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Glioblastoma (GB) remains an aggressive malignancy with an extremely poor prognosis. Discovering new candidate drug targets for GB remains an unmet medical need. Caveolin-1 (Cav-1) has been shown to act variously as both a tumour suppressor and tumour promoter in many cancers. The implications of Cav-1 expression in GB remains poorly understood. Using clinical and genomic databases we examined the relationship between tumour Cav-1 gene expression (including its spatial distribution) and clinical pathological parameters of the GB tumour and survival probability in a TCGA cohort (n=155) and CGGA cohort (n=220) of GB patients. High expression of Cav-1 represented a significant independent predictor of shortened survival (HR = 2.985, 5.1 vs 14.9 months) with a greater statistically significant impact in female patients and in the Proneural and Mesenchymal GB subtypes. High Cav-1 expression correlated with other factors associated with poor prognosis: IDH w/t status, high histological tumour grade and low KPS score. A total of 4879 differentially expressed genes (DEGs) in the GB tumour were found to correlate with Cav-1 expression (either positively or negatively). Pathway enrichment analysis highlighted an over-representation of these DEGs to certain biological pathways. Focusing on those that lie within a framework of epithelial to mesenchymal transition and tumour cell migration and invasion we identified 27 of these DEGs. We then examined the prognostic value of Cav-1 when used in combination with any of these 27 genes and identified a subset of combinations (with Cav-1) indicative of co-operative synergistic mechanisms of action. Overall, the work has confirmed Cav-1 can serve as an independent prognostic marker in GB, but also augment prognosis when used in combination with a panel of biomarkers or clinicopathologic parameters. Moreover, Cav-1 appears to be linked to many signalling entities within the GB tumour and as such this work begins to substantiate Cav-1 or its associated signalling partners as candidate target for GB new drug discovery.
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Introduction

In adults, gliomas account for the majority of all primary malignant brain tumours, with over 50% of all gliomas constituted by the grade IV astrocytoma, glioblastoma multiforme (GB) (1). GB is one of the most aggressive tumours in humans. By the time of diagnosis, its highly invasive character often limits success in the total surgical resection of the tumour. GB displays a high level of angiogenesis and an ability to resist apoptosis upon exposure to chemo-/radio-therapies. It is a tumour prone to recurrence, with 5-year survival rates of no more than 5% (2) and which have not notably improved over the last three decades (3). Effective medical treatment for GB is a major unmet oncology need that will benefit from identification of robust predictive biomarkers that stratify patients at “high” or “low” risk of disease progression, and by the description of clinically meaningful molecular markers relevant for novel targeted therapies.

Recent genome-wide profiling studies such as the Cancer Genome Atlas (TCGA) and Rembrandt projects have helped to clarify the role of genomic alterations in the pathogenesis of GB (3, 4) and in stratifying patients based on specific molecular genotypes (5). New genome-wide profiling databases, such as the Chinese Glioma Genome Atlas (CGGA) have been developed in recent years. This study, and others (6–8), based on bulk tumour or single-cell sequencing have identified molecular markers (9) such as, methylation status of MGMT promoter and w/t IDH-1 status that have been widely explored as prognostic biomarkers for therapy responsiveness (10, 11). Such markers and clinical variables as patient age, Karnofsky performance score (KPS) and extent of resection are used as predictors of survival (12). In 2016, the World Health Organization (WHO) updated the classification of central nervous system (CNS) tumours, combining molecular parameters and histology (13). Aligned to this concept the Ivy Glioblastoma Atlas Project (14) (a collaborative network among bioinformaticians, physician and pathologists) presents an extensive database of GB histological sections along with the respective tumour tissue genetic alterations and gene expression profile with the aim to describe heterogeneity of the GB at the molecular and cellular levels.

Caveolin-1 (Cav-1) is a major structural and functional protein of caveolae membrane domains involved in the compartmentalisation and orchestration of cell signalling activity. It is a regulator of multiple signal transduction events and cytoskeletal dynamics, able to interact often in a cell- and context specific-manner with multiple cell signalling partners modifying downstream actions (15–17). At least in preclinical models Cav-1 is shown to modulate several signalling pathways to promote and/or suppress the malignant phenotype (18). For example, Cav-1 has been shown to facilitate both ERK and AKT signalling in cancer cells derived from prostate (19) and colon (20), and is associated with promoting cell invasion, proliferation, angiogenesis and multi-drug resistance. The role of Cav-1 in malignancy is however both complex and multifaceted with both tumour suppressor and oncogenic properties. For example, elevated levels of Cav-1 in clinical tumour tissue from prostate (19), bladder (21), kidney (22) and multiple myeloma (23) is unequivocally linked with metastasis and poor prognosis. Meanwhile in carcinomas of the breast (24), colon (25) and lung (26) both the loss and gain of Cav-1 have been associated with tumour progression. The understanding of Cav-1 biology in GB is similarly controversial, with some reports suggesting Cav-1 to be a tumour suppressor (27–29) and others supporting the oncogenic function (30). A few studies have reported positive correlations between Cav-1 expression and increased tumour histological grade (31, 32). Cav-1 expression has also been reported to independently predict shorter survival in oligodendrogliomas (33), although this finding is equivocal (31). Most recently, Cav-1 has been identified as marker in glioma, promoting invasion by modulation of matrix-degrading enzyme (34) with unfavourable outcomes in glioma patients (35).

This current work tests the hypothesis that Cav-1 serves as an independent prognostic marker in high grade glioma, specifically in GB. Using clinical and genomic databases (TCGA, CGGA and IVY) we examined the relationship between Cav-1 gene expression (including Cav-1 protein spatial distribution within the tumour) and known clinical pathological parameters of the GB tumour and the survival probability in a cohort GB patients. We then used the TCGA database to further explore the predictive prognostic capacity in GB of Cav-1 when used in combination with other molecular markers. This involved exploration of the genes whose expression within the GB tumour co-correlated (positively or negatively) with Cav-1; we identified 4879 such genes (‘differentially expressed genes’; DEGs). Focusing on those that lie within a framework of known mechanisms of epithelial to mesenchymal transition (EMT) and tumour cell migration and invasion we identified 27 DEGs. We then examined the prognostic value of Cav-1 when used in combination with any of these genes and identified a subset of combinations (with Cav-1) indicative of co-operative synergistic mechanisms of action.



Materials and Methods


Bioinformatic and Statistical Analysis


TCGA and CGGA Databases and Survival Analysis

The human glioblastoma analysis was first performed on the TCGA dataset, available as ‘Tumour Glioblastoma - TCGA - MAS 5.0 - u133a’ (Network, C. G. A. R 2008) in the R project 3.5.0, and source data are available at https://www.cbioportal.org. The TCGA database used comprises information about 540 patients, including 85 samples sub-classified in classical (n = 17), mesenchymal (n = 27), neural (n = 17) and proneural (n = 24) GB. While,for CGGA datasets, data were downloaded from http://www.cgga.org.cn. The mRNA expression and suvival analysis was performed only on primary or “de novo” GB cohort (n=220). The survival statistical analysis was performed using R2 webtool (36) and Survminer package (37). The Survminer package provides Kaplan-Meyer plots based on a Log Rank Scale p-value for the comparison of the subgroups. The optimal cut off was calculated by maximally selected rank statistics using Maxstat R-package (38).




Preclinical Data Statistical Analysis

Preclinical data was analysed using T-test (unpaired) for two groups and by more than two groups using one-way ANOVA with Tukey’s test (comparisons across all groups). Multivariate analysis was carried out by COX regression using Enter and Forward function with covariates marker considered as categorical in each model.



Functional Enrichment Analysis

Functional enrichment analysis of the DEGs between tumour compartments and control tissue and between different tumour compartments was performed using FunRich (39) analysis tool. Functional enrichment was carried out for Biological process using Entrez ID genes nomenclature.



IVY Glioblastoma Atlas Project

Gene expression, clinical and genomic data on primary diagnosis of GBs and their donors were collected from the Ivy Glioblastoma Atlas Project. Z-score normalized expression values of Cav-1 was downloaded from the Anatomic Structures RNA-Sequencing data set [Available in: glioblastoma.alleninstitute.org/rnaseq/search/index.html]. These are given as fragments per kilobase per million (FPKM), and further adjusted with TbT normalization (by scaling each sample based on the summed expression of all genes that are not differentially expressed). Gene expression data was obtained by the RNA-seq technique, applied to the seven GB histological structures that were isolated by laser capture microdissection (LCM) in each histological section of tumour blocks: Leading Edge (LE), Infiltrating Tumour (IT), Cellular Tumour (CT), Perinecrotic Zone (PN), Pseudopalisading Cells (PS) around Necrosis, Hyperplastic Blood Vessels (HBVs) in Cellular Tumour and Microvascular Proliferation (MpVs). In particular, the vasculature (MpVs, HBVs) and hypoxic (PN) regions where validated by the enrichment for endothelial and hypoxic markers (40), also subtyping 90 nonvascular regions using the 4 gene expression signatures defined by TCGA.



Immunohistochemistry Reaction of Caveolin-1

Protein expression in high grade glioma (GB) tissues and normal brain cortex tissues was determined using the Human Protein Atlas database (2018 version, www.proteinatlas.org/). The Human Protein Atlas is a database of immunohistochemistry (IHC)-based protein expression profiles in normal tissue, cancer and cell lines (41). IHC images of Cav-1 protein expression in clinical specimens of patients with high grade glioma and normal brain cortex tissue refer to the antibody CAB003791.



Cell Culture and CRISPR Transfection

The U87MG cell line was maintained in normal culture medium, Dulbecco’s Modified Eagle Medium (DMEM), 10% Fetal Bovine Serum (FBS), 1% Penicillin-Streptomycin (PS) (Life Technologies, Fisher Scientific, Paisley, UK). Plasmids U6gRNA-Cas9-2A-GFP (Sigma-Aldrich, Gillingham, UK) were used to achieve CRISPR knockdown of Cav-1. They were replicated into Max Efficiency DH5a Competent Cells (Life Technologies). Cell sorting for GFP-positive cells isolated, single positive cloned and the surviving colonies were analysed for the expression of Cav-1 via Western Blot.



Proliferation Assay

Replicates of 5000 cells/cm2 were seeded in multiple wells and maintained in normal culture medium. At discreet points wells were supplied with one volume of CyQuant® Direct Cell Proliferation Assay Kit (Invitrogen, Life Technologies, Paisley, UK) for the staining of DNA content and indirect quantification of cell proliferation. Fluorescence data were plotted, and doubling time was calculated on the viability data corresponding to the log phase of each plot.



