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Supplementary material 

Material and methods 

Isolation of endothelial cells from brain tissue 

Tissue was mechanically dissociated using scissors, followed by enzymatical dissociation in HBSS 

(Gibco, 14065-049) containing 1.55 g/L glucose, 0.08 WU/mL Liberase DH (Sigma, 5401054001) and 

100 U/mL DNaseI (Sigma, D4263-5VL) at 37 °C for 60 minutes (1 ml per 100 mg of tissue). After the 

dissociation, the lysed tissue was passed through a 100 µm mesh and washed with HBSS containing 

1% BSA, 1.55 g/L glucose and 100 U/ml DNaseI. Tissue lysate was mechanically dissociated by 

pipetting 40 times using a 1000mL pipette with subsequent passage through a 40 µm mesh, and then 

centrifuged for 5 minutes at 300g at 4 °C. The cell pellet was resuspended in the isolation buffer 

containing PBS w/o Ca2+ and Mg2+, 0.1% BSA and 2mM EDTA pH 7.4. To enrich the samples for 

endothelial cells, we initially performed a negative selection by adding 25 µl/ml of anti-CD15 antibody 

(Ab) (Invitrogen, 11137D), and anti-CD45 Ab (Invitrogen, 11153D) conjugated Dynabeads and 

incubated at 12 °C on a shaking device (Eppendorf ThermoMixer C) for 30 minutes. CD45 and CD15 

positive cells were removed using a magnetic particle concentrator rack (DynaMag™-5 Magnet; 

Invitrogen; 12303D). The tissue lysate was centrifuged at 300g, for 10 minutes at 4 °C. The cell pellet 

was resuspended in isolation buffer 2 (HBSS, 1% BSA, 1.55 g/L glucose) and incubated with 25 µl/ml 

anti-CD31 Dynabeads (Invitrogen, 11155D) solution for 20 minutes at 12 °C and constant movement 

(300rpm, Eppendorf ThermoMixer C). CD31 positive endothelial cells were isolated using an MPC 

rack, which was repeated twice to capture all anti-CD31-Ab labelled cells. Cells were washed with 

isolation buffer 2 and PBS, then lysed for RNA isolation. 

 

Immunohistochemistry 

GBM and control samples were embedded in OCT freezing medium (CellPath, 81-0771-00) and 10 µm 

thick slices were cut with a Leica CM 1850 UV Cryostat. Slices were cut at -25 °C and picked up with 

TOMO glass slides (Matsunami, TOM-1190, 75x25x1mm). After drying, the slides were stored at -20 °C 

until used for immunohistochemistry. For on-slide stainings, all steps were performed in a humidity 

chamber. Tissue slices were incubated in blocking solution (Superblock, ThermoFisher, 37535) for 30 

minutes at room temperature (RT), followed by overnight incubation of primary antibodies 
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(Supplementary Table 1) at 4 °C. Samples were washed with PBS, 0.01% Tween 20 and incubated with 

fluorescently-labelled secondary antibodies for 2h at RT. All secondary antibodies (anti-rabbit, anti-

mouse, and anti-goat) made in donkey conjugated to fluorophores (Alexa 488, Cy3, DyLight 649) 

suitable for multiple labelling were purchased from Jackson Immunoresearch. Cell nuclei were 

visualized using the 4′,6-Diamidin-2-phenylindol (DAPI). Samples were mounted in Prolong Gold 

Antifade Mounting Reagent (Invitrogen, cat # P36930). Imaging was preformed using a SP5 laser 

scanning confocal microscope equipped with a 20x objective (numerical aperture 0.7) (Leica). For image 

processing, Imaris (Bitplane) software was used. For imaging and image processing, the same settings 

were used for GBM and control samples. 

 

Quantification of immunohistochemistry images 

Quantification of fluorescence images was performed using FIJI (ImageJ) software. Channels were 

opened separately and Z-Projection (Sum Slices) was performed. For CD31 staining, a binary image 

was prepared and if necessary, a median filter was applied to reduce salt and pepper noise. The CD31 

binary image was used to create a selection, which was then transferred to the second channel using 

the ROI (Region of Interest) manager. Mean grey value was calculated from this ROI (i.e. CD31 positive 

area). To quantify perivascular fibroblasts, the polygon tool was used to create a ROI around the CD31 

positive area. These ROIs were transferred to the channel of ADAM12 and CLEC3B and mean grey 

value was measured in the ROI. 

 

Bioinformatics analysis of RNA seq data 

Raw reads in fastq sequencing files were cleaned to remove Illumina adapters and low quality reads 

with Trimmomatic (v.0.36) 1. Trimmed reads were then aligned against the human reference genome 

(GRCh38.p10, annotation release 89, 2017-05-31) using the STAR aligner (v.2.5.3a) 2. Alignment files 

were sorted using Samtools (v.1.5) 3. Reads per gene locus were counted using featureCounts in the 

Rsubread package 4 for R (v.3.4.2). Number of reads and gene biotypes of each sample are listed in 

Supplementary Table 2. Normalization and differential gene expression analysis was performed on the 

counts data using R (v.3.5.3) and the DESeq function of the DESeq2 package 5 for R, with default 

parameters. We tested for differential gene expression between GBM and control samples, and between 

lung adenocarcinoma metastasis and control samples separately. Genes were considered as 
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significantly differentially expressed at adjusted p-value <0.05. Gene set overrepresentation analysis of 

Gene Ontology biological process 6,7 gene sets was performed using the enrichGO implemented in the 

clusterProfiler package 8. This overrepresentation analysis was used for DEG identified in GBM versus 

control or BM versus control, but also for genes that were in common or not between GBM and BM. 

To determine cell-type specific enrichment in either GBM or BM, we used smaller cell-type 

specific gene sets, applying gene set enrichment analysis (GSEA; 9. Briefly, all genes were sorted 

according to their Wald statistic, and up- or downregulated genes were tested separately. For each gene 

set, an enrichment score (ES) was calculated by increasing or decreasing a running-sum statistic 

proportionally to the magnitude of the Wald statistic of each gene (using p=1, see Equation 1 in 

Subramanian et al.). Randomized ES values were calculated by randomizing gene labels 1000 times. 

