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Purpose: Glioblastoma (GBM) is the most aggressive and lethal type of brain tumors.
Magnetic resonance imaging (MRI) has been commonly used for GBM diagnosis.
Contrast enhancement (CE) on T1-weighted sequences are presented in nearly all
GBM as a result of high vascular permeability in glioblastomas. Although several
radiomics studies indicated that CE is associated with distinct molecular signatures in
tumors, the effects of vascular endothelial cells, the key component of blood brain barrier
(BBB) controlling vascular permeability, on CE have not been thoroughly analyzed.

Methods: Endothelial cell enriched genes have been identified using transcriptome data
from 128 patients by a systematic method based on correlation analysis. Distinct
endothelial cell enriched genes associated with CE were identified by analyzing
difference of correlation score between CE-high and CE– low GBM cases.
Immunohistochemical staining was performed on in-house patient cohort to validate
the selected genes associated with CE. Moreover, a survival analysis was conducted to
uncover the relation between CE and patient survival.

Results: We illustrated that CE is associated with distinct vascular molecular imprints
characterized by up-regulation of pro-inflammatory genes and deregulation of BBB
related genes. Among them, PLVAP is up-regulated, whereas TJP1 and ABCG2 are
down-regulated in the vasculature of GBM with high CE. In addition, we found that the
high CE is associated with poor prognosis and GBM mesenchymal subtype.
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Conclusion: We provide an additional insight to reveal the molecular trait for CE in MRI
images with special focus on vascular endothelial cells, linking CE with BBB disruption in
the molecular level. This study provides a potential new direction that may be applied for
the treatment optimization based on MRI features.
Keywords: contrast enhancement, MRI, endothelial cell, radiomics, glioblastoma
INTRODUCTION

Glioblastoma (GBM), the most aggressive and lethal type of
brain tumors, is characterized by extensive vascular abnormality
in both morphological and molecular levels (1). Microvascular
proliferation and high vascular permeability are the hallmarks of
GBM (2). Abnormal vasculature in GBM promotes tumor
growth and relapses by inducing hypoxia and providing
specialized niches for glioma stem-like cells (GSCs), and has
been identified as a target for GBM treatment (3). MRI is a
powerful non-invasive diagnostic tool for GBM and it is
routinely used in clinical, providing in vivo portraits of tumors
with multidimensional information including structure, location,
composition, functional/physiological features as well as vascular
parameters (4, 5). Tumor neoangiogenesis can be determined by
the cerebral blood volume (CBV), which can be calculated from
dynamic susceptibility contrast MRI (DSC-MRI) (6, 7). The
leakiness of GBM vasculature can be detected by the
conventional contrast-enhanced MRI following intravenous
administration of gadolinium-based contrast agents (8). As a
result of diffusion of contrast molecules out of vessels and
accumulation within extracellular space in tumors, contrast-
enhancing hyper-intense regions on T1-weighted (T1W)
sequences are presented in nearly all GBM (9). These contrast-
enhancing regions are the typical target for surgical resection (9).

Contrast enhancement (CE) is associated with distinct
molecular imprints, and the plethora of radiomics studies have
conclusively correlated CE with distinct molecular imprint
including hypoxia signatures (10–14). However, most of these
investigations were focused on tumors cells. The effect of
vascular endothelial cells (ECs), the key component of blood
brain barrier (BBB), on CE has not been thoroughly analyzed. In
this study, we aim to understand how ECs affect CE in the
tumors, and to uncover the endothelial-specific molecular
imprints for CE.
MATERIALS AND METHODS

Patients Cohorts
External cohort: 128 GBM cases (5) with publicly available
transcriptome data and MRI records [The Cancer Imaging
Archive (TCIA) (http://www.cancerimagingarchive.net/)] were
included in this study (Table S1). Patients’ clinical information
and processed RNA-sequencing data were obtained from the
database of The Cancer Genome Atlas (TCGA) (http://
cancergenome.nih.gov). The tumor segmentation information
containing enhancing tumor volume (EV), central non-
2

enhancing tumor volume (NV), complete tumor volume (CV:
the sum of EV and NV) were obtained from the previous study (5).

Internal cohort: Our in-house GBM samples (14 cases) were
collected at the Tangdu Hospital of the Fourth Military Medical
University (Air Force Medical University of PLA) (Table S1).
Pathological characterizations were performed according to the
WHO criteria (2016). The MRI and biopsies were collected
before radio- and chemotherapy, and the patients did not
receive any anti-angiogenic therapy. All the patients have
received corticosteroid (Dexamethasone) before surgery.