Colony Assay

6-well plates were seeded with 500 cells per well in normal culture medium and cells were grown for 7 days. Staining with Crystal Violet allowed the visualization of the newly formed colonies. Plates were imaged on a ChemiDoc XRS+ (BIORAD, Hertfordshire, UK) with a modified copper staining protocol. FIJI plugin Cell Counter was used to quantify the space occupied by colonies (42).



3D Invasion Assay

A 3D invasion assay was performed as described in Vinci et al. (43). 1000 cells were seeded in multiple wells of ultra-low adherence round bottom 96-well plates with normal culture medium. After a gentle centrifugation (300g- 1 min) the plates were incubated at 37°C 5% pCO2 for the formation of tight aggregates. After four days half of the medium was replaced with growth factor reduced Matrigel ™ (Corning) on ice. One hour was allowed on ice for the medium and the Matrigel to diffuse, after which gelification was achieved in incubator. Images were captured at T0 and every 24 hours. The analysis of the 2D greyscale images was obtained by the customizable FIJI script, INSIDIA (44).



Statistical Analysis for In Vitro Test

Statistical analysis for the in vitro experiments was performed using GraphPad (GraphPad Prism version 7.00, GraphPad Software, La Jolla California USA, www.graphpad.com). Student’s T-Test (unpaired two-tailed) was employed for comparisons between two experimental groups (statistical significance set at P < 0.05). One-way ANOVA statistical analysis followed by an appropriate post hoc test was applied for comparisons involving more than two experimental groups. For equal group sizes a Tukey’s multiple comparison test has been performed. For unequal groups sizes a Tukey-Kramer test was used. For the comparison of multiple groups to a single control treatment, a Dunnett test was chosen.




Results


Survival Analysis: Cav-1 Is an Independent Negative Prognostic Marker for GB Patients

Using clinical and genomic data from the TCGA and CGGA (8) databases we investigated if Cav-1 serves as an independent prognostic marker in GB patients, we calculated the optimal expression cut-point for survival using maximally selected log-rank statistic. Using data from TCGA database, the standardised method yielded 12.18 as the best cut-point which refers to the mRNA expression level (Figure 1A) discriminating between two groups of patients with respect to overall survival. We then extended the analysis to the CGGA database (n=220 patients) which yielded 6.12 as a value of mRNA that dichotomized the GB cohort in “high” and “low” expression of Cav-1 (Figure 1B).




Figure 1 | (A, B) Maximally selected rank statistics plot of Cav-1 expression (mRNA) for GB patients determined from the TCGA (A) and CGGA (B) databases. The plots show the cut-point (mRNA level) that corresponds to the most optimal (statistically significant) discrimination with respect to outcome (i.e. survival). Light blue dots represent patients who have low expression of Cav-1, and pink dots represent patients who have high expression of Cav-1.



Using clinical information from TCGA and CGGA databases we then generated Kaplan-Meier survival outcomes for GB patients (Figures 2A, B). In the TCGA database, patients with high expression of Cav-1 had a mean survival of 5.1 months (95% CI, 1.81-4.73 months) compared with 14.9 months (95% CI, 0.21-0.55 months) for patients with a low expression of the gene (Figure 2A). For CGNA database (cut point 6.12) patients with high expression of Cav-1 had a mean survival of 11.4 months (95% CI, 5.52-17.28 months) compared with a mean survival of 16.4 months (95% CI, 12.39-20.5 months) in patients with ‘low’ Cav-1 expression (Figure 2B). The univariate Cox proportional-hazards models analysis (Figures 2C, D) show high expression of Cav-1 to be a significant independent predictor of shortened survival with a hazard ratio (HR) of 2.985 (Cox p-value = 0.0000013) in the TCGA database (Figure 2C) and 1.903 (Cox p-value = 0.004) in the CGGA database, confirming a strong relationship between high Cav-1 expression and poor prognosis in both cohorts considered.




Figure 2 | Impact of Cav-1 expression on GB patient overall survival in TCGA (A, C) and CGGA databases (B, D). (A, B) show respectively (TCGA and CGGA) Kaplan Meier survival curves for GB patients where the tumours displayed either high or low expression of Cav-1 (separated by a mRNA cut point of 12.18 and 6.12 respectively). The survival curves are supported by the corresponding patient numbers at risk by each timepoint (shown below the respective KM curve). (C, D) show respectively, (TCGA and CGGA) Univariate Cox regression analysis for Cav-1 expression and the associated GB cohort including the 95% confidence interval (CI), median survival in months. Cox Hazard ratio and the p-value.



Cav-1 mRNA expression in GB (n =155) was also evaluated using the online Human Protein Atlas database (HPA, www.proteinatlas.org) in order to compare the quantitative RNA-seq data with the spatial expression data for corresponding protein levels. Immunohistochemical analysis (Figure 3) showed a strong cytoplasmatic/membranous positivity (75%) of Cav-1 within tumour cells (Figure 3B, magnification II) in tissue sections of high grade glioma compared to control (non-tumour) tissue from brain cortex, where little to no Cav-1 staining in glial cell populations was evident (Figure 3A). Endothelium did show positive Cav-1 staining, which was of a strong intensity in the tumour sections (Figure 3B, arrow) but of lower intensity (25%) within endothelial cells of non-tumour brain cortex tissue (Figure 3B, magnification I) in normal brain cortex tissue.




Figure 3 | Immunohistochemical reaction for Cav-1 in normal brain cortex tissue (control) and GB tissue. Sections retrieved from The Human Protein Atlas project. Representative sections of high-grade glioma show a strong cytoplasmatic/membranous positivity of Cav-1 in tumour cells (B), also in higher magnification (B, II). Strong positivity is also observed in microvasculature areas (B), arrow <). No reaction is observed in glial cells of normal brain cortex tissue (A). Lower expression of Cav-1 in endothelial cells and capillaries was also evident in the normal tissue control material (A, II). Scale bars: (A, B) 100 µm; (I-II, higher magnification) 50 µm.





Survival Analysis: Gender and Cav-1 Expression

The univariate analysis of the TCGA dataset of GB patients (n=155) revealed no difference in survival by gender (median survival: male 378 days vs female 399 days; (Supplementary Figure S1A). However, multivariate analysis, combining Cav-1 expression and gender did show a gender component on patient survival (Supplementary Figure S1B). Specifically, female patients expressing high tumour levels of Cav-1 displayed a significantly shorter median survival time compared to male patients expressing high levels of Cav-1 (median survival 90.5 days vs 320 days: HR=3.145, P=0.0000015). In contrast, there was no gender-based adverse outcome on survival in patients whose tumours expressed low levels of Cav-1, i.e. median survival (M) 427 days vs (F) 419 days (HR= 1.471, P=0.066).



Correlation of Clinical Prognostic Indicators and Cav-1 Expression

In the TCGA dataset of GB patients we next analysed the relationship between Cav-1 expression and some commonly used markers that serve as clinical prognostic indicators and of relevance to classifying GB (12, 45). Firstly, we looked at MGMT, EGFR-vIII, PTEN and TP53 molecular status and found no significant correlation of these markers with Cav-1 expression (Supplementary Figures S2A–D).

Using the WHO classification for CNS tumours (13) we then analysed the GB dataset with respect to IDH1 status, where IDH1-wild type corresponds to primary or de novo GB, and the IDH-mutant corresponds to secondary or progressive GB. Here we found increased tumour expression of Cav-1 to be associated with the IDH-wild type patient cohort (P < 0.0001) (Figure 4A). Subgrouping by histological grade, high Cav-1 tumour expression was associated (P=0.0003) with high-grade GB (Figure 4B). Karnofsky Performance Scale (KPS) classifies patients in respect to their functional impairment and is used in assessing patient tolerability to treatment and patient prognosis. Perhaps not surprisingly we found a significantly greater tumour expression of Cav-1 in patients with a poor performance status (Figure 4C; <60 Karnofsky scale, P<0.0005) (46). Classifying GB subtypes according to Verhaak et al. (5), Cav-1 tumour expression was significantly (p < 0.0001) increased in the Mesenchymal GB subtype compared to all other subtypes (Figure 4D).




Figure 4 | Correlation of Cav-1 tumour expression with prognostic indicators: (A) Isocitrate Dehydrogenase 1 (IDH1) status; (B) Histological grade, Low or High-grade; (C) Karnofsky performance status; (D) Verhaak et al. (5) classification. Boxes represent median (horizontal line) Cav-1 tumour expression (expressed as log2-fold) and 25th and 75th percentiles (error bars). Data were analysed using Student T-test (unpaired) for comparison of two groups where ***p < 0.0005: ****p < 0.0001. One-way ANOVA and Tukey’s test were used for multiple comparisons (GB subgroups) where *p < 0.0001.



Cox-regression analyses was undertaken to determine the prognostic value of Cav-1 tumour levels as a covariate with IDH1 status (wild type or mutation), MGMT promoter methylation, EGFR-vIII amplification, PTEN and TP53 mutation (Table 1A). Therefore, the above markers together with Cav-1 were entered into the model. The analysis revealed that Cav-1 high and IDH-wt are both significantly influential prognostic predictor of survival with an HR of 2.88 (p<0.0001) and an HR of 6.45 (p<0.015) respectively. Of note, the composite co-variate (Table 2B) of ‘Cav-1 high and IDH-wt’ was a significant and powerful and influential prognostic with a HR of 11.4 (p<0.0001). Whereas markers such as PTEN-mutated and EGFR-amplified did not show meaningful multivariate analysis (Table 1A), when considered as a composite variable with Cav-1 they both were shown to be robust prognostic indicators (Table 1B).


Table 1 | (A, B) Multivariate Cox proportional hazards model using Enter and Forward stepwise function including IDH-1, MGMT promoter, EGFRvIII, TP53, PTEN genes.




Table 2 | Correlation analysis in GB of Cav-1 and genes (identified from the pathway analysis) related to cell adhesion, ECM organisation and EMT pathways.