The normalized enrichment score (NES) was calculated by dividing the ES by the mean of the 1000 

randomized ES values. A p-value associated to each NES was determined based on the proportion of 

randomized ES values that had a higher (for positive ES) or lower (for negative ES) value than the ES 

initially calculated. P-values were finally adjusted using the Benjamini-Hochberg procedure 10 GSEA 

was performed using two gene sets. One consisted of mouse-derived marker genes of fibroblasts, mural 

cells, astrocytes, oligodendrocytes, microglia and endothelial cells. Another gene set consisted of key 

pathways involved in the maturation of the mouse BBB (gene sets of Figure 5 and Figure 6 in 11). 

Analysis of DEG in GBM EC in the IVY GAP 

Normalized gene-level FPKM (Fragments Per Kilobase of transcript per Million mapped reads) values 

were downloaded from the IVY GAP 12, webpage 

(https://glioblastoma.alleninstitute.org/static/download.html; zipped folder 

“gene_expression_matrix_2014-11-25”). Only samples originating from reference histology GBM 

regions were retained (cellular tumor (CT), microvascular proliferation (CTmvp), pseudopalisading cells 

around necrosis (CTpan), infiltrating tumor (IT) and leading edge (LE)). Within a heatmap created with 

the ComplexHeatmap package (v. 1.20.0) for R 13, only genes differentially expressed between our GBM 

and control samples were hierarchically clustered according to their expression pattern in IVY GAP 

tumor regions (complete hierarchical clustering method using Euclidean distance). Subsets of genes 

with high average z-score values in LE+IT or in MVP but low values in other regions were selected and 

subjected to gene set overrepresentation analysis against the Gene Ontology biological process gene 

sets, using the enrichGO function of the clusterProfiler package (v. 3.10.1) 8. 

https://glioblastoma.alleninstitute.org/static/download.html
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Determination of CD31-positive endothelial cell sample enrichment using Genotype-Tissue 

Expression (GTEx) data 

To determine whether we had successfully enriched our samples with CD31-positive endothelial cells 

or not, we compared our samples to bulk brain samples available in the GTEx project 

(https://gtexportal.org/home/). Because the number of samples per tissue is higher in the GTEx project 

than in our RNA seq data, we randomly selected 6 samples in each of 3 bulk brain tissues available in 

the GTEx project: Hippocampus, cortex and the putamen of the basal ganglia (gene read counts and 

sample attributes downloaded from GTEx v7 on 02/25/2019). The sample IDs of the GTEx cortex 

samples were: GTEX-Z93S-2926-SM-57WB9, GTEX-13O3O-3126-SM-5KM3H, GTEX-Y111-2726-

SM-4TT3N, GTEX-1445S-3026-SM-5O9BR, GTEX-11GS4-3126-SM-5A5LH and GTEX-144FL-3026-

SM-5O99C. The sample IDs of the GTEx hippocampus samples were: GTEX-13JVG-0011-R1a-SM-

5KM32, GTEX-PVOW-0011-R1A-SM-32PL6, GTEX-13N1W-0011-R1b-SM-5MR4T, GTEX-13FLW-

0011-R1b-SM-5LZX2, GTEX-OHPN-0011-R1A-SM-2I5GB and GTEX-139TT-0011-R1a-SM-5LZVD. 

The sample IDs of the GTEx putamen of the basal ganglia samples were: GTEX-14PJO-0011-R7a-SM-

664NR, GTEX-13O3O-0011-R7b-SM-5P9GZ, GTEX-RNOR-0011-R7A-SM-2TF4V, GTEX-ZAB4-

0011-R7a-SM-4SOKE, GTEX-NL3H-0011-R7a-SM-2I3G5 and GTEX-N7MS-0011-R7a-SM-2HMKN. 

GTEx gene counts were merged with our RNA seq raw counts and filtered to only retain genes with at 

least 1 count per million (cpm) in 1 sample. Gene counts were normalized using the trimmed mean of 

M values (TMM) method implemented in the edgeR (v. 3.24.3) package for R 14, and converted to log2 

cpm using the voom function of the limma (v. 3.38.3) package 15. Next, differential gene expression 

analysis was performed among and between each GTEx brain tissue type and our control and tumor 

RNA seq tissues by fitting a linear model using limma. Finally, a list of EC marker genes was extracted 

from Figure 2A of Butler et al. 16, GSEA 9 was used to calculate an enrichment score for this EC marker 

gene list among or between each GTEx brain tissue type and our control and tumor RNA seq tissues. If 

our CD31-positive endothelial cell enrichment was successful, we expected a high enrichment score for 

our tumor and control RNA seq samples when compared to the GTEx samples, but a negligible 

enrichment score among GTEx samples or among RNA seq samples. 

 

Comparison to previously published gene expression data 

https://gtexportal.org/home/
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By extracting gene lists associated with GBM in the literature, we calculated an enrichment score for 

each of our GBM, metastasis or control samples separately. This allowed us to determine how well each 

sample’s gene expression was matching the pattern of published deregulated genes in GBM. The 

enrichment score 17 was the sum of the z-scores of the upregulated genes minus the sum of the z-

scores of the downregulated genes (if present). 

One gene list for which we calculated this enrichment score was defined as a core BBB 

dysfunction module in mouse (Figure 5a in Munji et al.) 18. A second gene list was defined using 

microarray data of micro-dissected vessels of gliomas and healthy control, including both upregulated 

and downregulated genes in gliomas (Supplementary Table 2 of Dieterich et al.) 19. Finally, we 

calculated an enrichment score using GBM EC- or normal EC-associated genes determined by 

correlation analyses in Dusart et al. (Supplementary Table 8, tab 3) 20. GBM EC-associated genes were 

the ones having a mean correlation coefficient >0.5 in GBM and <0.5 in normal EC, and normal EC-

associated genes were the ones having a mean correlation coefficient <0.5 in GBM and >0.5 in normal 

EC. 