MRI Imaging Acquisition and
Preprocessing Procedures
MRI scans were performed for in-house patients with a 3.0T
MRI system (MR750; GE Healthcare, Milwaukee, WI, USA)
before surgery. MRI sequence included T1-weighted imaging,
contrast-enhanced T1-weighted imaging, fast T2-weighted
imaging, and fluid-attenuated inversion recovery imaging
(FLAIR). Tumor segmentation and component volumes were
analyzed according to the previous description (5). In brief, after
skull-stripping with Brain Extraction Tool (BET) (15), T1-
weighted images were registered to Montreal Neurological
Institute (MNI) 152 standard space using the FMRIB’s Linear
Image Registration Tool (FLIRT) in FMRIB software library
(FSL) (16). For individual subject, all imaging modalities were
co-registered to their native T1-weighted images space. MRI
volumes were smoothed using Smallest Univalue Segment
Assimilating Nucleus (SUSAN) to reduce intensity noise (17).
Then, the automated hybrid generative-discriminative method
(GLISTRboost) was used to segment the enhancing tumor
volume (EV), central non-enhancing tumor volume (NV), and
the complete tumor volume (CV) (18). The segmentation was
confirmed by experienced neuroradiology expert and was revised
if necessary.

Immunohistochemical Analysis
Tissue sections of formalin-fixed, paraffin-embedded samples
were deparaffinized and dehydrated prior to antigen retrieval
followed by blocking as previously described (19). Then the
sections were incubated with primary antibody towards PLVAP
(HPA002279, Sigma), ABCG2 (ab24115, Abcam), and TJP1
(HPA001637, Sigma) followed by incubation with biotinylated
secondary antibody and streptavidin conjugated to HRP (Vector
Laboratories). The staining was developed with the DAB
substrate kit (SK-4100, Vector Laboratories) according to the
manufacturer’s protocol.

The images of immunohistochemical staining for VWF,
CLDN5, CDH5, PECAM1, and ELTD1 in tumor were
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obtained from The Human Protein Atlas database (https://www.
proteinatlas.org/).

Identification of Endothelial Cell-Enriched
(EC-Enriched) Genes and Gene Ontology
(GO) Analysis
We used a correlation-based method (20) to identify endothelial-
specific genes in the bulk transcriptome dataset from TCGA.
Spearman correlation coefficients between known EC marker
genes (CDH5, CLDN5, VWF) and all other protein coding genes
were calculated. The raw P values and the False Discovery Rate
(FDR) adjusted P values were also calculated. Genes with mean
correlation coefficient more than 0.3 were identified as EC-
enriched genes.

GO analysis for EC-enriched genes was performed using the
web-based Gene Ontology tool (http://geneontology.org/), and
only GO terms for biological processes were included in
the analysis.

Identification of CE-High and CE-Low
Associated EC-Enriched Genes
Contrast enhancement high (CE-high) and contrast
enhancement low (CE-low) tumors associated EC-enriched
genes were identified by analyzing differential correlation score.
In brief, according to enhancing volume/complete tumor volume
ratio (EV/CV ratio), patients with top-20 and bottom-20 EV/CV
ratio were selected and dichotomized into CE-high or CE-low
group respectively. Correlation coefficients of EC-enriched genes
to EC marker genes (CDH5, CLDN5, VWF) were calculated in
CE-low tumor group and CE-high tumor group respectively, and
then the difference between the two correlation coefficients (CE-
high tumors and CE-low tumors) yields the differential
correlation scores for each EC-enriched gene. Genes with
differential correlation score >0.1 were classified as CE-high
associated genes, whereas genes with differential correlation
score < −0.4 were classified as CE-low associated genes.

Functional annotation of CE-high or CE-low associated EC
genes were performed using the web-based Gene Ontology tool
(http://geneontology.org/), and the GO terms with a FDR < 0.05
were considered significantly enriched.

Survival Analysis
One hundred twenty-eight patients from TCGA database were
dichotomized into CE-high or CE-low subgroups (median
cutoff). Survival curves were plotted by the Kaplan-Meier
method. Univariate test (log-rank) and multivariate test (Cox
proportional hazards model) were used to compare survival of
two subgroups.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism
(GraphPad Software) and R (v 4.0.3). All the Pearson
correlation coefficients analysis were performed in R with
cor.test function from the stats package. The survival curves of
mice and patients were analyzed by log rank test. The following p
values indicate statistical significance: *p < 0.05.
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RESULTS