We then examined the survival of patients by the tumour level of Cav-1 but across GB subtypes. High tumour expression of Cav-1 had a negative effect upon survival in both the Proneural (P=0.041) and Mesenchymal (P=0.035) subtypes. In the Proneural subtype (Figure 5B) high tumour Cav-1 levels were associated with a significantly shorter survival (high Cav-1 median survival of 12.8 months vs low Cav-1 of 33.6 months). Similarly, in the Mesenchymal subtype (high Cav-1 median survival of 7.3 months vs low Cav-1 of 17.6 months) (Figure 5C). No statistical difference was observed in respect to the tumour expression of Cav-1 and survival in either the Classical or Neural subtypes (Figures 5A, D, respectively).




Figure 5 | Kaplan Meier survival analysis of GB patients divided by molecular subtype groups with survival categorised by high and low tumour expression levels of Cav-1: (A) Classical (cut-point value=361.1), (B) Proneural (cut-point value=285.9), (C) Mesenchymal (cut-point value=1248.9), (D) Neural (cut-point value=146.9). For each curve the log rank p-value, median survival in months and Hazard Ratio value (HR) is reported. The plots show the cut-point (expression level) that corresponds to the most optimal (statistically significant) discrimination point with respect to outcome (i.e. survival).





Cav-1 Shows Specific Distribution Patterns Within GB Tissue

We then analysed the regional expression of Cav-1 in 41 GB tissue blocks (41 patients) from the IVY Glioblastoma Atlas database (http://glioblastoma.alleninstitute.org), by means of z-score (expression value). Cav-1 appeared to be more highly expressed within hyperplastic blood vessels (HBVs), microvasculature proliferations (MpVs), peri-necrotic zone (PN) and pseudo-palisading cells around necrosis (PS) (Figure 6). In contrast, Cav-1 was less highly expressed in the following zones: leading-edge (LE), infiltrating tumour (IT) and in cellular tumour (CT; defined where tumour cells exceed normal cells ~100–500-fold) (Figure 6). The tumours of a subset of these patients’ (eight patients) were additionally analysed by in-situ hybridization (ISH) for Cav-1 (https://glioblastoma.alleninstitute.org/ish). The ISH analysis confirmed the regional expression of Cav-1 assessed by laser micro-dissection and RNA-seq methodologies (Supplementary Figures S3A, B).




Figure 6 | RNA-Seq expression z-score computed for Cav-1 differentially expressed within histological regions of the GB tumour (n-=41). The corresponding histological features are labelled as follows: HBVs, Hyperplastic blood vessels in cellular tumour; MpVs, Microvascular proliferation; PN, Pseudo-palisading cells around necrosis; IT, Infiltrating tumour; LE, Leading edge; CT, Cellular tumour. Error bars represent the SEM. One-way ANOVA and Tukey’s multiple comparison were used; ns, not significant; ****represents p < 0.0001.





In Vitro CRISPR Cav-1 KO Shows Cav-1 Expression as Essential for U87 Tumorigenic and Invasive Abilities

To directly assess the independent activity of Cav-1 in high grade glioma cells we modulated Cav-1 gene expression by the CRISPR system in the Cav-1 expressing U87 glioma cell line. Deletion of Cav-1 was detected at the protein level (Figure 7A). While the CRISPR knockout did not determine any change in the proliferation rate of the U87 (Figure 7B), the cells lacking Cav-1 (KO) displayed reduced colony formation (Figures 7C, D) as well as reduced invasion in a 3D matrix (Figures 7E, F).




Figure 7 | Cav-1 knockout (KO) and impact on the in vitro aggressiveness of the GB cell line U87: (A) Western blot for Cav-1 in the U87 cell line bearing genetic CRISPR deletion of Cav-1 (designated KO) compared to the Cav-1 positive control (designated BB). GAPDH was used as reference housekeeping gene. (B); Proliferation curves of U87 Cav-1 +ve (BB) and U87 Cav-1 -ve (KO); (C, D) Clonogenicity assay with 7-day colony formation on agar U87 Cav-1 +ve (BB) vs Cav-1 -ve (KO) Representative images are shown in (C). Scale bar 500 µm. Quantification is shown in (D); (E, F) 3D in-vitro invasion assay. In 7E representative images of U87 Cav-1 +ve (BB) vs Cav-1 -ve (KO) spheroids embedded within Matrigel (Day 0) and the spheroid cell invasion after 2 days in Matrigel (Day 2). Scale bar 200 µm. In 7F quantification of the change (Day 2 vs Day 0) in the spheroid Core Area (top) and the spheroid area of the invasive edge (normalized to the perimeter of the core (bottom). This analysis undertaken as described previously using INSIDIA analysis software (44).





Epithelial to Mesenchymal Transition, Cell Migration, Cell Signalling, and ECM Reorganization Genes Co-Correlates With Cav-1

To identify relevant genes correlating with Cav-1 in GB, we performed an analysis of the TCGA database using R2 (http://r2.amc.nl/). Specifically, from the advanced dataset selection panel of R2, we first selected the following database, TCGA-540-MAS5.0-u133a (4). We then identified the genes whose tumour expression correlated (either positively or negatively) with Cav-1 (False Discovery Rate correction at a p-value of < 0.01). We found 4879 genes correlating with Cav-1. Amongst these genes, 2194 were positively correlated, while 2686 were negatively correlated. Data for all these genes is available in Supplementary information (Supplementary xlsx Excel Sheet).

Given the involvement of Cav-1 in cellular signal transduction and cancer (15), we next undertook a pathway enrichment analysis of the above correlated findings using Fun Rich tools (39). This enrichment analysis of Cav-1 correlated DEGs highlighted an over-representation within 10 biological pathways shown in Figure 8. A substantial part of the correlated DEGs related to pathways for: Signal Transduction (8.5%), Cell Adhesion (3.7%), ECM organization (2.7%), Inflammatory response and Cytokine signalling (3.7% and 2.8%, respectively) and Cell migration (2.6%) circumstantially corroborating the role of Cav-1 in driving a range of different biological processes (Figure 8).




Figure 8 | Functional pathway enrichment analysis of genes correlated to Cav-1 from the FunRich database (39). The Figure shows the top 10 biological highly populated canonical pathways from the analysis of 4879 genes related to Cav-1. Blue bars represent the percentage of genes assigned to the indicated pathway, orange bars show the reference p value (0.05), and red bars show the calculated p value of enrichment for the indicated term. Biological processes are ranked based on - Log10(p-value).



To address the putative interaction of Cav-1 with these molecules within the context of GB we next explored the relevance of certain biological signalling molecules identified above from the pathway enrichment (Figure 8). Specifically, we focused on those genes within the biological processes related to of cell adhesion, ECM organization and EMT pathways. From here we identified 27 genes shown in Table 2: the Table also highlighting the corresponding R-value (correlation in expression with Cav-1) and the associated statistical P-value (R-p). These genes ranged from those involved in: cell-cell adhesion or genes related to extracellular matrix (ECM) organization - CTSB, CTSD, CTSH, CTSK, CTSL, CTSS, MMP-1, MMP2, MMP3, MMP7, MMP9, MMP10, MMP14, UPA, UPAR, TSP1; integrin -mediated signalling - CD44, ITGA3, ITGA5, ITGAV, ITGB1, ITGB3, ITGB5; protease inhibitors - PAI1, TIMP1, TIMP3. As part of the analysis we also included the mesenchymal markers Vimentin and E-Cadherin as indicators of EMT (60).



Cav-1 as a Key Driver of Survival: Analysis Using Single and Paired Markers Shows Genes Whose Expression Is Required for Cav-1 Increase

To test whether the genes identified as correlating with Cav-1 in Table 2 provide a prognostic indicator of GB patient survival in their own right, we undertook first univariate survival analysis. Univariate single marker survival analysis of our TCGA cohort showed that patients having high expression of those 17 genes identified in Table 2 (column 4 with a tick symbol), i.e. ITGA5, ITGB5, UPAR, CD44, MMP1, MMP2, MMP7, MMP9, MMP10, MT1MMP, CTSD, CTSB, CTSL, UPA, TIMP1, PA1 and TSP1, had a significantly worse prognosis (median survival time, hazard ratio and Cox p-value are reported in Supplementary Table S1). For the genes ECAD, CTSH, TIMP3, univariate single marker survival analysis showed high expression to be associated with favourable prognosis (Supplementary Table S1). Cox regression analysis was undertaken to determine the prognostic value of Cav-1 when in combination with genes listed in Table 2. The results of this analysis are fully reported in Supplementary Table S1. In particular, we found MMP2, MMP9, PAI1 when combined with Cav-1 to produce as significantly greater HR than when either of these two markers were used alone; suggesting co-operative synergistic mechanisms of action (Table 3 and Supplementary Figure S4 for survival analysis). Notably from our panel of markers in Table 2, we identified the genes ITGAV, CTSH and CTSK, while not predictors of survival in a univariate analysis, showed a significant a powerful HR only when in combination with Cav-1 expression (Table 3 and Supplementary Figure S4 for survival analysis curve).


Table 3 | Hazard ratio for pathway molecules (MMP2, MMP9, PAI1) that when combined with Cav-1 produced a significantly greater HR than when either of these two markers were used alone, or molecules (CTSH, CTSK, ITGAV) solely when in combination with Cav-1 expression showed a significant and powerful HR.






Discussion

Survival rates at 5-years for GB patients are reported at 3–5% with no notable improvement over the last three decades. Clinical-pathological parameters recently summarized by WHO to classify CNS tumours have been adopted in GB diagnosis (13), however further progress are needed to identify discriminative biomarkers for patient stratification both in terms of treatment options and prognostication.

Cav-1 is a regulator of multiple signal transduction events and cytoskeletal dynamics, and at least in preclinical models is reported to modulate several signalling pathways to promote and/or suppress the malignant phenotype. Two previous studies (see below) (34, 61) have reported Cav-1 in the context of the GB survival although Cox proportional hazard model methodology was not a feature of the work: Chen et al. (61) performing immunocytochemistry on tissues from 42 patients explored the relationship between of Cav-1 and HIF-1α. They showed expression levels of HIF-1α and Cav-1 to be upregulated in IDH-wild type tumours, and Cav-1 levels to be significantly correlated with high HIF-1α expression. Overexpression of HIF-1α and Cav-1 were each individually associated with a poor prognosis. Pu et al. (34) examined the expression of Cav-1 and Cavin-1 (a caveolae-related protein), and found both to be increased in GB with a higher expression of these caveola-forming proteins associated with shorter survival time. Both studies affirming Cav-1 as a potential biomarker for GB survival.

