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Abstract of MODULATING ENDOTHELIAL PERMEABILITY TO IMPROVE DRUG

DELIVERY IN GLIOBLASTOMA, by Zheyun Xu, ScM, Brown University, May 2023.

Objective: Hindered drug delivery due to the presence of the blood-tumor barrier (BTB) is one
of the limiting factors in effective glioblastoma therapy. We intend to investigate regulatory
mediators involved in the brain endothelial integrity and vascular permeability in glioblastoma,

using a small molecule 6-bromoindirubin acetoxime (BIA) as a model compound.

Methods: RNA-sequencing data from cultured human cerebral microvascular endothelial
(hCMEC/D3) cells treated with BIA or vehicle control were analyzed and genes were prioritized
based on fold-change and known functions. Expression levels of the lead candidates, including
the junctional protein VE-cadherin (CDHS) and transcription factors ETV1 and ERG, were
assessed by RT-qPCR, Western blot and immunofluorescence on cultured hCMEC/D3 and
primary human brain microvascular endothelial (HBMEC) cells, as well as in vivo treated murine
glioblastoma xenograft tissue samples. The specificity and enhancement of drug penetration at
the BTB following BIA treatment in vivo were validated by TRITC-dextran and sodium
fluorescein tracers. Barrier formation of hCMEC/D3 cells upon ETV1 or ERG inhibition was
tested using the electric cell-substrate impedance sensing (ECIS) assay. A human phospho-
kinase array was used to screen for possible kinase targets involved in BIA’s mechanism of

action.

Results: BIA-induced reduction of VE-cadherin expression was consistently observed. ETV1

and ERG expression levels were downregulated after BIA treatment. siRNA of ETV1 seemed to



partially inhibit endothelial barrier formation. BIA appeared to inactivate a broad spectrum of

kinases, including Yes, p38a, STAT2 and STATSa/STATSp.

Conclusions: BIA reduces endothelial permeability at the BTB likely via modulation of kinases

(i.e. p38a) and transcription factors (i.e. ETV1) that control VE-cadherin expression.



1. Introduction

1.1 Overview of glioblastoma (GBM) and the blood-tumor-barrier (BTB)

Glioblastoma (GBM) is the most common form of primary malignant tumors of the central
nervous system (CNS) with an incidence rate of 3-5 per 100, 000 people every year in the United
States!?. Figure 1 shows representative magnetic resonance imaging (MRI) images of GBM
causing necrosis and lesions in the brain?>. GBM tumors are highly heterogeneous. Many
biomarkers such as IDH, MGMT, EGFR, p53 and PI3K, have been identified and pursued in
clinical drug development pipelines 23. The current standard of care is maximal safe surgical
resection, followed by 6-weeks of radiotherapy (60 Gy) with adjunct chemotherapy of
temozolomide!?2. Unfortunately, recurrence is common, and prognosis of GBM remains poor*.

The 5-year survival rate for GBM is approximately 5%, with median survival at 15 months'.

Axial T1-weighted MRI Axial T1-weighted MRI after gadolinium Axial T2-weighted FLAIR MRI - signal
contrast enhancement - the central hyperintensity typically extends far beyond
irregular hypo-enhancement is the enhancing margins of the lesion and
characteristic and reflects necrosis can represent edema or tumor infiltration



Figure 1: MRI Images of GBM showing necrotic core of the tumor and tumor infiltration into

surrounding tissue ?

Typical MRI images of GBM showing the tumor (first image, without contrast agent), the necrotic
core of the tumor (second image, with gadolinium contrast enhancement) and tumor infiltrating

into surrounding tissue (third image, with fluid-attenuated inversion recovery contrast).

A major challenge in effective GBM therapy is the presence of the blood-tumor-barrier (BTB),
the interface between the tumor and the blood-brain-barrier (BBB). The BBB is a tightly sealed
monolayer of highly polarized endothelial cells supported by surrounding pericytes, astrocytes,
vascular smooth muscle cells, neurons, microglia, oligodendrocytes, perivascular macrophages,
and the extracellular matrix composed of laminins, collagens, nidogens and proteoglycans 3.
Such well-organized architecture crucial for the homeostasis in the brain, is disrupted when a
tumor develops (Figure 2) via processes of vasculogenesis, sprouting angiogenesis, vascular
mimicry, or vascular co-option®. The interaction between the tumor and the BBB generates a
special tumor microenvironment that is permissive for tumor growth and invasion, but remains

challenging for therapeutic penetration®.
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Figure 2: Anatomy of the blood-brain-barrier (BBB) vs. blood-tumor-barrier (BTB)’

(A) Architecture of the BBB including endothelial cells with well-established junctional protein

complexes to limit paracellular leakage, and surrounding pericytes, astrocytes, neurons,

microglia, oligodendrocytes and extracellular matrices (endothelial and parenchymal); (B)

Architecture of the BTB including endothelial cells with altered junctional protein complexes,

and neuroinflammatory microenvironment composed of tumor cells, activated astrocytes and

microglia, infiltrated immune cells (T cells, leukocytes and macrophages), apoptotic neurons,

oligodendrocytes and basement membrane (endothelial and parenchymal) to promote

tumorigenesis and angiogenesis.



1.2 BIA disrupts endothelial barrier formation and improves drug uptake in tumors

6-bromoindirubin acetoxime (BIA) is a derivative of indirubin, an active ingredient in the
Chinese herbal medicine Dang Gui Long Hui Wan'’. BIA has demonstrated some potential in
GBM therapy by improving the survival of xenografted animals, inhibiting tumor migration, and
reducing angiogenesis''. Recently, we have discovered that BIA at 1yM concentration can
significantly inhibit endothelial cells from forming a barrier, by measuring the
transepithelial/transendothelial electrical resistance (TEER) in the electric cell-substrate
impedance sensing (ECIS) assay (Figure 3A-C, Jimenez-Macias unpublished data)'2. High
electrical impedance is indicative of a well-formed endothelial monolayer. We confirmed that
BIA did not affect barrier formation through inducing apoptosis using the CellTiter-Glo 3D
viability assay as previously described!®. The Lethal Concentration 50 (LC50) of BIA at 72hr
treatment time on human cerebral microvascular endothelial (hCMEC/D3) cells was

approximately 8.8uM (Figure 3D, Jimenez-Macias unpublished data).



>
w

HBMEC hCMEC/D3
_ 2000~ _ 2000+
< ]
8 1500+ 8 1500+ - Control
S 3 -= 1uM BIA
2 ** 2
£ 1000+ £ 1000 "
© ©
£ 500 £ 500
k 8
[} i
0 1 I 1 1 0 I 1 1 1
0 50 100 150 200 0 50 100 150 200
Hours Hours
C D
hCMEC/D3
1.5
2
c
£ 8 1.0+ LC50 = 8.758uM
58
.; '8
3 N
= 0.5
(&) ©
£
<)
£
0.0 1 1 1 1
0 5 10 15 20
BIA concentration (uM)

Figure 3: Suppression of endothelial barrier formation by BIA and LC50 of BIA

(A) 1uM BIA significantly inhibited HBMEC cell barrier formation in the ECIS assay (N =1,
unpaired t-test ** p-value = 0.0023); (B) 1M BIA inhibited hCMEC/D3 cell barrier formation
in the ECIS assay (N = 2, unpaired t-test ** p-value = 0.0057); (C) ECIS assay setup utilizing a
special tissue culture chamber with 40 active electrodes at the bottom of each well to measure
real-time electrical impedance; (D) CellTiter-Glo assay indicated low cytotoxicity of BIA at

1uM concentration for hCMEC/D3 cells (N = 3).

When BIA was administered intravenously (i.v.) via lateral tail vein injection to nude female

mice bearing either G9-pCDH or G34-pCDH tumors at 20mg/kg on day 9 or 10 post-tumor



implantation, we detected a stronger accumulation of cisplatin (Smg/kg, intraperitoneal injection
—1.p., Shr prior to sample collection) in the tumor by inductively-coupled plasma mass
spectrometry (ICP-MS) on the following day (Figure 4, Jimenez-Macias unpublished data)®3.
This effect was not observed in the contralateral healthy brain, indicating the possibility of BIA

to modulate endothelial permeability in the BTB specifically, and not in the BBB.

