3D). Quantitative analysis of the migration images demonstrated a 6-fold (p < 0.001) and 4-fold (p < 0.001) increase in migrated HBMECs when co-cultured with oxU373 and oxLN229, respectively, which was entirely suppressed by the treatment of both inhibitors (Figure 3E). Analysis of the length of EC sprouts indicated 2.5-fold (p < 0.001) and 1.5-fold (p < 0.001) longer sprouts in HBMECs co-cultured with oxU373 or with oxLN229, respectively, and this effect was restored to the basal level in the corresponding evGBM groups in the presence of the respective inhibitors tiplaxtinin and reparixin (Figure 3F). These findings are consistence with that observed in indirect co-culture, indicating a potent pro-angiogenic role of ALDH1A3 via PAI-1 and IL-8.




3.4. oxGBMs-Derived Culture Media Stimulated Endothelial Angiogenesis In Vivo, Which Was Suppressed by Treatment with Inhibitors of PAI-1 and IL-8 Receptors


To validate our in vitro findings, we employed an in vivo angiogenesis model in chicken CAM. Figure 4A shows representative images of the vasculature on CAM 3 d after treatment with media derived from transduced U373 cells. Along with the stem (big) vessel (arrow), a denser and higher-branched microvessel network (arrowheads) was visualized in the ox group compared to that in the ev group. This hyper-angiogenic phenotype was attenuated in the presence of the inhibitors tiplaxtinin or reparixin. Further histological studies were performed on CAM sections. H&E staining revealed the histological and vascular features of the CAM (Figure 4B). We observed a higher microvessel density in the ox group than that in the ev group, which was reduced in the presence of individual inhibitors in the treatment media. Interestingly, a much thicker mesenchymal (MES) layer was observed on the section from ox media-incubated CAM. This may be a result of the proliferation of mesenchymal cells and microvessels. Figure 4C and Figure 4D, respectively, show the quantitative analysis of the branching points (based on CAM images in Figure 4A) and the number of microvessels (based on histological sections in Figure 4B). 150% of the increase in vessel branching point (Figure 4C, p < 0.001) and 189% of the higher microvessel density (Figure 4D, p < 0.001) were found in the ox group compared with the corresponding ev group. This increase in both parameters of angiogenesis was completely diminished by the treatment of the individual inhibitors of PAI-1 and IL-8 receptors (both p < 0.001), whereas the basal level of vascular branching point and number of microvessels in the corresponding ev group was not affected by inhibitors (Figure 4C,D). These in vivo findings strongly supported the data from our in vitro study.




3.5. Co-Expression of ALDH1A3 with PAI-1 or with IL-8 in Tumor Vessels and Tumor Cells of GBM


Immunohistochemistry staining on GBM sections confirmed the expression of ALDH1A3 in the endothelial cells (arrows, Figure 5A) and in the peripheral cells of proliferating glomeruloid (arrowheads in Figure 5B), as well as in some tumor cells (asterisks in Figure 5A). This cellular expression pattern of ALDH1A3 is in agreement with our previous findings [21]. Double immunofluorescence staining demonstrated a co-localization of the immunoreactivity of ALDH1A3 (red) with PAI-1 (green) (Figure 5C,D) or with IL-8 (green) (Figure 5E,F) in vessels (arrows), the peripheral cells of glomeruloid bodies (arrowheads), and in tumor cells (asterisks).





4. Discussion


ALDH1A3 is a well-known cancer stem cell marker in various cancers [16]. In GBM, ALDH1A3 is a key driver in the transition of proneural to mesenchymal GBM, and the latter is the most aggressive subtype of GBM [17]. Thus, ALDH1A3 is also used as a prognostic marker for GBM [18,29]. We have recently reported a significant upregulation of ALDH1A3 in a subset of GBM patients, which was associated with a poor prognosis. Of note, ALDH1A3 was dominantly detected in the endothelial cells of tumor vessels and in glomeruloid, a proliferative vasculature typically seen in GBM, in the infiltration zone where an active neo-angiogenesis appeared [21]. However, so far, little is known about the functional role of ALDH1A3 in tumor angiogenesis beyond its role as a stem cell marker. We hypothesized that ALDH1A3 may play a crucial role in neo-angiogenesis in GBM. In the present study, we provided evidence, for the first time to our knowledge, for the potent pro-angiogenesis function of ALDH1A3 by using both indirect co-culture and direct co-culture of ALDH1A3-overexpressing GBM cells with ECs in vitro and by applying an angiogenesis model in vivo. Moreover, we investigated the underlying mechanism involved in the pro-angiogenesis effect of ALDH1A3. Overexpression of ALDH1A3 in GBM cells resulted in a significant upregulation of PAI-1 and IL-8 mRNA and protein expression in oxGBMs and a consequential increase in the release of PAI-1 and IL-8 that in turn acted on ECs in a paracrine manner, thereby stimulating neo-angiogenesis. Blockage of PAI-1 and IL-8 receptors CXCR1/2 by specific and respective inhibitors rescued the activated angiogenesis phenotype both in vitro and in vivo. Our findings defined ALDH1A3 as a novel angiogenesis promoter, which may highlight this molecule as a potential target for anti-angiogenesis strategies in GBM therapy in the future.