In this current work using clinical and genomic data information from the TCGA and CGGA databases of defined cohorts of primary GB patients, we show that Cav-1 expression positively correlates with shortened survival and importantly for the first time serves as a strong significant independent predictor of poor outcome (HR of 2.985 and 1.90, respectively). Intriguingly, despite well-established gender differences in the incidence of GB, with males showing the greater incidence (62), we report here that high Cav-1 tumour expression is associated with a much greater risk to females, approximate 70% reduction in median survival. Recent insights using large-scale analyses of TCGA data have revealed gender differences in the GB tumour at the molecular level and in response to therapy (63). In this context we note Cav-1 has been found to respond to oestrogenic factors (64). Apart from the gender-specific tumour types, this finding reinforces that subtle gender differences are often obscured in large-scale analysis (63) and should receive greater attention when stratifying data.

In exploring the interrelationship of Cav-1 with clinical prognostic indicators our findings showed a high expression of Cav-1 associated with high grade histological type and not surprisingly high KPS patient score. We further found Cav-1 association with IDH wild type status. With respect to GB molecular subtype classification (5), some 85 patients of the original 152 cohort were sub-typed, and within which we found Cav-1 tumour expression to be significantly greater in the mesenchymal and proneural GB subtypes (combined 60% of the population). Recent gene expression data has shown Cav-1 to be one of the top genes upregulated in the invasive GB phenotype and especially so in tumours with a marked mesenchymal signature (65). Our own data showed high Cav-1 expression to be associated with a significantly poor survival outcome in mesenchymal (HR 3.06) and proneural (HR 2.65) subtypes but not in the classical or neural subtypes; Pu et al. (34) similarly showed increased Cav-1 expression in mesenchymal GB. The GB subtypes, despite sharing the same essential characteristics, do show distinct phenotypic and genotypic differences, with the mesenchymal subtype correlating with poor outcome and resistance to irradiation (66). The strength of Cav-1 as a prognostic indicator in the mesenchymal GB cohort suggests it may have a profound role in inducing and/or maintaining the mesenchymal GB signature.

We went on to explore the risk stratification of patient tumours expressing high levels of Cav-1. Initially against clinical parameters such as IDH1 status, PTEN, EGFR-vIII, MGMT, TP53, all established markers for diagnosis, prognosis and response to therapy in GB molecular subgroup (13). The multivariate model revealed strong associations of Cav-1 with IDH1-wt, PTEN-mut and EGFR-vIII-amplified, with composite covariate analysis showing high Cav-1 expression combined with either of the above markers to result in a statistically shorter patient survival than when any of the markers were used alone (composite HR of 11.48, 4.77, 3.53, respectively). This is consistent with Cav-1 involvement in multiple independent cellular pathways. In melanoma, for example, the genetic mutation of PTEN increases Cav-1-mediated dissociation of β-catenin from membranous E-cadherin bypassing senescence process and promoting metastasis (67). Contributing to an aggressive phenotype the most common EGFR variant in GB, EGFR-vIII, is characterised by a deletion in the extracellular domain leading to the expression of a constitutively autophosphorylated receptor unable to bind ligand. Glioblastoma cells have been reported to have high Cav-1 expression in association with EGFR-vIII (mut) (68). However, while wild-type EGFR colocalises with Cav-1 membrane domains in a phosphorylation-dependent manner with functional consequences (56–58), EGFR-vIII appears to be predominantly cytoplasmic and not associated with the Cav-1 membrane domains; how high Cav-1 results in functional synergy with EGFR-vIII remains to be determined.

Hypoxia is commonly found in the tumour microenvironment and represents a critical feature in cancer progression (69). In high grade glioma, hypoxic and necrotic areas are typically surrounded by hypercellular regions of ‘pseudopalisading’ waves of tumour cells migrating away from the hypoxic tumour mass and infiltrating normal brain tissue (41, 43, 70); hypoxia and the ‘pseudopalisading’ morphology is associated with poor prognosis and resistance to therapies (71). We report here the higher expression of Cav-1 within the peri-necrotic and pseudo-palisading areas of the GB tumour, areas also expressing high levels of HIF-1α factor. Bourseau-Guilmain et al. (72) initially described the expression of Cav-1 in hypoxic region of GB tumours. Confirmed by Chen W et al. (61) where the overexpression of both HIF-1α and Cav-1 in the IDH-wild type GB patients was associated with shorter patient survival. Hypoxia regulates membrane protein endocytosis through a Cav-1-mediated process in some cancer cell lines (70, 72). More relevant, Cav-1 is directly activated by hypoxia-inducible factor (HIF) (73) with hypoxia-dependent migration tumour cell lines blocked upon Cav-1 knock-down and some evidence that hypoxia-induced migration and invasion of metastatic cancer cells at least, require HIF1α-dependent induction of Cav-1 expression and src family kinase activation (20). We also report higher expression of Cav-1 within endothelial cells of the hyperplastic vessels around necrosis of the tumour; the significance of Cav-1 with the tumour vasculature explored in other cancers (65–68) and with some evidence (74) that Cav-1 can regulate endothelial cell plasticity, however, the functional implication of the up- or downregulation of Cav-1 in angiogenesis and associated tumour growth requires further work in a tumour-specific manner.

To explore gene co-operativity between Cav-1 in driving poor outcome in GB patients, we undertook a correlation analysis (either positive or negative) with Cav-1 and found 4879 differentially expressed genes (DEGs) which significantly correlate with Cav-1 expression. As expected, when inferred for pathway analysis, these genes revealed a substantial enrichment for pathways involved in Signal Transduction (8.5%), Cell Adhesion (3.7%), ECM Organisation (2.7%), Inflammatory Response (3.7%), Cytokine Signalling (2.8%) and Cell Migration (2.6%); a not unsurprising analysis given the role of Cav-1 in driving a range of different biological processes associated with cancer (75, 76) including EMT processes (77). Although the specific mechanism by which Cav-1 facilitates GB progression is still unclear, the pathway analysis demonstrates strong association between Cav-1 and genes whose enrichment signature corresponds to cell adhesion and ECM organisation, with Cav-1 potentially serving as a “gatekeeper” to the triggering of downstream molecules for EMT progression (78, 79). Indeed, the in-vitro data we presented shows significantly decreased cell proliferation and notably decreased cell migration when Cav-1 was depleted by CRISP-Cas-9.

To date the significance of Cav-1 in prognostication when combined with other biomarkers has received little attention. The EMT phenomenon is an important feature in glioma progression and survival (80), adopting a data-driven inductive approach building on the above pathway analysis we explored the combination of Cav-1 with genes associated with adhesion, ECM organisation and EMT pathways. We found 27 main representative genes (Table 2) of the pathways above that showed a strong correlation in GB with Cav-1; importantly for 17 of these genes (i.e. ITGA5, ITGB5, UPAR, CD44, MMP1, MMP2, MMP7, MMP9, MMP10, MT1MMP, CTSD, CTSB, CSTL, UPA, TIMP1, PA1 and TSP1) their expression as a single marker was associated with a significantly worse prognosis (Univariate survival analysis), whereas three genes (ECAD,CTSH and TIMP3) whose single expression was instead associated with a more favourable prognosis. The aforementioned 17 genes have been linked in various experimental settings to be involved in gliomagenesis and aggressiveness (28, 70–74, 81–83). However, we then advanced our clinical understanding by undertaking cox regression (Hazard model) analysis to determine the prognostic value of pairing of each of these genes with Cav-1 and how in various combinations this may serve GB patient prognostic stratification. Based on Hazard model, we identified a strong synergy of Cav-1 with each of the following three genes, MMP2 (combined high expression HR 3.456), MMP9 (combined high expression HR 3.086) and PAI1 (combined high expression 3.215). Each of the MMP2 (84), MMP9 (85) and PAI1 (86) have previously been proposed as potential biomarkers related to glioma survival. Our result not only confirm the prognostication role of these molecules as independent markers but importantly provide new insight of their functional combination with the high expression of Cav-1, leading to a significantly greater HR than when either of these two markers are used alone. Cav-1 expression has previously been reported to lead to activation of MMP2 and MMP9 promoting invasion in hepatocellular carcinoma cell lines (87) and non-small lung carcinoma (88). Intriguingly, at least in the glioma U87 cell line (27), PAI1 has been shown to be mechanistically regulated in an inverse manner by Cav-1, whereas in prostate cancer PAI1 has been shown to have a positive correlation with Cav-1 (89) and within which the mesenchymal signature phenotype included high expression of Cav-1 and markers of EMT transition inc. PAI1 and integrins.

Cathepsins in cancer cells have been found to be functionally associated with binding partners within caveolae during the processes of lysosomal/endosomal cycling (90) and during the promotion of cell migration (56). In particular, CTSK gene has been found upregulated in GB cell lines and GB tissue samples although expression has not been used for survival prognostication. Here we found high CTSK gene expression while not a predictor of poor survival in a single analysis (Table 3) appeared to influence the Cav-1 when the two markers combined. Specifically, high CTSK in combination with high Cav-1 resulted in a significantly greater HR (3.096) (Table 3) than the HR value of Cav-1 alone. In contrast, low CTSH gene expression appeared to be a predictor of poor survival in a single analysis and when in combination with high Cav-1 resulted in a significantly greater HR (3.331) (Table 3). Cav-1 has a structural role within membranes acting act as a link between a variety of cell-surface receptors lacking a cytoplasmic domain to intracellular signalling pathways such as integrins (91). ITGAV activation, which has been shown to act either as tumour suppressor or oncogéne (92). Our hazard model showed an interaction between Cav-1 and ITGAV: we found low ITGAV gene expression, while not a predictor of poor survival, although tending toward this in a single analysis (Table 3). However, similar to CTSH when low ITGAV was combined with high Cav-1 a significantly greater HR (3.155) resulted.