A G9-pCDH murine model B G34-pCDH murine model
150 - * 1000 - Il Cisplatin
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Figure 4: BIA increased cisplatin uptake in tumor but not in healthy brain

(A) Platinum levels in tumor vs. contralateral healthy brain harvested from G9-pCDH xenograft
mice on day 10 or 11 post-tumor implantation. Measurement was performed by ICP-MS.
Animals were treated with either BIA (20mg/kg, i.p.) or vehicle control on day 9 or 10. Cisplatin
(bmg/kg, 1.p.) was administered 5 hours prior to sample harvesting. Multiple unpaired t-test with
Holm-Sidék correction (tumor, N=3 * adj p-value = 0.025694; healthy brain, N= 6, ns = not
significant); (B) Same experimental procedure was performed for G34-pCDH xenograft mice
and platinum levels were quantified by ICP-MS. Multiple unpaired t-test with Holm-Sid4k

correction (N=5, ns = not significant).



1.3 BIA as a model compound for the identification of endothelial permeability modulators

at the BTB

Integral to the barrier function of the BBB are the junctional complexes between the endothelial
cells, comprised of tight junctions (TJ), adherens junctions (AJ) and gap junctions (GJ)%%!4. In
particular, TJ and AJ seal the interendothelial cleft and regulate paracellular diffusion which is
the main pathway mediating the transport of cells and macromolecules larger than 3nm in size,
such as oncology therapeutics including platinum agents and temozolomide’”’!*. The main
components of the junctional complexes are illustrated in Figure 5. Claudin 5 has been identified
as essential for TJ formation and barrier function in genetic models, while occludin and JAM
1/2/3 have a more regulatory role 8. Scaffolding proteins in the form of heterodimers of ZO-1
with ZO-2/Z0-3 (Zonula Occludens) facilitate TJ assembly and TJ anchoring to actin
cytoskeleton®®. The major transmembrane AJ protein VE-cadherin is exclusively expressed in
vessels and interacts with ZO-1 and the actin cytoskeleton as a complex with p120-catenin and
-catenin/plakoglobin (y-catenin) via an actin binding protein a-catenin®!“!>. Alterations in the
expression, post-translational modification (e.g. phosphorylation) and the localization of

junctional proteins can lead to changes in endothelial permeability®-1°.
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Figure 5: Architecture of the Brain Endothelial Junctional Complex'

Three classes of junctional proteins in the brain vasculature are tight junctions (TJ), gap
junctions (GJ) and adherens junctions (AJ). TJ include occludin, claudins and junctional
adhesion molecules (JAM-A/B/C, ESAM). GJ are connexin molecules, involved in solute
exchanges between endothelial cells. VE-cadherin is the major AJ and exclusively expressed in
the endothelium. Under pathological conditions, VE-cadherin expression can also be found in
GBM cells as they adopt vasculogenic mimicry'’. The relative localization of each junctional

protein in this illustration is not representative.

Indirubin and its derivatives have been found to inhibit cyclin-dependent kinase (CDK)1/cyclin
B, CKD2/cyclin A, CDK2/cyclin E, GSK3f3, CDK5/p25'. For CDK enzymes specifically,
indirubin has been demonstrated to act through competitively inhibiting ATP binding in the
catalytic domain'®. BIA, a potent GSK3 inhibitor, is likely to interact with other kinases in a

similar manner''. Based on our prior observation that BIA can disrupt endothelial barrier

10



formation and selectively increase drug uptake in GBM xenografts (Jimenez-Macias unpublished
data), understanding its mechanism of action can elucidate critical endothelial permeability
modulators, specifically junctional proteins and associated pathways, at the BTB. We
hypothesized that BIA downregulates select junctional protein(s) through inhibiting kinases that
either phosphorylate transcription factors responsible for the gene expression of these junctional
proteins and/or phosphorylate these junctional proteins directly to alter their stability, and
consequently disrupts junctional complex stability, increases paracellular diffusion, and

promotes barrier permeability.

11



2. Methods

2.1 Animals

Athymic nude female mice between age 8-12 weeks were obtained from Taconic Biosciences or
Envigo and housed within the Brown University animal care facility in a climate-controlled
room on a 12hr light/dark cycle. Lab diet was available ad libitum, except when the mice were

under surgery.

2.2 Cell culture

Human cerebral microvascular endothelial (hCMEC/D3) cells (Millipore Sigma #SCC066) and
primary human brain microvascular endothelial (HBMEC) cells (ScienCell #1000) were
maintained in Endothelial Cell Medium (ScienCell #1001) supplemented with 5% fetal bovine
serum, 1% endothelial cell growth supplement and 1% penicillin-streptomycin. Both endothelial

cell lines were used for experiments before passage 20.

GBM cell lines G9-pCDH, G34-pCDH and G30-LRP (Chiocca Lab, The Ohio State University)
were cultured as neurospheres in stem cell conditions in Neurobasal Medium (Gibco #21103049)
supplemented with 20pg/mL of human recombinant EGF (Peprotech), 20ug/mL of FGF-B
(Peprotech), 2% B-27 supplement (Thermo). GBM neurosphere dissociation was done using
StemPro Accutase Cell Dissociation Reagent (Gibco #A1110501) to obtain single cell

suspensions.

All cell lines were maintained in humidified 5% CO, incubator at 37°C.

12



2.3 In vivo tumor implantation
Experimental protocols were approved by Brown University, Institutional Animal Care and Use

Committee (IACUC) and adhered to the NIH Guide for the Care and Use of Laboratory Animals.

GBM neurospheres were grown to 70% confluency before dissociation into single cell on the day
of surgery. Experimental mice were anesthetized with Ketamine: Xylazine (100mg/kg:10mg/kg
in normal saline, 1.p.), and provided with pre-operative analgesic Meloxicam (5mg/kg in normal
saline, 1.p.). Each animal was placed into the stereotactic apparatus with the head stabilized by
ear bars and the front teeth latched onto the anterior clamp. Eye ointment was applied to prevent
excessive drying. Surgical area was cleaned with 10% povidone iodine. An anterior-to-posterior
incision slightly to the right of the midline was made by sterile micro scissors to expose the skull.
10% hydrogen peroxide was applied to help visualize the bregma. Injection site was identified by
the following stereotactic coordinates: x = 2mm (to the right of the bregma), y = 1mm (towards
the anterior), z = 3mm (downward). 50,000 cells in 3uL sterile DPBS were injected
intracranially into the striatum of experimental mice via a 10xL Hamilton syringe. Experimental
animals were also treated with post-operative analgesic Buprenorphine-SR (0.6mg/kg,
subcutaneous injection - s.c.) immediately after surgery, and with Meloxicam (Smg/kg, i.p.) for
the following three days. Tumors were left to grow for 8-9 days and visualized in Xenogen in
vivo imaging system (IVIS) for tumor growth confirmation before treatment. G9-pCDH and
G34-pCDH have constitutive GFP expression. G30-LRP will emit luminescence when 100uL D-
luciferin (Promega # P1041, 150mg/kg, i.p.) is administered. Animals were randomized to

treatment groups.

13



2.4 Drugs

BIA (Sigma-Aldrich #SMLO0531) was administered i.p. at 20mg/kg in 10% DMSO, 2% Tween-
20, 1% PEG 400 in DPBS. For in vitro experiments, BIA was used at 1M concentration at
maximal 0.02% DMSO, unless otherwise noted. ETV1 inhibitor BRD32048 (Sigma-Aldrich,
#531057) was resuspended in DMSO at 10mM stock concentration. Cells were treated with

BRD32048 at a final DMSO concentration not exceeding 0.5%.

2.5 Measurement of fluorescent tracer penetration
Animals were injected with 100uL of 70kDa TRITC-dextran (Thermo Fisher #D1818,
50mg/mL, i.p.). 2hr after administration, animals were euthanized, and brain samples were

harvested for immunofluorescence.

Sodium fluorescein (NaFl) (Sigma-Aldrich #F6377) is another compound commonly used for
BBB study’"°. Experimental animals were injected i.v. via lateral tail vein with NaFl at 20mg/kg
in normal saline. 30min after administration when peak fluorescence was reached in the brain'®,
mice were euthanized for immediate tissue harvest. Fresh brain and liver samples were
visualized in IVIS. Quantification of pixel intensities from acquired images was performed in
Fiji ImageJ. Tumor and healthy brain tissue samples (~100mg) were dissected from the
harvested whole brain and weighed. Samples were then homogenized in 1mL 60%
trichloroacetic acid in DPBS and measured at 488nm in Molecular Devices SpectraMax M2
plate reader. A standard curve of known NaFl amount in ng was generated. Fluorescence reading
from each sample was blanked and normalized according to the standard curve, and the absolute

amount of NaFl (ng per mg tissue) was calculated.