It is well known that the interaction of tumor cells (TCs) with neighboring cells has a significant impact on tumor progression. This interaction occurs in cell–cell direct contact and/or in a paracrine manner. The present study used indirect and direct co-culture of oxGBMs with ECs, which mimicked the tumor microenvironment for the interaction between TCs and ECs. The indirect co-culture model simulated the TC–EC interaction in a paracrine manner, whereas direct co-culture allowed TC–EC contact directly and simultaneously. Under both co-cultured conditions, we observed a significantly activated angiogenesis phenotype, including increased EC proliferation, migration, invasion, tube formation, and sprouting, in ECs treated with oxCM or directly co-cultured with oxGBMs. The oxGBM-mediated angiogenesis was confirmed in an angiogenesis model, as evidenced by denser and more highly branched microvessels in ox media-treated CAM. These data are supportive of the notion that TCs can trigger ECs to stimulate EC angiogenesis [30,31,32] and also indicate that ALDH1A3 is not only a stem cell marker but also a novel angiogenesis promoter in GBM.



Hyper-angiogenesis is a typical feature of GBM, which is driven by aberrant expression of angiogenic factors in the tumor microenvironment. In MES-GBM cells, the levels of VEGF, Ang-1, and Ang-2 were significantly elevated compared with PN-GBM cells, which was associated with a high expression of ALDH1A3 [33]. In the present study, we detected an upregulation of multiple angiogenic factors by an angiogenesis array in the media derived from oxGBMs culture. Many of them (e.g., Ang-1, ET-1, GM-CSF, PDGF-AA, IL-8, PAI-1, and uPA) are well-known factors implicated in tumor angiogenesis. Considering the expression abundance and the upregulation extent shown in the array, we paid particular attention to PAI-1 and IL-8. PAI-1 is a serine protease inhibitor and has been shown to stimulate angiogenesis by promoting migration, survival, and proliferation of ECs via inhibiting plasminogen activation and protecting ECs from FasL-dependent extrinsic apoptosis [34]. Overexpression of PAI-1 is associated with poor prognosis in various cancer types, including GBM [35,36]. IL-8, also known as CXCL8, is a pro-inflammatory chemokine in the CXC family. Previous studies have demonstrated its role in promoting angiogenesis and invasion in GBM [37,38,39,40,41]. Moreover, the level of IL-8 in the serum is correlated with tumor progression [42,43]. Our database study also provided supportive evidence for the association of ALDH1A3 and PAI-1/IL-8 and their pivotal role in the prognosis of GBM (Figure S2). In line with these published data and our own findings, we assumed that PAI-1 and IL-8 are the downstream molecules targeted by ALDH1A3, and both are important intermediates of pro-angiogenesis function mediated by oxALDH1A3. RT2-PCR, and Western blot further confirmed the increase in mRNA and protein expression of PAI-1 and IL-8 in oxGBMs. Intriguingly, the upregulation of PAI-1 in oxU373 cells was significantly reversed by the treatment of a specific PAI-1 inhibitor, tiplaxtinin, at both mRNA and protein levels. The data suggest that mRNA/protein expression of PAI-1 might be autonomously regulated, which is interfered with by tiplaxtinin. Tiplaxtinin has been considered a functional inhibitor of PAI-1. The inhibitory effect of tiplaxtinin is thought to be mediated by its specific binding to the active conformation of PAI-1 at the vitronectin binding site (in the central β-sheet A cleft), thereby reversibly inactivating PAI-1 [44,45]. Most studies reported the functional inhibitory effect of tiplaxtinin on secreted PAI-1. However, it is noteworthy that tiplaxtinin may target not only secreted PAI-1 but also intracellular PAI-1. It is speculated that tiplaxtinin itself may regulate the expression of PAI-1. It is certainly of interest in the future to further explore the role of tiplaxtinin in regulating intracellular PAI-1 in oxGBM. Of note, treatment with the IL-8 receptor inhibitor reparixin did not affect the expression of IL-8 mRNA in oxU373 (Figure 1F). This is not surprising but rather suggests that IL-8 expression is regulated by an IL-8 autocrine-independent mechanism because reparixin is a selective inhibitor that blocks the IL-8 receptors. It is known that enriched IL-8 receptor-expressing cells include ECs but not GBM cells [46,47,48]. Thus, reparixin could markedly suppress oxALDH1A3-mediated angiogenesis in ECs without affecting the cell-autonomous expression of IL-8 in oxGBMs. These data demonstrated that PAI-1 and IL-8 were truly downstream targets of ALDH1A3.



Next, we investigated the role of PAI-1 and IL-8 in oxGBM-driven EC angiogenesis after the treatment of specific inhibitors. In indirect co-culture, increased EC migration, invasion, tube formation, and sporting resulting from oxCM treatment were partially but significantly reversed by both inhibitors, whereas the EC proliferative effect of oxCM was attenuated only by tiplaxtinin but not by reparixin, suggesting a common but also different role of PAI-1 and IL-8 on oxALDH1A3-driven EC behaviors (Figure 2). Interestingly, combinational treatment of both inhibitors entirely inhibited the proliferation and migration effects to their basal levels, as shown in evCM, indicating a synergistic inhibitory effect derived from the combinational treatment (Figure S5). In direct co-culture, oxGBM-mediated increases in EC proliferation, migration, and sprouting were completely abolished in the presence of both inhibitors in direct co-culture (Figure 3). Thus, the blockage effect of inhibitors on angiogenesis seems to be more obviously observed in the direct co-culture model than in the indirect co-culture model. It is assumed that the inhibitors may exhibit a more powerful inhibitory effect by interfering with both autocrine and paracrine effects of PAI-1 and IL-8 in direct co-culture, whereas only paracrine angiogenic factors could be affected by the inhibitors in indirect co-culture. Despite the firmly observed inhibitory effects of specific inhibitors on angiogenesis resulting from oxALDH1A3, we could not rule out the possibility of off-target effects of the inhibitors. Application of gene editing approaches (e.g., siRNA, shRNA, or CRISPRi) may provide further evidence and avoid any potential off-target effects of small molecules. However, the gene-editing approach may not be favored for silencing PAI-1 in the present study due to its dual functions in angiogenesis.



