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C A N C E R

Modulation of blood-tumor barrier transcriptional 
programs improves intratumoral drug delivery and 
potentiates chemotherapy in GBM
Jorge L. Jimenez-Macias1,2, Philippa Vaughn-Beaucaire1,2, Ayush Bharati1, Zheyun Xu1,  
Megan Forrest1, Jason Hong1, Michael Sun1, Andrea Schmidt1, Jasmine Clark1, William Hawkins1, 
Noe Mercado1, Jacqueline Real1, Kelsey Huntington1, Mykola Zdioruk3, Michal O. Nowicki3, 
Choi-Fong Cho3,4,5, Bin Wu6, Weiyi Li7, Theresa Logan7, Katherine E. Manz8, Kurt D. Pennell8, 
Bogdan I. Fedeles9, Paul Bertone1,10, Michael Punsoni11, Alexander S. Brodsky1†, Sean E. Lawler1*

Efficient drug delivery to glioblastoma (GBM) is a major obstacle as the blood-brain barrier (BBB) and the blood-
tumor barrier (BTB) prevent passage of the majority of chemotherapies into the brain. Here, we identified a tran-
scriptional 12-gene signature associated with the BTB in GBM. We identified CDH5 as a core molecule in this set 
and confirmed its expression in GBM vasculature using transcriptomics and immunostaining of patient specimens. 
The indirubin-derivative, 6-bromoindirubin acetoxime (BIA), down-regulates CDH5 and other BTB signature 
genes, causing endothelial barrier disruption in vitro and in murine GBM xenograft models. Treatment with BIA 
increased intratumoral cisplatin accumulation and potentiated DNA damage by targeting DNA repair pathways. 
Last, using an injectable BIA nanoparticle formulation, PPRX-1701, we significantly improved cisplatin efficacy in 
murine GBM. Our work reveals potential targets of the BTB and the bifunctional properties of BIA as a BTB modula-
tor and a potentiator of chemotherapy, supporting its further development.

INTRODUCTION
The effective treatment of brain malignancies such as glioblastoma 
(GBM), remains a critical challenge in the neuro-oncology field. GBM 
is the most common malignant primary brain tumor, representing 
~15% of all central nervous system (CNS) neoplasms (1). Median 
survival is 15 to 18 months, and less than 10% of patients survive 
beyond 5 years after diagnosis (2). The standard of care involves 
maximal safe surgical resection, followed by radiotherapy and al-
kylating chemotherapy with temozolomide (TMZ). This inevitably 
leads to the development of untreatable recurrent disease. The ma-
jor challenges in GBM therapy are (i) its invasiveness, which pre-
vents complete surgical resection, (ii) high levels of intratumoral 
molecular and cellular heterogeneity, (iii) a cancer-promoting tu-
mor microenvironment, and (iv) the presence of the blood-brain 
barrier (BBB) and blood-brain tumor barrier (BTB), which limit 
drug entry.

The BBB maintains homeostasis of the CNS for its proper func-
tioning (3). In an oncogenic context, the BBB responds to cues by 
the cancer cells, which promote the formation of new blood ves-
sels and the BTB. The BTB is a distinct and heterogeneous biologi-
cal entity, resulting from cellular interactions between brain tumor 

cells, newly formed blood vessels, and the preexisting BBB (4). Mo-
lecular characteristics that define the impermeability of the BBB, 
such as tight junction and adherens junction formation, high 
efflux pump expression, and nonfenestrated endothelium, are 
compromised in brain tumors mainly due to hypoxic/angiogenic 
conditions, which also promote tumor growth, migration, and in-
vasion (5). Regardless of the disruption of these brain-protecting 
BBB properties, non-BBB penetrant drugs still do not penetrate 
GBM tissue efficiently. This is supported by studies suggesting 
that the BTB is highly heterogeneous (6), with some regions main-
taining “healthy” BBB features that protect GBM cells from anti-
neoplastic agent accumulation.

The BTB remains poorly understood, especially its molecular 
and cellular composition and identification of target molecular 
pathways that could render it permissive to chemotherapy uptake. 
Strategies to improve drug delivery to GBM include focused ultra-
sound (7, 8), convection-enhanced delivery (9), optogenetics (10), 
systemic administration of drug-loaded nanoparticles (11), and 
drug-conjugated cell-penetrating peptides (12), with most of these 
showing promising preclinical results. These strategies rely on phys-
ically overcoming the BBB/BTB and have advantages of controlled 
release, preservation of drug stability, and drug delivery at selected 
anatomical sites. In addition to these approaches, the identification 
of compounds that could target molecular elements that selectively 
regulate BTB permeability, but not healthy BBB, would enable 
mechanistic control over the biological processes involving the 
BTB/GBM tumor interactions and could be used to potentiate in-
tratumoral drug penetration. Moreover, if these compounds could 
simultaneously hinder tumor development and synergize with che-
motherapeutic regimens, then this would be potentially useful in 
the clinic.

Previously, we identified the anti-invasive and immunomodulatory 
properties of the indirubin-derivative 6-bromoindirubin acetoxime 
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(BIA) in GBM and showed some benefit in murine GBM models 
(13). We also developed a BIA-loaded nanoparticle formulation, 
PPRX-1701, which was well-tolerated, and able to reach intracranial 
brain tumors in mouse models. Indirubins are bisindole alkaloid 
compounds used as a component of traditional Chinese medicine 
for the treatment of proliferative disorders and autoimmune condi-
tions. Indirubin is a component from the Indigo naturalis extract 
(14). BIA is widely known as a GSK-3 inhibitor (15), but several 
other kinases have been found to be inhibited by this compound, 
including cyclin-dependent kinases and Src family kinases (16).

Here, we report that BIA has significant effects on BTB permea-
bility by reducing the expression of BTB signature genes, including 
the tight junction protein CDH5 [vascular endothelial cadherin 
(VE-cadherin)]. BIA treatment increased cisplatin accumulation in 
tumor tissue in mouse tumor models, but not in healthy brain, and 
enhanced the cytotoxic capacity of cisplatin. BIA in combination 
with cisplatin prolonged survival of xenograft GBM models. To-
gether, our work provides evidence of potential candidate targets at 
the BTB and the use of BIA for improved drug delivery and chemo-
therapy potentiation in GBM.

RESULTS
Identification of GBM endothelium–enriched transcripts via 
in silico screening
The BTB represents an obstacle to therapeutic drug delivery and re-
mains a poorly defined component of GBM biology. Thus, to iden-
tify molecular signatures of the GBM vasculature for targeting of the 
BTB, we performed an in silico–based approach by accessing bulk 
RNA sequencing (RNA-seq) data from The Cancer Genome Atlas, 
Rembrandt, and the Ivy Glioblastoma Atlas Project (IVY GAP) data-
bases (Fig. 1A). In the cBio portal, we used Spearman’s rank correla-
tion to select GBM genes that showed coexpression with four 
well-characterized endothelial cell reference transcripts defined by 
Dusart et al. (17) for screening brain tumor–associated vascular gene 
expression signatures: Platelet Endothelial Cell Adhesion Molecule-1 
(PECAM1)/CD31, CD34, Von Willebrand Factor (VWF), and C-
lectin 14A (CLEC14A) (table S1). Next, we used the Rembrandt 
dataset for identifying those genes of this list enriched in GBM tissue 
above healthy controls and lastly identified their tumoral regional 
expression by using the IVY GAP resource, a laser microdissection-
based RNA-seq bulk dataset obtained from clinical specimens. With 
this approach, we identified a signature composing of 12 GBM endo-
thelium–enriched genes (Fig. 1B). These genes present abundant ex-
pression at microvascular proliferation regions in the tumor (Fig. 
1C). Gene Ontology (GO) analysis revealed their primary involve-
ment in vasculature system development, morphogenesis, cell mi-
gration, and responses to transforming growth factor–β (TGF-β) 
pathway activation and positive regulation of receptor serine/threonine 
kinase signaling (Fig. 1D). Search Tool for the Retrieval of Interact-
ing Genes (STRING) network analysis showed that the genes form 
significant interactions within the network [protein-protein interac-
tion (PPI) enrichment P value: <1.0 × 10−16]. With the exception of 
MYO1B, all genes were interconnected (Fig. 1E), suggesting strong 
functional relationships within the identified signature gene set. To 
confirm endothelial-associated specificity of the identified 12-gene 
network, we reperformed our analysis using PECAM1 and VWF 
only as probe marker genes. This led to a reduced list of six genes that 
were also identified using the Dusart et al. markers (17): ACVRL1, 

CD93, ENG, ENPEP, MYO1B, and PCDH12 (fig. S1, A to C). Analy-
sis of CD34 and CLEC14A expression using the IVY GAP resource 
showed enrichment of these genes at microvascular proliferative re-
gions (fig. S1D), supporting their regional enrichment at the GBM-
associated vasculature.

Given the pleiotropic nature of these identified transcripts, as 
well as some known nonvascular functions, the possibility that our 
bulk RNA-seq–based analysis is providing transcript signals from 
other cell types is feasible. To address this, we consulted a recently 
published single-cell brain vasculature atlas by Wälchli et al. (18). 
Using a reported interactive website (https://waelchli-lab-human-
brain-vasculature-atlas.ethz.ch/), we visualized our used vascular 
reference markers (PECAM1, VWF, CD34, and CLEC14A) and the 
12 newly identified GBM endothelium–enriched transcripts from GBM  
clinical sample–sorted single cells (fig. S2A). Our GBM endothelium–
enriched transcripts were highly expressed in endothelial cells above 
other cell types in the tumor microenvironment, with the exception 
of CD93, PDGFRB, and ENPEP. CD93 was seen highly expressed in 
neutrophils, and PDGFRB and ENPEP, which expression was most-
ly seen in pericytes and smooth muscle cells, both which are compo-
nents of the BBB. Furthermore, there was increased expression of 
our GBM-enriched signature genes in fluorescence-activated cell 
sorting (FACS)–sorted GBM endothelia above endothelia of healthy 
temporal lobe and other brain malignancies such as low-grade 
glioma, metastases, and meningioma (fig. S2B). We then examined the 
expression of our endothelial-associated transcripts across different 
endothelium subtypes from FACS-sorted GBM endothelial cells 
(fig. S2C). Our findings indicate that angiogenic capillaries have en-
riched expression of these genes. MYO1B, ENPEP, and PDGFRB were 
strongly expressed in cells undergoing endothelial-to-mesenchymal 
transition (EndoMT) and proliferative EndoMT cells, suggesting 
that these genes are confined to a subset undergoing mesenchymal 
state transitions.