 

Supplementary results and discussion 

DEG in GBM endothelial cells are enriched in specific tumor anatomical structures 

EC were isolated from GBM resection material, which lacked positional information about anatomical 

tumor regions. Thus, our dataset includes EC originating from all tumor regions. Because different tumor 

regions show distinct gene expression profiles, we determined whether the DEG we identified in our 

study were specific to some particular GBM regions. Using the Ivy Glioblastoma Atlas Project (IVY GAP) 

RNAseq data obtained from anatomically different GBM regions 12, we found that our list of DEG 

included genes that were highly expressed in several anatomical regions of GBM (Supplementary Fig. 

5-7). We focused on a subset of DEG that were more expressed in the IVY GAP dataset in the leading 

edge (LE) and infiltrating tumor (IT) region, and microvessel-proliferation (MVP) region. GO-

overrepresentation analysis of genes downregulated in GBM EC but preferentially expressed in LE and 

IT region (105 genes) in GBM tissue identified gene sets that are associated with blood circulation, 

circulatory system and import across plasma membrane (Supplementary Figure 5A, B and 

Supplementary Table 8). Thus, the expression of these genes is lower in the MVP region, indicating that 
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the MVP region may have an impaired regulation of circulation and alteration in plasma membrane 

transport. Interestingly, several genes expressed by normal EC (e.g. ANXA3, SLC1A1, PTPRR, LY6E) 

are not enriched in the MVP region (Supplementary Figure 5A, C and Supplementary Table 8). Genes 

downregulated in GBM EC but highly expressed in MVP region (119 genes) are defining GO gene sets 

associated with vascular development (Supplementary Figure 5A, D and Supplementary Table 8). This 

gene cluster contains EC genes which expression is not lost by EC in MVP but whose expression is 

relatively lower when compared to normal EC, and are encoding for transcription factors, cell-cell contact 

and cell adhesion molecules, and arterial endothelial cell markers (Supplementary Figure 5E, 

Supplementary Table 8). Genes upregulated in GBM EC and also highly enriched in LE and IT regions 

(132 genes) in the IVY GAP dataset were associated with neuronal signaling (e.g. signal release, 

glutamatergic synaptic transmission, axonogenesis) (Supplementary Figure 5F-H and Supplementary 

Table 8). These alterations localizing to LE and IT regions could be a sign of an altered neuronal 

signaling induced by the tumor cells surrounding blood vessels, which in turn promotes glioma 

progression 21,22. Genes upregulated (157 genes) in GBM EC and preferentially expressed in MVP 

region included genes defining GO-gene sets describing extracellular matrix (ECM) (Supplementary 

Figure 5F, I, J and Supplementary Table 8). This analysis suggests that alterations in GBM blood vessels 

vary according to anatomical region. 

 

Comparison of DEG in GBM vasculature with published datasets 

We next compared DEG in GBM vasculature identified in our dataset with published data where gene 

expression alterations were identified in GBM vasculature using different approaches 19,20. Dusart et al. 

used a bioinformatics-based approach to identify human malignancy-associated EC changes in silico 

using bulk RNA sequencing data from normal human cortex, low-grade glioma and glioblastoma 20. Out 

of these 42 malignancy-associated EC genes, 41 genes were expressed in our dataset, and 9 genes 

were significantly up-regulated in GBM samples compared to control (NOX4, COL4A1, COL4A2, 

ANGPT2, TNFRSF4, ACE, ENPEP, LAMC3, EXOC3L2) (Supplementary Figure 9A). Five out of these 

9 genes (ENPEP, LAMC3, EXOC3L2, TNFRSF4, NOX4) belong to the 10 predicted GBM-EC markers 

identified by Dusart et al. 20. In addition, Dusart et al. identified 121 genes that were usually expressed 

in healthy EC but were downregulated in GBM EC. Thirty-seven of these genes were significantly 

downregulated in our GBM samples, e.g. SLC2A1, ABCB1, LSR, ANXA3, GATA2, SHE, PAQR5, BMP6, 
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PGR (Fig. 1A, Supplementary Figure 9B, Supplementary Table 9). Two of these genes, SLC2A1 and 

ABCB1, have been previously implicated in the BBB function. Interestingly, in the IVY GAP dataset, the 

downregulated gene ANXA3 shows a higher expression in LE+IT regions that have a relatively “normal” 

vasculature, whereas SHE and GATA2 show a higher expression in the MVP region (Supplementary 

Figure 5C, Supplementary Table 8). Two GBM samples in our dataset (#3 and #9) had a high enrichment 

score for the GBM-EC signature identified by Dusart et al. (Supplementary Figure 9C). The enrichment 

score for normal brain-EC enriched transcripts identified by Dusart et al. was highest in control samples 

(Supplementary Figure 9D). 

Dieterich et al. analyzed the transcriptome of vessels isolated by laser microdissection from 

non-malignant brain, low-grade glioma and GBM using Affymetrix microarrays 19. Out of 78 genes 

identified by Dieterich et al. as being upregulated in GBM vessels compared to low-grade glioma and 

control vessels, 24 genes were significantly upregulated also in our dataset (Supplementary Figure 9E, 

F). Interestingly, all 24 genes, except for CA2, WEE1, LOXL2, and ANKRD10, are higher expressed in 

the IVY GAP dataset in the MVP region (Supplementary Table 8). Expression of five genes (NOX4, 

COLA41, COL4A2, ENPEP and ANGPT2) out of the 24 was shown to be upregulated by GBM 

vasculature also by Dusart et al. 20. In addition, two genes (CFH and GIMAP8) identified as upregulated 

in Dieterich et al. were downregulated in our dataset (Supplementary Figure. 9E). This could be due to 

the different methods (Affymetrix vs RNA sequencing) to detect gene expression changes. Out of 16 

downregulated genes in Dieterich et al, 5 were downregulated in our dataset (PGR, RAMP2, TRPM6, 

RERGL, PDCD4) (Supplementary Figure 9E). PGR was also identified as a downregulated gene in 

GBM EC by Dusart et al 20. Interestingly, a lack of PGR expression has been shown to increase vascular 

response to injury 23. Finally, three samples in our dataset (#3, #9, #27) had a high enrichment score for 

the GBM signature identified by Dieterich et al., (Supplementary Figure 9F) 19. 