14



2.6 Quantitative real-time PCR (RT-qPCR)

Total RNA was isolated from culture cells using QIAzol Lysis Reagent (Qiagen #79306)
following manufacturer’s protocol. RNA extraction from harvested tumor and contralateral
healthy brain tissues was performed under homogenization using 23G and 26G needles in
QIAzol. Sample RNA quality was assessed by NanoDrop One Spectrophotometer (Thermo
Scientific) (Appendix 1). First strand cDNA was prepared using iScript cDNA Synthesis Kit
(Bio-Rad #1708891). mRNA expression levels were quantified using iTaq Universal SYBR
Green SuperMix (Board #1725122) on QuantStudio 6 Pro System (Applied Biosciences),
normalized by housekeeping gene GAPDH expression and represented as relative expression

using comparative AACr method.

All primers were designed using NCBI Primer-Blast tool, except for ETV12%. Primers used in
study have been tested for amplification efficiency and passed melt curve analysis. Detailed

information on primer sequence can be found in Table 1.

Amplicon Adjusted
Target [(bp) Forward Primer (5' -> 3') Length [Reverse Primer (5' -> 3') Length |Efficiency |[R"2
hGAPDH 104|CCA GCA AGA GCA CAA GAG GA 20|ACA TGG CAA CTG TGA GGA GG 20 89.3% 0.9995
hETV1 135|CCT GAG GAA ATCTCCAGCTA 20|ACA ATT TCT CCC ACG CTG AC 20 99.2% 0.9865
hERG 137|GAT CGC ATT ATG GCCAGCAC 20|TGT CCATAG TCG CTG GAG GA 20 97.7% 0.994
hCDH5 119|GGT CGA TGC AGA GAC AGG AG 20|GAG TCT CCA GGT TTT CGC CA 20 108%| 0.9863
hTJP1 91|CTG GAG AAA TCC CGG AAA AAT GA 23|TTG CTG CCA AACTAT CTT GAG A 22 95%| 0.9921

Table 1: List of primers used for RT-qPCR

2.7 Western blot
Cell lysates were collected in ice-cold RIPA Lysis and Extraction Buffer (Thermo Fisher

#89900) supplemented with 1x protease/phosphatase inhibitor cocktail (Cell Signaling #5872S).
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Lysate collection from tissue samples (~ 30mg) was performed under homogenization using 23G
and 26G needles. Total protein concentration was measured using Pierce 660nm Protein Assay
Reagent (Thermo Scientific #22660) at 660nm absorbance in Molecular Devices SpectraMax

M2 plate reader.

Samples of equivalent protein amount (~10xg) were incubated in 1x Laemmli sample buffer
(Bio-Rad #1610747) at 95°C for Smin before loading onto 10% Mini-PROTEAN TGX precast
protein gel (Bio-Rad #4561036). PageRuler Plus Prestained Protein Ladder (Thermo Scientific

#26619) was used as ladder control.

Nitrocellulose membranes containing samples were blocked in 5% milk in 1x Tris-buffered
saline with 0.5% Tween-20 (TBST) (Thermo Fisher #J60448 K2) for 1hr at RT under gentle
rocking. 1x TBST was also used for all washing steps. Incubation with respective primary
antibodies (Table 2) diluted in 5% BSA in DPBS/1x TBST was performed at 4°C overnight
under gentle rocking. Appropriate secondary antibodies, Goat anti-mouse-HRP (Sigma-Aldrich
#12-349) or Goat anti-rabbit-HRP (Sigma-Aldrich #401353) were used at 1:5,000 dilution in 5%

milk in 1x TBST.

Antibody Company Cat # Clone Host |Specificity (Hu) [Specificity (Ms) | MW Concentration |Dilution
Histone-H3 |Proteintech |[17168-1-AP |polyclonal |Rb Yes Yes 15-17 kDa 0.6mg/mL 1:5000
GAPDH Proteintech [10494-1-AP |polyclonal |Rb Yes Yes 36 kDa 50ug/150uL |1:5000
ETV1 Invitrogen  |PA5-77975 |polycolonal [Rb Yes Yes 55-60 kDa 0.21mg/mL 1:1000
ERG Invitrogen MAS5-32036 |SP06-04 Rb Yes Yes 51,54kDa 1mg/mL 1:1000
VE-Cadherin |Invitrogen 14-1449-82 (16B1 110-140kDa 0.5mg/mL 1:1000
70-1 Invitrogen  |33-9100 Z01-1A12 225 kDa, 130 kDa (faint) |0.5mg/mL 1:1000
CD31 Invitrogen MA3100 HEC7 130 kDa Img/mL 1:1000
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Table 2: List of antibodies used for Western blot

Immunoblots were visualized using SuperSignal West Pico PLUS Chemiluminescent Substrate

(Thermo Scientific #34577) with ChemiDoc Imaging System (Bio-Rad).

2.8 Immunofluorescence and fluorescence microscopy

After euthanasia with CO, and intracardiac DPBS perfusion, mouse brain tissues were collected
and fixed in 10% formalin at 4°C on a tube rotator for 2 days. Tissues were transferred to 30%
sucrose containing 0.01% sodium azide at 4°C on a tube rotator for at least 24hr. Samples were
embedded in Optimal Cutting Temperature (OCT) compound, frozen and serial sliced into 20pxm
sections using Leica cryostat. Tissue samples were incubated in 0.1% Triton X-100 in blocking

buffer (1% normal donkey serum in 0.025% Tween-20 in DPBS) at room temperature for lhr.

hCMEC/D3 cells cultured on 8-well chamber slide (Lab-Tek #154534) were fixed in 10%
formalin for 10min at room temperature. Samples were permeabilized in 0.1% Triton X-100 in

DPBS for 30min, and then blocked in blocking buffer for 1hr at room temperature.

Slides were stained with primary antibodies diluted in blocking buffer at 4°C overnight, washed
in DPBS, and incubated with species-matched fluorophore-coupled secondary antibodies for 1hr
(cells) or 3hr (cryosections) at room temperature (Table 3). Hoechst 33342 (Thermo Scientific
#62249) was used for nuclear staining at 1:1000 dilution. Slides were mounted with VectaMount

Permanent Mounting Medium (Vector Laboratories #H-5000) and cover slipped.
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Primary Antibody Company Cat # Clone Host Specificity (Hu) |Specificity (Ms) | Concentration |Dilution
VE-Cadherin Invitrogen 14-1449-82 16B1 Ms Yes Yes (published) |0.5mg/mL 1:200
Z0-1 Invitrogen 33-9100 Z01-1A12 Ms Yes Yes 0.5mg/mL 1:100
CD31 R&D Systems AF3628-SP polycolonal Gt No Yes 1mg/mL 1:200
Secondary Antibody Company Cat # Use Dilutions

Dk o Ms Alexa Fluor 594 Invitrogen A21203 1:500

Dk o0 Gt Alexa Fluor Plus 405 [Invitrogen A48259 1:500

Dk o Gt Alexa Fluor 647 Invitrogen A21447 1:500

Gt a Ms Alexa Fluor Plus 647 |Invitrogen A32728 1:500

Table 3: List of antibodies used for immunofluorescence

Zeiss LSM 880 Confocal Laser Scanning Microscope or Nikon Ti2-E Fluorescence Microscope

was used for image capture.

2.9 Electric cell-substrate impedance sensing (ECIS) analysis

Approximately 50,000 hCMEC/D3 cells were plated on 8W10E+ PET 8-well arrays (Applied
Biophysics #NC1637226) which had all electrodes pre-equilibrated in ECIS Z-Theta Instrument
through ECIS Software (Applied Biophysics). Impedance measurement was taken at 3000 Hz
every 30min. Data were exported to Excel and transferred to Prism (GraphPad) to generate the

plots and conduct statistical analysis.

2.10 siRNA

hCMEC/D3 cells were cultured to approximately 50% confluency and transfected using
Lipofectamine RNAiMax Transfection Reagent (Invitrogen #13778150) for 2 days. All
experimental steps followed manufacturer’s protocol with the modification of using 20uM
siRNA in the working stock and 4.2uLL Lipofectamine to minimize toxicity. MISSION siRNA
universal negative control (Sigma-Aldrich #SIC001) was used as siControl. Silencer Select

siIETV1 (#s4855) and Silencer siERG (#116761) were acquired from Invitrogen.
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2.11 Human phospho-kinase array

hCMEC/D3 cells were treated with either 1xM BIA or vehicle DMSO control for 48hr. Cell
lysates were collected in manufacturer provided Lysis Buffer 6 supplemented with 10 pg/mL
Aprotinin (Tocris #4139), 10 g/mL Leupeptin hemisulfate (Tocris #1167) and 10pg/mL
Pepstatin A (Tocris #1190). 50u g of lysate from each sample was loaded to each of the
membrane. All experiment procedure was performed with Proteome Profiler Human Phospho-

Kinase Array Kit (R&D Systems, #ARY003C) following manufacturer’s protocol.