CDH5 is highly expressed in GBM 
tumor–associated endothelium
The STRING analysis showed that CDH5 (VE-cadherin, CD144) 
may represent a central node in the BTB signature gene network. 
CDH5 is a calcium-dependent adherens junction protein with a fun-
damental role in maintaining BBB integrity (19). To further investi-
gate its potential role in the BTB of GBM, we reanalyzed spatial 
transcriptomic data from malignant glioma tissue samples published 
by Ravi et al. (20) and confirmed the enriched expression of CDH5 in 
comparison to matched nontumor brain cortex tissue UKF_248 (Fig. 
2A), UKF_242, UKF_259, and UKF_334 (fig. S3, A to C). CDH5 was 
highly expressed in clusters enriched in vascular markers such as 
PECAM1 and VWF (Fig. 2, A to C, and fig. S3, D to F). However, 
CDH5 also enriched in other PECAM1-negative clusters, which indi-
cates that CDH5 spatial expression is heterogeneous and occurs in 
multiple cell types in addition to endothelial cells. CDH5-expressing 
clusters were enriched in Biological Process GOs related to (Fig. 2D) 
“Regulation of Vasculature Development” and “Angiogenesis” and 
“Vascular Process in Circulatory System” (fig. S4), supporting its in-
volvement in vascular biology in GBM. Moreover, we identified a list 
of 61 additional genes regionally coexpressed with CDH5 (table S2), 
which includes genes such as CCL2 (4) and WNT7B (21, 22), which 
have reported roles in the BTB and BBB, respectively. To confirm the 
presence of CDH5 in GBM tumors, we performed immunofluo-
rescence (IF) staining in GBM patient specimens for anti-CDH5 in 

https://waelchli­lab­human­brain-vasculature­atlas.ethz.ch/
https://waelchli­lab­human­brain-vasculature­atlas.ethz.ch/
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Fig. 1. Identification of tumor-endothelium associated (BTB genes) using bulk RNA-seq datasets from GBM clinical samples. (A) Workflow of identification and 
filtering of genes associated with tumoral vasculature in GBM. Using a gene expression correlation tool, cBio, top 50 genes that coexpressed with CD31, VWF, CD34, and 
CLEC14A were selected, confirmed their overexpression in tumor above normal brain in the Rembrandt dataset using GlioVis visualization tool, and evaluated regional 
expression using the IVY GAP atlas resource. Panel figure was generated using Biorender.com. (B) Gene expression of 12 GBM endothelium–enriched transcripts identified 
in the cBio Portal following the workflow shown in (A) ***P < 0.001 by Tukey’s post hoc test. Individual values are colored by GBM subtypes classical, mesenchymal, or 
proneural. NA indicates unknown sample information. (C) Regional expression of the 12 BTB genes in GBM using the IVY GAP resource. ***P < 0.001 by Tukey’s post hoc 
test. (D) Gene ontology analysis (GO Biological Process 2023) of the 12 BTB genes using the EnrichR software. Biological processes are ranked by P values, which are indi-
cated next to the GO designation. (E) STRING network analysis on the 13 identified BTB genes; 12 nodes, 17 edges, average node degree of 2.83. PPI enrichment P value, 
1 × 10−16.

https://www.biorender.com
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combination with anti-CD31. GBM tumors were confirmed in these 
samples by histology (fig. S5, A to F). We observed CDH5 expression 
across the tumor specimens (fig. S6, A to F) and present in CD31+ 
blood vessels as expected, with diverse correlation of coexpression of 
CD31 and CDH5 across samples (fig. S6G). CD31-negative cells also 
expressed CDH5. Potentially, tumor cells undergoing vascular mim-
icry are known to express CDH5 (23–25). To reveal CDH5 expression 
heterogeneity in the BTB, we performed IF visualization of CDH5 in 
CD31+ blood vessels in a patient-derived xenograft GBM model fo-
cusing on the tumor core and leading edge regions (fig. S7A). This 
imaging showed strong expression of CDH5 in not only CD31+ vas-
culature but also in green fluorescent protein (GFP)–labeled engrafted 
tumor cells. Pearson correlation analysis did not show any regional 
difference of CDH5/CD31+ vessel coexpression (fig. S7B). However, 
CDH5 is significantly more expressed in CD31+ blood vessels than in 
GFP+ tumor cells at the core and at the leading edge (fig. S7C), con-
firming that CDH5 is enriched in tumor-associated vasculature. 
Together, these data demonstrate the presence of CDH5 in GBM en-
dothelium, where it may play a role in BTB function.

BIA targets BTB-related transcriptional programs in brain 
endothelial cells
Previously, we demonstrated that BIA has anti-angiogenic effects in 
murine intracranial models of GBM (13). This led us to investigate 
the transcriptional alterations associated with BIA treatment of 
brain endothelium. Bulk RNA-seq analysis of a well-characterized 
human brain microvascular endothelial cell (HBMEC) line, HCMEC/
D3, treated with BIA showed considerable transcriptional dys-
regulation. The top 15 differentially expressed genes (DEGs) are 
displayed according to significance in a heatmap (Fig. 3A). CDH5 
was one of the most down-regulated genes upon BIA treatment 
(−3.06-fold, log2). GO analysis of significantly up-regulated (862 genes) 
and down-regulated (652 genes) differentially expressed transcripts 
revealed that BIA mostly induced expression of genes in processes 
related to amino acid transport. BIA also decreased expression of 
genes involved in annotated processes of cell migration, motili-
ty, angiogenesis, and endothelial proliferation, as well as nitric 
oxide synthesis and pathways of receptor tyrosine kinases (Fig. 3B). 
Volcano plot analysis (Fig. 3C) of log2 fold change (log2FC) versus 

Fig. 2. Spatial transcriptomic analysis of GBM patient samples confirms CDH5 up-regulation in tumor-associated endothelium. (A) Surface plots of CDH5 expres-
sion from spatial transcriptomic performed on UKF_248 GBM tumor and nontumorigenic cortex tissues. (B) Spatial Uniform Manifold Approximation and Projection 
(UMAP) clustering plot in cortex (left) and tumor (right) for UKF_248. (C) Violin plots indicating endothelial cell marker expression and CDH5 from UKF_248 tissues and 
clustered according to spatial clustering from (B). (D) GO indicating associated pathways with CDH5 gene expression in cluster 3 of sample UKF_248. GO biological pro-
cesses highlighted in red indicate vasculature development and regulation of angiogenesis as pathways enriched for CDH5. Top 20 gene list for highlighted GO pathways 
is shown. Data were obtained and reanalyzed from (20) using the SPATA2 package from R-studio.
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P value significance of down-regulated DEGs highlights CDH5 and 
other angiogenesis-related genes such as MMRN2, a direct interac-
tor with CDH5, CD93, ACVRL1, KDR, SMAD6, and S1PR3. BIA 
also promoted expression of genes such as PHGDH, AXIN2, TCF7, 
VLDLR, and VEGFA, showing that BIA has broad effects on genes 
involved in diverse pathways. We then examined dysregulated genes 

that are potentially involved in BTB biology by focusing on BBB 
permeability/integrity and in biological functions of angiogenesis 
(Fig. 3D). BIA modulates 8 of our 12 BTB signature genes we iden-
tified in the in silico screening from clinical samples (Fig. 3D, 
highlighted). Most of these genes were down-regulated by BIA, ex-
cept PCDH12, which increased its expression. This finding suggests 

A B

C

D

E F

Fig. 3. BIA modulates BTB-associated genes and cell motility, vascular development, angiogenesis, and l-serine metabolism in brain endothelial cells. (A) Heat-
map generated from the top 15 up-regulated and down-regulated genes (log2FC) from bulk RNA-seq analysis performed on HCMEC/D3 cells treated with BIA (1 μM, 
24 hours). (B) GO analysis of >1.5 (log2FC) significantly up-regulated and down-regulated genes by BIA in brain endothelial cells from (A). Biological processes are ranked 
by P values, which are shown next to the GO designation. Analysis performed using the EnrichR software. (C) Volcano plot analysis from all the up-regulated and down-
regulated genes by BIA. Labels on genes related to angiogenesis, TGF-β, and WNT pathways are highlighted. (D) Gene expression fold change (log2) levels of dysregulated 
genes by BIA related to the TGF-β and WNT pathways, angiogenesis, and the tumor vascular associated genes (BTB genes, highlighted). (E) Spatial expression of 7 of the 
12 BTB genes regulated by BIA in vitro highlighted in (D) for nontumor (left) and tumor (right) tissues from sample UKF_248. (F) Clustered gene expression of UKF_248 
showing the BTB genes from (E) in nontumor (left) and tumor tissue (right).
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that BIA targets the expression of BTB-associated transcriptional 
programs in brain endothelial cells. Our spatial transcriptomic anal-
ysis of sample UKF_248 showed the increased expression of these 
12 GBM endothelium–enriched transcripts in GBM clinical sam-
ples above cortex controls (Fig. 3E) and spatially coexpressed to en-
dothelial markers by clustering analysis (Fig. 3F). These genes were 
expressed across different tumor samples (fig. S8) and indicate the 
relevance of these pathways in GBM.

BIA disrupts barrier formation in BBB models in vitro
Given the prominence of CDH5 in the BTB transcriptome and its 
known role of maintaining vascular barrier integrity, we focused our 
efforts in further characterizing CDH5 expression in the endothelium 
upon BIA treatment. IF staining of CDH5 showed a marked de-
crease at the membrane periphery in endothelial cells in vitro after 
treatment with BIA (fig. S9A). We also observed a marked reduction 
in the BBB tight junction molecule ZO-1 but no difference in levels 
of Claudin-5 (fig. S9A). BIA decreased levels of CDH5 mRNA in 
two brain endothelial cell lines, which declined for up to 48 hours 
following BIA treatment (fig. S9B). BIA also reduced the expression 
of CDH5 in G34-pCDH GBM cells, with simultaneous decline of 
WNT7B and S1PR3 expression, suggesting that BIA can modulate 
these endothelial barrier-related molecules in the tumoral context 
as well and is not restricted to vascular cells only (fig. S9C). Protein 
levels of CDH5 reached maximum reduction at 12 hours post-BIA 
treatment and remained down-regulated for a further 48 hours 
(fig. S9D).

To understand whether BIA might alter barrier formation prop-
erties in brain endothelial cells, we performed trans-endothelial 
electrical resistance (TEER) analysis of monolayers of HCMEC/D3 
cells. Treatment with BIA led to a marked decrease of barrier integ-
rity (Fig. 4B). Moreover, addition of BIA 24 hours after plating en-
dothelial cells completely prevented barrier establishment in two 
endothelial lines (fig. S9E). These effects occurred from 100 nM to 
10 μM BIA (fig. S9F), confirming that BIA can disrupt BBB integrity 
in vitro.

To confirm that CDH5 is an important factor in modulating the 
loss of barrier formation in the HCMEC/D3 cells, we electropor-
ated a siRNA against cadherin 5 (siCDH5) sequence to HCMEC/
D3 cells and assessed their capacity to form a barrier via TEER 
(Fig. 4C). Loss of CDH5 decreased the rate of barrier formation in 
these cells, supporting the notion that loss of barrier formation in 
brain endothelia due to BIA is, at least in part, because of CDH5 
down-regulation.