 

Comparison of DEG in GBM and BM vasculature 

We next compared DEG in GBM and BM vasculature identified in our study. Out of all DEG in the GBM 

and BM dataset, 556 genes were deregulated in both tumor types when compared to control samples 

(Supplementary Figure 11A-D). GO over-representation analysis using genes upregulated in both BM 

and GBM EC showed deregulation of genes implicated in angiogenesis and ECM deposition 

(Supplementary Figure 11D, Supplementary Table 10). Genes upregulated only in GBM were enriched 
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in gene sets related to axon development, trans-synaptic signaling, and cell motility (Supplementary 

Figure 11E, Supplementary Table 10). No specific gene set was significantly enriched when analysing 

genes upregulated only in BM or when using genes downregulated in both GBM and BM, indicating that 

these genes were not grouped within specific functions or pathways. Finally, GO overrepresentation 

analysis of genes downregulated in either one or the other tumor type revealed downregulation of gene 

sets related to angiogenesis, endothelial migration and response to interferon-gamma in GBM EC 

(Supplementary Figure 11F, Supplementary Table 10), and regulation of transmembrane membrane 

transport in BM EC (Supplementary Figure 11G, Supplementary Table 10). 

 

BBB dysfunction module 

We next investigated whether GBM and adenocarcinoma metastasis EC showed deregulation of a 

generic “BBB dysfunction module” identified by analyzing 4 different mouse brain pathologies resulting 

in a BBB dysfunction (increased vascular permeability) 18. Out of 136 genes defining the “BBB 

dysfunction module” in mouse, 124 and 105 homologous genes were found in human GBM and BM EC, 

respectively, and 54 and 46 genes were significantly deregulated in the GBM and BM, respectively 

(Supplementary Figure 11H, I). The BBB dysfunction module genes were significantly enriched in both 

datasets (Supplementary Figure 11J, K). The majority of upregulated genes are implicated in 

angiogenesis (ROBO1, APLNR), cell migration (HMMR, DPYSL3) and cell proliferation (TOP2A, TPX2, 

MKI67), and extracellular matrix deposition and modification (TNC, ADAM12, COL1A1, COL3A1, 

LOXL2). Some “BBB dysfunction module” genes were downregulated, with CYP1B1 being 

downregulated in both datasets (Supplementary Figure 11H, I). Several of these genes are expressed 

in the normal mouse brain mostly by vessel-associated fibroblasts (CYP1B1, ITITM1, IGSF10, S100A6, 

SULF1, SERPING1). The expression of some fibroblast markers is upregulated in GBM vasculature 

(Fig. 3 and Supplementary Figure 10), which could reflect changes in the profile of vessel-associated 

fibroblasts in the tumor tissue. Both GBM and BM blood vessels show alterations in genes defining the 

“BBB dysfunction module”, thus indicating changes in cellular and ECM composition, and cell 

quiescence. 

 

Supplementary figure legends and tables 
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Supplementary Figure 1. Preoperative gadolinium-enhanced T1-weighted magnetic resonance 

images of patients. A. MRI scans of GBM patients. B. MRI scans of patients with lung metastases. 

Yellow arrowheads point to gadolinium enhanced tumor tissue. Patient numbers refer to patients 

described in Supplementary Table 3. 

Supplementary Figure 2. EC isolation strategy, clustering and cell type enrichment analysis. A. 

Workflow to enrich EC from either a control brain or from a brain tumor surgery material using an 

immunoprecipitation approach. Dissociated samples were first incubated with a mix of anti-CD45 and 

anti-CD15 antibody conjugated magnetic beads to remove CD31 expressing blood cells 24,25. This was 

followed by a positive selection using anti-CD31 antibody conjugated magnetic beads. CD31+ EC 

enriched samples were subjected to RNA seq. Unsupervised clustering of RNA seq data of individual 

samples derived from GBM and normal brain vasculature (B) and BM and normal vasculature (C) 

using Poisson distance of non-normalized counts. D. GSEA using cell-type specific gene sets did not 

identify a significant enrichment of vascular and brain cell-type specific genes 26 in DEG in BM 

vasculature compared to normal brain vasculature. 

 

Supplementary Figure 3. GBM and control samples are enriched for endothelial cells. 

Expression of 25 individual EC core genes 16 in EC isolated from GBM and control brain (Ctrl), and in 

different bulk brain regions. Ctx - Cortex, Hc - hippocampus, Pt - putamen). The bulk RNA seq data 

was obtained from the GTEx project. 

 

Supplementary Figure 4. BM and control samples are enriched for endothelial cells. Expression 

of 25 individual EC core genes 16 in EC isolated from the BM and control brain (Ctrl), and in different 

bulk brain regions (GTEx project). Ctx - Cortex, Hc - hippocampus, Pt - putamen). The bulk RNA seq 

data was obtained from the GTEx project. 

 

Supplementary Figure 5. Distribution of expression of DEG in GBM vasculature in different 

GBM tumor regions. A. Relative standing (row z-score) expression of downregulated genes in GBM 
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EC in different GBM regions (LE, IT, MVP) in the IVY GAP dataset 12. The green square and the red 

square surround gene clusters preferentially expressed in LE and IT, and in the MVP region, 

respectively. B, D. GO overrepresentation analysis of downregulated genes in GBM EC enriched in LE 

and IT (B) and in MVP (D) regions in the IVY GAP dataset. C, E. Examples of genes defining 

biological processes enriched in LE and IT (C) and in MVP (E) regions (see B, D and STable 8). F. 

Relative standing (row z-score) expression of upregulated genes in GBM EC in different GBM regions 

(LE, IT, MVP) in the IVY GAP dataset. The light green square and the pink square surround gene 

clusters preferentially expressed in LE and IT, and in the MVP region, respectively. G, I. GO 

overrepresentation analysis of upregulated genes in GBM EC enriched in LE and IT (G) and in MVP (I) 

regions in the IVY GAP dataset. H, J. Examples of genes defining biological processes enriched in LE 

and IT (G) and in MVP (I) regions (see G, I and STable 8). LE-leading edge, IT-infiltrating tumor, MVP-

microvascular proliferation region. 

 

Supplementary Figure 6. Expression level of upregulated genes in GBM ECs in the IVY GAP 

dataset. Heatmap of expression (row z-score) of upregulated genes in GBM EC in different 

anatomical regions in the IVY GAP dataset 12. CT - cellular tumor, IT - infiltrating tumor, LE - leading 

edge, CTpan - pseudopalisading cells around necrosis, CTmvp - microvascular proliferation region. 