2.12 RNA-seq data analysis

hCMEC/D3 cells treated with 1M BIA or vehicle DMSO control for 24hr (N=3) were collected
for RNA as described above with the additional step of RNeasy Mini Kit (Qiagen) and on-
column DNase digestion (Qiagen) to remove potential DNA contaminants. At least 500ng of
RNA was submitted for bulk RNA-sequencing at GeneWiz (Azenta Life Sciences). Library was

prepared with Poly(A) selection and sequencing was performed using Illumina HiSeq.

Differential gene expression was analyzed from the RNA-seq raw FASTQ files by Azenta Life
Sciences using DESeq?2 aligning to human transcriptome. Data QC was verified. Log, fold
change (Log2FC) was calculated by Log, (BIA group mean normalized counts divided by
Control group mean normalized counts). The Wald test p-value and Benjamini-Hochberg
adjusted p-value were calculated. A heatmap of top adjusted p-value differentially expressed

genes (DEGs) in ensemble ID annotation biclustering to treatment conditions was generated.
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Manual curation of the provided heatmap was performed to represent top adjusted p-value DEGs
in gene symbols. Gene symbols in the provided human alignment significant DEGs list were
verified in R and updated to the current HGNC build. Discrepancy in the gene symbols identified
by HGNChelper package was corrected to reflect the latest information on NCBI Gene database.
DEGs were mapped to KEGG pathway database in R. Junctional protein complex genes were
pulled from Gene Set Enrichment Analysis (GSEA) Molecular Signatures Database (MSigDB)
curated gene sets (C2) canonical pathways (CP) KEGG subset. Pathways included for indexing
were “Adherens Junction”, “Gap Junction”, “Tight Junction”, “Cell Adhesion Molecules
CAMS?”, “Focal Adhesion” and “ECM Receptor Interaction.” R packages HGNChelper (version
0.8.1), msigdbr (version 7.5.1), KEGGREST (version 1.38.0) and org.Hs.eg.db (version 3.16.0)

were used with R studio (version 1.4.1717) on R version 4.2.2.

EnrichR?'*2* was used to perform functional enrichment analysis based the Gene Ontology
Biological Process 2021 database. Clustergram was generated to represent the enriched terms
and their top associated genes ranked by p-values. Enrichment Analysis Visualization Appyter*
was used to visualize similarly clustered Gene Ontology (GO) Biological Process 2021 terms
from enrichment analysis data in scatter plot format. Similar gene sets are clustered together
using Leiden algorithm, and the darker and larger dots represent more significantly enriched GO
terms with smaller p-value. The most significant terms are black-lined dots.

STRING database® was used to visualize protein interactions in network format. When

applicable, top 10 interactors were plotted to represent the strongest interactors.
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2.13 Statistical analysis

Analysis was performed using Prism 9 (GraphPad). Data were expressed as mean +/- SEM.
Ordinary one-way or RM two-way ANOVA with Tukey post hoc test was performed for
experiments with three or more groups, and multiple unpaired t-test with Holm-Siddk correction
for two groups, as described in figure legends. * p-value <0.05, ** p-value < 0.01, *** p-value <
0.001, **** p-value < 0.0001. Comparisons without statistical significance (ns = not significant)

were not displayed. Figures were compiled in Adobe Illustrator.

21



3. Results

3.1 RNA-seq revealed alteration in endothelial programs and junctional proteins, especially

VE-cadherin

Cultured hCMEC/D3, a common in vitro model for the BBB, can also loosely represent the
developing tumor vasculature at the BTB, as healthy endothelium of the BBB generally remains
quiescent®2, RNA-sequencing of hCMEC/D3 cells treated with 1xM BIA vs. DMSO vehicle
control for 24hr was performed to identify principal components of the endothelial barrier that
regulate permeability. VE-cadherin (gene name: CDHS) appeared as a top differentially
expressed gene (DEG) with a log2 fold change of -3.06 and an adjusted p-value of 9.75x102%2,

indicating significant downregulation in its gene expression after BIA treatment (Figure 6A).

Gene ontology analysis was performed using STRING?. This further indicated a significant
dysregulation (mainly downregulation) of endothelial-related genes by BIA (Figure 6B). CDH5
forms a network with other altered genes which have functions in endothelial cell biology.
According to NCBI Gene Database, KDR (also known as VEGFR2) encodes one of the two
receptors of the vascular endothelial growth factor (VEGF), a major growth factor for endothelial
cells, mediating VEGF-induced endothelial sprouting, migration, development, proliferation and
survival (log2FC = -2.21, adj p-value = 2.06x10-'?%); MMRN?2 encodes an ECM glycoprotein
multimurin 2, which is involved in tumor angiogenesis and growth via inhibiting TGF-f3 and
VEGF-A/VEGFR2 pathway (1og2FC =-2.99, adj p-value = 2.61x10°*®); adhesion G protein-

coupled receptor G1, ADGRGI (as known as GPR56) regulates brain cortical patterning and
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tumor progression (log2FC = -2.60, adj p-value =1.91x10-!%%); CD93 participates in intercellular
adhesion by linking transmembrane proteins to the cytoskeleton, and in cytoskeleton remodeling

(1og2FC =-1.86, adj p-value = 9.51x10'¥).
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Figure 6: VE-cadherin, PI3K/AKT signaling pathway and MAPK signaling pathway are likely

involved in BIA-mediated vascular permeability
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(A) Biclustering heatmap of top differentially expressed genes (DEGs) by adjusted p-value in
BIA (1M, 24hr) vs. control treated hCMEC/D3 (N=3) RNA-seq dataset ; (B) STRING network
of top DEGs showing an endothelial-related gene (including CDHS — VE-cadherin, circled in
red) cluster and a metabolic cluster; (C) Top 10 KEGG pathways associated with DEGs include

PI3K/AKT signaling pathway and MAPK signaling pathway.

KEGG pathway analysis (Table 4) further illustrated the broad-spectrum disruption in
endothelial junctional complexes by BIA treatment. For instance, ZO-2 (TJP2), claudin-7
(CLDN7), claudin-11 (CLDN11), endothelial cell adhesion molecule (ESAM), integrin 33
(ITGB3), platelet and endothelial cell adhesion molecule 1 (PECAM1) were all significantly
downregulated. Figure 6C shows the top 10 KEGG pathways associated with all DEGs in the
BIA RNA-seq dataset. Among them, PI3K/AKT signaling pathway and MAPK signaling
pathway, which have extensive implications in cancer and angiogenesis, might provide insight

into the selective modulation of BTB permeability through VE-cadherin by BIA?-%7,
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Differentially expressed genes relating to junctional complex in KEGG pathway

Table 4

ordered from most downregulated (blue) to most upregulated (red) in BIA
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Enrichment analysis of RNA-seq data using Gene Ontology (GO) Biological Process 2021
database (Figure 7) revealed significant alteration in angiogenesis, cell motility/migration and
proliferation, which are all hallmarks of vasculature at the BTB rather than the BBB. A
comparative analysis (Figure 8) between all the downregulated DEGs and all the upregulated
DEGs in KEGG Pathway and GO Biological Process libraries, indicated that BIA-induced
transcriptional downregulation likely drives the observed endothelial phenotype. The clustering
of gene sets from enriched GO terms in scatter plot was driven by downregulated genes (data not
shown), as similar enriched GO terms were obtained with all the downregulated DEGs by p-
value ranking (Figure 8C): regulation of cell migration, positive regulation of cell migration,
positive regulation of cell motility, regulation of endothelial cell proliferation, regulation of
endothelial apoptotic process, regulation of angiogenesis, extracellular structure organization,
negative regulation of endothelial proliferation, glomerulus vasculature development and
external encapsulating structure organization. This finding of significant downregulation of those
genes involved in cell motility and migration supported the prior observation that BIA reduced
angiogenesis and endothelial migration''. On the contrary, upregulated genes by BIA were
mostly implicated in metabolic processes (Figure 8B, 8D). Figure 8E-F shows a distinct list of
genes associated with the top enriched GO terms for either downregulated DEGs or upregulated
DEGs. Many of the genes involved in the junctional complex such as VE-cadherin (Table 4)
were downregulated DEGs and appeared in Figure 8E as genes strongly associated with the top

enriched GO processes.

The importance of VE-cadherin in the BTB was also highlighted in the publicly available data

from human GBM samples (Figure 9). GBM samples expressed higher levels of CDH5 mRNA
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as compared to non-GBM samples (TCGA database), and VE-cadherin proteins was also
detected extensively in GBM pathology samples (Human Protein Atlas), correlating to active

angiogenesis and retained junctional integrity at the BTB.