It is known that PAI-1 plays a pro-angiogenic role through binding to uPA [49], whereas binding of PAI-1 to vitronectin shows an anti-angiogenic function [50]. Globally silencing PAI-1 may affect the binding of PAI-1 to both uPA and vitronectin. Of note, tiplaxtinin specifically blocks the binding of PAI-1 to uPA without affecting the binding of PAI-1 to vitronectin [44], suggesting that tiplaxtinin is a feasible small molecule to specifically inhibit PAI-1-induced angiogenesis.



Taken together, overexpression of ALDH1A3 in GBM cells led to pro-angiogenesis in ECs via upregulation of PAI-1, IL-8, and other factors and a consequential release of these factors into extracellular space. The released angiogenic factors PAI-1 and IL-8 in turn acted on ECs leading to the activation of angiogenesis, which is blocked by the treatment of the specific inhibitors tiplaxtinin and reparixin. We believe that PAI-1 and IL-8, as the most important intermediates, together with other upregulated angiogenesis factors, synergistically contributed to the pro-angiogenesis effect derived by oxALDH1A3 in GBM (Figure 6).




5. Conclusions


The present study defined ALDH1A3 as a novel and potent angiogenesis promotor in GBM cells, which provided direct evidence supporting our previous findings in the GBM patient cohort study. The underlying mechanism of the pro-angiogenic effect derived from ALDH1A3-overexpressing GBM cells involves the paracrine PAI-1 and IL-8. Our findings highlight ALDH1A3-PAI-1/IL-8 as a novel targeting signaling for future anti-angiogenesis therapy in GBM.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/cancers15174422/s1, Table S1: ANOVA analysis table of mRNA and protein expression data presented in Figure 1; Table S2: ANOVA analysis table of indirect co-culture study data presented in Figure 2; Table S3: ANOVA analysis table of direct co-culture study data presented in Figure 3; Table S4: ANOVA analysis table of in vivo study data presented in Figure 4; Table S5: ANOVA analysis table of HUVEC data presented in Figure S4; Table S6: ANOVA analysis table of synergistic effects data presented in Figure S5; Table S7: ANOVA analysis table of effect of tiplaxtinin and reparixin on EC cultured in evCM data presented in Figure S6; Figure S1: Semi-quantification of the blots of angiogenesis array; Figure S2: The expression of ALDH1A3, PAI-1, and IL-8 is associated with poor prognosis in GBM; Figure S3: The expression and survival correlations of ALDH1A3 and angiogenesis factors in GBM; Figure S4: Indirect co-culture study of oxGBMs with HUVECs; Figure S5: Synergistic effects of tiplaxtinin and reparixin on proliferation and migration of HU-VECs in indirect co-culture model; Figure S6: Effect of tiplaxtinin and reparixin on EC cultured in evCM; Figure S7: Original immunoblots for Figure 1B; Figure S8: Original immunoblots for Figure 1G.





Author Contributions


Conceptualization, Y.Z. and U.S.; methodology, Z.C., R.W. and M.A.B.; software, Z.C.; validation, Z.C.; formal analysis, Z.C.; investigation, Z.C., M.A.B. and Y.Z.; resources, R.W., M.A.B. and N.D.; data curation, Z.C.; writing—original draft preparation, Z.C.; writing—review and editing, Y.Z.; visualization, Z.C., S.N.K. and P.D.; supervision, Y.Z. and U.S.; project administration, Y.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


This study was strictly performed in accordance with the Declaration of Helsinki and approved by the local ethics committee of the University Hospital Essen [21].




Informed Consent Statement


Informed written consent was obtained from all the patients before the sample collection.




Data Availability Statement


The data presented in this study are available in this article (and Supplementary Material).




Acknowledgments


We would like to thank Michaela Hiber, Katja Bauer, and Dario Van Meenen for their technical assistance. Figure 6 was created with BioRender.com.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Tan, A.C.; Ashley, D.M.; López, G.Y.; Malinzak, M.; Friedman, H.S.; Khasraw, M. Management of glioblastoma: State of the art and future directions. CA Cancer J. Clin. 2020, 70, 299–312. [Google Scholar] [CrossRef]

	



Hanahan, D.; Weinberg, R.A. The Hallmarks of Cancer. Cell 2000, 100, 57–70. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X. Growth factors in tumor microenvironment. Front. Biosci. 2010, 15, 151. [Google Scholar] [CrossRef]

	



Dunn, I.F.; Heese, O.; Black, P.M. Growth Factors in Glioma Angiogenesis: FGFs, PDGF, EGF, and TGFs. J. Neuro-Oncol. 2000, 50, 121–137. [Google Scholar] [CrossRef] [PubMed]

	



Kugler, E.C.; Greenwood, J.; MacDonald, R.B. The “Neuro-Glial-Vascular” Unit: The Role of Glia in Neurovascular Unit Formation and Dysfunction. Front. Cell Dev. Biol. 2021, 9, 732820. [Google Scholar] [CrossRef]

	



Batchelor, T.T.; Reardon, D.A.; De Groot, J.F.; Wick, W.; Weller, M. Antiangiogenic Therapy for Glioblastoma: Current Status and Future Prospects. Clin. Cancer Res. 2014, 20, 5612–5619. [Google Scholar] [CrossRef]

	