 

Supplementary Figure 7. Expression level of downregulated genes in GBM ECs in the IVY GAP 

dataset. Heatmap of expression (row z-score) of downregulated genes in GBM EC in different 

anatomical regions in the IVY GAP dataset 12. CT - cellular tumor, IT - infiltrating tumor, LE - leading 

edge, CTpan - pseudopalisading cells around necrosis, CTmvp - microvascular proliferation region. 

 

Supplementary Figure 8. Deregulated transporters and ECM components in GBM and BM 

vasculature. Deregulated SLC transporters (A, C) and ECM components (B, D) in GBM (A, B) and 

BM (C, D). An asterix marks genes previously reported deregulated in GBM vasculature. F- M. 

Expression of DEG in brain tumor vasculature in mouse brain vascular cells according to 

Vanlandewijck et al. 26. PC - Pericytes; SMC - Smooth muscle cells; MG - Microglia; FB - Vascular 
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fibroblast-like cells; OL - Oligodendrocytes; EC - Endothelial cells; AC - Astrocytes; v - venous; capil - 

capillary; a - arterial; aa - arteriolar; 1,2,3- subtypes. 

 

Supplementary Figure 9. Comparison of DEGs in GBM EC with published datasets. Volcano 

plots showing DEG in GBM vasculature. Marked are malignancy-associated EC genes, which had a 

correlation score to a set of known EC markers above 0.5 for GBM and below 0.5 for normal brain (A) 

and normal brain EC-specific genes (B) defined by Dusart et al. 20 in GBM EC compared to the control 

samples. Sum of mean z-scores (enrichment score) of the malignancy-associated endothelial genes 

(C) and normal EC-specific genes (D) in individual GBM and control samples. (E) Volcano plots 

showing DEG in GBM vasculature. DEG identified by Dieterich et al. 19 are marked. Colors show 

deregulation of genes in Dieterich et al.: green square – upregulated, yellow square – downregulated. 

(F) Sum of mean z-scores (enrichment score) of DEG identified by Dietrich et al. in individual control 

and GBM EC enriched samples. 

 

Supplementary Figure 10. Cell-type specific expression of DEG in GBM vascular fragments. 

Expression of Adam12 (A), Depep1 (B), Clec3b (C) and Fbln2 (D) in adult mouse brain vascular cells. 

RNA expression levels of DPEP1 (E) and FBLN2 (F) in GBM and normal brain EC. Expression of 

Col1a1 (G), Tgfbi (H), and Lamb1 (I) in adult mouse brain vascular cells. Expression data presented in 

A-D and G-I are from Vanlandewijck et al. 26. In situ hybridization images showing expression of 

COL1A1 (J), TGFBI (K), LAMB1 (L) in human GBM tissue. Black arrowheads point to cells adjacent to 

vasculature; red arrowheads point to positive cells in the parenchyma. Scale bar – 100 μm. In situ 

hybridization images are from Allen Institute for Brain Science, Ivy Glioblastoma Atlas Project. Sample 

information: COL4A1 -W12-1-1-E, 100122370; TGFBI - W11-1-1-B, 311176994; LAMB1 - W12-1-1-E, 

100122005; PLVAP - W11-1-1-E, 100120667. PC - Pericytes; SMC - Smooth muscle cells; MG - 

Microglia; FB - Vascular fibroblast-like cells; OL - Oligodendrocytes; EC - Endothelial cells; AC - 

Astrocytes; v - venous; capil - capillary; a - arterial; aa - arteriolar; 1,2,3- subtypes. 
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Supplementary Figure 11. Identification of common DEG in GBM and BM EC and identification 

of deregulated BBB dysfunction module genes. Venn diagrams showing the total number of 

common DEG (A), upregulated genes only (B), downregulated genes only (C) between the GBM and 

BM vasculature. GO overrepresentation analysis (biological processes) of genes upregulated both in 

the GBM and BM vasculature (D), upregulated only in GBM (E), downregulated only in GBM (F), 

downregulated only in BM (G). Volcano plots showing the change of expression of the BBB 

dysfunction module genes in GBM (H) and BM (I) vasculature compared to the normal vasculature. J-

K. Sum of mean z-scores (enrichment score) of the BBB dysfunction module genes in individual GBM 

(J) and BM (K) samples and control samples. The BBB dysfunction module genes are from Munji et 

al. 18. 

 

Supplementary Figure 12. Alterations in the vasculature of the GBM and BM. Pie charts showing 

different BBB features and the extent of deregulation in the GBM (A) and BM (B) vasculature. Genes 

labelled in red are upregulated, in blue are downregulated. The color scheme shows the extent of 

alterations in each BBB feature: green – no alterations, yellowish – few alterations, orange – modest 

alterations, violet – extensive alterations. (C) Biological processes deregulated both in the GBM and 

BM vasculature. (D) Alterations in brain tumor vasculature that could be hijacked to improve drug 

delivery into tumor. Biopharmaceuticals could enter the brain via receptor-mediated transcytosis (1) or 

permeable cell-cell junctions (2). However, junctional permeability is heterogeneous (2*). Both GBM 

and BM vasculature show upregulation of INSR. Exploiting INSR-mediated transcytosis to deliver 

biopharmaceuticals could potentially be exploited to deliver drugs into brain tumors. ABC transporters 

(3) limit the availability of lipophilic drugs. Brain tumor vasculature shows upregulation of ABCC3 

(MRP3) associated with chemotherapy resistance. Tumor vasculature shows deregulation of several 

SLC transporters, which could be exploited for targeted drug delivery (4) (e.g. amino acid transporters, 

and nucleobase and nucleoside transporters). In addition, altered expression of SLC transporters 

could indicate an altered metabolic need of GBM endothelial cells (5), or metabolic cooperation 

between EC and tumor cells. Metabolic alterations could be exploited to target tumor metabolism. Of 

note, GBM vasculature shows reduced expression of vital glucose transporter – SLC2A1. Modification 

of ECM surrounding tumor blood vessels (6) could enhance response to chemotherapy. Vessel-

associated fibroblast like cells (7) in brain tumors, similar to cancer-associated fibroblasts in peripheral 
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tumors, could mediate resistance to various anti-cancer therapies, including immunotherapy. Low 

expression level of leukocyte adhesion molecules on brain tumor vasculature might further impede 

successful immunotherapy (8). 