Identification of Endothelial-Enriched
Genes in GBM
To explore the effect of vascular ECs on contrast enhancement in
MRI, we first identified EC-enriched genes by a systematic
approach through performing the correlation analysis of the
expression profiles of all gene transcripts to the known EC
marker gene as previously described (20, 21). A high average
correlation coefficient with those EC marker genes indicates the
enrichment of the genes in EC (20, 21). We analyzed
transcriptome data from 128 GBM cases with available MRI
records in TCGA (Table S1) to produce the average correlation
values between EC marker genes (CDH5, CLDN5, VWF) and the
other >20,000 protein encoding genes, yielding 343 EC-enriched
genes manifesting correlation coefficient >0.3 (Figures 1A, B and
Table S2). The top 10 most highly enriched genes, including
VWF, TMEM204, GPR116, CLDN5, CDH5, PECAM1, ELTD1,
TIE1, GPR4, and MMRN2, are known EC enriched transcripts
(21, 22). Expression of VWF, CLDN5, CDH5, PECAM1, and
ELTD1 in the GBM vasculature were confirmed by
immunohistochemistry (Figure 1B). Gene Ontology analysis of
these 343 EC-enriched gene transcripts uncovered that the top
significantly enriched biological process categories were all
related to EC function (vasculature/blood vessel development),
as well as numerous other endothelial related terms including
blood vessel morphogenesis, circulatory system morphogenesis,
tube development, and angiogenesis (Figure 1C and Table S2).

Contrast Enhancement Is associated With
a Distinct Molecular Signature in ECs
Characterized by Upregulation of Pro-
inflammatory Genes and Deregulation of
BBB-Related Genes
To uncover the CE associated molecular signatures in
vasculature, we analyzed MRI records of 128 GBM cases
available in The Cancer Imaging Archive (TCIA) (https://www.
cancerimagingarchive.net/) (Table S1). To evaluate the degree of
CE for GBMs, we generated the ratio between the enhancing
volume and the complete tumor volume (sum of the enhancing
part and the central non-enhancing part) in the 128 TCGA GBM
cases (Figure 2A and Table S1). Top- and bottom-20 patients
were selected and dichotomized into contrast enhancement high
(CE-high) or contrast enhancement low (CE-low) groups
according to their enhancing volume/complete tumor volume
ratio (EV/CV ratio) (Figure 2A and Table S1). In order to
identify CE associated vascular genes, we first analyzed the
correlation coefficients of the 343 EC-enriched genes to the EC
markers in CE-low and CE-high groups respectively, and
produced a differential correlation score (between CE-high and
CE-low) for each gene. The scores indicate “degree” of EC-
enrichment. High differential correlation score indicates that the
gene gains EC-enrichment in CE-high tumors, which is likely
due to (1) loss of expression in CE-low ECs, or (2) gain of
expression in CE-high ECs. Forty-two genes with higher
correlation coefficient in CE-high tumors (differential
June 2021 | Volume 11 | Article 683367
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A B C

FIGURE 1 | Transcript-based analysis identifies endothelial-enriched genes in GBM. (A) Correlation analysis between VWF, CLDN5, and CDH5. (B) Frequency
distribution plot and immunohistochemical staining of 343 EC genes. The frequency distribution illustrates the distribution of the average correlation coefficients between
the known EC marker (VWF, CLDN5, and CDH5) and the other >20,000 protein encoding genes. The immunohistochemical staining (VWF, CLDN5, CDH5, PECAM1,
and ELTD1) in human GBM were obtained from Human Protein Atlas: www.hpr.se). Scale bar = 50 mm. (C) The enriched GO terms of the 343 EC enriched genes. The
x-axis shows the enrichment statistics false discovery rate (minus log scale) and the y-axis shows the number of genes in the GO term (log scale).
A B

C D

FIGURE 2 | CE is associated with a distinct molecular signature. (A) Overview of the ratios between the enhancing volume to the complete tumor volume (EV/CV
ratio) in the 128 TCGA patients. The ratios are sorted from low to high. (B) The differential corr. score (difference between mean corr. with CE-low and CE-high
transcripts) was plotted versus “EC-enrichment ranking” (position of correlation coefficients categorized as 343 EC-enriched genes, highest corr. = ranking 1). The
red circles represent CE-high associated genes and the blue triangles represent CE-low associated genes. (C, D) Gene ontology analysis of CE-high (C) and CE-low
(D) associated vascular genes. The x-axis shows the enrichment fold (log scale) and the y-axis shows the false discovery rate (log scale).
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correlation score > 0.1) were classified as CE-high associated
genes, including SCARF1, GRK5, FGR, GIMAP6, S1PR1, and
PLVAP (Figure 2B, red circles; Table S3). On the other hand, 44
genes with higher correlation coefficient in CE-low tumors
(differential correlation score < −0.4) were classified as CE-low
associated genes including RASIP1, CRIP1, ARHGAP29,
FERMT2 , ERG , FOXF2 , ABCG2 , TJP1 , and COL1A2
(Figure 2B, blue triangles; Table S3). Interestingly, TJP1 and
COL1A2 were used as markers for classical and mesenchymal
subtype classification (23, 24).