Wang, N.; Jain, R.K.; Batchelor, T.T. New Directions in Anti-Angiogenic Therapy for Glioblastoma. Neurotherapeutics 2017, 14, 321–332. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Y.; Adjei, A.A. Targeting Angiogenesis in Cancer Therapy: Moving Beyond Vascular Endothelial Growth Factor. Oncologist 2015, 20, 660–673. [Google Scholar] [CrossRef]

	



Rajabi, M.; Mousa, S. The Role of Angiogenesis in Cancer Treatment. Biomedicines 2017, 5, 34. [Google Scholar] [CrossRef]

	



Mosteiro, A.; Pedrosa, L.; Ferrés, A.; Diao, D.; Sierra, À.; González, J.J. The Vascular Microenvironment in Glioblastoma: A Comprehensive Review. Biomedicines 2022, 10, 1285. [Google Scholar] [CrossRef]

	



Singh, S.; Brocker, C.; Koppaka, V.; Chen, Y.; Jackson, B.C.; Matsumoto, A.; Thompson, D.C.; Vasiliou, V. Aldehyde dehydrogenases in cellular responses to oxidative/electrophilicstress. Free Radic. Biol. Med. 2013, 56, 89–101. [Google Scholar] [CrossRef] [PubMed]

	



Luo, Y.; Dallaglio, K.; Chen, Y.; Robinson, W.A.; Robinson, S.E.; McCarter, M.D.; Wang, J.; Gonzalez, R.; Thompson, D.C.; Norris, D.A.; et al. ALDH1A Isozymes are Markers of Human Melanoma Stem Cells and Potential Therapeutic Targets. Stem Cells 2012, 30, 2100–2113. [Google Scholar] [CrossRef]

	



Wu, W.; Schecker, J.; Würstle, S.; Schneider, F.; Schönfelder, M.; Schlegel, J. Aldehyde dehydrogenase 1A3 (ALDH1A3) is regulated by autophagy in human glioblastoma cells. Cancer Lett. 2018, 417, 112–123. [Google Scholar] [CrossRef] [PubMed]

	



Wu, W.; Wu, Y.; Mayer, K.; von Rosenstiel, C.; Schecker, J.; Baur, S.; Würstle, S.; Liesche-Starnecker, F.; Gempt, J.; Schlegel, J. Lipid Peroxidation Plays an Important Role in Chemotherapeutic Effects of Temozolomide and the Development of Therapy Resistance in Human Glioblastoma. Transl. Oncol. 2020, 13, 100748. [Google Scholar] [CrossRef] [PubMed]

	



Resetkova, E.; Reis-Filho, J.S.; Jain, R.K.; Mehta, R.; Thorat, M.A.; Nakshatri, H.; Badve, S. Prognostic impact of ALDH1 in breast cancer: A story of stem cells and tumor microenvironment. Breast Cancer Res. Treat. 2010, 123, 97–108. [Google Scholar] [CrossRef]

	



McLean, M.E.; Maclean, M.R.; Cahill, H.F.; Arun, R.P.; Walker, O.L.; Wasson, M.-C.D.; Fernando, W.; Venkatesh, J.; Marcato, P. The Expanding Role of Cancer Stem Cell Marker ALDH1A3 in Cancer and Beyond. Cancers 2023, 15, 492. [Google Scholar] [CrossRef]

	



Li, G.; Li, Y.; Liu, X.; Wang, Z.; Zhang, C.; Wu, F.; Jiang, H.; Zhang, W.; Bao, Z.; Wang, Y.; et al. ALDH1A3 induces mesenchymal differentiation and serves as a predictor for survival in glioblastoma. Cell Death Dis. 2018, 9, 1190. [Google Scholar] [CrossRef]

	



Mao, P.; Joshi, K.; Li, J.; Kim, S.-H.; Li, P.; Santana-Santos, L.; Luthra, S.; Chandran, U.R.; Benos, P.V.; Smith, L.; et al. Mesenchymal glioma stem cells are maintained by activated glycolytic metabolism involving aldehyde dehydrogenase 1A3. Proc. Natl. Acad. Sci. USA 2013, 110, 8644–8649. [Google Scholar] [CrossRef]

	



Ciccone, V.; Terzuoli, E.; Donnini, S.; Giachetti, A.; Morbidelli, L.; Ziche, M. Stemness marker ALDH1A1 promotes tumor angiogenesis via retinoic acid/HIF-1α/VEGF signalling in MCF-7 breast cancer cells. J. Exp. Clin. Cancer Res. 2018, 37, 311. [Google Scholar] [CrossRef]

	



Sherman, S.E.; Kuljanin, M.; Cooper, T.T.; Putman, D.M.; Lajoie, G.A.; Hess, D.A. High Aldehyde Dehydrogenase Activity Identifies a Subset of Human Mesenchymal Stromal Cells with Vascular Regenerative Potential. Stem Cells 2017, 35, 1542–1553. [Google Scholar] [CrossRef]

	



Gan, C.; Pierscianek, D.; El Hindy, N.; Ahmadipour, Y.; Keyvani, K.; Sure, U.; Zhu, Y. The predominant expression of cancer stem cell marker ALDH1A3 in tumor infiltrative area is associated with shorter overall survival of human glioblastoma. BMC Cancer 2020, 20, 672. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, Y.; Chen, Z.; Kim, S.N.; Gan, C.; Ryl, T.; Lesjak, M.S.; Rodemerk, J.; Zhong, R.D.; Wrede, K.; Dammann, P.; et al. Characterization of Temozolomide Resistance Using a Novel Acquired Resistance Model in Glioblastoma Cell Lines. Cancers 2022, 14, 2211. [Google Scholar] [CrossRef]

	