Based on the RNA-sequencing findings, a closer investigation on the role of VE-cadherin in

endothelial permeability modulation and possible contributing mechanisms was conducted.
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(A) Scatter plot of all DEGs organized in similar gene set clusters by enrichment analysis —
larger and darker colored dots as more significant GO terms, and black circled dots indicating
most significantly enriched terms by adjusted p-value; (B) Zoom-in view of cluster 2 containing

the majority of the top significant GO terms.
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Figure 8: Comparison between downregulated DEGs and upregulated DEGs in KEGG

pathway and GO Biological Process.

(A-B) KEGG pathway analysis; (C-D) Gene Ontology Biological Process 2021 analysis; (E-F)
Clustergrams of most significant genes (by p-value) associated with each of the top GO
Biological Process 2021 analysis enriched terms. A, C, E contained all downregulated DEGs in

BIA; B, D, F contained all upregulated DEGs.

mRNA expression (log2)

al GBM

Histology

Figure 9: mRNA levels of CDHS (GlioVis: TCGA_GBM) and CDH5 GBM pathology (Human

Protein Atlas)

(A) mRNA levels of CDHS (VE-cadherin) in TCGA_GBM. Tukey's Honest Significant
Difference (HSD) test, * adj p-value = 0.01°%; (B) Human Protein Atlas GBM pathology showing

extensive CDHS5 (VE-cadherin, indicated in brown) staining.
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3.2 Kinetic analysis of gene transcription revealed sustained downregulation of VE-

cadherin and suppression of two ETS family transcriptional factors ETV1 and ERG

KEGG pathway analysis of the RNA-sequencing data suggested the involvement of PI3K/AKT
signaling pathway and MAPK signaling pathway in BIA-induced modulation of endothelial
permeability (Figure 6C, 8A). For instance, PI3K/AKT and MAPK pathways are thought to
participate in angiopoietin-1 (Ang-1)-induced endothelial cell survival, proliferation, migration,
and adhesion®. Transcription factors downstream of these two signaling pathways could be a
potential mechanism in which the transcription of endothelial junctional proteins, particularly
VE-cadherin, was hampered upon BIA treatment, leading to vascular permeability. Two
members of the ETS family transcription factors, ETS translocation variant 1 (ETV1) and ETS-
related gene (ERG), appeared as possible candidates, with a log2FC of -2.22 (adj p-value =
1.12x10-*) and a log2FC of -2.00 (adj p-value = 5.74x107°) respectively in the RNA-seq dataset

(Figure 10A).

ETS family transcription factors are important in endothelial development, angiogenesis, contact
inhibition and other endothelial functions*'-*. The RAS-RAF-MEK-MAPK pathway (Figure
10D) is considered as the main mechanism for the activation of the ETS family transcription
factors, which all contain common binding domains (Figure 10C) including several MAPK
interaction motifs*#%. ERG has been demonstrated to bind ETS binding sites on the VE-cadherin
promoter (Figure 10E) and is also a transcriptional activator of several other endothelial cell-
specific genes including endoglin, von Willebrand factor (VWF), intercellular adhesion molecule

(ICAM)-2 and claudin-5 to regulate vascular permeability*’*°. ERG can promote vascular
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stability, in part via PI3K/AKT-dependent Ang-1/Tie-2 signaling®. The overexpression of ETS
family transcription factors is also implicated in the tumorigenesis of many cancer types*. For
instance, in prostate cancer, chromosomal rearrangement involving the fusion of the androgen
receptor (AR) response gene TMPRSS2 and ETS transcription factors and cooperation with AR
during transcription activation, result in ETS transcription factor gene overexpression and lead to

prostate neoplastic development*0#.

A kinetic analysis of the gene transcription of ETV1, ERG, VE-cadherin (gene name: CDHS)

and another junctional protein ZO-1 (gene name: TJP1) was conducted to validate the RNA-

sequencing results and provide insights into ETV1 and ERG function.
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Figure 10: ETV1 and ERG downregulation by BIA, their sequence and signaling pathway.
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(A) RNA-sequencing revealed significant reduction in ETVI and ERG gene transcription, log2FC ~2 (N=3); (B) Phylogeny trees
of ETS family transcription factors and their involvement in human diseases® ; (C) Conserved binding domains shared across
ETS family members™; (D) Activation of ETV1, 4, 5 and ETV1, 4, 5-mediated gene transcription via MAPK pathway*; (E) ERG

can initiate VE-cadherin transcription by binding to its ETS binding sites on the promoter?’ .

Figure 11 shows the relative mRNA expression of ETV1, ERG, CDHS5 and TJP1 in cultured
hCMEC/D3 cells, the same cell type used for the RNA-sequencing experiment. There was a
pronounced reduction in the number of CDHS transcripts, starting as early as only 3hr post 1M
BIA treatment. The inhibition of VE-cadherin gene transcription was significant and time-
dependent, as longer incubation with BIA resulted in greater reduction. 24hr BIA treatment
reduced VE-cadherin transcription to only 10% of the level in vehicle DMSO control (**** adj
p-value < 0.0001). Such reduction was maintained at similar level when hCMEC/D3 cells were
treated for an additional 24hr (**** adj p-value < 0.0001). In contrast to VE-cadherin, gene
expression of ZO-1 was not time-dependently altered by BIA, despite of a 30-70% reduction.
Only at 24hr treatment, downregulation in ZO-1 to 30% of the control level, was detected as
significant (** adj p-value = 0.004). Because ZO-1 is a scaffolding protein which interacts with
many junctional complex proteins, is not considered as indispensable in junctional complex
formation in literature, and was not a DEG in RNA-seq, other junctional proteins such as
claudin-5 might be better candidates for assessing junctional complex integrity, in addition to

VE-cadherin.

As shown in Figure 11, suppression of ETV1 gene expression reached the maximum (80%
reduction) when hCMEC/D3 cells were treated with BIA for 12hr (**** adj p-value < 0.0001).

Interestingly, a gradual recovery of ETV1 gene expression was observed afterwards. 48hr BIA
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treatment resulted in 60% downregulation of ETV1 gene expression (*** adj p-value = 0.0001).

ERG, on the other hand, showed a reduction in its transcriptional level upon BIA in a time-

dependent manner, such that longer BIA treatment resulted in greater downregulation in ERG

transcription. 48hr BIA treatment reduced ERG gene transcription to 20% of the control level

(**** adj p-value < 0.0001).
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Figure 11: RT-qPCR of ETV1, ERG, CDHS5 and TJP1 gene expression by 3hr, 12hr, 24hr or

48hr 1uM BIA treatment in hCMEC/D3 cells.

35



Ordinary one-way ANOVA with Tukey post hoc test (N = 3 culture replicates from two

independent experiments).

Another cell culture model HBMEC, was also used to further validate our findings. There
appeared to be a cell line difference in terms of the sensitivity to transcriptional disturbance
induced by BIA, and/or possibly a cell-line specific transcriptome profile. Overall, BIA
treatment generated similar patterns of VE-cadherin, ZO-1, ETV1 and ERG transcriptional
inhibition in HBMEC cells (Figure 12). Time-dependent reduction in VE-cadherin expression
was observed, although to a lesser degree, with only 60% reduction after 48hr BIA treatment (ns
= not significant). Downregulation in ZO-1 expression was also detected at a non-significant
level. A surprising induction of ZO-1 gene expression (* adj p-value = 0.0116) occurred at 24hr
of BIA treatment time point and was consistently observed between two independent
experiments, and therefore unlikely to be an artifact. However, its significance is unclear until
proven otherwise by screening at additional time points of BIA treatment or other proteins

involved in ZO-1 gene transcription.

As shown in Figure 12, BIA treatment for 3hr, 12hr or 48hr all induced a significant 50%
reduction in ETV1 gene expression (3hr ** adj p-value = 0.0022; 12hr ** adj p-value = 0.0017;
48hr * adj p-value =0.0117). Similar to ZO-1, a recovery of mRNA transcript level at 24hr was
also observed for ETV1. Consistent with the findings from hCMEC/D3 cells (Figure 11), a time-
dependent decrease in ERG transcription was noted, but this difference did not reach statistical

significance.
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Figure 12: RT-qPCR of ETV1, ERG, CDHS5 and TJP1 gene expression by 3hr, 12hr, 24hr or

48hr 1uM BIA treatment in HBMEC cells.