Function annotation of the 42 CE-high associated vascular
genes revealed significant enrichment of GO terms connected to
“regulation of macrophage,” “response to cytokine/TNF,” as well
as “response to cytokine secretion” (Figure 2C), whereas analysis
of CE-low associated vascular genes uncovered GO terms
including “blood vessel development,” “TGFb receptor
signaling,” and “regulation of vascular permeability”
(Figure 2D). Taken together, these results indicate that CE are
associated with alteration of genes involved in pro-inflammatory
response and BBB integrity in vascular ECs.

Increased PLVAP Expression and
Decreased ABCG2 and TJP1 Expression in
Vasculature in CE-High GBMs
To validate our findings showing the association of CE with
deregulation of BBB related genes in the GBM vasculature, we
performed immunohistochemical staining for PLVAP, ABCG2,
Frontiers in Oncology | www.frontiersin.org 5
and TJP1 on in-house CE-high or CE-low GBM cases. All three
proteins had vascular staining patterns (Figures 3A–C). As
expected, PLVAP was up-regulated in the vasculature in CE-
high GBMs, while ABCG2 and TJP1 were upregulated in the
vasculature of CE-low GBMs (Figures 3A–C).

Contrast Enhancement Is Associated With
Poor Prognosis and Mesenchymal
Subtype
The identification of the association of CE with pro-
inflammation led us to further investigate CE in different
molecular subtypes of GBM. It has been shown that
mesenchymal subtype was the most pro-inflammatory subtype
of GBM, which associated with higher immune-associated
signaling pathways and immune cells infiltration compared to
other non-mesenchymal subtypes including pro-neural and
classical subtypes (25, 26). As expected, EV/CV ratio was
significantly higher in mesenchymal subtypes (Figure 4A). The
association of CE-high phenotype with mesenchymal subtype
was supported by Kourosh’s study with 43 patients (27).

We next set out to assess whether CE correlates with patient
survival. By dichotomizing patients into two groups of equal size
according to EV/CV ratio, we found that the CE-high group was
associated with shorter survival (Figure 4B, P = 0.0211, log-rank
test). In addition, association of high contrast enhancement with
poor prognosis was observed in younger patients (<60 years old)
but not in older patients (≥ 60 years old) (Figures S1A, B). CE
A B C

FIGURE 3 | Increased PLVAP expression and decreased ABCG2 and TJP1 expression in vasculature of CE-high GBM. (A) Correlation plots show expression of
CDH5 versus selected genes (PLVAP, TJP1, and ABCG2) in CE-low (Bottom-20 EV/CV cases in TCGA dataset) and CE-high (Top-20 EV/CV cases in TCGA
dataset). (B) Immunohistochemistry staining of PLVAP, TJP1, ABCG2 in CE-low and CE-high groups. (C) Quantification of immunohistochemistry staining of PLVAP,
TJP1, ABCG2 in CE-low and CE-high groups. Staining was scored semi-quantitatively on scale from 0 to 2 (0, no vessels stained; 1, minority of vessels stained; and
2, majority of vessels stained) (Mann-Whitney test, *p < 0.05). Scale bar = 50 mm.
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did not significantly correlate to the survival when correcting for
age in a multivariate analysis (Table S4), indicating CE is not an
independent prognostic marker.
DISCUSSION

It has been shown in several studies that CE is associated with inter-
and intro-tumoral molecular signature in GBM (10–14). By
comparing gene expression in specimen from 22 incompletely
contrast-enhancing and 30 completely contrast-enhancing
untreated glioblastoma, it revealed that CE was associated with
distinct transcriptome signature characterized by increased VEGFA
expression (10). These results were supported by Diehn et al. study
with 22 GBM patients revealing a strong association between CE
and hypoxia signature including VEGFA (11). In addition, with
biopsies derived from distinct tumor regions by MRI-guided
stereotactic sampling techniques, intro-tumoral heterogeneity of
CE was investigated (12–14). Transcriptome analysis of biopsy
from paired enhancing and peri-tumoral non-enhancing region
from 13 treatment-naïve GBM patients indicated that enhanced
regions were characterized by increased level of hypoxia, cellular
density, and vascular hyperplasic together with elevated relative
cerebral blood volume (CBV) and reduced apparent diffusion
coefficient (ADC) (12, 13). Similarly, Van Meter et al. studied the
molecular profiles of contrast enhancing region and central non-
enhancing necrotic region and showed an enrichment of
angiogenesis and hypoxia signature in central non-enhancing
necrotic region (14).

In present study, we have integrated public dataset with our
in-house patient cohort to provide additional molecular trait for
CE with special focus on vascular ECs. ECs are key component of
BBB, controlling the vascular permeability and leakiness (28).
However, the direct molecular imprint of CE in ECs has not been
studied before. Here, we used an unbiased approach to identify
CE-low and CE-high associated EC-enriched genes. In contrast
to direct comparison, this correlation-based method allows
Frontiers in Oncology | www.frontiersin.org 6
identification cell-type-enriched transcriptome using bulk
RNA-seq data. We demonstrated that CE-high in GBM are
associated with upregulation of pro-inflammatory genes and
deregulation of BBB related genes in EC. The results were
supported by the previous study with 148 GBM cases revealing
a strong association of CE with an elevated inflammatory
response (29).