In summary, the current work confirms high expression of Cav-1 in the GB tumour to be a significant independent predictor of shortened survival in TCGA and CGGA database. Cav-1 staining in GB tumours shows a strong cytoplasmatic/membranous positivity within tumour cells and associated endothelium. High expression for Cav-1 is particularly noted within hyperplastic blood vessels and microvasculature proliferations as well as within the tumours’ peri-necrotic and pseudo-palisading zones. We found female patients expressing high tumour levels of Cav-1 displayed a significantly shorter median survival time compared to male patients expressing high levels of Cav-1 (median survival 90.5 days vs 320 days: HR= 3.145). Further, the negative effect upon survival of high Cav-1 levels in the GB tumour was most evident in the Proneural and Mesenchymal GB subtypes. Increased tumour expression of Cav-1 was also associated with the IDH-wild type patient cohort with the composite co-variate of high Cav-1 expression and IDH-wild type status producing an extraordinarily powerful and probability of poor outcome (HR = 11.4). Moreover, Cav-1 appears to be linked to many signalling entities within the GB tumour and as such this work begins to substantiate Cav-1 or its associated signalling partners as candidate target for GB new drug discovery which remains an unmet medical need.
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Supplementary Figure 1 | Overall survival in 155 GB patients by gender and tumour Cav-1 expression status. S1(A). Overall survival curves for GB patients by gender. The univariate analysis revealed no difference in survival by gender (median survival: male 378 days vs female 399 days; S1(B). Survival combining both tumour Cav-1 expression levels (high, Cav+; low, Cav-) and gender. Multivariate analysis showed female patients expressing high tumour levels of Cav-1 to display a significantly shorter median survival time compared to male patients expressing high levels of Cav-1 (median survival 90.5 days vs 320 days: HR 3.145, P=0.0000015). No gender-based adverse outcome on survival was seen in patients whose tumours expressed low levels of Cav-1, i.e. median survival (M) 427 days vs (F) 419 days (HR 1.471, P=0.066). Vertical lines connect median survival times. The number of patients alive at each time-point is reported under the plots. Tables show Log Rank p-value for the evaluation of the curves statistical difference; median survival for each group is reported together with the confidence interval (CI), whereas Cox hazard ratio for the referring group is coupled with its p-value. Plot and analysis were achieved through Survimor R package

Supplementary Figure 2 | (A–D) From the TCGA dataset of GB patients Cav-1 expression in patients’ GB tumours were correlated with respect to the sub-groups for (A) EGFR-vIII, (B) PTEN, (C) MGMT and (D) TP53 molecular status. Boxes represent median (horizontal line) Cav-1 tumour expression (expressed as log2-fold) and 25th and 75th percentiles (error bars). Data were analysed using Student T-test (unpaired) for comparison of two groups.

Supplementary Figure 3 | In-situ hybridization (ISH) for Cav-1 in mesenchymal and proneural patients’ sections retrieved from IVY database (A, B). Representative ISH of Cav-1 expression shows specific pattern of expression for features isolated by LMD and subsequently assessed by RNA-seq approach. ML annotations for ISH and H&E (haematoxylin and eosin stain), and H&E adjacent to ISH. Colour code: blue, LE; purple, IT; green, CT; light blue, PN; turquoise, PAN; orange, HBV; red/magenta, MpVs; black, necrosis. HBVs, Hyperplastic blood vessels in cellular tumour; MpVs, Microvascular proliferation; PN, Pseudo-palisading cells around necrosis; IT, Infiltrating tumour; LE, Leading edge; CT, Cellular tumour.

Supplementary Figure 4 | (A–N). Kaplan Meier plot of ITGAV, CTSH, CTSK, MMP2, MMP9, PAI1 upon GB patient survival and their correlation with Cav-1. Left: for each gene, Kaplan Meier plot of Overall survival of GB patients expressing high and low levels of the selected genes. Vertical lines connect median survival times. The number of patients alive at each time-point is reported under the plots. Tables show Log Rank p-value for the evaluation of the curves statistical difference; median survival for each group is reported together with the confidence interval (CI), whereas Cox hazard ratio for the referring group is coupled with its p-value. Plot and analysis were achieved through Survimer R package.

Supplementary Table 1 | Univariate and multivariate analysis on 27 genes combined with Cav-1 expression. Median Survival and 95% Confidence Interval (CI), Log Rank test p value, Cox Hazard Ratio (HR) and corresponding p-value are listed in the table. Left panel: univariate analysis with 27 gene shortlisted from Table 2 (main Manuscript). Right panel: combined multivariate regression analysis with Cav-1 expression.

Supplementary Table 2 | List of genes correlating (positivelly and negativelly) with Cav-1.



References

1. Stupp, R, Mason, WP, Van Den Bent, MJ, Weller, M, Fisher, B, Taphoorn, MJB, et al. Radiotherapy Plus Concomitant and Adjuvant Temozolomide for Glioblastoma. N Engl J Med (2005) 352:987–96. doi: 10.1056/NEJMoa043330

2. Le Rhun, E, Preusser, M, Roth, P, Reardon, DA, van den Bent, M, Wen, P, et al. Molecular Targeted Therapy of Glioblastoma. Cancer Treat Rev (2019) 80:101896. doi: 10.1016/j.ctrv.2019.101896

3. McLendon, R, Friedman, A, Bigner, D, Van Meir, EG, Brat, DJ, Mastrogianakis, GM, et al. Comprehensive Genomic Characterization Defines Human Glioblastoma Genes and Core Pathways. Nature (2008) 455:1061–8. doi: 10.1038/nature07385

4. Brennan, CW, Verhaak, RGW, McKenna, A, Campos, B, Noushmehr, H, Salama, SR, et al. The Somatic Genomic Landscape of Glioblastoma. Cell (2013) 155:462–77. doi: 10.1016/j.cell.2013.09.034

5. Verhaak, RGW, Hoadley, KA, Purdom, E, Wang, V, Qi, Y, Wilkerson, MD, et al. Integrated Genomic Analysis Identifies Clinically Relevant Subtypes of Glioblastoma Characterized by Abnormalities in PDGFRA, IDH1, EGFR, and NF1. Cancer Cell (2010) 17:98–110. doi: 10.1016/j.ccr.2009.12.020

6. Inda M del, M, Bonavia, R, and Seoane, J. Glioblastoma Multiforme:A Look Inside its Heterogeneous Nature. Cancers (Basel) (2014) 6:226–39. doi: 10.3390/cancers6010226

7. Patel, AP, Tirosh, I, Trombetta, JJ, Shalek, AK, Gillespie, SM, Wakimoto, H, et al. Single-Cell RNA-Seq Highlights Intratumoral Heterogeneity in Primary Glioblastoma. Science (2014) 344:1396–401. doi: 10.1126/science.1254257

8. Zhao, Z, Zhang, K-N, Wang, Q, Li, G, Zeng, F, Zhang, Y, et al. Chinese Glioma Genome Atlas (CGGA): A Comprehensive Resource With Functional Genomic Data From Chinese Gliomas. Genomics Proteomics Bioinf (2021). doi: 10.1016/j.gpb.2020.10.005

9. Aquilanti, E, Miller, J, Santagata, S, Cahill, DP, and Brastianos, PK. Updates in Prognostic Markers for Gliomas. Neuro Oncol (2018) 20:vii17–26. doi: 10.1093/neuonc/noy158

10. Leu, S, Von, FS, Frank, S, Vassella, E, Vajtai, I, Taylor, E, et al. IDH/MGMT-Driven Molec Ular Classification of Low-Grade Glioma is a Strong Predictor for Long-Term Survival. Neuro Oncol (2013) 15:469–79. doi: 10.1093/neuonc/nos317

11. Songtao, Q, Lei, Y, Si, G, Yanqing, D, Huixia, H, Xuelin, Z, et al. IDH Mutations Predict Longer Survival and Response to Temozolomide in Secondary Glioblastoma. Cancer Sci (2012) 103:269–73. doi: 10.1111/j.1349-7006.2011.02134.x

12. Molenaar, RJ, Verbaan, D, Lamba, S, Zanon, C, Jeuken, JWM, Boots-Sprenger, SHE, et al. The Combination of IDH1 Mutations and MGMT Methylation Status Predicts Survival in Glioblastoma Better Than Either IDH1 or MGMT Alone. Neuro Oncol (2014) 16:1263–73. doi: 10.1093/neuonc/nou005

13. Louis, DN, Perry, A, Reifenberger, G, von Deimling, A, Figarella-Branger, D, Cavenee, WK, et al. The 2016 World Health Organization Classification of Tumors of the Central Nervous System: A Summary. Acta Neuropathol (2016) 131:803–20. doi: 10.1007/s00401-016-1545-1

14. Puchalski, RB, Shah, N, Miller, J, Dalley, R, Nomura, SR, Yoon, JG, et al. An Anatomic Transcriptional Atlas of Human Glioblastoma. Science (2018) 360:660–3. doi: 10.1126/science.aaf2666

15. Martinez-Outschoorn, UE, Sotgia, F, and Lisanti, MP. Caveolae and Signalling in Cancer. Nat Rev Cancer (2015) 15:225–37. doi: 10.1038/nrc3915

16. Williams, TM, and Lisanti, MP. The Caveolin Genes: From Cell Biology to Medicine. Ann Med (2004) 36:584–95. doi: 10.1080/07853890410018899

17. Baker, N, and Tuan, RS. The Less-Often-Traveled Surface of Stem Cells: Caveolin-1 and Caveolae in Stem Cells, Tissue Repair and Regeneration. Stem Cell Res Ther (2013) 4:90. doi: 10.1186/scrt276

18. Goetz, JG, Lajoie, P, Wiseman, SM, and Nabi, IR. Caveolin-1 in Tumor Progression: The Good, the Bad and the Ugly. Cancer Metastasis Rev (2008) 27:715–35. doi: 10.1007/s10555-008-9160-9

19. Corn, PG, and Thompson, TC. Identification of a Novel Prostate Cancer Biomarker, Caveolin-1: Implications and Potential Clinical Benefit. Cancer Manag Res (2010) 2:111–22. doi: 10.2147/cmr.s9835

20. Bennett, JC, Silva, P, Martinez, S, Torres, VA, and Quest, AFG. Hypoxia-Induced Caveolin-1 Expression Promotes Migration and Invasion of Tumor Cells. Curr Mol Med (2018) 18:199–206. doi: 10.2174/1566524018666180926163218

21. Thomas, S, Overdevest, JB, Nitz, MD, Williams, PD, Owens, CR, Sanchez-Carbayo, M, et al. Src and Caveolin-1 Reciprocally Regulate Metastasis via a Common Downstream Signaling Pathway in Bladder Cancer. Cancer Res (2011) 71:832–41. doi: 10.1158/0008-5472.CAN-10-0730

22. Campbell, L, Al-Jayyoussi, G, Gutteridge, R, Gumbleton, N, Griffiths, R, Gumbleton, S, et al. Caveolin-1 in Renal Cell Carcinoma Promotes Tumour Cell Invasion, and in Co-Operation With pERK Predicts Metastases in Patients With Clinically Confined Disease. J Transl Med (2013) 11:255. doi: 10.1186/1479-5876-11-255