 

Supplementary Table 1. Primary antibodies used for immunohistochemistry. 

Target Host Company Catalogue # Dilution 

CD31 mouse Abcam ab119339 1:100 

GFAP goat Abcam ab53554 1:100 

SLC36A1 rabbit Abcam ab189441 1:200 

INSR rabbit Abcam ab5500 1:200 

CLEC3B rabbit Abcam ab108999 1:100 

ADAM12 rabbit ThermoFisher PA583163 1:100 
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Supplementary Table 3. Clinical features of patients enrolled into study. 

 

Sample_ 

ID 

Sex Age Sample 

type 

Diagnosis MGM

T 

Location Therapy 

prior 

surgery 

RNA sequencing 

3 M 70 GBM IDH1 wt met Right frontal None 

8 M 55 GBM IDH1 wt n met Right parietal None 

9 M 66 GBM IDH1 wt n met Left fronto-temporal Dexamethas

one 

27 F 66 GBM IDH1 wt n met Right tempo-parietal Dexamethas

one 

29 M 69 GBM IDH1 wt met Left occipital None 

6 M 5 Control Epilepsy - Left temporal, 

amygdala, 

hippocampus 

- 

11 F 82 Control Autopsy - Left temporal - 

12 F 73 Control Autopsy - Left temporal - 

14 M 64 Control Autopsy - Left temporal - 

15 M 66 Control Autopsy - Left temporal - 

26 M 16 Control Epilepsy - Left temporal (2/3 

resection) 

- 

16 F 32 BM adenocarcin

oma 

metastasis 

- Right temporo-parietal Dexamethas

one, 

Chemothera

py** 

(Cetuximab, 

FOLFOX, 

FOLFIRI) 

22 M 70 BM adenocarcin

oma 

metastasis 

- Left cerebellar Dexamethas

one, 

Chemothera

py** 

(Carboplatin, 

Pemetrexed) 

23 F 66 BM adenocarcin

oma 

metastasis 

- Left parietal Chemothera

py** 

(Cisplatin, 

Docetaxel) 

28 M 59 BM adenocarcin

oma 

metastasis 

- Right frontal  Dexamethas

one, 

Chemothera

py** 

(Axitinib, 

Sunitinib) 
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30 F 47 BM adenocarcin

oma 

metastasis 

- Left frontal Dexamethas

one 

Immunohistochemistry  

59 M 74 GBM  IDH1 wt n met Left frontal Dexamethas

one 

60 F 69 GBM IDH1 wt n met Right frontal Dexamethas

one 

68 M 70 GBM IDH1 wt n met Right temporal Dexamethas

one 

69 F 51 GBM IDH1 wt* NA  Left frontal Chemoradiot

herapy 

(Temozolomi

d) 

14 M 64 Control Autopsy - Left temporal - 

53 F 64 Control Autopsy - Left temporal - 

54 M 67 Control  Autopsy - Left temporal - 

56 M 72 Control  Autopsy - Left temporal - 

 

GBM - glioblastoma multiforme, IDH1 - isocitrate dehydrogenase 1, BM - brain metastasis, MGMT - 

O[6]-methylguanine-DNA methyltransferase, met - methylated, n met - not methylated, NA - not 

analyzed. 

* Diagnosis by histochemistry: wt, diagnosis by sequencing: R132H mutant 

**treatment of primary tumor 
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Supplementary Table 2. Quality control of RNA sequencing data. 

 

Supplementary Table 4. DEG in GBM vasculature compared to normal brain vasculature. 

 

Supplementary Table 5. DEG in BM vasculature compared to normal brain vasculature. 

 

Supplementary Table 6. Overrepresented GO biological process gene sets in upregulated and 

downregulated genes of GBM vasculature. 

 

Supplementary Table 7. Overrepresented GO biological process gene sets in upregulated and 

downregulated genes of BM vasculature. 

 

Supplementary Table 8. Overrepresented GO biological process gene sets in DEG in GBM vasculature 

preferentially expressed in different tumor regions region in IVY GAP 12. Up- and downregulated genes 

and niche defining genes listed according to preferential expression in tumor regions. LE - leading edge, 

IT - infiltrating tumor, MVP - microvascular proliferation region. 

 

Supplementary Table 9. Expression of genes identified by Dusart et al.20 and Dietrich et al.19 in our 

GBM dataset. 

 

Supplementary Table 10. Overrepresented GO biological process gene sets of genes that are up- or 