We next tested the effects of BIA on vascular permeability mea-
suring dextran uptake using an in vitro multicellular BBB spheroid 
model (12, 26–28), which has been shown effective to measure per-
meability of peptides and chemotherapies. In this experiment, BIA 
decreased the expression of CDH5 in a dose-dependent manner 
(Fig. 4, D and F) as shown by IF staining. F-actin was also reduced 
considerably (Fig. 4, D and G). Incubation of a fluorescent dextran 
(70 kDa) with the BBB spheroids treated with BIA showed a dose-
dependent increase in permeability (Fig. 4, E and H).

To understand whether the effects we observed are a consequence 
of endothelial cell death, we screened for apoptosis via flow cytom-
etry, which did not show late apoptosis/necrosis at any of the BIA 
concentrations used in comparison to a cisplatin control (fig. S10A). 
Cellular adenosine triphosphate (ATP) content was reduced up to 
30% in the ~1 to 5 μM BIA range and ~50% and above for HBMECs 

treated at the same concentrations (fig. S10B), indicating that BIA 
affects endothelial cell metabolism. Visual assessment of HCMEC/
D3 cells treated with BIA did not reveal signs of apoptosis or necro-
sis but an elongated phenotype with long filipodia (fig. S10C). Cell 
cycle analysis via flow cytometry showed a slight decrease in propor-
tions of cells in G1 and G2/M phases, indicating that BIA affects 
endothelial cell proliferation but does not induce cell death at the 
concentrations tested (fig. S10D). Cell counts of endothelial cells 
treated continuously with BIA showed that cell numbers decreased 
significantly after 4 days posttreatment (fig. S10E).

BIA targets several kinases in brain endothelium in vitro
BIA is a broadly selective protein kinase inhibitor (15, 29). To eluci-
date the kinase signaling pathways altered by BIA that could be in-
volved in barrier modulation, we treated HCMEC/D3 cells with BIA 
and performed phospho-kinase array profiling (Fig. 4, I and J). We 
observed a decrease of activating phosphorylation in members of 
the mitogen-activated protein kinase (MAPK) family (p38α, c-Jun 
N-terminal kinase 1, mitogen- and stress-activated protein kinase 
1/2, and extracellular signal–regulated kinase 1/2), SRC family 
(SRC, YES, and FGR), and transcription factors at activator sites 
[cAMP response element–binding protein (CREB), signal transduc-
er and activator of transcription 1 (STAT1), STAT2, STAT5a/b, and 
c-JUN]. The MAPK and SRC pathways are known to control endo-
thelial transcriptional programs through CREB and other transcrip-
tional regulators (30–32). On the other hand, we observed increased 
phosphorylation of STAT3 at S727 and Y705 and in p70 S6 kinase, 
which suggests activation of the Mammalian Target of Rapamycin 
(mTOR) pathway. Secretome analysis of HCMEC/D3 cells treated 
with BIA indicates a proinflammatory secretion profile with an in-
crease of cytokines such as tumor necrosis factor–α, interferon-γ, 
interleukin-17A (IL-17A), IL-6, IL-1β, prolactin, CCL8, and CCL4, 
among others (fig. S11A); whereas significant down-regulation was 
seen to occur for CCL2, CCL5, Angiopoitein-2, and CXCL10 (fig. 
S11B). We confirmed the increased expression of IL-6 and reduc-
tion of WNT7A/B by Western blot, which correlated with GSK3b 
(Ser9) reduction (fig. S11C). Moreover, we confirmed our phospho-
kinome array by observing down-regulation of phosphorylation in 
STAT5A/B, TYK2, p38α, SRC, and CREB upon various BIA doses in 
endothelial cells (fig. S11D). This correlated with decreased CDH5 
expression. Overall, our results indicate that BIA operates at differ-
ent cellular signaling levels that induce diverse biological changes in 
brain endothelium, which might be required to induce the endothe-
lial barrier disruption phenotype observed.

BIA increases intratumoral drug accumulation in xenograft 
models of GBM
To understand whether BIA could also increase permeability in the 
BTB in the context of GBM in vivo, we implanted patient-derived 
GBM cells (G30) in nude mice and treated them with BIA and 
administered sodium fluorescein as indicated in Fig. 5A. Increased 
accumulation of sodium fluorescein within the tumor was observed 
after BIA administration, in comparison with untreated controls 
(Fig. 5B). Analysis of the fluorescent signal showed significant 
accumulation in the tumor but not in the healthy brain, suggest-
ing that BIA administration promoted intratumoral uptake of 
sodium fluorescein.

We then interrogated whether BIA treatment could increase 
the intratumoral accumulation of cisplatin, a nonbrain penetrant 
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Fig. 4. BIA prevents barrier formation by brain endothelial cells in vitro and increases dextran uptake in a three-dimensional BBB spheroid model. (A) IF staining 
of CDH5 (red) and nuclei (blue) in HCMEC/D3 cells treated with BIA (1 μM, 24 hours). Scale bar, 20 μm. (B) TEER values of HCMEC/D3 treated with BIA upon monolayer 
confluence. Time point of BIA addition is indicated. (C) Interference RNA depletion of CDH5 in HCMEC/D3 cells and TEER values of these cells upon ECIS measurement. 
Western blot for CDH5 depletion confirmation is shown. β-Actin was used as a loading control. (D) IF images of BBB spheroids treated with indicated doses of BIA for 
72 hours. Staining of F-actin (green), CDH5 (red), and nuclei (blue). Maximal projection intensity is shown from z-stack images (50 μm depth, 20 layers). Scale bar, 
100 μm. (E) FITC-conjugated dextran (70 kDa) permeability assay in BBB spheroids. Dextran (gray) and nuclei (purple) are shown. Scale bar, 100 μm. Mean fluorescence 
quantification of (F) CDH5, (G) Phalloidin and (H) FITC-dextran from images in (D) and (E) using the ImageJ software. A.F., Alexa Fluor. Data show mean and SD, n = 4 to 5. 
Ordinary one-way analysis of variance (ANOVA) test. *P = 0.018, **P = 0.0028, ***P = 0.008, and ****P < 0.0001. (I) Human phospho-kinase array of HCMEC/D3 cells 
exposed to 1 μM BIA for 24 hours. Highlighted wells related to indicated pathways. Samples were analyzed in duplicates. (J) Quantification of signal by ImageJ of dot blot 
shown in (I). Mean and SD of duplicates are shown. Two-way ANOVA analysis was performed. **P = 0.0015, ***P = 0.005, and ****P < 0.0001.
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Fig. 5. Systemic administration of BIA increases the selective uptake of sodium fluorescein and platinum chemotherapy in GBM murine tumors. (A) Workflow 
schematic of BIA administration and subsequent injection of Sodium Fluorescein (NaF) for BTB permeability assessment. Panel figure was generated using Biorender.com. 
(B) In vivo imaging system (IVIS) pictures of G30 tumor–bearing brains from mice injected with BIA and NaF as shown in (A). (C) Quantification of image intensity was 
performed with ImageJ (Fiji). Mean and SD are shown, n = 7 to 8. Unpaired t test for statistical significance, ****P = 0.0024. (D) Platinum quantification via ICP-MS of brain 
and tumor tissue from tumor-bearing mice injected with cisplatin in G9-PCDH, (E) G34-PCDH, and (F) GL-261 murine models. Cisplatin (5 mg/kg) was administered 
24 hours after BIA injection. Mean and SD are shown, n = 3 to 5 per group. Two-way ANOVA statistical analysis was performed, *P < 0.05. (G) Platinum quantification via 
ICP-MS of tumor and brain tissue of a G9-PCDH tumor–bearing xenograft model administered with increasing BIA doses. Mean and SD are shown, n = 3 per group. Two-
way ANOVA test, *P = 0.0177 and **P = 0.0016. (H) Confocal IF imaging from frozen and sectioned brain tissue from G9-PCDH and G34-PCDH xenograft murine models, 
24 hours after injection with BIA (20 mg/kg). CDH5 was stained in tumor and healthy brain tissue with Alexa Fluor 594 and blood vessels with anti-CD31 and Alexa Fluor 
405. GBM cells are prelabeled with GFP. Images shown at 20×, with scale bars at 100 μm, accordingly. (I) Total CDH5 fluorescence quantification (Alexa Fluor 594) and 
(J) CDH5 coverage in CD31+ vessels from experiment in (E) using ImageJ (Fiji). Mean and SD are shown. Unpaired t test (n = 3 per group). ****P < 0.0001, **P = 0.0013, 
and *P = 0.0334. ns, not significant.

https://www.biorender.com
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chemotherapy. For this, we injected cisplatin (5 mg/kg) and allowed 
circulation in the system for 5 hours. We collected and processed 
the tissue downstream (see Materials and Methods) for inductively 
coupled mass spectrometry (ICP-MS) analysis–based platinum quan-
tification (fig. S12A). Pretreatment with BIA permitted significant 
cisplatin intratumoral accumulation in patient-derived (Fig. 5, D 
and E) and syngeneic murine GBM tumors (Fig. 5F). No significant 
difference of uptake was seen in contralateral healthy brain regions, 
indicating that BIA acts selectively in the tumor but not in the 
brain. Moreover, no difference in platinum accumulation was seen 
in peripheral tissues such as the heart or liver, thereby supporting 
the notion that BIA selectively increases cisplatin uptake in tumor 
but not healthy tissue (fig. S12B). Tumor sizes between control 
and BIA-treated groups before administration were compara-
ble by IF imaging for the patient-derived and syngeneic models 
(fig. S12, C to E).

Further studies showed that the uptake of cisplatin is dependent 
on the dose of BIA (Fig. 5G). To test possible mechanisms of how 
BIA operates in augmenting drug accumulation in tumors, we treated 
GBM cells (fig. S12F) and brain endothelial cells (fig. S12G) with 
BIA and cisplatin simultaneously. In either case, we did not observe 
any advantage in drug accumulation due to BIA addition, suggest-
ing that direct cellular internalization is not a mechanism of opera-
tion for BIA. Treatment of endothelial cells with BIA did not show 
any changes of protein levels of CAV1 or MFSD2A (fig. S12H), im-
portant molecular actors in endocytosis and transcytosis in the BBB.

Next, we evaluated CDH5 expression in our patient-derived xe-
nograft GBM models and its potential alterations upon BIA treat-
ment. Administration of BIA showed a notable decrease of CDH5 
in the whole section and in CD31+ endothelial cells 24 hours after 
treatment (Fig. 5, H to J). On the other hand, we did not observe 
significant changes in expression of CDH5 in contralateral healthy 
brain regions, which is consistent with the observation that increased 
drug delivery effects due to BIA are tumor associated endothe-
lium specific. In addition, we assessed the expression of ZO-1 and 
Claudin-5 in these tissues. We observed mild reductions of ZO-1 
expression as well but no visible differences in Claudin-5 staining 
(fig. S12I).

To identify any possible effects of BIA treatment on additional 
components of the BBB/BTB endothelium or basement membrane, 
we stained our G9-pCDH xenograft model for the endothelium (CD31) 
(fig. S13A) and for pan-laminin (fig. S13B) and COL1A1 (fig. S13C). 
We did not observe morphological differences on the CD31+ blood 
vessels nor changes of signal intensity of COL1A1; however, we 
did find a marked decrease of laminin staining on these vessels. This 
indicates that BIA might alter the expression of additional elements 
of the BTB besides CDH5 in the endothelial compartment, which 
supports the notion that BIA can modulate the BTB transcriptome 
at multiple molecular layers.