Alteration of BBB-related genes in CE-high GBM vasculature
is noteworthy. In the present study, we provide evidence in the
molecular level linking CE with BBB alteration in EC
characterized by up-regulation of PLVAP and down-regulation
of TJP1 and ABCG2 in vasculature of CE-high GBMs. Plasma
lemma vesicle-associated protein (PLVAP) is a vascular marker
of BBB disruption, and can be induced in vasculature and
associated with vascular leakage (30). In normal physiological
condition, PLVAP expression is only restricted to vasculature in
choroid plexus and circumventricular organs where the ECs are
fenestrated to allow exchange between blood and cerebrospinal
fluid (CSF) (31). PLVAP could increase vascular permeability by
promoting transcytosis in ECs through forming the diaphragms
of caveolae, fenestrae, and trans-endothelial channels (31). TJP1,
also known as ZO-1, is essential for tight junction formation (32,
33). At BBB, TJP1 link the claudins and occludins to the actin
cytoskeleton, sealing ECs (32, 33). ABCG2 encode breast cancer
resistance protein (BCRP), which is the ATP-binding cassette
transporter mediating efflux of xenobiotics including
temozolomide and other low molecular weight anti-cancer
drugs from the endothel ium away from the neuro
parenchymal space (34). The deregulation of these important
proteins indicates that CEmay serve as an imaging biomarker for
BBB disruption. Interestingly, steroids and anti-angiogenic
therapy play an essential role on vascular permeability, and
how the steroid and anti-angiogenic treatments affect ECs
leading to CE alteration deserves further investigation.

In conclusion, we have shown that CE in GBM was associated
with BBB alterations in vascular ECs. Considering the established
key role of BBB on systemically delivery of pharmacological
A B

FIGURE 4 | CE was associated with patient survival and enriched in the GBM mesenchymal subtype. (A) The ratio of EV/CV was enriched in mesenchymal
subtype. Student’s t-test, *p < 0.05 (B) Kaplan-Meier graph showing patient survival in EV/CV low and EV/CV high groups. Log-rank test, *P < 0.05.
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agents into the brain, whether CE is associated with drug delivery
and could be a non-invasive image biomarker for monitoring the
drug delivery deserves further investigation. Considering the
established key role of BBB on systemical delivery of
pharmacological agents into the brain, our results support
further research to develop CE as a potential non-invasive
image biomarker for predicting drug delivery in the future.
CONCLUSION

Our study provided additional insights to reveal molecular trait
for CE in MRI images with special focus on vascular ECs in
glioblastoma. We demonstrated that high CE was associated with
distinct gene signatures characterized by deregulation of BBB-
related genes and up-regulation of pro-inflammatory genes.
DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethics Committee of Shaanxi Normal
University. The patients/participants provided their written
informed consent to participate in this study.
AUTHOR CONTRIBUTIONS

LZ, LH, and LW conceived the project. FY, YX, JT, and BL
performed the experiments, YL, QH, LXZ, LX, JW, SW, SZ, and
QC analyzed data. LZ, LH, and LW wrote the manuscript with
significant input from FY and YX. All authors contributed to the
article and approved the submitted version.
Frontiers in Oncology | www.frontiersin.org 7
FUNDING

This work was supported by the National Natural Science
Foundation of China (NSFC)/the Swedish Foundation for
International Cooperation in Research and Higher Education
(STINT) Mobility Program (No. 81911530166), the NSFC (No.
81702489, 82002659, 81870978, 81772661), the National Key
R&D Program of China (No. 2018YFC1313003), the Natural
Science Foundation of Shaanxi Province (No. 2021KW-46,
2020JQ-429, 2020JZ-30), Tianjin Natural Science Foundation
(No. 18JCYBJC94000), the Natural Science Foundation of
Hunan Province (No. 2020JJ4071), Fundamental Research
Funds for the Central University (No. GK202003050,
GK202003048), the Natural Science Foundation of Huaihua
City (2020R3118, 2020R3116).
ACKNOWLEDGMENTS

We would like to thank all of the Neurosurgery clinicians and
staff from Tangdu Hospital of Airforce Military Medical
University that assist with the collection of samples. We would
also like to thank the patients and their families for their
participation in this study.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2021.
683367/full#supplementary-material

Supplementary Table 1 | Patients’ information

Supplementary Table 2 | Endothelial enriched genes identified by correlation
analysis