downregulated both or only in GBM and BM vasculature compared to normal vasculature. 
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GBM vs. Control - downregulated genes 
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MEX3A
SOX11
HOXD8
ZNF80
TRIM24
CASK
CCDC14
ROBO1
ARHGAP11B
POLQ
MMP16
NEK2
DTL
EXO1
LIMD1
CENPW
ZWINT
DEPDC1B
MCM10
KIF11
CLSPN
BUB1B
STIL
NDC80
DLGAP5
MELK
CENPK
RRM2
HMMR
TYMS
DEPDC1
CCNA2
KIF23
CEP55
SHCBP1
RAD51
ERCC6L
MCM8
ORC6
UHRF1
DHFR
HNRNPA2B1
CDC25C
TROAP
ARHGAP11A
FANCD2
SKA3
HIST1H3B
HIST1H3C
CDCA7
HJURP
CENPF
KIF15
TTK
ASPM
KIF14
CENPE
NCAPG
NUF2
BUB1
KIF2C
CKAP2L
TPX2
PRC1
KIF4A
GTSE1
CDCA8
UBE2C
PBK
TOP2A
NUSAP1
FAM183A
SYCE2
CCDC116
DPCR1
RNF183
CADM1
PYGO1
AMN
BTBD19
SLC36A1
FIBCD1
ALPK3
WDR62
C1orf122
KCNN2
CLEC11A
SHROOM3
OSBPL10
ADAM19
PDGFA
F3
OSBPL3
TP53INP2
ICOSLG
APLNR
LRRC55
STK11IP
CRB2
TNFRSF11B
MLEC
PTK7
FJX1
MAN1B1
HMGA2
WDR63
SYCE1L
WIPI1
ACADVL
TGFB3
TAX1BP3
SPRY4
SPARC
SLC26A6
SRPX2
PLAU
SLC43A3
RAB13
TGFBI
IBSP
HBEGF
COL6A1
PCOLCE
CD276
LOXL2
LMNA
MMP14
PLOD1
DNAJC5B
SLC28A1
HAS3
ANKRD10
GAL3ST2
ZNF695
EXOC3L1
TTC29
CACNA1H
DMP1
DCHS2
TET3
IQCJ−SCHIP1
CHST1
SH3PXD2A
ADRA1B
THY1
OAF
TMEM74B
STARD4
RGCC
CREM
PAMR1
CA2
TBC1D16
SLC25A39
PHLDB1
UBTD1
DCBLD1
ADAMTS14
VWA1
SEMA7A
SPATA18
MEX3B
COL9A1
RIBC2
EXOC3L2
PLEKHG2
KCP
COL6A2
ADAMTS7
ADAMTSL2
MUC3A
C1QTNF5
MFRP
PLXND1
ACE
PLVAP
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COL1A1
INSR
AGRN
LDLRAD2
LAMC3
TNFRSF4
TP53I11
NT5DC2
BMP1
CSPG4
TMEM8A
PGF
UNC5B
MFAP2
LRRC36
DPEP1
MSMP
ANGPT2
PRR16
PIEZO2
HECW2
PPEF1
NRARP
HSD11B2
FRK
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FOLH1
CPM
FAM118A
MMP15
VASH1
FARP1
NREP
IRGQ
PTCHD4
NLRC3
MEX3D
MACC1
PCDHB13
C11orf63
SOHLH2
COL7A1
BARHL1
TEX14
COL13A1
ADAMTS2
IL2RA
C11orf88
ITGAV
HAPLN1
PSME4
ADAMTS12
COL6A3
MMP11
TDO2
EGFLAM
EBF2
SPON2
COL12A1
AREG
SP6
ADAMTS18
PRDM1
CUBN
ESM1
PLEK2
FAM20A
S1PR3
NID1
COL3A1
PXDN
ENPEP
NOX4
NID2
NR5A2
F2RL2
CERKL
ARHGAP18
CCDC102B
LAMA4
LAMC1
COL4A2
COL4A1
F2R
RAI14
EHD4
ADAM12
LAMB1
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GRPEL2
LAMC2
ADAMDEC1
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ENTPD7
ABL2
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SLC16A6
ST14
AFAP1L1
SNTB1
APLN
PDE1C
SEL1L3
CMC2
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DIAPH3
SPA17
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PPM1E
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NXPH1
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TRO
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MAPK8IP1
CTNND2
ABAT
COBL
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ST8SIA1
MEIS2
SEZ6L
KIAA1211
LRRTM2
SCHIP1
KHDC1
EML6
CXXC4
SPIRE2
CELSR3
HR
SRRM3
TMEM198
KCNH2
CRMP1
TUBB3
GPD1
TMPRSS5
SNTG1
SRSF12
ZNF331
ZNF404
GPT
COL11A2
FER1L5
PLXNB1
CHADL
KCNN3
C1orf61
CSPG5
NLGN3
NCAN
FAM181B
OLIG2
OLIG1
BCAN
NKAIN4
MASP1
EEPD1
SALL3
NKX2−2
MYCN
SAPCD2
HES6
DLL3
METRN
DCLK2
SOX8
CADM4
LHFPL3
CACNG4
GRIK3
RSPH4A
FAM212B
XYLT1
KIAA1755
C16orf59
VARS2
C14orf80
PPP2R3B
PKMYT1
LAMB4
C1orf106
ATP13A5
NEU4
REC8
DCX
SMOC1
SHD
MEGF11
BTBD17
TP73
NAV1
MARCKSL1
CSNK1E
ZNF497
ABCA12
MSH5−SAPCD1
GPR173
HYDIN
TMEM108
IGSF11
KIAA1958
PEG10
DCC
FRMD5
TP53BP1
GPR151
TRIM74
NPC1L1
SPATA2L
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KIFC3
ATP6V1B1
AVIL
MDFI
TFAP2B
PCDHB3
TERT
SERINC2
IGLON5
SLC26A10
B4GALNT1
GPSM1
DPYSL4
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SBK1
ACAP3
CSMD2
ASTN2
SHISA9
IGSF9B
VGF
FBN3
NINL
GLB1L3
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P2RX5−TAX1BP3