Zhu, Y.; Zhao, K.; Prinz, A.; Keyvani, K.; Lambertz, N.; Kreitschmann-Andermahr, I.; Lei, T.; Sure, U. Loss of endothelial programmed cell death 10 activates glioblastoma cells and promotes tumor growth. Neuro-Oncology 2015, 18, 538–548. [Google Scholar] [CrossRef]

	



You, C.; Zhao, K.; Dammann, P.; Keyvani, K.; Kreitschmann-Andermahr, I.; Sure, U.; Zhu, Y. EphB4 forward signalling mediates angiogenesis caused by CCM3/PDCD10-ablation. J. Cell. Mol. Med. 2017, 21, 1848–1858. [Google Scholar] [CrossRef] [PubMed]

	



Palmer, T.D.; Lewis, J.; Zijlstra, A. Quantitative Analysis of Cancer Metastasis using an Avian Embryo Model. J. Vis. Exp. 2011, 51, e2815. [Google Scholar] [CrossRef]

	



Busch, M.; Philippeit, C.; Weise, A.; Dünker, N. Re-characterization of established human retinoblastoma cell lines. Histochem. Cell Biol. 2015, 143, 325–338. [Google Scholar] [CrossRef]

	



Bowman, R.L.; Wang, Q.; Carro, A.; Verhaak, R.G.W.; Squatrito, M. GlioVis data portal for visualization and analysis of brain tumor expression datasets. Neuro-Oncology 2016, 19, 139–141. [Google Scholar] [CrossRef]

	



Lee, Y.; Scheck, A.C.; Cloughesy, T.F.; Lai, A.; Dong, J.; Farooqi, H.K.; Liau, L.M.; Horvath, S.; Mischel, P.S.; Nelson, S.F. Gene expression analysis of glioblastomas identifies the major molecular basis for the prognostic benefit of younger age. BMC Med. Genom. 2008, 1, 52. [Google Scholar] [CrossRef]

	



Chen, Z.; Wang, H.-W.; Wang, S.; Fan, L.; Feng, S.; Cai, X.; Peng, C.; Wu, X.; Lu, J.; Chen, D.; et al. USP9X deubiquitinates ALDH1A3 and maintains mesenchymal identity in glioblastoma stem cells. J. Clin. Investig. 2019, 129, 2043–2055. [Google Scholar] [CrossRef]

	



Hoelzinger, D.B.; Demuth, T.; Berens, M.E. Autocrine Factors That Sustain Glioma Invasion and Paracrine Biology in the Brain Microenvironment. JNCI J. Natl. Cancer Inst. 2007, 99, 1583–1593. [Google Scholar] [CrossRef]

	



Madden, E.C.; Gorman, A.M.; Logue, S.E.; Samali, A. Tumour Cell Secretome in Chemoresistance and Tumour Recurrence. Trends Cancer 2020, 6, 489–505. [Google Scholar] [CrossRef] [PubMed]

	



Broekman, M.L.; Maas, S.L.N.; Abels, E.R.; Mempel, T.R.; Krichevsky, A.M.; Breakefield, X.O. Multidimensional communication in the microenvirons of glioblastoma. Nat. Rev. Neurol. 2018, 14, 482–495. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, A.; Bendre, A.; Mondal, A.; Muzumdar, D.; Goel, N.; Shiras, A. Angiogenic Gene Signature Derived from Subtype Specific Cell Models Segregate Proneural and Mesenchymal Glioblastoma. Front. Oncol. 2017, 7, 146. [Google Scholar] [CrossRef] [PubMed]

	



Bajou, K.; Peng, H.; Laug, W.E.; Maillard, C.; Noel, A.; Foidart, J.M.; Martial, J.A.; Declerck, Y.A. Plasminogen Activator Inhibitor-1 Protects Endothelial Cells from FasL-Mediated Apoptosis. Cancer Cell 2008, 14, 324–334. [Google Scholar] [CrossRef]

	



Chen, S.; Li, Y.; Zhu, Y.; Fei, J.; Song, L.; Sun, G.; Guo, L.; Li, X. SERPINE1 Overexpression Promotes Malignant Progression and Poor Prognosis of Gastric Cancer. J. Oncol. 2022, 2022, 2647825. [Google Scholar] [CrossRef] [PubMed]

	



Kubala, M.H.; Punj, V.; Placencio-Hickok, V.R.; Fang, H.; Fernandez, G.E.; Sposto, R.; Declerck, Y.A. Plasminogen Activator Inhibitor-1 Promotes the Recruitment and Polarization of Macrophages in Cancer. Cell Rep. 2018, 25, 2177–2191.E7. [Google Scholar] [CrossRef]

	



Highfill, S.L.; Cui, Y.; Giles, A.J.; Smith, J.P.; Zhang, H.; Morse, E.; Kaplan, R.N.; Mackall, C.L. Disruption of CXCR2-Mediated MDSC Tumor Trafficking Enhances Anti-PD1 Efficacy. Sci. Transl. Med. 2014, 6, 237ra67. [Google Scholar] [CrossRef]

	



Roselli, M.; Fernando, R.I.; Guadagni, F.; Spila, A.; Alessandroni, J.; Palmirotta, R.; Costarelli, L.; Litzinger, M.; Hamilton, D.; Huang, B.; et al. Brachyury, a Driver of the Epithelial–Mesenchymal Transition, Is Overexpressed in Human Lung Tumors: An Opportunity for Novel Interventions against Lung Cancer. Clin. Cancer Res. 2012, 18, 3868–3879. [Google Scholar] [CrossRef]

	