Supplementary Table 3 | Contrast enhancement associated endothelial
enriched genes

Supplementary Table 4 | Multivariate survival analysis with contrast
enhancement
REFERENCES

1. Dieterich LC, Mellberg S, Langenkamp E, Zhang L, Zieba A, Salomaki H, et al.
Transcriptional Profiling of Human Glioblastoma Vessels Indicates a Key
Role of VEGF-A and TGFbeta2 in Vascular Abnormalization. J Pathol (2012)
228(3):378–90. doi: 10.1002/path.4072

2. Zhang L, Kundu S, Feenstra T, Li X, Jin C, Laaniste L, et al. Pleiotrophin
Promotes Vascular Abnormalization in Gliomas and Correlates With Poor
Survival in Patients With Astrocytomas. Sci Signaling (2015) 8(406):ra125.
doi: 10.1126/scisignal.aaa1690

3. Dimberg A. The Glioblastoma Vasculature as a Target for Cancer Therapy.
Biochem Soc Trans (2014) 42(6):1647–52. doi: 10.1042/BST20140278

4. Bernabeu-Sanz A, Fuentes-Baile M, Alenda C. Main Genetic Differences in
High-Grade Gliomas may Present Different MR Imaging and MR
Spectroscopy Correlates. Eur Radiol (2021) 31(2):749–63. doi: 10.1007/
s00330-020-07138-4
5. Cao H, Erson-Omay EZ, Li X, Gunel M, Moliterno J, Fulbright RK. A
Quantitative Model Based on Clinically Relevant MRI Features Differentiates
Lower Grade Gliomas and Glioblastoma. Eur Radiol (2020) 30(6):3073–82.
doi: 10.1007/s00330-019-06632-8

6. Boxerman JL, Schmainda KM, Weisskoff RM. Relative Cerebral Blood
Volume Maps Corrected for Contrast Agent Extravasation Significantly
Correlate With Glioma Tumor Grade, Whereas Uncorrected Maps do Not.
AJNR Am J Neuroradiol (2006) 27(4):859–67.

7. Heiland DH, Demerath T, Kellner E, Kiselev VG, Pfeifer D, Schnell O, et al. Molecular
Differences Between Cerebral Blood Volume and Vessel Size in Glioblastoma
Multiforme. Oncotarget (2017) 8(7):11083–93. doi: 10.18632/oncotarget.11522

8. Yohay K, Wolf DS, Aronson LJ, Duus M, Melhem ER, Cohen KJ. Vascular
Distribution of Glioblastoma Multiforme at Diagnosis. Interv Neuroradiol
(2013) 19(1):127–31. doi: 10.1177/159101991301900119

9. Ellingson BM, Bendszus M, Boxerman J, Barboriak D, Erickson BJ, Smits M,
et al. Consensus Recommendations for a Standardized Brain Tumor Imaging
June 2021 | Volume 11 | Article 683367

https://www.frontiersin.org/articles/10.3389/fonc.2021.683367/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.683367/full#supplementary-material
https://doi.org/10.1002/path.4072
https://doi.org/10.1126/scisignal.aaa1690
https://doi.org/10.1042/BST20140278
https://doi.org/10.1007/s00330-020-07138-4
https://doi.org/10.1007/s00330-020-07138-4
https://doi.org/10.1007/s00330-019-06632-8
https://doi.org/10.18632/oncotarget.11522
https://doi.org/10.1177/159101991301900119
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Yang et al. Endothelial Genes Associate With CE
Protocol in Clinical Trials. Neuro Oncol (2015) 17(9):1188–98. doi: 10.1093/
neuonc/nov095

10. Pope WB, Chen JH, Dong J, Carlson MR, Perlina A, Cloughesy TF, et al.
Relationship Between Gene Expression and Enhancement in Glioblastoma
Multiforme: Exploratory DNA Microarray Analysis. Radiology (2008) 249
(1):268–77. doi: 10.1148/radiol.2491072000

11. Diehn M, Nardini C, Wang DS, McGovern S, Jayaraman M, Liang Y, et al.
Identification of Noninvasive Imaging Surrogates for Brain Tumor Gene-
Expression Modules. Proc Natl Acad Sci U S A (2008) 105(13):5213–8.
doi: 10.1073/pnas.0801279105

12. Barajas RFJr., Hodgson JG, Chang JS, Vandenberg SR, Yeh RF, Parsa AT, et al.
Glioblastoma Multiforme Regional Genetic and Cellular Expression Patterns:
Influence on Anatomic and Physiologic MR Imaging. Radiology (2010) 254
(2):564–76. doi: 10.1148/radiol.09090663