We performed IF on additional GBM endothelium–enriched 
transcripts that we identified in two patient-derived xenograft 
models. We observed a considerable reduction at the endothelium 
of ACVRL1 staining (fig. S14A) upon BIA administration above 
control. We also saw a mild decrease of PDGFR-β+ cells alongside 
CD31-expressing vessels (fig. S14C) and endoglin (fig. S14D) in 
the vascular regions of G9-PCDH and, to a greater extent, in G34-
PCDH. We observed considerable down-regulation of Endothelial 
Cell Adhesion Molecule (ESAM) after BIA treatment (fig. S14B) in 
the G34-pCDH model but not G9-pCDH, which might reflect 

intermodel variability of response to BIA. Collectively, our data 
provide evidence that BIA selectively targets the tumoral vascula-
ture at the BTB, which down-regulates CDH5 expression and other 
GBM endothelium–enriched transcripts, disrupting tight junction 
formation and increasing accumulation of chemotherapy in mu-
rine GBM tumors.

BIA potentiates cisplatin cytotoxicity by fostering its DNA 
damage capacity
Before animal efficacy studies, we also asked whether BIA and cis-
platin in combination could also show a therapeutic advantage than 
administration of either agent alone. Several studies have shown cy-
totoxic synergy of small-molecule kinase inhibitors in combination 
with cisplatin in cancer (33–35). Accordingly, we cultured a panel of 
patient-derived GBM neurospheres and treated with BIA and cispl-
atin combination, with single-treatment groups as controls (Fig. 
6A). Using a cell viability assay, we observed that combination of 
BIA markedly increased the cytotoxic effects of cisplatin alone. The 
most significant combinatorial effects were observed at cisplatin 
concentrations of 1 μM and below. BIA single-treatment controls 
only mildly reduced cellular ATP production. In accordance, the 
BIA/cisplatin combination decreased the neurosphere formation 
capacity and growth of G9 and G34 cells (fig. S15, A to D). To iden-
tify potential synergistic interactions between BIA and cisplatin, we 
used SynergyFinder 3.0 software. BIA potentiated cisplatin toxicity 
(overall δ-score  =  8.24), at a concentration of 2.5 μM and below 
(Fig. 6B). We also identified a high likelihood of synergy (highlighted 
area, δ-scores > 10) at the lower doses for cisplatin (~0.6 to 2.5 μM) 
in combination with all tested BIA doses (Fig. 6C). At the upper 
cisplatin dose ranges, its interaction with BIA remained nonsyner-
gistic. Thus, cisplatin and BIA in combination show synergistic anti-
glioma cytotoxic effects.

Next, we assessed the DNA damage levels of the BIA/cisplatin 
combination by IF imaging of γH2AX nuclear foci. This showed 
that the BIA/cisplatin combination significantly augmented the fre-
quency of γH2AX foci in the nucleus of GBM cells above single-
treatment and nontreated controls (Fig. 6, D and E). This increase in 
γH2AX events in the BIA/cisplatin combination was also observed 
by flow cytometry, which correlated with loss of cell cycle progres-
sion (fig. S15, E and F). We evaluated the phosphorylation and pro-
tein levels of CHK1, an important regulator of the DNA damage 
response during cisplatin exposure (36). Simultaneous exposure of 
BIA and cisplatin reduced the expression of CHK1 and its activation 
(Ser345) greater than single-treatment controls. In turn, γH2AX lev-
els were induced upon this combination (Fig. 6F). Given the strong 
depletion of CHK1 activity, we performed small interfering RNA 
(siRNA)–dependent knockdown in our GBM cell lines. Use of 
siCHK1 increased the susceptibility of these cells to cisplatin titra-
tions, mainly at concentrations below 1 μM cisplatin (fig. S15G), 
supporting the notion that targeting of CHK1 is an important factor 
in the BIA-induced potentiation of cisplatin cytotoxicity.

BIA enhances cisplatin preclinical efficacy in patient-derived 
GBM xenografts
Last, we investigated whether BIA and cisplatin combination regimens 
could provide a therapeutic effect in our intracranial GBM murine 
models. We proceeded with a dose regime of BIA preadministration 
24 hours before cisplatin injection at 5 mg/kg to promote and main-
tain increased platinum delivery (Fig. 7A). The BIA and cisplatin 
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Fig. 6. BIA potentiates platinum-based cytotoxicity by targeting DNA repair pathways in patient-derived GBM cells. (A) GBM cell viability assay (ATP-based) using 
Cell-Titer Glo 3D of BIA and cisplatin combination treatment. Cisplatin doses are indicated in the x axis, and BIA remained at a constant concentration of 1 μM. Cells were 
treated for 5 days and analyzed using a plate reader for luminescence quantification. Mean and SD are shown, n = 3 per group. (B) Dose-response matrix showing inhibi-
tion percentage of BIA and cisplatin combinations at various concentrations using SynergyFinder 3.0. G9-PCDH cells were treated and viability analyzed as indicated in 
the cell viability assay section (see Materials and Methods). (C) ZIP method synergy score of BIA and cisplatin combinations. The overall average δ-score is indicated on top 
of the chart. The dose combinations showing an increased likelihood of synergy are highlighted. (D) IF staining of γH2AX (Alexa Fluor 647) in G9-PCDH cells treated with 
1 μM cisplatin and/or BIA, for 72 hours. Nuclei were stained using Hoechst 33342. Representative image of five pictures per condition. Pictures taken at 40×. Scale bar, 20 μm. 
(E) Quantification of γH2AX foci from (B) using ImageJ. (F) Western blot of G9-PCDH cells treated with 1 μM cisplatin and/or BIA, for 72 hours, probing for the phospho-
CHK1, CHK1, and phospho-H2AX proteins. GAPDH was used as loading control and cleaved poly(adenosine diphosphate–ribose) polymerase as a cell death marker. 
Representative image from triplicate experiments. *P = 0.028, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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combination regimens prolonged the survival of tumor-bearing mice 
significantly (P = 0.0052) over the single-treatment and control arms, 
indicating efficacious results by this approach (Fig. 7B).

BIA is highly hydrophobic, making it difficult to dissolve in phys-
iological solutions, which limits its clinical translation. To address 
this, we used PPRX-1701, a formulation of BIA, designed for im-
proved in vivo delivery (37), which inhibits GSK3 as indicated by a 
G9-TCF cell line reporter (fig. S16, A and B). Previously, we have 
shown that PPRX-1701 is not toxic when administered systemically 
in C57/BL6 mice, as shown by liver and spleen histology (37). We 
implanted a second patient-derived GBM xenograft model (Fig. 7C) 
and performed systemic preadministrations of PPRX-1701 before 
cisplatin injections. Combination of PPRX-1701 with cisplatin was 
also more efficacious in comparison with vehicle control plus cispla-
tin, PPRX-1701 alone, and nontreated controls (P = 0.0016) (Fig. 
7D). Assessment of DNA damage by γH2AX staining indicated that 
PPRX-1701 enhanced the genotoxicity of cisplatin, correlating with 
the extended survival observed (Fig. 7, E and F).

Together, our data highlight potential molecular targets as-
sociated to the BTB in GBM. In addition, we demonstrated that 
BIA exerts preclinical efficacy in GBM murine models through 
its dual capacity to selectively target transcriptional programs of 
the BTB, promoting intratumoral drug delivery and by showing 
cytotoxic synergistic effects with DNA-damaging chemotherapy 
(Fig. 7G).

DISCUSSION
Effective drug delivery remains a major challenge for the treat-
ment of brain tumors. Here, we have identified a network of genes 
associated with the BTB in GBM and have demonstrated the dual 
functionality of the indirubin derivative, BIA, to increase intratu-
moral drug delivery by targeting the BTB-associated gene network 
and enhance chemotherapy cytotoxicity via DNA repair machin-
ery modulation. Our work should provide grounds to establish 
further studies for progressing BTB-targeting approaches toward 
clinical application.

We used an in silico strategy from bulk RNA-seq datasets, based 
on GBM-associated vascular markers identified by Dusart et  al. 
(17), to identify a set of 12 genes (GBM endothelium–enriched tran-
scripts) with elevated regional expression within the tumoral endo-
thelium in GBM. We performed this analysis by identifying gene 
coexpression with known endothelial markers PECAM1 and VWF, 
as well as with angiogenic and tumoral vasculature reference tran-
scripts CD34 and CLEC14A. CD34 is also a well-known marker of 
progenitor bone marrow cells, some with reported potential to mi-
croglial differentiation (38, 39). Moreover, albeit unfrequently, GBM 
tumor cells have reportedly presented CD34 positivity (40). In con-
trast, CD34 expression has been consistently reported in progenitor 
endothelial cells and tip-angiogenic cells (41–43), being widely used 
as an endothelial marker when used simultaneously with PECAM1 
and/or VWF canonical markers. CLEC14A has been implicated 
in tumoral angiogenesis (44) and is used as a tumor endothelial 
marker (45), undergoing preclinical applications such as CLEC14A-
specific Chimeric Antigen Recombinant T-cell (CAR-T) targeting 
(46). Thus, we proceeded using these markers for tumoral vascula-
ture screening.

We performed spatial transcriptomic data reanalysis (20) of 
CDH5 and the other identified GBM endothelium–enriched 

transcripts. This showed high spatially clustered expression of these 
genes in perivascular regions of GBM clinical samples, suggesting a 
functional relevance for this disease. Most of the GBM endothelium–
enriched transcripts have been associated with angiogenesis and 
blood vessel recruitment, especially ACVRL1, CD93, ENG, FLT4 
(VEGFR3), and PDGFRB. Previous studies (47) have indicated the 
coexpression of ACVRL1, CDH5, CLEC14A, PECAM1, ENG, GRP4, 
ROBO4, and PCDH12 in the tumor-associated endothelium in sev-
eral solid tumor types, including GBM. This gene set has been re-
lated to vascular development, blood vessel morphogenesis, and 
tumor angiogenesis processes. These biological processes have also 
been identified in endothelium of primary GBM specimens (48, 49). 
The mentioned reports support our findings and indicate the func-
tional relevance of these genes in the vascular developmental pro-
cesses of the BTB in GBM. It is of importance to note that the 
identified GBM endothelium–enriched transcripts also have func-
tional roles in other non-endothelial compartments. For instance, 
PDGFR-β is a well-known pericyte marker, although it also has 
been reported to have a role in endothelial angiogenesis via the 
Talin1/FAK axis (50). ACVRL1 deficiency promotes arteriovenous 
vascular malformations due to reduced mural cell coverage upon 
VEGF stimulation (51). Mutations in ACVRL1 and ENG promote 
the incidence of hereditary hemorrhagic telangiectasia, which 
present increased bleeding and vascular aberrations (52). ROBO4, a 
member of the ROBO family of receptors for Slit ligands, has been 
shown to modulate the BTB permeability (53) but also guides 
and modulates angiogenesis for vascular network structuring (54). 
Moreover, ROBO4 performs as a guide molecule for cortical neuron 
development (55). In a similar manner, PCDH12 is required for 
neuronal timely differentiation and migration upon cortical devel-
opment (56). Yet, PCDH12 expression has also been reported in en-
dothelia (57). These GBM endothelial transcripts have pleiotropic 
functions, and what are the consequences of their targeting with 
BIA in other non-endothelial compartments remains to be studied. 
To confirm that these transcripts are relevant for GBM vascular bi-
ology, we screened their single-cell expression in the Wälchli et al. 
(18) brain vasculature atlas. The analysis confirmed that the 12 GBM 
endothelial–enriched transcripts are mostly expressed in endothelial 
and perivascular cells, that these are up-regulated in GBM vascula-
ture above healthy brain tissue and other malignancies, and that 
their expression can vary across endothelial subsets, tumors, and 
patients with GBM. In the context of GBM vasculature, our work 
links the modulation of these GBM endothelium–enriched tran-
scripts and vascular pathways to alter BTB permeability for im-
proved drug delivery in tumors. Future work by us would involve 
functional studies on these molecules for deeper understanding of 
their involvement in BTB biology.