Palena, C.; Roselli, M.; Litzinger, M.T.; Ferroni, P.; Costarelli, L.; Spila, A.; Cavaliere, F.; Huang, B.; Fernando, R.I.; Hamilton, H.; et al. Overexpression of the EMT Driver Brachyury in Breast Carcinomas: Association With Poor Prognosis. JNCI J. Natl. Cancer Inst. 2014, 106, dju054. [Google Scholar] [CrossRef]

	



Conroy, S.; Kruyt, F.A.E.; Wagemakers, M.; Bhat, K.P.L.; Den Dunnen, W.F.A. IL-8 associates with a pro-angiogenic and mesenchymal subtype in glioblastoma. Oncotarget 2018, 9, 15721–15731. [Google Scholar] [CrossRef]

	



David, J.; Dominguez, C.; Hamilton, D.; Palena, C. The IL-8/IL-8R Axis: A Double Agent in Tumor Immune Resistance. Vaccines 2016, 4, 22. [Google Scholar] [CrossRef] [PubMed]

	



Xie, K. Interleukin-8 and human cancer biology. Cytokine Growth Factor Rev. 2001, 12, 375–391. [Google Scholar] [CrossRef] [PubMed]

	



Sanmamed, M.F.; Carranza-Rua, O.; Alfaro, C.; Oñate, C.; Martín-Algarra, S.; Perez, G.; Landazuri, S.F.; Gonzalez, Á.; Gross, S.; Rodriguez, I.; et al. Serum Interleukin-8 Reflects Tumor Burden and Treatment Response across Malignancies of Multiple Tissue Origins. Clin. Cancer Res. 2014, 20, 5697–5707. [Google Scholar] [CrossRef] [PubMed]

	



Gorlatova, N.V.; Cale, J.M.; Elokdah, H.; Li, D.; Fan, K.; Warnock, M.; Crandall, D.L.; Lawrence, D.A. Mechanism of Inactivation of Plasminogen Activator Inhibitor-1 by a Small Molecule Inhibitor. J. Biol. Chem. 2007, 282, 9288–9296. [Google Scholar] [CrossRef] [PubMed]

	



Sillen, M.; Miyata, T.; Vaughan, D.E.; Strelkov, S.V.; Declerck, P.J. Structural Insight into the Two-Step Mechanism of PAI-1 Inhibition by Small Molecule TM5484. Int. J. Mol. Sci. 2021, 22, 1482. [Google Scholar] [CrossRef]

	



Singh, S.; Wu, S.; Varney, M.; Singh, A.P.; Singh, R.K. CXCR1 and CXCR2 silencing modulates CXCL8-dependent endothelial cell proliferation, migration and capillary-like structure formation. Microvasc. Res. 2011, 82, 318–325. [Google Scholar] [CrossRef]

	



Jin, L.; Tao, H.; Karachi, A.; Long, Y.; Hou, A.Y.; Na, M.; Dyson, K.A.; Grippin, A.J.; Deleyrolle, L.P.; Zhang, W.; et al. CXCR1- or CXCR2-modified CAR T cells co-opt IL-8 for maximal antitumor efficacy in solid tumors. Nat. Commun. 2019, 10, 4016. [Google Scholar] [CrossRef]

	



Li, A.; Dubey, S.; Varney, M.L.; Dave, B.J.; Singh, R.K. IL-8 Directly Enhanced Endothelial Cell Survival, Proliferation, and Matrix Metalloproteinases Production and Regulated Angiogenesis. J. Immunol. 2003, 170, 3369–3376. [Google Scholar] [CrossRef]

	



Bajou, K.; Masson, V.; Gerard, R.D.; Schmitt, P.M.; Albert, V.; Praus, M.; Lund, L.R.; Frandsen, T.L.; Brunner, N.; Dano, K.; et al. The Plasminogen Activator Inhibitor PAI-1 Controls in Vivo Tumor Vascularization by Interaction with Proteases, Not Vitronectin. J. Cell Biol. 2001, 152, 777–784. [Google Scholar] [CrossRef]

	



Wu, J.; Strawn, T.L.; Luo, M.; Wang, L.; Li, R.; Ren, M.; Xia, J.; Zhang, Z.; Ma, W.; Luo, T.; et al. Plasminogen Activator Inhibitor-1 Inhibits Angiogenic Signaling by Uncoupling Vascular Endothelial Growth Factor Receptor-2-αVβ3 Integrin Cross Talk. Arterioscler. Thromb. Vasc. Biol. 2015, 35, 111–120. [Google Scholar] [CrossRef]








[image: Cancers 15 04422 g001] 