13. Barajas RFJr., Phillips JJ, Vandenberg SR, McDermott MW, Berger MS, Dillon
WP, et al. Pro-Angiogenic Cellular and Genomic Expression Patterns Within
Glioblastoma Influences Dynamic Susceptibility Weighted Perfusion MRI.
Clin Radiol (2015) 70(10):1087–95. doi: 10.1016/j.crad.2015.03.006

14. Van Meter T, Dumur C, Hafez N, Garrett C, Fillmore H, Broaddus WC.
Microarray Analysis of MRI-Defined Tissue Samples in Glioblastoma Reveals
Differences in Regional Expression of Therapeutic Targets. Diagn Mol Pathol
(2006) 15(4):195–205. doi: 10.1097/01.pdm.0000213464.06387.36

15. Smith SM. Fast Robust Automated Brain Extraction.Hum Brain Mapp (2002)
17(3):143–55. doi: 10.1002/hbm.10062

16. Woolrich MW, Jbabdi S, Patenaude B, Chappell M, Makni S, Behrens T, et al.
Bayesian Analysis of Neuroimaging Data in FSL. Neuroimage (2009) 45(1
Suppl):S173–86. doi: 10.1016/j.neuroimage.2008.10.055

17. Smith SM, Brady JM. Susan—a NewApproach to Low Level Image Processing. Int
J Comput Vision (1997) 23(1):45–78. doi: 10.1023/A:1007963824710

18. Bakas S, Zeng K, Sotiras A, Rathore S, Akbari H, Gaonkar B, et al. Glistrboost:
Combining Multimodal MRI Segmentation, Registration, and Biophysical Tumor
Growth Modeling With Gradient Boosting Machines for Glioma Segmentation.
Brainlesion (2016) 9556:144–55. doi: 10.1007/978-3-319-30858-6_1

19. Zhang Y, Xie Y, He L, Tang J, He Q, Cao Q, et al. 1p/19q Co-Deletion Status is
Associated With Distinct Tumor-Associated Macrophage Infiltration in IDH
Mutated Lower-Grade Gliomas. Cell Oncol (Dordr) (2021) 44(1):193–204.
doi: 10.1007/s13402-020-00561-1

20. Dusart P, Hallstrom BM, Renne T, Odeberg J, Uhlen M, Butler LM. A
Systems-Based Map of Human Brain Cell-Type Enriched Genes and
Malignancy-Associated Endothelial Changes. Cell Rep (2019) 29(6):1690–
706.e4. doi: 10.1016/j.celrep.2019.09.088

21. Butler LM, Hallstrom BM, Fagerberg L, Ponten F, Uhlen M, Renne T, et al. Analysis
of Body-wide Unfractionated Tissue Data to Identify a Core Human Endothelial
Transcriptome. Cell Syst (2016) 3(3):287–301.e3. doi: 10.1016/j.cels.2016.08.001

22. Ziegler J, Zalles M, Smith N, Saunders D, Lerner M, Fung KM, et al. Targeting
ELTD1, an Angiogenesis Marker for Glioblastoma (GBM), Also Affects
VEGFR2: Molecular-Targeted MRI Assessment. Am J Nucl Med Mol
Imaging (2019) 9(1):93–109.

23. Verhaak RG, 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(1):98–110. doi: 10.1016/j.ccr.2009.12.020
Frontiers in Oncology | www.frontiersin.org 8
24. Wang Q, Hu B, Hu X, Kim H, Squatrito M, Scarpace L, et al. Tumor Evolution
of Glioma-Intrinsic Gene Expression Subtypes Associates With
Immunological Changes in the Microenvironment. Cancer Cell (2017) 32
(1):42–56.e6. doi: 10.1016/j.ccell.2017.06.003

25. Martinez-Lage M, Lynch TM, Bi Y, Cocito C, Way GP, Pal S, et al. Immune
Landscapes AssociatedWith Different GlioblastomaMolecular Subtypes. Acta
Neuropathol Commun (2019) 7(1):203. doi: 10.1186/s40478-019-0803-6

26. Doucette T, Rao G, Rao A, Shen L, Aldape K, Wei J, et al. Immune
Heterogeneity of Glioblastoma Subtypes: Extrapolation From the Cancer
Genome Atlas. Cancer Immunol Res (2013) 1(2):112–22. doi: 10.1158/2326-
6066.CIR-13-0028

27. Naeini KM, Pope WB, Cloughesy TF, Harris RJ, Lai A, Eskin A, et al.
Identifying the Mesenchymal Molecular Subtype of Glioblastoma Using
Quantitative Volumetric Analysis of Anatomic Magnetic Resonance Images.
Neuro Oncol (2013) 15(5):626–34. doi: 10.1093/neuonc/not008

28. Daneman R, Prat A. The Blood-Brain Barrier. Cold Spring Harb Perspect Biol
(2015) 7(1):a020412. doi: 10.1101/cshperspect.a020412