Our screening led us to investigate CDH5 (VE-cadherin) as a 
central element in the tumoral-associated vascular transcriptome. 
CDH5 is fundamental for endothelial barrier integrity, but its role in 
BTB permeability is not fully understood. Transcriptional and IF 
studies showed prominent expression of CDH5 in vascular regions 
of GBM clinical samples, and its expression was correlated with en-
dothelial markers above nontumor cortex when analyzed by spatial 
and single-cell transcriptomics. Genetic depletion of CDH5 caused 
a delay in barrier formation capacities in brain endothelial cells as 
measured by trans-endothelial resistance, and its down-regulation 
strongly correlated with increased drug accumulation after BIA in-
jection in our GBM murine models. It was of interest to us that 
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Fig. 7. Systemic administration of BIA or PPRX-1701 in combination with cisplatin treatment shows enhanced preclinical efficacy in murine GBM models. (A and 
C) Diagrams of the experimental design for G34-PCDH and G9-PCDH xenograft efficacy studies using BIA/PPRX-1701 and cisplatin combinations. Both panel figures were 
generated using Biorender.com. (B) Efficacy studies of G34-PCDH xenograft using BIA and (D) PPRX-1701 in combination with cisplatin. For PPRX-1701 studies, empty 
nanoparticles were used as controls and in combination with cisplatin. N = 8 per group. Log-rank test analysis for statistical significance. (E) Confocal IF imaging of γH2AX 
(Alexa Fluor 647, red) nuclear foci from tumor tissue collected from study (D). Nuclei were stained with Hoechst 33342 (blue). Representative pictures taken at 20×. Scale 
bar, 50 μm. (F) Quantification of γH2AX foci from (E) using ImageJ, n = 6 per group. Ordinary One-way ANOVA was performed for statistical evaluation. *P = 0.01 and 
**P = 0.0086. (G) Schematic of proposed model of BIA/PPRX-1701 mechanism of action and its effects in GBM tumor drug delivery and antioncogenicity. Figure panel was 
generated using Biorender.com.

https://www.biorender.com
https://www.biorender.com
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CDH5 was not only present in endothelium but also highly ex-
pressed in other cell types negative for CD31, a universal marker of 
blood vessels. This correlated with our spatial transcriptomic data 
showing spatial distribution of CDH5 in endothelium and other cell 
clusters. CDH5 colocalization with CD31 was mainly observed in 
smaller vessels, but not hyperplastic vessels, which is an interesting 
biological effect that we will pursue to address in future studies 
that will involve multiplex analysis. Several reports have shown that 
GBM tumor cells engage in vascular mimicry to facilitate blood ves-
sel formation that permits tumoral migration and invasion (58). 
CDH5 has been associated with enabling vascular mimicry capacity 
in GSCs (25), permitting formation of vascular-like structures that 
supply with nutrients and facilitate anti-angiogenic therapy resis-
tance. CDH5 enrichment has been associated with increased im-
mune infiltration and positive prognosis in other solid tumors, such 
as bladder cancer (59), thus indicating potential benefits for endo-
thelial CDH5 targeting in combination with immunotherapies. Our 
data using Pearson correlation for CD31+ and CDH5 coexpression 
suggested that GBM vasculature expresses CDH5 across the tumor 
in a similar manner, and this expression is significantly elevated 
compared to CDH5+ tumor cells, supporting the hypothesis that 
CDH5 is a central element in the vasculature comprising the BTB.

Our findings show that BIA down-regulates CDH5 gene expres-
sion and other GBM endothelium–enriched transcripts such as 
ACVRL1 and ENG, in endothelial cells in vitro (Fig. 3D) and in 
vascular and tumoral compartments in vivo (Fig. 5H and figs. S10 
and S11). We also observed decreased expression of ENG, ESA, 
ACVRL1, PDGFR-β, and laminin alongside CD31+ vessels. Current 
efforts are taken to elucidate the effects of loss of PDGFR-β in the 
perivasculature and laminin at the basal membrane for drug deliv-
ery purposes. On the other hand, our bulk RNA-seq studies lead 
to identify altered expression levels of genes involved in TGF-β and 
Wingless-Type (WNT) signaling, fundamental pathways in BBB 
formation and stability. The TGF-β pathway maintains BBB integri-
ty through cross-talk with oligodendrocytes, pericytes, and endothe-
lial cells (60, 61). We observed down-regulation of several members 
of this pathway. The WNT/β-catenin pathway is fundamental for 
brain and retinal barrier genesis and maintenance, especially the 
Norrin/WNT7A/B axis (62, 63). We observed a decrease of WNT7B 
and WNT ligand receptors FZD4 and FZD7, with simultaneous in-
crease of expression of WNT4, WNT10A, and WNT11 ligands. In 
addition, transcriptional alteration of genes involved in angiogene-
sis (i.e., ANGPT2, ENG, and ANG) and BTB permeability (S1PR1 
and S1PR3) was also seen. As such, CDH5 down-regulation and 
alteration of other BBB integrity components might work together to 
contribute to the BTB permeability modulation exerted by BIA. Future 
work by our team will focus on functional interrogation of the po-
tential roles of CDH5 and other GBM endothelium–enriched tran-
scripts in the tumor-associated vasculature and their relevance in 
the permeability of the BTB for drug delivery purposes.

Our current understanding of BTB biology has relied mainly on in 
vivo models of GBM and patient data. However, several in vitro models 
are under development to study the molecular and pathophysiological 
heterogeneity of the BTB in brain tumors (64–66). These models in-
volve utilization of lab-on-a-chip microfluidic models of perivascular, 
endothelial, and tumoral coculture (67–70) under blood flow–simulating 
conditions. These models will also aid in screening other BTB-modulating 
compounds and their mechanisms of action, allowing the identification 
of additional therapeutic options for BTB targeting.

The BTB shows both inter- and intratumoral heterogeneity, with 
some regions maintaining healthy BBB characteristics, preventing 
efficacious drug intratumoral accumulation (4, 6). Spatial single-cell 
studies must be pursued to elucidate BTB heterogeneity for identifi-
cation of drug biodistribution modulators in GBM. These could 
be coupled with mass spectrometry–based tools, such as matrix-
assisted laser desorption ionization–mass spectrometry imaging 
(71) and laser ablation ICP-MS (72), which would be useful to 
inform on drug uptake in a regional fashion.

The administration of BIA to tumor-bearing xenograft and syn-
geneic mice enhanced the accumulation of cisplatin and sodium 
fluorescein in the brain tumor tissue but not the healthy brain. The 
specificity of this effect toward tumorigenic regions remains under 
study by us. It is likely that BIA, being a small-molecule kinase in-
hibitor, targets cells with elevated kinase signaling activity, such as 
the case of angiogenic/proliferative endothelium, but spares slow 
cycling/quiescent cells that constitute the nontumorigenic brain 
vascular networks. Vascular development and motility programs are 
active in angiogenic endothelial cells, and the multitargeting quality 
of BIA can dysregulate multiple elements involved in these path-
ways. We also observed inactivation by dephosphorylation of the 
endothelial nitric oxide synthase, important blood pressure regula-
tor, and the p38α/CREB axis, which can control gene expression of 
CDH5 and other genes important to endothelial biology. The p53 
tumor suppressor protein also showed an increase of activating 
phosphorylation sites (S46) and loss of phosphorylation modulating 
proapoptotic (S392) and gene regulation (S15) activities. The p53 
factor has been involved in modulating endothelial vasodilation 
and functions in vascular remodeling (73–75). On the other hand, 
BIA promoted the expression of genes relevant to l-serine metabo-
lism and amino acid transport processes. l-serine has been report-
ed to improve cerebral blood flow, which provides neuroprotection 
during CNS disease (76). In this regard, normalized blood flow 
can also promote drug accumulation in solid tumors (77, 78). The 
mTORC1 complex is an important amino acid sensor, which regu-
lates protein synthesis and energy modulation. We observed an 
increased phosphorylation of p70 S6 kinase, a downstream target 
of the mTORC1 pathway. This is consistent with the observation 
that BIA promotes expression of genes related to amino acid trans-
port and synthesis. This could be a result of indirubin-derived 
metabolic secondary effects. Future work focusing on the potential 
role of the mTOR pathway in GBM vascular permeability should be 
performed to confirm and address the therapeutic relevance of 
such observations.

Simultaneous exposure to BIA and cisplatin had a synergistic 
killing effect in GSC-like cells. This correlated with increased DNA 
damage and CHK1 inhibition. Other studies have shown that indi-
rubin derivatives induce DNA damage in HCT-116 cancer cells 
(79). However, the present work reveals a previously unidentified 
applicability of BIA, and potentially other indirubins, in combinatorial 
regimens to synergize with DNA-damaging chemotherapy. Admin-
istration of BIA or PPRX-1701 nanoparticles, which we have previ-
ously shown to be safe at 20 mg/kg intravenously and reach murine 
brain (37), followed by cisplatin after 24 hours, caused a signifi-
cant extension of survival of two different GBM xenograft models. 
Most likely, this improved preclinical efficacy stems from 
the increased platinum delivery intratumorally and the additive 
cytotoxicity exerted by both agents. Given this finding, other DNA-
damaging chemotherapeutics should be screened in combination 
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with BIA to identify alternative drug candidates that would benefit 
from the increased accumulation and BIA antineoplastic synergism 
in GBM treatment. The mechanism of how BIA down-regulates 
CHK1 expression at the protein level and what alternative therapeu-
tic modalities (i.e., TMZ and radiotherapy) will benefit from BIA 
simultaneous administration remain in an ongoing study by us. 
There is no evidence available to us yet that the down-regulation of 
CDH5 and the GBM-associated transcripts and vascular permeabil-
ity due to BIA is mechanistically related to this antiglioma synergis-
tic effect in combination with cisplatin, but rather independent 
pathways targeted by BIA simultaneously. Our Western blot and 
siRNA experiments link this to BIA modulation of CHK1, which 
potentiated cisplatin cytotoxic effects in GSCs.