23. Podar, K, and Anderson, KC. Caveolin-1 as a Potential New Therapeutic Target in Multiple Myeloma. Cancer Lett (2006) 233:10–5. doi: 10.1016/j.canlet.2005.02.035

24. Elsheikh, SE, Green, AR, Rakha, EA, Samaka, RM, Ammar, AA, Powe, D, et al. Caveolin 1 and Caveolin 2 Are Associated With Breast Cancer Basal-Like and Triple-Negative Immunophenotype. Br J Cancer (2008) 99:327–34. doi: 10.1038/sj.bjc.6604463

25. Fine, SW, Lisanti, MP, Galbiati, F, and Li, M. Elevated Expression of Caveolin-1 in Adenocarcinoma of the Colon. Am J Clin Pathol (2001) 115:719–24. doi: 10.1309/YL54-CCU7-4V0P-FDUT

26. Chen, HL, Fan, LF, Gao, J, Ouyang, JP, and Zhang, YX. Differential Expression and Function of the Caveolin-1 Gene in Non-Small Cell Lung Carcinoma. Oncol Rep (2011) 25. doi: 10.3892/or.2010.1095

27. Martin, S, Cosset, EC, Terrand, J, Maglott, A, Takeda, K, and Dontenwill, M. Caveolin-1 Regulates Glioblastoma Aggressiveness Through the Control of α5β1 Integrin Expression and Modulates Glioblastoma Responsiveness to SJ749, an α5β1 Integrin Antagonist. Biochim Biophys Acta Mol Cell Res (2009) 1793:354–67. doi: 10.1016/j.bbamcr.2008.09.019

28. Cosset, EC, Godet, J, Entz-Werlé, N, Guérin, E, Guenot, D, Froelich, S, et al. Involvement of the Tgfβ Pathway in the Regulation of α 5β 1 Integrins by Caveolin-1 in Human Glioblastoma. Int J Cancer (2012) 131:601–11. doi: 10.1002/ijc.26415

29. Quann, K, Gonzales, DM, Mercier, I, Wang, C, Sotgia, F, Pestell, RG, et al. Caveolin-1 Is a Negative Regulator of Tumor Growth in Glioblastoma and Modulates Chemosensitivity to Temozolomide. Cell Cycle (2013) 12:1510–20. doi: 10.4161/cc.24497

30. Senetta, R, Stella, G, Pozzi, E, Sturli, N, Massi, D, and Cassoni, P. Caveolin-1 as a Promoter of Tumour Spreading: When, How, Where and Why. J Cell Mol Med (2013) 17:325–36. doi: 10.1111/jcmm.12030

31. Barresi, V, Buttarelli, FR, Vitarelli, EE, Arcella, A, Antonelli, M, and Giangaspero, F. Caveolin-1 Expression in Diffuse Gliomas: Correlation With the Proliferation Index, Epidermal Growth Factor Receptor, P53, and 1p/19q Status. Hum Pathol (2009) 40:1738–46. doi: 10.1016/j.humpath.2009.04.026

32. Cassoni, P, Senetta, R, Castellano, I, Ortolan, E, Bosco, M, Magnani, I, et al. Caveolin-1 Expression is Variably Displayed in Astroglial-Derived Tumors and Absent in Oligodendrogliomas: Concrete Premises for a New Reliable Diagnostic Marker in Gliomas. Am J Surg Pathol (2007) 31:760–9. doi: 10.1097/01.pas.0000213433.14740.5d

33. Senetta, R, Trevisan, E, Rudà, R, Maldi, E, Molinaro, L, Lefranc, F, et al. Caveolin 1 Expression Independently Predicts Shorter Survival in Oligodendrogliomas. J Neuropathol Exp Neurol (2009) 68:425–31. doi: 10.1097/NEN.0b013e31819ed0b7

34. Pu, W, Nassar, ZD, Khabbazi, S, Xie, N, McMahon, KA, Parton, RG, et al. Correlation of the Invasive Potential of Glioblastoma and Expression of Caveola-Forming Proteins Caveolin-1 and CAVIN1. J Neurooncol (2019). doi: 10.1007/s11060-019-03161-8

35. Guo, Q, Guan, GF, Cheng, W, Zou, CY, Zhu, C, Cheng, P, et al. Integrated Profiling Identifies Caveolae-Associated Protein 1 as a Prognostic Biomarker of Malignancy in Glioblastoma Patients. CNS Neurosci Ther (2019) 25:343–54. doi: 10.1111/cns.13072

36. Jan Koster, JJM, and RV. Abstract A2-45: R2: Accessible Web-Based Genomics Analysis and Visualization Platform for Biomedical Researchers. In: Big Data in Clinical Applications. American Association for Cancer Research. doi: 10.1158/1538-7445.TRANSCAGEN-A2-45

37. Kassambara, A, and Kosinski, M. PB-… Package Version 0. 3. 1, 2017 Undefined. Package “Survminer” Type Package Title Drawing Survival Curves Using “Ggplot2.” MranMicrosoftCom (2017). Available at: https://mran.microsoft.com/snapshot/2017-04-16/web/packages/survminer/survminer.pdf.


38. Maximally, T, Rank, S, and Hothorn, AT. Package ‘Maxstat’ March 2, 2017 (2017). Available at: https://cran.r-project.org/web/packages/maxstat/maxstat.pdf.


39. Pathan, M, Keerthikumar, S, Ang, CS, Gangoda, L, Quek, CYJ, Williamson, NA, et al. FunRich: An Open Access Standalone Functional Enrichment and Interaction Network Analysis Tool. Proteomics (2015) 15:2597–601. doi: 10.1002/pmic.201400515

40. Prabhu, A, Kesarwani, P, Kant, S, Graham, SF, and Chinnaiyan, P. Histologically Defined Intratumoral Sequencing Uncovers Evolutionary Cues Into Conserved Molecular Events Driving Gliomagenesis. Neuro Oncol (2017) 19:1599–606. doi: 10.1093/neuonc/nox100

41. Pontén, F, Jirström, K, and Uhlen, M. The Human Protein Atlas - A Tool for Pathology. J Pathol (2008) 216:387–93. doi: 10.1002/path.2440

42. Schindelin, J, Arganda-Carreras, I, Frise, E, Kaynig, V, Longair, M, Pietzsch, T, et al. Fiji: An Open-Source Platform for Biological-Image Analysis. Nat Methods (2012) 9:676–82. doi: 10.1038/nmeth.2019

43. Vinci, M, Box, C, and Eccles, SA. Three-Dimensional (3D) Tumor Spheroid Invasion Assay. J Vis Exp (2015) e52686. doi: 10.3791/52686

44. Moriconi, C, Palmieri, V, Di Santo, R, Tornillo, G, Papi, M, Pilkington, G, et al. INSIDIA: A FIJI Macro Delivering High-Throughput and High-Content Spheroid Invasion Analysis. Biotechnol J (2017) 1700140. doi: 10.1002/biot.201700140

45. Xu, J, Li, Z, Wang, J, Chen, H, and Fang, JY. Combined PTEN Mutation and Protein Expression Associate With Overall and Disease-Free Survival of Glioblastoma Patients. Transl Oncol (2014) 7:196–205.e1. doi: 10.1016/j.tranon.2014.02.004

46. Stark, AM, Stepper, W, and Mehdorn, HM. Outcome Evaluation in Glioblastoma Patients Using Different Ranking Scores: KPS, GOS, mRS and MRC. Eur J Cancer Care (Engl) (2010) 19:39–44. doi: 10.1111/j.1365-2354.2008.00956.x

47. Levicar, N, Nutall, RK, and Lah, TT. Proteases in Brain Tumour Progression. Acta Neurochir (Wien) (2003) 145:825–38. doi: 10.1007/s00701-003-0097-z

48. Wade, A, Robinson, AE, Engler, JR, Petritsch, C, James, CD, and Phillips, JJ. Proteoglycans and Their Roles in Brain Cancer. FEBS J (2013) 280:2399–417. doi: 10.1111/febs.12109

49. Klekner, Á, Hutóczki, G, Virga, J, Reményi-Puskár, J, Tóth, J, Scholtz, B, et al. Expression Pattern of Invasion-Related Molecules in the Peritumoral Brain. Clin Neurol Neurosurg (2015) 139:138–43. doi: 10.1016/j.clineuro.2015.09.017

50. Autelitano, F, Loyaux, D, Roudières, S, Déon, C, Guette, F, Fabre, P, et al. Identification of Novel Tumor-Associated Cell Surface Sialoglycoproteins in Human Glioblastoma Tumors Using Quantitative Proteomics. PloS One (2014) 9:e110316. doi: 10.1371/journal.pone.0110316

51. Daubon, T, Leon, C, Clarke, K, Falciani, F, Bikfalvi, A, and Bjerkvig, R. P06.08 Thrombospondin-1 Is a Master Regulator of Glioblastoma Vascularization and Infiltration. Neuro Oncol (2016) 18:iv29–9. doi: 10.1093/neuonc/now188.099

52. Monteiro, AR, Hill, R, Pilkington, GJ, and Madureira, PA. The Role of Hypoxia in Glioblastoma Invasion. Cells (2017) 6. doi: 10.3390/CELLS6040045

53. Gole, B, Huszthy, PC, Popović, M, Jeruc, J, Ardebili, YS, Bjerkvig, R, et al. The Regulation of Cysteine Cathepsins and Cystatins in Human Gliomas. Int J Cancer (2012) 131:1779–89. doi: 10.1002/ijc.27453

54. Rao, JS. Molecular Mechanisms of Glioma Invasiveness: The Role of Proteases. Nat Rev Cancer (2003) 3:489–501. doi: 10.1038/nrc1121

55. Liu, Q, Liu, Y, Li, W, Wang, X, Sawaya, R, Lang, FF, et al. Genetic, Epigenetic, and Molecular Landscapes of Multifocal and Multicentric Glioblastoma. Acta Neuropathol (2015) 130:587–97. doi: 10.1007/s00401-015-1470-8

56. Verbovšek, U, Van Noorden, CJF, and Lah, TT. Complexity of Cancer Protease Biology: Cathepsin K Expression and Function in Cancer Progression. Semin Cancer Biol (2015) 35:71–84. doi: 10.1016/j.semcancer.2015.08.010