Figure 1. Upregulation of ALDH1A3 in oxGBM cells is associated with the increased expression and release of pro-angiogenic factors PAI-1 and IL-8. GBM cell lines were transduced with ALDH1A3 for overexpression (oxGBM) or with empty vector (evGBM). (A) Confirmation of up-regulation of ALDH1A3 mRNA level in oxGBM cells by RT2-PCR. (B) Confirmation of up-regulation of ALDH1A3 protein expression by Western blot. wt, wild-type cells. The uncropped blots are shown in Figure S7; (C) Angiogenesis array. The blots showed duplicated dots for 55 angiogenesis-related proteins in the media of oxU373 or evU373. 10 of 55 proteins were upregulated more than 2-fold in ox group compared to ev group (indicated by rectangle). They are: (1) Ang-1, (2) artemin, (3) TF, (4) ET-1, (5) GM-CSF, (6) IL-8, (7) PDGF-AA, (8) PAI-1, (9) PEDF, and (10) uPA. (D) Semi-quantification of the dots representing PAI-1 and IL-8. (E) Immunofluorescence staining of GBM cells. U373 (left panel) and LN229 (right panel). Co-localization of ALDH1A3 with PAI-1 and IL-8 was observed in oxGBM cells, whereas no immunoreactivity of PAI-1 and IL-8 was detected in evGBM cells. (F) mRNA expression of PAI-1 and IL-8 in transduced U373 cells and the effect of inhibitors. Tiplaxtinin (Tip, 30 µM) and reparixin (Rep, 1 µM) are the specific inhibitors of PAI-1 and IL-8 receptors CXCR1/2, respectively. (G) Detection of PAI-1 and potential signaling proteins by Western blot. IOD: optical density. The uncropped blots are shown in Figure S8. **, p < 0.01; ***, p < 0.001, compared with ev. ##, p < 0.01; ###, p < 0.001, compared with ox. 
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Figure 2. Overexpression of ALDH1A3 in GBM cells activated endothelial angiogenesis in indirect co-culture with endothelial cells (ECs), which was reversed by treatment with respective inhibitors of PAI-1 or IL-8 receptors CXCR1/2. Indirect co-culture was performed by culture of HBMECs in a conditioned medium (CM) containing the media derived from evGBMs or oxGBMs and ECGM in a ratio of 1:1. PAI-1 inhibitor tiplaxtinin (Tip, 30 µM) and CXCR1/2 inhibitor reparixin (Rep, 1 µM) or vehicle DMSO (0.1%) was added to CM, followed by EC behavior study. All data were reproduced in three independent experiments. (A) Proliferation assay in HBMEC and HUVEC. Indirect co-culture of HBMECs and HUVECs with CM derived from oxU373 and oxLN229 stimulated EC proliferation, which was completely reversed by the treatment of tiplaxtinin, not by reparixin. (B) Scratch assay in HBMEC. Left panel: images were acquired 24 h after scratching. Scale bar: 200 µm. Right panel: quantitative analysis. Culture of HBMECs with CM derived from oxU373 or oxLN229 (oxCM) significantly promoted HBMEC migration, which was reversed by the treatment of tiplaxtinin and reparixin, respectively. (C) Transwell invasion assay in HBMEC. Left panel: Representative images of invaded cells were acquired after 24 h of incubation. Scale bar: 100 µm. Right panel: quantitative analysis. Culture of HBMECs with oxCM accelerated HBMEC invasion. This effect was significantly inhibited by the treatment of reparixin but not by tiplaxtinin. (D) Tube formation assay in HBMEC. Left panel: representative images of tube formation. Scale bar: 200 µm. Right panel: quantitative analysis of branching points per field. Tube formation in HBMECs was stimulated by incubation with oxCM, which was completely diminished by both inhibitors. (E) Sprouting assay in HBMEC. Left panel: representative images of sprouting in HBMECs after 24 h of co-culture. Scale bar: 100 µm. A pronounced increase in sprouting was observed in HBMECs cultured in oxCM. Tiplaxtinin and reparixin suppressed the sprouting effect resulting from oxCM. *, p < 0.05; **, p < 0.01 and ***, p < 0.001, compared with evCM. #, p < 0.05; ##, p < 0.01 and ###, p < 0.001, compared with oxCM. 
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Figure 3. Overexpression of ALDH1A3 in GBM cells stimulated EC proliferation, migration, and sprouting in direct co-culture with endothelial cells (ECs), which was inhibited by treatment with the specific inhibitors of PAI-1 or IL-8 receptors CXCR1/2. Direct co-culture was performed by co- culture of CellTrace™ CFSE pre-labeled HBMECs with transduced U373 and LN229 in a ratio of 1:1 in ECGM. To inhibit PAI-1, tiplaxtinin (Tip, 30 µM) was pretreated with GBM cells 6 h in advance. For IL-8 receptor inhibition, reparixin (Rep, 1 µM) was pretreated with ECs 30 min in advance and added to ECGM in the co-culture, as well. All data were reproduced in three independent experiments. (A) Representative images of directly co-cultured CellTrace™ CFSE-labeled HBMEC (green) with transduced U373 and LN229. Scale bar: 100 µm. (B) HBMEC proliferation. Direct co-culture of oxGBMs with HBMECs promoted the proliferation of HBMEC, which was completely reversed by the treatment of tiplaxtinin and reparixin. The fluorescence intensity of CFSE-labeled HBMECs, reflecting cell proliferation, was detected 48 h after direct co-culture at 485 nm of excitation wavelength and 535 nm of emission wavelength. (C) HBMEC migration. The images were acquired after 12 h of direct co-culture. Cell nuclei were stained with Hoechst 33342 to show both GBMs and HBMECs, while CellTrace™ CFSE-labeled HBMECs displayed green fluorescence. Scale bar: 200 µm. (D) HBMEC sprouting. CFSE-labeled HBMECs were directly co-cultured with GBM cells in a ratio of 2:1 with or without inhibitors. The images were acquired after 24 h of direct co-culture. The sprouts with green fluorescence are exclusively from CellTrace™ CFSE-labeled HBMECs. Scale bar: 200 µm. (E) Quantitative analysis of migrated HBMEC. The migrated green fluorescence-labeled HBMECs were counted in 6 fields per group. Direct co-culture of oxGBMs with HBMECs markedly accelerated HBMEC migration. This effect was almost entirely inhibited in the presence of tiplaxtinin and reparixin. (F) Quantitative analysis of the length of sprouts in HBMEC. The length of sprouts was measured for 20 sprouts per group using the ImageJ software (v1.1.53t). *, p < 0.05 and ***, p < 0.001, compared with ev. ###, p < 0.001, compared with ox. 
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Figure 4. oxGBM-derived culture media stimulated angiogenesis on CAM, which was fully rescued by the treatment of tiplaxtinin and reparixin. CAM was incubated with the culture media derived from evU373 or oxU373 cells with or without tiplaxtinin (Tip, 30 µM) or reparixin (Rep, 1 µM) or DMSO (as a vehicle control, 0.1%) for 72 h. (A) Microscopy view of the vasculature structure on CAM. More enriched microvessel network was clearly visible in the ox group, which was significantly reduced in tiplaxtinin- and reparixin-treated CAMs. The images were acquired using a stereo microscope on ED13 (scale bar: 1 mm). Stem vessel (arrow); branched microvessel network (arrow heads). (B) Histological features of CAM after hematoxylin-eosin (H&E) staining. The CAM consists of the chorionic epithelium layer (ChE), allantoic epithelium (AE) layer, and the mesenchymal (MES) layer (arrows). Microvessel (arrowheads) density was much higher in the MES layer of ox section compared to ev section, which was clearly reduced in tiplaxtinin- and reparixin-treated sections. Scale bar: 50 µm. (C) Quantitative analysis of branching point of vessels based on microscopy images. The number of branching points and microvessels was counted by the ImageJ software (v1.1.53t) in 3 fields/CAM (n = 10 CAM/group). (D) Quantitative analysis of microvessel numbers based on H&E-stained CAM sections. Microvessel number was counted manually on H&E-stained CAMs. 10 fields/section (n = 6 sections/group). ***, p < 0.001, compared with ev. ###, p < 0.001, compared with ox. 