Clinical studies performed with indirubins are very limited. Oral 
administration of indirubin has been investigated for the treatment 
of ulcerative colitis and inflammatory bowel disease, where doses 
ranged from 0.5 to 2.0 g daily (80, 81), and for chronic myeloid leu-
kemia, with an intravenous administration of 100 mg daily (82). No 
synthetic indirubin, including BIA, has been tested in the clinic to 
date. Using basic allometric scaling calculation (83), we infer that an 
approximate of 113 mg of BIA would be necessary for a 70-kg per-
son to present similar effects as seen with a 20 mg/kg–dose pre-
clinically. Hence, the preclinical dosing we present here has the 
potential to be directly translated into clinical trials using BIA for 
GBM management.

Other strategies to improve drug delivery in GBM involve vascular 
normalization (84–86), using bevacizumab (87), and focused ultra-
sound for transient disruption of the BBB (8), among other approaches 
(88). Some of these methods are restrained by dose-limiting toxicity 
concerns. In the case of BIA, further challenges would involve the 
identification of its optimal clinical dose to achieve maximal delivery 
of a coadministered therapeutic, and this should be performed in par-
allel with metabolic imaging methods, such as magnetic resonance 
(MR) spectroscopy, to assess cotreatment internalization dynamics 
(88). Successful clinical evaluation of drug delivery would accelerate 
the translation of BIA into further clinical trials in combination with 
additional antineoplastic agents.

Together, our work reveals novel molecular markers of the BTB, 
which in future studies should be functionally characterized to un-
derstand their role in the biology of the BTB-GBM interaction. The 
identification of BIA as a selective regulator of BTB permeability for 
improved drug delivery and potentiating agent of DNA-damaging 
chemotherapy supports the use of BIA in further preclinical and 
clinical studies of GBM. Primarily, further research should be pur-
sued on screening for non-BBB penetrant chemotherapies and bio-
logicals that would benefit from higher intratumoral internalization 
in combination with BIA, such as clinically tested small-molecule 
inhibitors, DNA-damaging chemotherapies, and therapeutic anti-
bodies. Experimental assessments whether BIA can also potentiate 
alternative drug internalization–promoting strategies now tested 
in the clinic, such as focused ultrasound or vascular normalization, 
to maximize pharmaceutical intratumoral accumulation would be 
considerably relevant.

MATERIALS AND METHODS
GBM clinical specimens
Archived brain tumor tissues [formalin-fixed paraffin-embedded 
(FFPE) samples] are available via an Institutional Review Board 

(IRB) approved protocol (IRB #816619) from the Lifespan Rhode 
Island Hospital IRB. All samples were from patients who preopera-
tively consented to use their tissues via an informed consent pro-
cess. This includes archived slides, as well as FFPE tissue samples for 
molecular analysis. Pathology confirmed the presence of GBM tu-
mor in the specimens.

GBM endothelium–enriched transcript in silico screening
To identify genes related to BTB function, we initiated an in silico–
based approach by accessing GBM clinical specimen bulk RNA-seq 
data from The Cancer Genome Atlas via the cBio portal for Cancer 
Genomics (https://cbioportal.org/). We initiated a correlation analysis 
of genes coexpressed with endothelial markers PECAM-1 (CD31), 
VWF, CLEC14A, and CD34, previously identified as useful markers 
of GBM vasculature by Dusart et al. (17). A selection of top 50 genes 
(Spearman’s rank correlation) commonly observed in three of the 
four markers was done and interrogated their expression levels in 
GBM tumors in comparison to healthy brain by using the GlioVIS 
portal (http://gliovis.bioinfo.cnio.es/) by visualizing the Rembrandt 
study (89). Those genes significantly elevated in the tumor over the 
healthy brain were selected as candidate GBM vascular–associated 
targets due to their possible relevance in GBM. Then, the regional 
expression of these selected genes in GBM was assessed by using 
the IVY GAP dataset (https://glioblastoma.alleninstitute.org/) visu-
alized in the GlioVIS portal. Using this tool, we further selected genes 
with increased expression in microvascular proliferative regions, 
which are associated with the vasculature in tumors. Those genes 
with significantly enriched expression at the microvascular proliferation 
regions were denominated as the GBM endothelial–associated 
transcripts. All graphs of GlioVIS and cBio portal datasets were gen-
erated in the corresponding websites, and pairwise t tests were per-
formed for statistical significance test.

GO analysis
For GO analyses, we used the EnrichR (https://maayanlab.cloud/
Enrichr/) website, generated by the Ma’ayan’s lab (90–92). We used 
the GO Biological Process 2023 visualization tool to identify bio-
logical processes of the identified gene sets. The Appyters notebook 
(93) linked to EnrichR was used for graphic visualization.

Gene interaction network analysis and gene set clustering
Gene sets were submitted to the STRING [https://string-db.org/ (94)]. 
Scores were set to medium interaction (0.4). For interaction analysis 
of the genes targeted by BIA, we selected genes up-regulated and 
down-regulated by BIA equals or above twofold change (log2). Only 
genes that presented interaction were associated by a 4-kmeans clus-
tering. Gene sets comprising each cluster were submitted to GO 
analysis (using EnrichR as mentioned above) and ranked by P value 
significance. The most significant pathway by this method is indi-
cated by color code in each cluster.

Spatial transcriptomic dataset analysis and 
clustering methods
Here, four specific datasets of a larger set of 28 were focused on 
data available from (20) and the dataset that was deposited in 
Datadryad (https://doi.org/10.5061/dryad.h70rxwdmj) by the 
authors. These datasets were collected from patients with tumor 
and cortex control samples. To analyze the effect of CDH5, we started 
clustering our spatial dataset and visualizing the gene expression 

https://string-db.org/
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spot information with spatial dimensions using the SPATA2 pack-
age in R-studio (95) (https://github.com/theMILOlab/SPATA2). In 
addition, using the Seurat package (v5.0.0) in R (v4.2.2), the spatial 
transcriptomic data were processed in several steps. Initially, the 
data were loaded and preprocessed, followed by normalization us-
ing the log normalization method. Variable features were identi-
fied, and the data were scaled accordingly. Principal components 
analysis (PCA) was then applied to reduce the dimensionality of 
the dataset, with emphasis placed on the top 20 principal compo-
nents for subsequent cluster and neighbor analysis based on PCA 
dimensions. The data were visualized in two dimensions using 
Uniform Manifold Approximation and Projection (UMAP). The 
tumor and cortex control datasets were merged into a single Seurat 
object using the merge function (Seurat::merge()). Subsequently, 
the spatial layers were processed to facilitate visualization of the 
data in two dimensions. Gene expression patterns were analyzed 
using the same dimension reduction plot, and expression levels 
were assessed with violin plots within each cluster identified by the 
Seurat algorithm.

Spatial GO analysis
The GO analysis used a cluster-based methodology conducted in 
R, with clusters determined by the Seurat algorithm. Initially, dif-
ferential expression analysis was conducted in Seurat to identify 
genes and their associated cluster information within the samples 
(Seurat::FindAllMarkers()). Subsequently, genes were individually 
grouped on the basis of their clusters, and GO analysis was per-
formed using the enrichGO function in the clusterProfiler package 
(https://bioconductor.org/packages/release/bioc/html/clusterProfiler.
html). A reference genome-wide annotation for human, primarily 
using mapping via Entrez Gene identifiers, was obtained from the 
org.Hs.eg.db package within the Bioconductor library and converted 
into a data frame. Visualization of the GO data was accomplished 
using the GOplot package (GOplot::GoBubble()). For optimal visu-
alization, only the cluster containing CDH5 was selected and de-
picted in the bubble plot.

Spatial pathway analysis
Pathway analysis was conducted using a gene-based approach, where 
signature genes corresponding to each pathway were sourced 
from the Molecular Signatures Database (MsigDB; https://www.
gsea-msigdb.org/gsea/msigdb/human/genesets.jsp). Specifically, our 
focus was on the WNT pathway, VEGF angiogenesis pathway, and 
TGF-β pathway, with gene extraction performed using the msigdb 
package (https://bioconductor.org/packages/release/data/experiment/
html/msigdb.html). These pathways are categorized within the Curated 
Gene Sets collection (C2 gene sets) under the Biocarta subcollection. 
The expression patterns of individual genes derived from this meth-
odology were visualized using the FeaturePlot function in R, 
enabling two-dimensional visualization.

Visualization of identified GBM endothelium–enriched 
transcripts in GBM endothelium using single-cell 
RNA-seq datasets
Using the publicly available websites (https://waelchli-lab-human-
brain-vasculature-atlas.ethz.ch and https://brain-vasc.cells.ucsc.edu) 
from Wälchli et al. (18), we visualized our identified GBM endothe-
lial–enriched genes by visualizing gene expression of FACS-sorted 
endothelial and unsorted GBM tumor cells.

Mice
Female Nu/Nu mice (Envigo) and C57/BL6 (Charles River Labora-
tories) aged 8 weeks were used for in vivo experiments. All our pro-
cedures followed the guidelines by the Institutional Animal Care 
and Use Committee with support of the Center for Animal Resources 
and Education at Brown University: Preclinical studies on brain 
cancer, no. 24-09-0004.

Cell lines
Glioma stem cell–like cell lines G9-PCDH, G34-PCDH, G33-PCDH, 
G62-PCDH, and G30-LRP were obtained and cultured as previ-
ously described (12, 37, 96). Briefly, cells were grown as neuro-
spheres using neurobasal medium (Gibco) supplemented with 
human recombinant epidermal growth factor (20 ng/ml; Peprotech), 
human recombinant fibroblast growth factor (20 ng/ml; Peprotech), 
2% B-27 supplement (Thermo Fisher Scientific), 0.1% GlutaMax 
(Thermo Fisher Scientific), and 0.1% penicillin/streptomycin (Thermo 
Fisher Scientific). Cells were left to grow at least overnight for 
sphere formation. For single-cell dissociation, Accutase (Gibco) 
was used for 5  min at 37°C. For culturing GL261-Luc2 cells, we 
used 10% fetal bovine serum (Gibco), with 0.1% GlutaMax and 
0.1% penicillin/streptomycin in Dulbecco’s modified Eagle’s medium/
F12 media (Gibco).

Growth and culturing of immortalized human cerebro-
microvascular endothelial cells (HCMEC/D3) (Sigma-Aldrich), 
primary HBMECs (ScienCell), human primary astrocytes (Lonza 
Biosciences), and human primary pericytes (ScienCell) were per-
formed as previously reported (27, 97). Briefly, HCMEC/D3 and 
HBMEC cells were cultured in endothelial cell media (ScienCell) 
supplemented with fetal bovine serum, endothelial cell growth sup-
plement, and penicillin/streptomycin as provided by the company. 
Astrocyte and pericyte cells were grown in complete formulations of 
astrocyte cell media (ScienCell) and pericyte cell media (ScienCell), 
respectively. For immunostaining experiments, HCMEC/D3 and 
HBMEC cells were grown in type 1 rat collagen-coated plates. These 
endothelial cells were used below passage 20 for maintenance of 
their BBB properties.