Ordinary one-way ANOVA with Tukey post hoc test (N = 3 culture replicates from two

independent experiments).
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3.3 Detection of BIA-induced VE-cadherin, ETV1 and ERG protein reduction

Detection of protein-level alteration of endothelial junctional proteins such as VE-cadherin is
necessary to deduce functional inhibition of endothelial barrier formation. Figure 13A shows
Western blot of junctional proteins ZO-1, CD31 and VE-cadherin, as well as the loading control
Histone-H3. Nude female mice with G34-pCDH tumor were either treated with BIA (20mg/kg,
1.p.) or vehicle control on day 9 or 10 post-tumor implantation and sacrificed for tumor
(identified by GFP fluorescence and/or the anatomical coordinates of implantation) and the
contralateral healthy brain sample collection 24hr later. G34-pCDH tumor cells were GFP-
labeled. BIA treatment almost completely abolished the expression of VE-cadherin, ZO-1 and
CD31 at the protein level, except for BIA mouse #3 (on the far right) which carried a huge tumor
with prominent blood clots. BIA#3 was likely a non-responder to BIA treatment. Considering the
tumor size, a higher dose might be required to produce any therapeutic effect on BIA#3.
Comparing tumor with healthy brain from the same mouse, VE-cadherin seemed to be
overexpressed in tumor, consistent with human biopsy results from TCGA GBM data repository
(Figure 9A). The expression pattern of ZO-1 and CD31 in tumor vs. healthy brain was less clear.
This in part, was attributed to the uneven loading and/or transfer of lysate samples, as evident in
the varying amount of loading control Histone-H3 across samples. This experiment needs to be
repeated when Western blot technical issues can be resolved. Further investigation is also
required to understand the specificity of BIA on modulating endothelial permeability at the BTB
vs. the BBB. The downregulation of junctional proteins due to BIA seemed to occur in both
tumor (BTB) and healthy brain (BBB). Naive mice treated with BIA or vehicle control should

be included for baseline comparison in future studies, especially considering that the
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contralateral healthy brain regions might already have an altered phenotype induced by tumor

signaling.

Cultured hCMEC/D3 cells treated with 1xM BIA or vehicle control for 24hr displayed a strong
reduction of VE-cadherin, ETV1 and ERG protein levels (Figure 13B), consistent with their

gene level reduction upon BIA treatment. In vivo samples should be used to validate this finding.

A [  Control || BIA |

' B Healthy
225kDa ‘ ' ‘ . . ZO-1 Brain

ST TR
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15kDa AR I —— Histone H3

Tumor

B Ctrl BIA
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Figure 13: Western blot detected BIA-induced reduction of junctional proteins (VE-cadherin,

Z0-1,CD31 - also an endothelial marker), ETV1 and ERG at the protein level

(A) G34-pCDH xenograft murine tissue samples from tumor vs. contralateral healthy brain (the

adjacent two samples were from the same mouse) harvested at 24hr after BIA treatment
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(20mg/kg, 1.p.) or vehicle control; (B) lysates from hCMEC/D3 cells treated with either 1yM

BIA or vehicle control for 48hr.

Alteration of VE-cadherin and ZO-1 protein levels after BIA treatment was further supported by
immunofluorescence staining of fixed hCMEC/D3 cells (treated with either 2uM BIA or vehicle
control for 48hr) on glass chamber slides and G34-pCDH xenograft murine brain cryosections

(treated with either 20mg/kg BIA or vehicle control, 1.p.).

BIA-treated hCMEC/D3 cells showed no intercellular expression of VE-cadherin (Figure 14).
Administration of BIA in vivo resulted in a similar loss of VE-cadherin protein expression in the
brain endothelium (Figure 15). The common endothelial marker CD31 was used to visualize the
endothelium. Although CD31 expression was downregulated by BIA (Figure 13A), there was
still a detectable amount, sufficient for endothelium visualization. As shown in Figure 15,
individual blood vessels were clearly visualized by CD31 staining (displayed in blue). White
arrows displayed in Figure 15C, F, indicate areas of co-localization for CD31 and VE-cadherin
(magenta). A significant decrease in VE-cadherin signal in the tumor periphery and
intratumorally was observed in BIA treated samples. ZO-1 protein expression in the brain
endothelium (Figure 16) was also downregulated in BIA treatment samples, consistent with the
Western blot result from in vivo samples (Figure 13A). ETV1 and ERG visualization in in vivo
samples treated with BIA or vehicle control is underway to inform about their role in BIA-

induced vascular permeability.
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A Control B BIA

Figure 14: BIA diminished VE-cadherin protein expression at hCMEC/D3 cell-cell junction

hCMEC/D3 cells were treated with 2uM BIA or vehicle control for 48hr before fixation and
staining. Nuclei stained by Hoechst 33342 (blue) and VE-cadherin-AF649 (red). Scale bar =

500pm. VE-cadherin was minimally detected in BIA treated sample.
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Figure 15: G34-pCDH xenograft murine brain samples showed reduced VE-cadherin

expression on endothelial cells 24hr after BIA treatment (20mg/kg, i.p.)

500 um

42



(A-C) Vehicle control treated murine brain cryosection stained for endothelial marker CD31-
AF405 (blue) and VE-cadherin-AF594 (red); (D-F) BIA (20mg/kg, i.p.) treated murine brain
cryosection stained for the same proteins. Samples all harvested at 24hr post-drug treatment.
G34-pCDH tumor cell were GFP-labeled (green). (A, E) complete tiled image taken with 20x
objective; (B, E) zoom-in view of the white-squared area in A and E respectively; (C, F)
complete tiled image take at 20x objective showing only CD31 and VE-cadherin. White arrows

indicated areas of co-localization for CD31 and VE-cadherin (magenta). Scale bar = 500y m.
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Figure 16: G34-pCDH xenograft murine brain samples showed reduced ZO-1 expression on

endothelial cells 24hr after BIA treatment (20mglkg,i.p.)
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(A-C) Vehicle control treated murine brain cryosection stained for endothelial marker CD31-
AF405 (blue) and ZO-1-AF594 (red); (D-F) BIA (20mg/kg, i.p.) treated murine brain
cryosection stained for the same proteins. Samples all harvested at 24hr post-drug treatment.
G34-pCDH tumor cell were GFP-labeled (green). (A, E) complete tiled image taken with 20x
objective; (B, E) zoom-in view of the white-squared area in A and E respectively; (C, F)
complete tiled image take at 20x objective showing only CD31 and ZO-1. White arrows

indicated areas of co-localization for CD31 and ZO-1 (magenta). Scale bar = 500um.
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3.4 Validation of increased endothelial permeability by BIA treatment using TRITC-

dextran and sodium fluorescein

As described in the background section, quantification of cisplatin uptake was used to assess
vascular permeability at the BBB vs. BTB. A second method to measure vascular permeability in
vivo could further support the hypothesis of differential modulation on the tumor vasculature vs.
normal BBB by BIA treatment. A common BBB permeability tracer used for the measurement
of paracellular leakage is dextran, available at different molecular weight’. We first used 70kDa
TRITC-dextran, a version of dextran conjugated to a TRITC fluorophore. Figure 17 shows
visualization of TRITC-dextran in the brain from either BIA- (20mg/kg, i.p.) or vehicle control-
treated mice bearing G9-pCDH tumor. Very little TRITC-dextran was detected by fluorescence
microscopy as indicated by white arrows. There appears to be more TRITC-dextran in BIA-
treated tumor/brain sample (# of white arrows = 20), as compared to control (# of white arrows =
14). However, some yellow dots appeared in clusters, making it very difficult to objectively
quantify the amount of dextran. In addition, the sample from the BIA-treated mouse had a much
smaller tumor as compared with control (Figure 17A, D). Varying tumor size can also confound

the comparison.
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Figure 17: Immunofluorescence visualization of TRITC-dextran on G9-pCDH xenograft

murine brain tissues
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(A-C) Vehicle control treated murine brain cryosection stained for nuclei-Hoechst33342 (blue)
and endothelial marker CD31-AF647 (red); (D-F) BIA (20mg/kg, i.p.) treated murine brain
cryosection stained for the same proteins. Samples all harvested at 24hr post-drug treatment. G9-
pCDH tumor cell were GFP-labeled (green). TRITC-dextran was displayed in yellow color. (A,
E) complete tiled image taken with 20x objective; (B, E) zoom-in view of the white-squared area
in A and E respectively; (C, F) zoom-in view of the white-squared area in A and E respectively,
showing only TRITC-dextran and CD31. White arrows indicated areas of TRITC-dextran

penetration through the BTB/BBB (yellow). Scale bar = 500y m.