29. Treiber JM, Steed TC, Brandel MG, Patel KS, Dale AM, Carter BS, et al.
Molecular Physiology of Contrast Enhancement in Glioblastomas: An
Analysis of The Cancer Imaging Archive (Tcia). J Clin Neurosci (2018)
55:86–92. doi: 10.1016/j.jocn.2018.06.018

30. Bosma EK, van Noorden CJF, Schlingemann RO, Klaassen I. The Role of
Plasmalemma Vesicle-Associated Protein in Pathological Breakdown of
Blood-Brain and Blood-Retinal Barriers: Potential Novel Therapeutic Target
for Cerebral Edema and Diabetic Macular Edema. Fluids Barriers CNS (2018)
15(1):24. doi: 10.1186/s12987-018-0109-2

31. Benz F, Wichitnaowarat V, Lehmann M, Germano RF, Mihova D, Macas J,
et al. Low Wnt/Beta-Catenin Signaling Determines Leaky Vessels in the
Subfornical Organ and Affects Water Homeostasis in Mice. Elife (2019) 8.
doi: 10.7554/eLife.43818

32. Lochhead JJ, Yang J, Ronaldson PT, Davis TP. Structure, Function, and
Regulation of the Blood-Brain Barrier Tight Junction in Central Nervous
System Disorders. Front Physiol (2020) 11:914. doi: 10.3389/fphys.2020.00914

33. Hashimoto Y, Campbell M. Tight Junction Modulation at the Blood-Brain
Barrier: Current and Future Perspectives. Biochim Biophys Acta Biomembr
(2020) 1862(9):183298. doi: 10.1016/j.bbamem.2020.183298

34. de Gooijer MC, de Vries NA, Buckle T, Buil LCM, Beijnen JH, Boogerd W,
et al. Improved Brain Penetration and Antitumor Efficacy of Temozolomide
by Inhibition of ABCB1 and ABCG2. Neoplasia (2018) 20(7):710–20.
doi: 10.1016/j.neo.2018.05.001

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.

Copyright © 2021 Yang, Xie, Tang, Liu, Luo, He, Zhang, Xin, Wang, Wang, Zhang,
Cao, Wang, He and Zhang. 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.
June 2021 | Volume 11 | Article 683367

https://doi.org/10.1093/neuonc/nov095
https://doi.org/10.1093/neuonc/nov095
https://doi.org/10.1148/radiol.2491072000
https://doi.org/10.1073/pnas.0801279105
https://doi.org/10.1148/radiol.09090663
https://doi.org/10.1016/j.crad.2015.03.006
https://doi.org/10.1097/01.pdm.0000213464.06387.36
https://doi.org/10.1002/hbm.10062
https://doi.org/10.1016/j.neuroimage.2008.10.055
https://doi.org/10.1023/A:1007963824710
https://doi.org/10.1007/978-3-319-30858-6_1
https://doi.org/10.1007/s13402-020-00561-1
https://doi.org/10.1016/j.celrep.2019.09.088
https://doi.org/10.1016/j.cels.2016.08.001
https://doi.org/10.1016/j.ccr.2009.12.020
https://doi.org/10.1016/j.ccell.2017.06.003
https://doi.org/10.1186/s40478-019-0803-6
https://doi.org/10.1158/2326-6066.CIR-13-0028
https://doi.org/10.1158/2326-6066.CIR-13-0028
https://doi.org/10.1093/neuonc/not008
https://doi.org/10.1101/cshperspect.a020412
https://doi.org/10.1016/j.jocn.2018.06.018
https://doi.org/10.1186/s12987-018-0109-2
https://doi.org/10.7554/eLife.43818
https://doi.org/10.3389/fphys.2020.00914
https://doi.org/10.1016/j.bbamem.2020.183298
https://doi.org/10.1016/j.neo.2018.05.001
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Uncovering a Distinct Gene Signature in Endothelial Cells Associated With Contrast Enhancement in Glioblastoma
	Introduction
	Materials and Methods
	Patients Cohorts
	MRI Imaging Acquisition and Preprocessing Procedures
	Immunohistochemical Analysis
	Identification of Endothelial Cell-Enriched (EC-Enriched) Genes and Gene Ontology (GO) Analysis
	Identification of CE-High and CE-Low Associated EC-Enriched Genes
	Survival Analysis
	Statistical Analysis

	Results
	Identification of Endothelial-Enriched Genes in GBM
	Contrast Enhancement Is associated With a Distinct Molecular Signature in ECs Characterized by Upregulation of Pro-inflammatory Genes and Deregulation of BBB-Related Genes
	Increased PLVAP Expression and Decreased ABCG2 and TJP1 Expression in Vasculature in CE-High GBMs
	Contrast Enhancement Is Associated With Poor Prognosis and Mesenchymal Subtype

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