Cell viability assay
Cells were plated at a density of 1500 cells per well in black-well 
clear-bottom 96-well plates and left growing in culture conditions 
overnight. Next day, cells were treated with titrating doses of the 
indicated compounds. For BIA-only cytotoxicity studies, cells were 
incubated with BIA for 96 hours. For BIA and cisplatin combinato-
rial studies, cells were incubated with BIA and cisplatin, and corre-
sponding controls, for 5 days. Next, we used the Cell-Titer Glo 
3D (Promega) following the provider’s guidelines and quantified for 
luminescence signal using a Molecular Devices SpectraMax M2 
plate reader. Conditions were repeated in triplicates.

Growth in low attachment assay
Fluorescently labeled GBM cells (G9-PCDH and G34-PCDH, GFP-
labeled) were plated in clear ultralow attachment 96-well plates 
(Costar) with a density of 2000 cells per well using 100 μl of com-
plete neurobasal medium. Then, cells were centrifuged at 1200 rpm 
for 3 min. Cells were treated as indicated above, and fluorescence 
was visualized using a Nikon Eclipse Ti2 microscope. Sphere diam-
eter was measured using ImageJ software. Conditions were repeated 
in triplicates.

https://www.gsea-msigdb.org/gsea/msigdb/human/genesets.jsp
https://www.gsea-msigdb.org/gsea/msigdb/human/genesets.jsp
https://bioconductor.org/packages/release/data/experiment/html/msigdb.html
https://bioconductor.org/packages/release/data/experiment/html/msigdb.html
https://waelchli­lab­human-brain­vasculature­atlas.ethz.ch
https://waelchli­lab­human-brain­vasculature­atlas.ethz.ch
https://brain-vasc.cells.ucsc.edu
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Synergy analysis of BIA and cisplatin combinations in GBM 
neurospheres in vitro
To identify whether the BIA and cisplatin combinations present 
synergistic antineoplastic effects in GBM cell line neurospheres, we 
used the SynergyFinder 3.0 software (98). For this, cell viability as-
says (see above) were performed. Concentrations of 0, 0.3, 1, and 
3 μM BIA were added in combination with 0, 0.62, 1.25, 2.5, 5, and 
10 μM cisplatin, accordingly, for an exposure duration of 5 days. 
Cell Titer Glo 3D assays were performed for cell viability assess-
ment. SynergyFinder 3.0 analysis was done with LL4 curve fitting, 
with outlier correction, following a Zero Interaction Potency (ZIP) 
synergy score. We performed a ZIP-based analysis since this models 
low false-positive rates while calculating synergy of anti-oncogenic 
drugs (99). For reference, δ-scores of less than −10 could signify 
antagonism, −10 to 10 could signify additivity, and above 10 could 
signify synergism.

RNA-seq of HCMEC/D3 cells treated with BIA
For RNA-seq, HCMEC/D3 cells were plated at a density of 500,000 
cells per well in a six-well plate, left to grow for 24 hours, and then 
treated with 1 μM BIA or dimethyl sulfoxide (DMSO; control). After 
24 hours, cells were collected and processed for RNA extraction us-
ing the column-based RNeasy kit (QIAGEN), following the provid-
er’s instructions. RNA quality and quantity were quantified using a 
NanoDrop One (Invitrogen). At least 500 ng of RNA was submitted 
for bulk RNA-seq at GeneWiz (Azenta Life Sciences). Quality con-
trol (QC) was accessed, and library was prepared with poly(A) se-
lection. Sequencing was performed using Illumina HiSeq.

Differential gene expression on the RNA-seq raw data (FASTQ 
files) was analyzed by Azenta Life Sciences using DESeq2 aligning to 
human transcriptome. Data QC was verified. Log2FC was calculated 
by log2 (BIA group mean normalized counts/control group mean 
normalized counts). The Wald test P value and Benjamini-Hochberg 
adjusted P value were calculated. A heatmap and volcano plot of top 
adjusted P value DEGs in ensemble ID annotation biclustering to 
treatment conditions were generated. Control and BIA groups con-
sisted of three-independent samples.

IF staining
For IF staining of HCMEC/D3 endothelial cells, we coated eight-
well Nunc Lab-Tek chamber slides (Thermo Fisher Scientific) with 
1× type 1 rat tail collagen (Corning) following the provider’s in-
structions. Then, we plated at a density of 50,000 cells per well and 
left in culture for 72 hours to allow for barrier formation. Next, we 
treated with BIA or control for 24 to 48 hours. Cells were then fixed 
with 10% formalin (Thermo Fisher Scientific) for 10 min, permeabi-
lized for 30 min using 0.01% Triton X-100, and blocked with 0.1% 
normal donkey serum (Calbiochem) for 1 hour in 0.025% Tween 20 
(Thermo Fisher Scientific) in phosphate-buffered saline (PBS) (Gibco). 
Then, the following primary antibodies were added: mouse anti-
CDH5 (1:100; VE-cadherin, BioLegend), rabbit anti–Claudin-5 
(1:100; Thermo Fisher Scientific), mouse anti–ZO-1 (1:100; Invitro-
gen), rabbit anti–pan-laminin (1:300; MiliporeSigma), rabbit anti-
COL1A1 (1:100; Thermo Fisher Scientific), rabbit anti-ACVRL1 
(1:100; Thermo Fisher Scientific), rabbit anti-ESAM (1:200; Thermo 
Fisher Scientific), goat anti-endoglin (1:200; R&D Systems), and 
mouse anti-PDGFRβ (1:100; Abcam). These primary antibodies were 
incubated overnight in the cold. Next day, the following secondary 
antibodies were used for 2 hours at room temperature: Alexa Fluor 

594 anti-mouse (1:500), Alexa Fluor 594 anti-rabbit (1:500), and 
Alexa Fluor 647 anti-mouse (1:500), all of these were from Thermo 
Fisher Scientific. For cytoskeleton staining, phalloidin-iFluor 488 
(1:1000; Abcam) was used for 30 min, and nuclei staining was per-
formed using Hoechst 33342 (1:1000; Thermo Fisher Scientific) for 
5 min, at room temperature.

For GBM cell staining, cells were cultured in 10% DMSO in com-
plete neurobasal media for 2 days and then plated at a density of 
50,000 cells per well in eight-well Nunc Lab-Tek chamber slides. IF 
staining was performed as indicated above for endothelial cells. Pri-
mary antibodies used are as follows: rabbit anti-γH2AX (Ser139) 
(Cell Signaling Technology) at 1:100 dilution and goat anti-rabbit 
Alexa Fluor 647 at 1:500 dilution.

For mouse brain tissue staining, brains were collected from CO2-
euthanized and PBS-perfused tumor–bearing mice and fixed in 10% 
formalin for 72 hours on rotation in the cold. Then, brains were 
transferred to 30% sucrose for 3 days at 4°C under rotation. Before 
cryo-sectioning, brains were frozen at −80°C for more than 30 min, 
embedded in optimal cutting temperature compound (Thermo 
Fisher Scientific), and transferred to −21°C to a cryostat (Leica 
CM1950) for sectioning (20-μm thickness). Sections were placed on 
slides and staining followed as indicated above. All pictures were 
taken using a LSM 880 Zeiss confocal microscope. CDH5 quantifi-
cation was performed by converting images to RGB-stack eight-bit 
images, and red channel fluorescence was quantified for total CDH5 
and by CDH5-to-CD31+ (blue channel) coverage by using the 
ImageJ (Fiji) software.

For GBM clinical specimen staining, tissue was fixed in 10% 
neutral-buffered formalin straight after collection for at least 24 hours. 
Then, tissue was dehydrated with an increasing ethanol gradient, 
cleared in xylene, and embedded in paraffin wax before microtome 
sectioning. Sections were done at 4-μm thickness. For IF staining, 
sections were deparaffinated using xylene for 5 min, twice, and rehy-
drated in decreasing ethanol gradients (100, 95, and 70%) for 5 min 
each. Slides were rinsed with distilled water to remove ethanol. 
Slides underwent antigen retrieval by heating in microwave for 1 to 
2 min and placed in citrate buffer at pH 6 for 15 min for cooling. 
Blocking was done with 10% normal donkey serum for 1 hour 
at room temperature. Slides then were stained as mentioned above 
for IF imaging.

Pearson’s correlation analysis for IF staining was performed us-
ing CDH5 and CD31 or GFP as costain signals. Analysis was per-
formed using a publicly available ImageJ Colocalization Threshold 
Plugin, Coloc2.

BBB spheroids and dextran permeability assay
BBB spheroids were grown and cultured with a fluorescein isothio-
cyanate (FITC)–conjugated (70 kDa) fluorescent dextran (Milli-
poreSigma) as previously reported (26,  27). BBB spheroids were 
grown for 48 hours and then treated with BIA at increasing doses for 
72 hours. Then, spheroids were collected and stained as indicated 
above for CDH5 and F-actin (phalloidin). In the case of fluorescent 
dextran incubation, BBB spheroids were collected in 1.5-ml micro-
tubes (Eppendorf) and incubated for 3 hours at 37°C. Pictures were 
taken by confocal microscopy. For dextran permeability measure-
ment, we captured 21 images using Z-stack layers of 5-μm intervals 
for achieving a total depth of 100 μm within the sphere. Fluorescent 
dextran intensity from maximal intensity projection was quantified 
using ImageJ (National Institutes of Health).
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Trans-endothelial electrical resistance
HCMEC/D3 or HBMEC cells were plated in 8W10E+ PET eight-
well arrays (Applied Biophysics) at a density of 100,000 cells per well 
in 500 μl. These arrays were placed in a prestabilized ECIS Z-Theta 
instrument (Applied Biophysics). Using the ECIS Z-Theta software 
(Applied Biophysics), measurements were set to 4000 and 64,000 Hz 
every 30 min. Cells were left to grow and form a barrier for 48 to 
72 hours (normally, a resistance plateau would be reached, and ca-
pacitance showed at ~10 nF for 64,000 Hz). Cells were then treated 
with BIA and left to grow up to 5 days, with frequent drug-containing 
media readdition for maintenance of the culture. Resistance (ohm) 
and capacitance (nF) were recorded and plotted.

Real-time PCR
Total RNA from GBM and HCMEC/D3 cells was obtained and pro-
cessed as indicated above. For cDNA generation, we used 1 μg of 
RNA and processed with with the iScript cDNA synthesis kit (Bio-
Rad), following the protocol indicated by the provider. All primers 
were designed using NCBI Primer-Blast tool. Detailed information 
on primer sequence can be found in table S3. Gene expression levels 
were quantified using PowerUp SYBR Green Master Mix (Applied 
Biosciences) on QuantStudio 6 Pro System (Applied Biosciences), 
normalized by housekeeping gene GAPDH expression and repre-
sented as relative expression using the comparative ∆∆CT method.