Because of the difficulty in TRITC-dextran visualization, we sought an alternative tracer for
barrier integrity measurement - sodium fluorescein (NaFl) (MW = 0.4kDa)’-"°. Pilot experiment
with NaFl in the G30-LRP xenograft murine model supported its potential utility (Figure 18).
G30-LRP tumor cells were implanted instead of G9-pCDH or G34-pCDH because they were not
labeled with GFP. The maximal absorbance wavelength of NaFl is at 479nm and emission peak
at 538nm; NaFI can also generate fluorescence in the GFP spectrum’?. Maximal intensity of NaFl
in the brain can be detected 30min after its administration (20mg/kg, i.v.)°. Based on prior
literature, we injected 20mg/kg NaFl i.v. on G30-LRP xenograft mice 24hr after BIA (20mg/kg,
1.p.) or vehicle control treatment, and 30min later, collected entire brain and liver as a control.
Figure 18A shows a significant increase in NaFl uptake in tumor following BIA treatment (**
adj p-value = 0.007317), whereas no difference was observed in healthy brain regions or liver
control, using pixel quantification of IVIS captured images in the GFP spectrum. The absolute
amount of NaFl in tumor vs. healthy brain (ng per mg) was also quantified (Figure 18C). There

was a trend for an increase in NaFl accumulation in BIA-treated tumor samples and a reduction
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in NaFl quantity in BIA-treated healthy brain samples, as compared to control (ns = not
significant). Additional healthy brain and liver samples were collected from naive mice at 1hr
post-NaF] administration time-point. The average ng of NaFl per mg of tissue in the healthy
brain was the same for BIA-treated mice and control mice, despite of a non-significant increase
in NaFl penetration in the BIA-treated liver (Figure 18D). The difference in NaFl levels between
healthy brain of naive mice (ng NaFl / mg tissue = 0.4, harvested at 1hr post NaFl) and healthy
brain of xenograft mice (ng NaFI / mg tissue = 0.6 — 0.7, harvested at 30min post NaFI) might
simply be a result of the pharmacokinetics of NaFl. Based on prior literature, the peak intensity
of NaFl was detected at 30min post-administration followed by a gradual decrease in signal'®.
Further experiments should be performed to validate these findings, and analysis of NaFl signal
by spectrometry method should be optimized and repeated. Although IVIS analysis suggested
statistical significance in NaFI uptake in tumor samples after BIA treatment, IVIS quantification
relies on one-dimensional image capture and is rather relative. Nevertheless, taken together,
detection of vascular permeability by measuring NaFI uptake appears to be promising. More
importantly, BIA has consistently demonstrated its ability to potentiate the penetration of

compounds into GBM tumors.
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Figure 18: Sodium fluorescein (NaFl) uptake quantification by IVIS and spectrometry

(A) Nude mice with G30-LRP xenograft were treated with either BIA (20mg/kg, i.p.) or vehicle
control on day 9 or 10. 24hr following drug treatment, experimental animals were given 20mg/kg
NaFl i.v., and 30min later, sacrificed for organ collection. Relative pixel quantification from
IVIS captured images using Fiji ImageJ (N = 8); (B) standard curve of NaFl (C) Normalized ng
NaFI per mg tissue measured by fluorescence spectrometry (N = 4); (D) Exact same
experimental protocol, except that mice were naive (no tumor implantation) (N = 3 in control and

N = 4 in BIA). Multiple unpaired t-test with Holm-Sidak correction.
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3.5 Functional investigation of ETS transcription factors as mediators of BIA-induced

endothelial permeability

To clarify the role of ETS transcription factors ETV1 and ERG in BIA-mediated endothelial
permeability demonstrated by a loss of the expression of VE-cadherin and possibly other
junctional proteins, pilot experiments with these two transcription factors inhibited either

pharmacologically or using siRNA were performed.

A commercially available small molecule inhibitor for ETV1 is BRD32048 (Figure 19A).
BRD32048 acts by inhibiting p300-facilitated acetylation which is supposed to increase ETV1
stability in conjunction with MAPK-initiated phosphorylation, leading to faster ETV1
degradation and reduction in ETV1 transcriptional activity*-4. As shown in Figure 19B,
BRD32048 was tested at a 1M, 10uM and 5S0yM in hCMEC/D3 barrier formation ECIS assay.
Positive control BIA at 1xM showed a statistically significant inhibition of barrier formation
(*¥*** adj p-value < 0.0001). However, BRD32048 at 1xM or 10xuM was unable to produce a
physiological effect. The significant disruption of barrier formation at 50uM of BRD32048 was
likely attributed to its cytotoxicity, as cells appeared to be less healthy. No reduction in ETV1
protein level was observed for any of the tested BRD32048 concentration (1xM, 10uM or
30uM) at 24hr or 48hr treatment time point (Figure 19C). The difference in protein amount
between 24hr- and 48hr-treated samples, as demonstrated by Histone-H3 abundance, was likely a
technical issue resulting from inconsistent transfer quality between different Western blot
transfer chambers. The blot for 48hr samples contained unevenly loaded samples rendering any

interpretation difficult. Regardless of its inability to affect ETV1 protein level, BRD032048
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appeared to reduce CD31 protein level at a dose-dependent manner, and likely ZO-1 protein
level at 30uM concentration (24hr time point) as well. Immunoblotting for VE-cadherin was also
performed but unfortunately samples were lost due to membrane cutting at inadequate band size
prior to antibody incubation. It is possible that BRD32048 inhibited other ETS family
transcription factors which share many common binding domains with ETV1 (Figure 10C),
resulting in a downregulation of endothelial cell junctional protein CD31 and possibly ZO-1 at

higher concentration.
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Figure 19: ECIS analysis of ETV1 inhibitor BRD32048 on hCMEC/D3 endothelial

permeability and Western blot verification

(A) Chemical structure of BRD32048; (B) ECIS assay showing consistent inhibition of 1xM
BIA (**** adj p-value < 0.0001) and no effect from BRD32048 treatment at 1M or 10xM on
cultured hCMEC/D3 cells. 504M BRD32048 had a significant effect (**** adj p-value <
0.0001) and cells had unhealthy morphology. RM Two-way ANOVA with Tukey post hoc test.
Significance symbols indicated for the last time point - 117hr (N = 2); (CA) Western blot of ZO-
1,CD31 and ETV1 of lysates from cultured hCMEC/D3 cells treated with BRD32048 for 24hr

or 48hr at 1uM, 10uM, 30uM or vehicle control.

Considering the lack of specificity of BRD32048 and the unavailability of commercial ERG
antagonists, we turned to an siRNA approach to inhibit ETV1 and ERG protein expression.
hCMEC/D3 cells were transfected with siRNA against ETV1, ERG or scramble siControl for
48hr and collected for lysates to detect any protein level changes of target protein ETV1 or ERG.
hCMEC/D3 cells plated on ECIS arrays were also transfected with siRNA against ETV1, ERG,
scramble siControl, with the addition of ETV+ERG combo, to test barrier properties. Figure
20A-B shows that siERG was unable to knockdown ERG protein expression, nor inhibit barrier
formation. Figure 20C-D shows a partially disrupted vascular barrier (ns = not significant) and a
possible reduction in ETV1 protein level by siETV 1. The possible reduction in the electrical
impendence in the siETV14siERG combo condition, was likely driven by siETV1, as the change
in resistance followed the siETV1 curve and siERG did not perturb ERG expression. The lysates
in Figure 20D were run on the same Western blot, but the image was cropped and stitched back

together to remove other irrelevant samples in-between the siControl and siETV1 samples to
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avoid confusion. There continued to be technical difficulties with Western blot. The HRP-
conjugated secondary antibodies seemed to be falling and resulted in low signal in
chemiluminescence visualization. VE-cadherin protein level seemed to be unaffected by ETV1

knockdown, while ZO-1 expression appeared to decrease.

Overall, attempts to inhibit ETV1 and ERG transcriptional activity have not yet yielded
conclusive results. Additional experiments with siRNA or shRNA, as well as Western blot and

immunofluorescence staining on in vivo BIA treated samples should be pursued.
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Figure 20: ECIS analysis of siETV1 and siERG on hCMEC/D3 endothelial permeability and

Western blot verification

(A, C) ECIS. RM Two-way ANOVA with Tukey post hoc test. Significance symbols indicated
for the last time point — 80hr (N=2); (B) Western blot of lysates from hCMEC/D3 cells
transferred with ERG siRNA (N=2); (C) Western blot of lysates from hCMEC/D3 cells

transferred with ETV1 siRNA (N=3).