57. Mahase, S, Rattenni, RN, Wesseling, P, Leenders, W, Baldotto, C, Jain, R, et al. Hypoxia-Mediated Mechanisms Associated With Antiangiogenic Treatment Resistance in Glioblastomas. Am J Pathol (2017) 187:940–53. doi: 10.1016/j.ajpath.2017.01.010

58. Boscher, C, and Nabi, IR. Galectin-3- and Phospho-Caveolin-1-Dependent Outside-in Integrin Signaling Mediates the EGF Motogenic Response in Mammary Cancer Cells. Mol Biol Cell (2013) 24:2134–45. doi: 10.1091/mbc.E13-02-0095

59. Masoudi, MS, Mehrabian, E, and Mirzaei, H. MiR-21: A Key Player in Glioblastoma Pathogenesis. J Cell Biochem (2018) 119:1285–90. doi: 10.1002/jcb.26300

60. Chaffer, CL, Thompson, EW, and Williams, ED. Mesenchymal to Epithelial Transition in Development and Disease. Cells Tissues Organs (2007) 185:7–19. doi: 10.1159/000101298

61. Chen, W, Cheng, X, Wang, X, Wang, J, Wen, X, Xie, C, et al. Clinical Implications of Hypoxia-Inducible Factor-1α and Caveolin-1 Overexpression in Isocitrate Dehydrogenase-Wild Type Glioblastoma Multiforme. Oncol Lett (2019). doi: 10.3892/ol.2019.9929

62. Ostrom, QT, Gittleman, H, Liao, P, Vecchione-Koval, T, Wolinsky, Y, Kruchko, C, et al. CBTRUS Statistical Report: Primary Brain and Other Central Nervous System Tumors Diagnosed in the United States in 2010-2014. Neuro Oncol (2017) 1–88. doi: 10.1093/neuonc/nox158

63. Yang, W, Warrington, NM, Taylor, SJ, Whitmire, P, Carrasco, E, Singleton, KW, et al. Sex Differences in GBM Revealed by Analysis of Patient Imaging, Transcriptome, and Survival Data. Sci Transl Med (2019) 11:eaao5253. doi: 10.1126/scitranslmed.aao5253

64. Razandi, M. ERs Associate With and Regulate the Production of Caveolin: Implications for Signaling and Cellular Actions. Mol Endocrinol (2002) 16:100–15. doi: 10.1210/me.16.1.100

65. Talasila, KM, Røsland, GV, Hagland, HR, Eskilsson, E, Flønes, IH, Fritah, S, et al. The Angiogenic Switch Leads to a Metabolic Shift in Human Glioblastoma. Neuro Oncol (2017) now175. doi: 10.1093/neuonc/now175

66. Behnan, J, Finocchiaro, G, and Hanna, G. The Landscape of the Mesenchymal Signature in Brain Tumours. Brain (2019) 142:847–66. doi: 10.1093/brain/awz044

67. Conde-Perez, A, Gros, G, Longvert, C, Pedersen, M, Petit, V, Aktary, Z, et al. A Caveolin-Dependent and PI3K/AKT-Independent Role of PTEN in β-Catenin Transcriptional Activity. Nat Commun (2015) 6. doi: 10.1038/ncomms9093

68. Abulrob, A, Giuseppin, S, Andrade, MF, McDermid, A, Moreno, M, and Stanimirovic, D. Interactions of EGFR and Caveolin-1 in Human Glioblastoma Cells: Evidence That Tyrosine Phosphorylation Regulates EGFR Association With Caveolae. Oncogene (2004) 23:6967–79. doi: 10.1038/sj.onc.1207911

69. Vaupel, P, and Mayer, A. Hypoxia in Cancer: Significance and Impact on Clinical Outcome. Cancer Metastasis Rev (2007) 26:225–39. doi: 10.1007/s10555-007-9055-1

70. Kundu, S. Role of Caveolin-1 in Hypoxia and Proneural to Mesenchymal Transition of Glioblastoma (2018). Available at: http://bora.uib.no/bitstream/handle/1956/17969/Master_thesis2018_Kundu_Somdutta.pdf?sequence=1.


71. Beig, N, Patel, J, Prasanna, P, Hill, V, Gupta, A, Correa, R, et al. Radiogenomic Analysis of Hypoxia Pathway is Predictive of Overall Survival in Glioblastoma. Sci Rep (2018) 8:7. doi: 10.1038/s41598-017-18310-0

72. Bourseau-Guilmain, E, Menard, JA, Lindqvist, E, Indira Chandran, V, Christianson, HC, Cerezo Magaña, M, et al. Hypoxia Regulates Global Membrane Protein Endocytosis Through Caveolin-1 in Cancer Cells. Nat Commun (2016) 7:11371. doi: 10.1038/ncomms11371

73. Xie, L, Xue, X, Taylor, M, Ramakrishnan, SK, Nagaoka, K, Hao, C, et al. Hypoxia-Inducible Factor/MAZ-Dependent Induction of Caveolin-1 Regulates Colon Permeability Through Suppression of Occludin, Leading to Hypoxia-Induced Inflammation. Mol Cell Biol (2014) 34:3013–23. doi: 10.1128/mcb.00324-14

74. Bernatchez, P. Endothelial Caveolin and Its Scaffolding Domain in Cancer. Cancer Metastasis Rev (2020) 39:471–83. doi: 10.1007/s10555-020-09895-6

75. Simón, L, Campos, A, Leyton, L, and Quest, AFG. Caveolin-1 Function at the Plasma Membrane and in Intracellular Compartments in Cancer. Cancer Metastasis Rev (2020) 39:435–53. doi: 10.1007/s10555-020-09890-x

76. Parton, RG. Caveolae: Structure, Function, and Relationship to Disease. Annu Rev Cell Dev Biol (2018) 34:111–36. doi: 10.1146/annurev-cellbio-100617-062737

77. Bailey, KM, and Liu, J. Caveolin-1 Up-Regulation During Epithelial to Mesenchymal Transition Is Mediated by Focal Adhesion Kinase. J Biol Chem (2008) 283:13714–724. doi: 10.1074/jbc.M709329200

78. Martin, T, Ye, L, Sanders, A, Lane, J, and Jiang, W. Cancer Invasion and Metastasis: Molecular and Cellular Perspective. Metastatic Cancer Clin Biol Perspect (2014).


79. Iwadate, Y. Epithelial-Mesenchymal Transition in Glioblastoma Progression. Oncol Lett (2016) 11:1615–20. doi: 10.3892/ol.2016.4113

80. Tao, C, Huang, K, Shi, J, Hu, Q, Li, K, and Zhu, X. Genomics and Prognosis Analysis of Epithelial-Mesenchymal Transition in Glioma. Front Oncol (2020) 10. doi: 10.3389/fonc.2020.00183

81. Joo, HJ, Oh, DK, Kim, YS, Lee, KB, and Kim, SJ. Increased Expression of Caveolin-1 and Microvessel Density Correlates With Metastasis and Poor Prognosis in Clear Cell Renal Cell Carcinoma. BJU Int (2004) 93:291–6. doi: 10.1111/j.1464-410X.2004.04604.x

82. Zhang, ZB, Cai, L, Zheng, SG, Xiong, Y, and Dong, JH. Overexpression of Caveolin-1 in Hepatocellular Carcinoma With Metastasis and Worse Prognosis: Correlation With Vascular Endothelial Growth Factor, Microvessel Density and Unpaired Artery. Pathol Oncol Res (2009) 15:495–502. doi: 10.1007/s12253-008-9144-7

83. Ladha, J, Donakonda, S, Agrawal, S, Thota, B, Srividya, MR, Sridevi, S, et al. Glioblastoma-Specific Protein Interaction Network Identifies PP1A and CSK21 as Connecting Molecules Between Cell Cycle-Associated Genes. Cancer Res (2010) 70:6437–47. doi: 10.1158/0008-5472.CAN-10-0819

84. Ramachandran, RK, Sørensen, MD, Aaberg-Jessen, C, Hermansen, SK, and Kristensen, BW. Expression and Prognostic Impact of Matrix Metalloproteinase-2 (MMP-2) in Astrocytomas. PloS One (2017) 12:e0172234. doi: 10.1371/journal.pone.0172234

85. Veeravalli, KK, and Rao, JS. MMP-9 and uPAR Regulated Glioma Cell Migration. Cell Adhes Migr (2012) 6:509–12. doi: 10.4161/cam.21673

86. Hsu, JBK, Chang, TH, Lee, GA, Lee, TY, and Chen, CY. Identification of Potential Biomarkers Related to Glioma Survival by Gene Expression Profile Analysis. BMC Med Genomics (2019) 11:34. doi: 10.1186/s12920-019-0479-6

87. Tang, Y, Zeng, X, He, F, Liao, Y, Qian, N, and Toi, M. Caveolin-1 is Related to Invasion, Survival, and Poor Prognosis in Hepatocellular Cancer. Med Oncol (2012) 29:977–84. doi: 10.1007/s12032-011-9900-5

88. Han, F, Zhang, J, Shao, J, and Yi, X. Caveolin-1 Promotes an Invasive Phenotype and Predicts Poor Prognosis in Large Cell Lung Carcinoma. Pathol Res Pract (2014) 210:514–20. doi: 10.1016/j.prp.2014.04.010

89. Pellinen, T, Blom, S, Sánchez, S, Välimäki, K, Mpindi, JP, Azegrouz, H, et al. ITGB1-Dependent Upregulation of Caveolin-1 Switches Tgfβ Signalling From Tumour-Suppressive to Oncogenic in Prostate Cancer. Sci Rep (2018) 8:2338. doi: 10.1038/s41598-018-20161-2

90. Campo, E, Muñoz, J, Miquel, R, Palacín, A, Cardesa, A, Sloane, BF, et al. Cathepsin B Expression in Colorectal Carcinomas Correlates With Tumor Progression and Shortened Patient Survival. Am J Pathol (1994) 145:301–9.


91. Wary, KK, Mariotti, A, Zurzolo, C, and Giancotti, FG. A Requirement for Caveolin-1 and Associated Kinase Fyn in Integrin Signaling and Anchorage-Dependent Cell Growth. Cell (1998) 94:625–34. doi: 10.1016/S0092-8674(00)81604-9

92. Franovic, A, Elliott, KC, Seguin, L, Camargo, MF, Weis, SM, and Cheresh, DA. Glioblastomas Require Integrin αvβ3/PAK4 Signaling to Escape Senescence. Cancer Res (2015) 75:4466–73. doi: 10.1158/0008-5472.CAN-15-0988




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


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 © 2021 Moriconi, Civita, Neto, Pilkington and Gumbleton. 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-11-701933-g002.jpg
& TCGA database.
Kaplan Meier Surviva Estimates.