Western blot
HCMEC/D3 and GBM cell lysates were collected in radioimmuno-
precipitation assay buffer (Thermo Fisher Scientific) supplemented 
with 1× protease/phosphatase inhibitor cocktail (Cell Signaling Tech-
nology). Lysate collection from murine tumor tissue samples (~30 mg) 
was performed under homogenization using 23G and 26G needles. 
Total protein concentration was measured using the Pierce 660 nm 
Protein Assay Reagent (Thermo Fisher Scientific) at 660-nm absor-
bance in a Molecular Devices SpectraMax M2 plate reader. Samples 
were incubated in 1× Laemmli sample buffer (Bio-Rad) at 95°C for 
5 min before loading onto 10% Mini-PROTEAN TGX precast pro-
tein gel (Bio-Rad). The PageRuler Plus Prestained Protein Ladder 
(Thermo Fisher Scientific) was used as a ladder. Blocking was per-
formed in 5% milk with 0.1% Triton X-100 in 1× PBS (TBST) (Gibco) 
for 1 hour at room temperature under shaking. Primary antibodies 
used were incubated in the cold under shaking overnight: anti-
pCHK1 (Ser345) (1:100; Cell Signaling Technology), anti-CHK1 
(1:1000; Cell Signaling Technology), anti-pH2AX (Ser139) (1:1000; 
Cell Signaling Technology), anti-WNT7A/B (1:1000; Proteintech), 
anti–IL-6 (1:1000; Thermo Fisher Scientific), anti–phospho-GSK3b 
(Ser9) (1:1000; Cell Signaling Technology), anti-vinculin (1:1000; Protein-
tech), anti–phospho-TYK2 (Tyr1054 and Tyr1055) (1:1000; Thermo 
Fisher Scientific), anti-phospho-STAT5A/B (Tyr694) (1:1000; Cell 
Signaling Technology), anti–phospho-p38α (Thr180 and Tyr182) 
(1:1000; Thermo Fisher Scientific), anti–phospho-SRC (Tyr416) 
(1:1000; Cell Signaling Technology), anti–phospho-CREB (Ser133) 
(1:500; Thermo Fisher Scientific), anti-MFSD2A (1:500; Proteintech), 
anti-CAV1 (1:1000; Proteintech), anti-CD144 (VE-cadherin) (1:1000; 
Thermo Fisher Scientific), and anti–β-actin (1:2000; Cell Signaling 
Technology). The appropriate secondary antibody goat anti–mouse–
horseradish peroxidase (HRP; Sigma-Aldrich) or goat anti–rabbit-
HRP (Sigma-Aldrich) was used in 5% milk in 1× TBST with 1:5000 
dilution for 1 hour at room temperature.

Phospho-kinase array
HCMEC/D3 cells were plated at a density of 1 million cells and 
treated with either 1 μM BIA or vehicle DMSO for 24 hours. Cell 
lysates were collected with the manufacturer provided lysis buffer 6 
supplemented with aprotinin (10 μg/ml; Tocris), leupeptin hemisul-
fate (10 μg/ml; Tocris), and pepstatin A (10 μg/ml; Tocris) for pro-
tein preservation. Fifty micrograms of lysate from each sample was 
loaded into each membrane. All experiment procedures were per-
formed using the Proteome Profiler Human Phospho-Kinase Array 
Kit (R&D Systems) following the manufacturer’s protocol.

siRNA transfections
G9-PCDH and G30 cells were cultured to approximately 60% con-
fluency and transfected using Lipofectamine RNAiMax Transfec-
tion Reagent (Invitrogen) for 1 day and then replated for Western 
blot or cell viability assays. All experimental steps followed the man-
ufacturer’s protocol. siCHK1 (Ambion) was used for CHK1 deple-
tion. MISSION siRNA universal negative control (Sigma-Aldrich) 
was used as control siRNA.

Electroporation was performed for HCMEC/D3 cell line trans-
fection. Briefly, 10 × 107 cells were trypsinized, washed with 1× PBS, 
and resuspended in resuspension R buffer (Invitrogen) at a density 
of 10 × 107 cells/ml. A total of 200 nM siCDH5 (Ambion, 4392420, 
s223070) or MISSION negative control was added to the cells. Cells 
with siRNA mix were transferred to a cuvette. The Neon Transfec-
tion system (Invitrogen) was set up at 1400 V and a pulse width of 
20 ms for two pulses. After electroporation, cells were transferred to 
a well in a 24-well plate and left incubating at 37°C, 5% CO2 for 
48 hours; at this point, cells were collected for protein lysates and 
Western blot as indicated above.

Flow cytometry for cell cycle, DNA damage, and 
apoptosis assays
For cell cycle analysis, 100,000 HCMEC/D3 cells were plated in six-
well plates and treated with indicated concentrations of BIA or con-
trol for 48 hours. Then, cells were washed twice with PBS and fixed/
permeabilized with 5 ml of cold 70% ethanol added dropped-wise 
while vortexing at low speed. Cells were stored for 1 day at −20°C, 
washed three times with PBS, and treated with ribonuclease I (20 μg/
ml; Thermo Fisher Scientific) and stained with anti-Ki-67 FITC-
conjugated (1:1000) (BD Biosystems) and 1.5 μM propidium iodide 
(Thermo Fisher Scientific). After 30 min of incubation in the dark, 
cells were analyzed using a CytoFLEX system (Beckman Coulter). 
Fifty thousand events were counted, and data were analyzed using 
the CytoFLEX system software (Beckman Coulter).

For apoptosis assessment, HCMEC/D3 cells were treated as indi-
cated above for 72 hours with BIA at indicated doses. Cells were 
collected from the six-well plates, washed three times with PBS, and 
then incubated with SYTOX Blue nucleic acid stain (5 mM) with a 
dilution of 1:1000 for 15 min. Cells were submitted and analyzed in 
the CytoFLEX system and its software as indicated above.

For DNA damage and cell cycle assessment of BIA and cisplatin, 
G62 cells were plated at a density of 100,000 cells per well in a six-
well plate and grown in complete neurobasal media. Cells then were 
treated with BIA and/or cisplatin and control for 72 hours. Next, 
cells were collected and washed three times with PBS and stained 
with 1:500 of FITC anti-γH2AX phospho (Ser139) (BioLegend) anti-
body and propidium iodide (1 mg/ml) at 1:1000 dilution for 30 min 
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in the dark. Cells were taken for analysis in a BD Fortessa cytometer, 
and data were analyzed using a FlowJo software (BD Biosciences).

Cell counts
HCMEC/D3 cells were counted and plated at a density of 300,000 
cells per well in a six-well plate. After overnight growth in culture 
conditions, DMSO or BIA was added at 1 or 5 μM. Cells were counted 
every 2 days, and media with fresh BIA or DMSO was replaced for 
continuous growth.

Secretome quantification
For cytokine analysis of brain endothelial cells after BIA exposure, 
HCMEC/D3 cells were plated at a density of 500, 000 cells per well 
in a six-well plate. Cells were treated with indicated doses of BIA or 
DMSO for 48 hours. Then, 1 ml of media was collected and pro-
cessed for cytokine quantification in a Luminex platform (Thermo 
Fisher Scientific) following the provider’s instructions.

BIA and PPRX-1701 preparation
BIA powder stocks (MilliporeSigma) were resuspended in DMSO at 
a concentration of 10 mM (in vitro usage) or 100 mM (in vivo 
usage). For animal experiments, 100 mM BIA was dissolved in 2% 
Tween 20 (Thermo Fisher Scientific) and 1% polyethylene glycol 
400 (Thermo Fisher Scientific) in sterile PBS to achieve a concentra-
tion of 10 mM BIA. PPRX-1701 was prepared and provided by 
Cytodigm Inc. as previously reported (37).

G9-TCF reporter assay
G9-TCF cells were engineered by overexpressing a luciferase gene 
(Luc2) controlled by a TCF7-recognized promoter in the G9-PCDH 
cell line. Cells were plated in 96-well dark-well clear flat bottom 
plates at a density of 1500 cells per well. Next day, cells were treated 
with increasing BIA doses for 5 hours and then exposed to d-
luciferin (10 μg/ml; Goldbio). Luminescence signal was quantified 
in the in vivo imaging system (IVIS).

BIA quantification in vivo
G30-LRP cells were implanted in nude mice as previously indicated, 
left to grow for 14 days, and injected with BIA or PPRX-1701 [20 mg/
kg, intraperitoneal (ip)]. After 1 hour in circulation, mice were 
euthanized and perfused, and tumor and brain tissue were harvested. 
Tissue was frozen at −80°C until processing. Quantification of 
BIA was performed using a Q-Exactive HFX Orbitrap mass spec-
trometer (liquid chromatography–high resolution mass spectrometry) 
(Thermo Fisher Scientific). Sample processing and analysis were 
performed as previously described (37).

In vivo studies
For intracranial tumor implantation, GBM neurospheres were grown 
to 70% confluency before dissociated into single cells on the day of 
surgery. Fifty thousand cells were resuspended in 3 μl of sterile PBS 
and injected intracranially into the striatum (2 mm right hemi-
sphere, 1 mm frontal, 3 mm depth from bregma) of mice under 
anesthesia and stereotactically fixed. Tumors were left to grow for 
approximately 2 to 3 weeks, depending on the cell line. Animals 
were randomized to treatment groups. BIA injections consisted 
of 20 mg/kg (ip), except if indicated otherwise. PPRX-1701 
was administered at 20 mg/kg [intravenously (iv)] via the lateral 
tail vein. Cisplatin injections were performed at 5 mg/kg (maximum 

tolerated dose, ip). All GBM tumor murine studies involved con-
tinuous condition and weight assessments, with endpoint consid-
ered when 20% of weight loss and/or moderate-to-high grimace 
scale and neurological symptoms were observed.

ICP-MS for platinum quantification
Mice treated with cisplatin after BIA administration were eutha-
nized and intracardially perfused with PBS, and tissue was harvested 
to be stored at −80°C. Tissue was processed, and platinum (Pt195) 
was quantified using an Agilent 7900 ICP-MS, as previously 
described (12).

Sodium fluorescein BTB permeability studies
Sodium fluorescein was administered to G30 tumor–bearing mice 
intravenously via lateral tail vein at 20 mg/kg. Then, 30 min after 
administration when peak fluorescence is reached in the brain, mice 
were euthanized and and intracardially perfused for at least 1 min 
using 1× PBS (Gibco), for the immediate brain tissue harvest. Fresh 
brain samples were visualized in a Xenogen IVIS. Quantification of 
pixel intensities from acquired images was performed in ImageJ.

Data and statistical analysis
Numerical results were recorded, graphed, and statistically analyzed 
using the Prism software (GraphPad). Experiments were indepen-
dently replicated at least three times, unless indicated differently in 
the figure legends.

Supplementary Materials
This PDF file includes:
Figs. S1 to S16
Tables S1 to S3
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