Figure 4. oxGBM-derived culture media stimulated angiogenesis on CAM, which was fully rescued by the treatment of tiplaxtinin and reparixin. CAM was incubated with the culture media derived from evU373 or oxU373 cells with or without tiplaxtinin (Tip, 30 µM) or reparixin (Rep, 1 µM) or DMSO (as a vehicle control, 0.1%) for 72 h. (A) Microscopy view of the vasculature structure on CAM. More enriched microvessel network was clearly visible in the ox group, which was significantly reduced in tiplaxtinin- and reparixin-treated CAMs. The images were acquired using a stereo microscope on ED13 (scale bar: 1 mm). Stem vessel (arrow); branched microvessel network (arrow heads). (B) Histological features of CAM after hematoxylin-eosin (H&E) staining. The CAM consists of the chorionic epithelium layer (ChE), allantoic epithelium (AE) layer, and the mesenchymal (MES) layer (arrows). Microvessel (arrowheads) density was much higher in the MES layer of ox section compared to ev section, which was clearly reduced in tiplaxtinin- and reparixin-treated sections. Scale bar: 50 µm. (C) Quantitative analysis of branching point of vessels based on microscopy images. The number of branching points and microvessels was counted by the ImageJ software (v1.1.53t) in 3 fields/CAM (n = 10 CAM/group). (D) Quantitative analysis of microvessel numbers based on H&E-stained CAM sections. Microvessel number was counted manually on H&E-stained CAMs. 10 fields/section (n = 6 sections/group). ***, p < 0.001, compared with ev. ###, p < 0.001, compared with ox.



[image: Cancers 15 04422 g004]







[image: Cancers 15 04422 g005] 





Figure 5. Immunohistochemistry and immunofluorescence staining on GBM sections. (A,B) Immunohistochemistry staining of ALDH1A3. The immunoreactivity of ALDH1A3 was detected in vessels (arrows in (A)) and peripheral cells of glomeruloid (arrowheads in (B)) as well as in tumor cells (asterisks in (A)). Scale bar: 50 µm in (A) and 20 µm in (B). (C–E) Double-immunofluorescence staining of ALDH1A3 (red) with PAI-1 (green) (C,D) or with IL-8 (green) (E,F). The co-localization of ALDH1A3 with PAI-1 or with IL-8 immunoreactivity was detected in microvessels (arrows), glomeruloid (arrowheads), and tumor cells (asterisks) in GBM sections. 
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Figure 6. Schematic illustration of the pro-angiogenic function of ALDH1A3 via paracrine PAI-1 and IL-8. The overexpression of ALDH1A3 in GBM cells induces upregulation of both PAI-1 and IL-8 at the mRNA and protein levels, resulting in the subsequent release of these proteins into the extracellular compartment. Along with other angiogenic factors, the released PAI-1 and IL-8 exert their effects on ECs, triggering paracrine-mediated hyper-angiogenesis. However, the application of tiplaxtinin, a compound that promotes the cleavage of PAI-1, or reparixin, specific inhibitors of the IL-8 receptor CXCR1/2, effectively counteracted the pro-angiogenic impact caused by ALDH1A3. These findings strongly support the notion that PAI-1 and IL-8 play critical roles as downstream components of ALDH1A3 in GBM, underscoring their significance within the context of angiogenesis. 
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Table 1. List of primer sequences and annealing temperatures for RT2-PCR.
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	Primer Name
	Annealing Sequence
	Temperature (°C)





	ALDH1A3
	
	60



	for.
	TCTCGACAAAGCCCTGAAGT
	



	rev.
	TATTCGGCCAAAGCGTATTC
	



	PAI-1
	
	60



	for.
	GGTTCTGCCCAAGTTCTCCC
	



	rev.
	CACCGTGCCACTCTCGTTCA
	



	IL-8
	
	62



	for.
	CTTGGCAGCCTTCCTGATTT
	



	rev.
	TTTCCTTGGGGTCCAGACAGA
	



	RPS13
	
	60



	for.
	CGAAAGCATCTTGAGAGGAACA
	



	rev.
	TCGAGCCAAACGGTGAATC
	







for.: forward; rev.: reverse.
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