. CGGA database

Kaplan Meier Survival Estimates

100% 100%
ot 1218
54} = rion 5%
S cavitow
g - § o
254 25%)
osd ol
T E3 £ 7 g % ™
Survvad e (orers) Suruval e (Horss)
Number at risk by time. Number atrisk by time.
-3 3 & B BES 1 1
=120 2 3 1 =10 2 3
g B = 7 g £} T
Survival time (Months) Survivaltim (Month)
c o
loghunk  wedin 950 Corhanrd gtk Medin 550 Coxhard
e sl e Corpalse Fve sl o Corpe
e s wman ams 13es — e seps o1 om
1e0s oo
Cvieton us  omoss cmvtetow 14 maae





OEBPS/Images/fonc-11-701933-g007.jpg
- caves)
- cAvxo)

GAPDH () el

BB KO ég
CAV-1 - §§ ,/i
i

“Tene (vs)

4 CAV+ (BB) ° . Clonogenicity

L

e A e e 150)

3
Core Area

' p00001

G

cavon ool
Invasion Area

y = peooo0r

e e g

Pt

oo oasonnomoizes  ChangoinCaroven





OEBPS/Images/fonc-11-701933-g004.jpg
1DH1 Status Histology
15 15

o o
1DHIWE IDHI-Mut High Grade Low Grade,
c o
Kamnofsky Performance Status 6B Subtypes
15 s

g
!

TE

<60kps. >60kPS &






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Caveolin-1, a Key Mediator Across Multiple Pathways in Glioblastoma and an Independent Negative Biomarker of Patient Survival

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Bioinformatic and Statistical Analysis

          

            		

              TCGA and CGGA Databases and Survival Analysis

            



          



          



          		

            Preclinical Data Statistical Analysis

          



          		

            Functional Enrichment Analysis

          



          		

            IVY Glioblastoma Atlas Project

          



          		

            Immunohistochemistry Reaction of Caveolin-1

          



          		

            Cell Culture and CRISPR Transfection

          



          		

            Proliferation Assay

          



          		

            Colony Assay

          



          		

            3D Invasion Assay

          



          		

            Statistical Analysis for In Vitro Test

          



        



        



        		

          Results

        

          		

            Survival Analysis: Cav-1 Is an Independent Negative Prognostic Marker for GB Patients

          



          		

            Survival Analysis: Gender and Cav-1 Expression

          



          		

            Correlation of Clinical Prognostic Indicators and Cav-1 Expression

          



          		

            Cav-1 Shows Specific Distribution Patterns Within GB Tissue

          



          		

            In Vitro CRISPR Cav-1 KO Shows Cav-1 Expression as Essential for U87 Tumorigenic and Invasive Abilities

          



          		

            Epithelial to Mesenchymal Transition, Cell Migration, Cell Signalling, and ECM Reorganization Genes Co-Correlates With Cav-1

          



          		

            Cav-1 as a Key Driver of Survival: Analysis Using Single and Paired Markers Shows Genes Whose Expression Is Required for Cav-1 Increase

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Gene Name Rvalue Repvalue Univariate poor prognosis (‘section 2.7) Reforences
Positiv correlaton with Cav-1
At 0639 896560 v an
cos 0585 870842 v )
1681 osa7 197640 9
PAR 0520 180837 v “n
16AS 0518 1.00E.35 v 8
crss 0488 300E31 v @
oPA oas2 183E.30 v @
o 0428 1.45€.23 v @
cTsL 042 12622 v @
16A3 o038t 1.106-18 @)
1685 037 212617 v )
TSP1 0368 319817 v 1)
v 0363 1.066-16 ©)
TGAY 033 712614 )
crss o301 130611 )
MP1 o301 14211 v 9
wvP7 03 15011 v 9
TS0 0206 Q02E11 v @
T 1MMP 0265 355600 v @
MPO 0226 730607 v n
MP1O0 0201 120605 v )
CTsH 0158 00007410 )
TS 0143 00024334 )
MvP3 o1z 00074362 &
Py o115 00168875 9
Tos. 01 008341 9
P2 0006 001914367 v “n
Nogative corroation with Cav-1
£CAD 0172 00002088 )

R vabo ccates (o COTaa1on vl botwoen Cav-1 and o sobctod gnos: A vabo icalos he sttt sncance. The datain Table 21or 27 gonas ro exactod om ko 1

B i e i s e e L e





OEBPS/Images/fonc-11-701933-g008.jpg
Holaginl precew:

e
[ —
s esprse
Cerigin

o ——
s
[rR—
PRRT—

~L0g10 (pvalue) N Percentage of gene
o L p00Sleence
o s w1 o EERE
»<oom
Peom

IEREEE]
Pasconign ol geess:





OEBPS/Images/table3.jpg
cut
point

oAV Hon

Low

MMP2 Hign

Low

MMPO High

Low

CTSH Hign

eTSK Hon

PAL  Hgn

Low

Univariate Cox Regression Model

Mdian survival  95%  Log Rank p-

(0ays)

a2

w2

77

a2

£

19

]

a3
53

316

3 88 &3

88 &3

value

005

004

004

002

000

008

Cox-
HR

o674

1,084

1.789

2080

1418

715

Coxp-
value

008

008

008

00

000

001

cavaneo
cave
cavenen
caventen
cavaneo
cave
cavene
cavene
cavaneo

cavor
cavene

cavene

cavneon
cavon

e
caventor

cavne
caven

cavenen
caventon

cave
cave

cavenen
caventew

‘Composite Cox Regression Model

Median survival  95%  Log Rank

(©ays) o pake

138 o 2008
2
2 126
[
52 a2
a7
57 260
39

138 B 0
w2
a5 12
N
410 e
0
o2 78
NA

138 o 2008
a2
148 87:NA
a4 .
80
07 419
N

23 2NA 6008
31 2
10 s05.
N
a4 a2
a7

138 TONA 1005
128 s7NA
a4 313
@
s a0
m

150 oANA 2005
108 2N
S 164
NA
a7 360
a9

Cox-HR

caven
3185

e

0629
caven

3456
P2

2320
cavn

3086
MPY =
1869

cav
2311
s

042

cav

3086
cTsk

e
oAV

3215
AT

110

Cox
palue

1005

0025

470.06

0013

17005

000

570.06

00007

18-005

008

075732

Vicn Sunval an 95% Confdenco el (1, Log R st pvalue, Cox Hazard Rt () and conosponcing p oo arostod 190 Table 3 Lof panet:unvara anayss wit
genes shortisted rom Table 2 Right prst compast mularl egrésson aralyss wih Cav-1 @xpressin.

Boid vaes or CoxHA an Caxp-vobeindcato whero the compasio anayssof X geno hoh” combined with Ca-1 gane "igh esus i a sigfcanty graterHR than when irr X
R T L P B O R S P B )





OEBPS/Images/fonc.2021.701933_cover.jpg
’ frontiers
in Oncology

Caveolin-1, a Key Mediator Across
Multiple Pathways in Glioblastoma
and an Independent Negative
Biomarker of Patient Survival





OEBPS/Images/fonc-11-701933-g001.jpg
=

‘Standardized Log-Rank Statistic

TCGA database.
Maximaly Selected Rank Statistics

254
20f
15
10
034
o0f

CGGA database.
Maximally Selected Rank Statistics

Stancarcized Log Rank Statstc






OEBPS/Images/fonc-11-701933-g006.jpg
e

i3

T PN Ps  HBVs Mpvs
Finte Nighoow:

Leading Edge

Infiltrating tumour

Cellular tumour
Perinecrotic area
Pseudopalisading area
Hyperplastic blood vessels
Microvascular proliferation

 +4 Upregulated

0 Noexpression

Zscore

4 Downregulated





OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc-11-701933-g003.jpg
Normal Brain Cortex tissue High grade Glioma tissue






OEBPS/Images/fonc-11-701933-g005.jpg
AV High (7.3 moncrs)
V- Low (176 monts)
Log i paiue 003
HR=3.08 palue 003
Cutoftpoint=12488

L3
Classical Proneural
Nesgan it - Mesan it
Cav-1 High (108 moncns) CAV-LHigh 128 morurs
1 CAV-1 Low (117 montrs) . CAV-1 Low (33,5 monins)
Lo ankpraoe 08 Logrank pvaiue 00¢1
HRELZS paive 06 oo HR=265 palue 003
Coroftpones 3611 E o Gt parntss
T ¥ ¥ £ @ T ¥ ¢ & & @
Folowup i monts Fotowupinmens
Mesenchymal L] Neural
Mean srint o Mesan urvil

V1 Mg (198 montns)
€AV Low (137 montns)
Log i piue 03
HRE 1 pralue 0.1
Cutoftpoiniz1éss

T ¢ § ¢
Py

T ¢ & % 3
Folow up in months.





OEBPS/Images/table1.jpg
(A) Prognostic factors in the multivariate model

Cav-1 (igh s fon)

DFH-1 {vdd typo s mutation)

MGMT promter (methyated vs unmethytod)
PTEN (mutation v wid ype)

EGFRII (ampfication vs not amplfication)
TPS3 (musaton vs vid type)

(8) Prognostic factors inthe composite covariate model

Cav-1 Ton/DH-1 mut
Cave1 TihAIDH-1 v

Cav-1 owMGMT meh
Cavr1 Tigh/MGMIT urmeth
Cav-1 o FPTEN vt

Cav-1 Tigh'/PTEN mut

Cav-1 Tou EGFRII not ampl
Cav-1 Tigh/EGFR-l ampl
Cav-1 o /P53 .

Cav-1 Tigh'/TPS3 mut

pvalue

0001
o015
0208
0108
0687
044

palue

00001
oass
0031
0005

0195

Hazard Ratio (HR)

2867
6458
o721
2011
112
1267

Hazard Ratio (HF)

171

95.0% Gl for Hazard Ratio

Lower

1877
1.430
043
o088
068
osor2

Upper

5214

20170
1192
4650
189
2321

95.0% Ci for Hazard Ratio

Lower

3280

0408

1181

1.466

0708

Upper

0187
1366

19796
sat

5502

N Feiad ailts O S8 Conliais Tt . TISE Tt Mt et Sroliaiba st anetoRiNG mail: ratiied. Boll enoess Sonllcce a5 < G001,