TONSL
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CHST5
TMEM184A
IL11
SLC52A1
CDHR3
RCOR2
PLCXD1
MC1R
HOXA10
HOXA5
HOXA6
HOXA4
HOXD9
VAX2
HOXC6
HOXC8
HOXC9
TMEM81
OTP
TMEM132E
SP9
HOXD4
CABP7
RAC3
PHF21B
INSM1
HOXA2
GPC2
ZNF730
SIM2
NCAM1
DPP6
JAKMIP2
TANC2
PTPRS
GRIK5
CERS1
HEPACAM
OLFM2
GPR37L1
MLC1
TTYH1
ADCYAP1R1
GYG2
STMN4
ADD2
DPF1
DIRAS1
FSD1
PSD2
SLC24A3
C2orf72
IL17RB
SMARCD3
FLRT1
SLIT1
SEZ6
GAL3ST3
MAPT
CELSR2
CNIH2
NRXN2
GPRIN1
CNTFR
CDHR1
NAT8L
CYP46A1
RAPGEFL1
PRRT2
CNTNAP1
RGS11
KLC2
TMEM145
PLA2G6
RHPN1
B4GALNT4
TECTA
FTCD
HAGHL
CCDC78
FBF1
SRPK3
TEKT1
CCDC13
TTC39A
GSX2
CDK10
SLC9A5
NPAS4
EGR4
DPCD
SFXN3
MAFG
KIAA0895L
FABP3
PFKP
BSDC1
B3GAT2
TAS2R7
NIPAL4
SDS
ABCC5
EID3
CYTH2
ANKRD54
CASP9
SDSL
POLR2J3
PGAP2
GRIK4
GAS8
MDGA1
SARS2
ANKRD52
ST5
TPCN1
GTF2H4
PROC
MMEL1
CCDC28B
MAGED1
CCNF
KIF22
TBCD
UBFD1
PALM2
ELK1
NEK10
HCN4
ARMC9
KLHL29
TTC6
SPTBN5
MTRNR2L1
CHRNA6
SEMA3C
NTM
DTX1
AP2A1
CTXN1
KCTD17
FAM173A
ANKRD9
NYAP1
DNAAF1
MADCAM1
AMBRA1
KCNQ4
D2HGDH
MPP3
SAMD14
MARCH4
LINGO1
TTC9
AJAP1
ARHGEF7
USP35
LIME1
PNPLA7
CACNA1G
CHRD
HAPLN4
IFT122
RNF123
TTBK1
SPRN
BAIAP3
SYNGAP1
KIFC2
EFNB3
TSSC1
LRRC20
ACOT7
PRMT8
MICAL2
SCAMP5
BSCL2
GABRD
TMEM155
SYT1
NRIP3
TSNAXIP1
LONRF2
DIRAS2
ATP2B2
DNM1
CHGA
KCNC1
TEX29
CCDC136
ACTN2
YJEFN3
DAPK1
CASQ1
RNF112
CIT
ARHGEF4
PTPRN2
DRP2
SLITRK5
HTR1A
SPTBN4
SCG5
SEZ6L2
AP3B2
UCHL1
CPNE5
SLC1A4
RSPH1
TYRO3
C11orf49
CPT1C
TUBB2A
GDI1
MAP6
TMEM59L
SEC14L6
TTC23L
DCDC1
TTC3
DDHD1
CASC1
ZBBX
MAP1B
FAM110C
PCSK1
PGM2L1
CCDC154
ADAM23
GRIK1
SPEF1
POU3F3
DNAH7
CLIP4
PRUNE2
FMN2
PNMA2
PPP2R2B
KIF21A
LHFPL4
NEUROD1
LRRTM4
CADPS
SCN1A
UNC80
FAM135B
GPR158
SLITRK2
MAGI2
LRP1B
CDK14
GRIA2
NOL4
ADAM22
SOGA3
TNIK
TGIF1
TNC
PDPN
FAM20C
CA12
ABCA1
DFNA5
CHI3L1
SPOCD1
NKX2−5
TNFRSF10B
ARSJ
DUSP4
TCTN1
ABCC3
C21orf62
SDC1
THBS3
FKBP10
ITGA7
B4GALT7
PLK3
PLEKHA4
IGFBP2
TNFRSF12A
COL9A3
SHOX2
MEOX2
C7orf26
EP400NL
FDXR
HOOK2
ATAD3C
PSORS1C1
HPD
ZMYND10
CCDC151
TM6SF2
POMT2
NGFR
LAMA1
LRRC37A3
DPF3
BICD1
GTF2IRD1
FNDC4
PHLDA3
MREG
MYBPH
ADAM33
TTLL9
CCDC80
AQP1
LFNG
APOC1
CHRNA1
ADRA1D
NOS2
IL13RA2
THBS4
SLC22A23
ABL1
DVL3
AEBP1
KDM6B
KRBA1
SDF4
CHPF2
MFSD10
MFSD12
DOT1L
CEP164
MICALL2
PLXNA1
CERCAM
PFKL
CDC42EP1
SPNS1
ABCD1
TOP1MT
ZSWIM4
DGKD
SPSB1
MMP19
IFFO2
DAPK3
CCR7
TRAF1
ARL4C
VEGFA
CA9
SH3D21
LONP1
CHPF
NUPR1
PKD1
FLNC
TMEM158
UAP1L1
FOSL1
HS3ST3A1
GFPT2
CHRNA9
CNIH3
WDR66
SPP1
CYP19A1
OSM
NPHP1
GPNMB
IL1RN
STC2
RAB42
LIF
CCL20
CLEC5A
BIRC7
SPATA17
PABPC1L
DNALI1
MST1
AMH
MAMDC4
TEKT2
UCN
ABCB6
FMNL2
TRIM9
PTPRF
SLC6A8
GPT2
BMP7
EYA2
ADSSL1
EGLN3
ADCY8
FAM102A
STAC2
MSRA
DCDC2
DIRC3
SLC16A10
LONRF3
WDR27
CHI3L2
PLA2G2A
HOXD11
HOXD10
PRPH
RGS17
PTCHD1
CELSR1
GLIS3
PHEX
THBS2
VOPP1
PLEKHA8
PKD2L1
GNB3
VCX
SCRT2
LRGUK
ANKFN1
SFXN1
STK32A
CHST9
ZNF334
FIGN
PRIMA1
GPSM2
CRB1
EFS
NRCAM
NOVA1
SOX2
SOX6
NLGN1
PIGQ
MIB2
FBXL19
VWA3A
INCENP
CHTF18
GNA12
SDC3
RGMA
SLC6A9
TSPAN11
ST8SIA5
LRWD1
INTS1
SPPL2B
H2AFX
DENND2A
EMC10
GRIN2D
DMPK
MAST2
LRRC4B
ANKRD13B
FOXRED2
GDF1
TMEM132A
RFNG
IFT140
ORAI2
CHST6
ANO8
SCRIB
LRFN4
SLC43A2
C1QL4
RECQL4
COL20A1
NFATC2IP
ATXN7L2
CCDC40
ADAMTS13
GFAP
CD82
ABCB8
KCNIP1
CDH4
IQCE
FAM181A
PSRC1
POU3F4
FOXJ1
C4A
FAM71F2
SMARCA4
PIK3R2
APC2
ASIC1
CLCN2
MYH7
NACAD
PLXNB3
ZNF827
CACNG7
RTKN
SCARA3
RALGDS
GTF3C1
MED24
CORO2B
FYN
MSI1
DPYSL5
PRKCSH
CLIP2
SCAMP4
AK8
QTRT1
STK36
SMOX
SPEG
NUMBL
PPP1R16A
ARHGAP39
DECR2
PHKG1
FASTK
GIPC1
PTOV1
SPSB4
NUP210
EME1
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EFNA2
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PSPH
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