55



3.6 Phospho-kinase array revealed Yes, p38a, STAT2 and STAT5a/B as potential

candidates mediating endothelial permeability

The human phospho-kinase array has been used as a screening tool to identify kinases and
signaling pathways involved in human diseases and therapeutic response®>°. The indirubin
derivative BIA, a known inhibitor for GSK3, is speculated to be a non-specific kinase inhibitor
with binding interactions in a similar manner to indirubin'®. Figure 21 indicates a broad-
spectrum change in the phosphorylation status with BIA treatment. 1M BIA treatment on
hCMEC/D3 cells for 48hr resulted in a reduced level of phospho-proteins for most of the targets,
indicating a general inhibition of kinase signaling. Table 5 shows a summary of all included
protein targets, with literature reviewed annotation on their class (kinase or substrate), major
signaling pathway membership (src, MAPK, PI3K/AKT/mTOR, cell cycle/p53 or JAK-STAT),
and the function of the specified phosphorylation sites (activation or inhibition). Lower levels of
phosphorylated GSK3a/GSK3[ proteins at S9 and S21 residues were detected in BIA condition.
This effect is likely to be an indirect result from BIA inactivating other kinases that can

phosphorylate GSK3 at these sites and inhibit GSK3 signaling.

Statistically significant reductions in phosphorylated STAT2 (**** adj p-value < 0.0001), Yes
(** adj p-value = 0.002103), P38a. (also known as p38MAPK or MAPK14) (** adj p-value =

0.004632) and STATSo/STATS (** adj p-value = 0.006686) were observed (Figure 21B).
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Figure 21: Detection of broad kinase activity perturbation by BIA in hCMEC/D3 cells

(A) Images of antibody array for hCMEC/D3 cells treated with 1xM BIA or vehicle control for
48hr. Expression of each phospho-antibody was shown in duplicates (N = 2); (B) Relative
phospho-protein expression quantified by pixel intensity measurement of the antibody array
images. Undetected proteins were not displayed. Phospho-proteins with statistically significant
alteration by BIA were highlighted by a black box on the x-axis and statistical symbols on the

bar plot. Data were displayed in the order of proteins with highest downregulation in
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phosphorylation on the far left to proteins with highest upregulation in phosphorylation on the far
right, upon BIA treatment (red bars). Multiple unpaired t-test with Holm-Siddk correction (N=2).
Protein membership was indicated by color of the boxes in the antibody array or x-labels in the
bar plot: yellow — src; green — MAPK; red — PI3K/AKT/mTOR; purple — cell cycle/p53; blue —

JAK-STAT.
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Table 5: Human Phospho-Kinase Protein Array Annotation

The function of each phosphorylation site was annotated according to literature search®-¢. All
phosphorylation sites in the kit were reported to activate protein function and/or signaling
pathways, except for GSK3a/GSK3. Proteins were classified as either a kinase or a substrate of
kinase. Cells were highlighted to indicate membership: yellow — src; green —- MAPK; red —

PI3K/AKT/mTOR; purple — cell cycle/p53; blue — JAK-STAT.

As shown in Figure 21B, BIA completely suppressed phosphorylation of STAT2 at Y689,
thereby deactivating signaling downstream of STAT?2. Activated STAT2 by Y689
phosphorylation can mediate immune signaling by interacting with phosphorylated STAT1 and
IRF9 to form the ISGF3 transcriptional complex and initiating transcription of IFN-stimulated
response elements (ISREs)¥“7. BIA treated hCMEC/D3 cells expressed 60-70% less phospho-
STAT5a/STATSp (mean pixel intensity = 24336.5), as compared to control (mean pixel
intensity = 68198). STATS plays an important role in angiogenesis®®°. Phosphorylation of
STAT5a at Y694 and STATSP at Y699 is usually catalyzed by receptor associated Janus kinases
(JAKSs), predominantly by JAK?2 following prolactin stimulation®. Transcription of
STATSo/STATS[ target genes was limited by the reduced amount of activated STATS. Whether
this effect was mediated by BIA directly inhibiting STATS or indirectly through interfering with

the activation of JAKSs was unclear.

The active form of the Yes kinase was mostly absent in BIA treated hCMEC/D3 cells (Figure

21B). The pixel intensity of phospho-Yes (Y426) was reduced to a mean value of 266.5 in BIA
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as compared to 12964.5 in control. p38a. (as known as p38MAPK or MAPK 14) was also
significantly affected by BIA treatment (Figure 21B). Control treated hCMEC/D3 cells showed
p38a. expression at a mean pixel intensity of 76048, while BIA treated cells at 25511.
Phosphorylation of p38a at T180/Y 182 also leads to activation of its kinase activity and
downstream signaling cascade, and therefore p38a-initiated signaling was attenuated upon BIA

treatment®°,

Figure 22 shows STRING network of protein-protein interactions, including junctional
complex-related proteins CD31 (PECAM1), VE-cadherin (CDHS), VEGFR2 (KDR) and integrin
B3 (ITGB3); transcription factors ETV1, ERG, and androgen receptor (AR) which often co-
occur in cancers; kinases Yes (YES1), Src (SRC) and p38a (MAPK14). Colored circles
indicated proteins of interests, either DEGs from RNA-seq dataset or candidates from phospho-

kinase array.
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Target protein for STRING query

O Differentially phosphorylated protein from phospho-kinase protein array

O Differentially expressed gene (DEG) from RNAseq

Figure 22: STRING network analysis of significant proteins in the human phospho-kinase

array and proteins of interest from BIA hCMEC/D3 RNA-seq dataset

Only top 10 interactors with strongest evidence of protein interaction displayed.
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4. Discussion

4.1 VE-cadherin is a candidate mediator of the effects of BIA on endothelial permeability

Using RNA-seq, we identified AJ protein VE-cadherin as a candidate protein participating in
BIA-induced vascular permeability at the BTB. VE-cadherin is the major AJ protein expressed in
the brain endothelium, mediating cell adhesion via homophilic, Ca?*-dependent interactions
through its extracellular domain and out-in signaling through its cytoplasmic connections with
various scaffolding proteins and the actin cytoskeleton®!!>. VE-cadherin has been shown to
regulate gene expression of the essential TJ protein claudin-5, through inhibiting the activity of
claudin-5 transcriptional repressor FoxO1 and sequestering the FoxO1 stabilizer B-catenin in the
AJ complex®. It also mediates contact inhibition during confluency by sequestering VEGFR?2 in
the AJ complex containing -catenin and inhibiting the VEGF/VEGFR2 signaling-stimulated
cell proliferation®'. VE-cadherin phosphorylation on Y658, S665, Y685, Y731 residues can
also affect VE-cadherin stability and increase barrier permeability®® 5. In particular, the vascular
endothelial growth factor (VEGF), a major angiogenic factor during morphogenesis but also
secreted from tumor cells to induce angiogenesis, can lead to phosphorylation of junctional
proteins such as VE-cadherin in conjunction with activated VEGFR?2 and the cytosolic tyrosine
kinase c-src (constitutively associated with VE-cadherin) and induce vascular permeability®°:!.
Transforming growth factor TGF-3 (a proinflammatory cytokine) and activation of PYK?2
(proline rich kinase 2) have also been implicated in the phosphorylation of VE-cadherin and

BBB permeability 8.
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We confirmed the reduction of VE-cadherin expression in BIA-treated hCMEC/D3 and HBMEC
cells (at both mRNA and protein levels), and in xenograft murine models (at the protein level).
VE-cadherin protein expression at the brain endothelium was reduced to a minimal level after
BIA treatment (Figure 14-15), indicating the significant absence of VE-cadherin in the
junctional protein complex and possibly disruption in junctional complex assembly and
paracellular contact. VE-cadherin protein destabilization by induced Tyr-phosphorylation
downstream of intracellular signaling events might also be present; however, considering the
significant and sustained reduction in VE-cadherin gene expression after BIA treatment (Figure
11-12), downregulation of VE-cadherin gene expression is likely to be the main mechanism of

action behind BIA-induced vascular permeability.

4.2 ETS family transcription factors are potential mediators of the effects of BIA on

endothelial permeability

We hypothesized that BIA-induced downregulation of VE-cadherin gene expression was
mediated by ETS family transcription factors, based on their involvement in endothelial
functions**. In particular, ETV1 and ERG, with gene expression also significantly
downregulated in the BIA RNA-seq dataset, were speculated to activate the transcription of
junctional protein genes such as VE-cadherin and thus selected for preliminary experimentation.
ETV1 and ERG expression was suppressed by BIA at both the transcription and translation
levels, indicated by a reduction in the mRNA transcript abundance and a decreased protein

quantity in cell lysates.

64



We observed a U-shaped pattern of ETV1 gene expression (Figure 11) following different
treatment durations of BIA. Maximal reduction (80%) on ETV1 gene expression was achieved
when hCMEC/D3 cells were treated with BIA for 12hr, but longer BIA treatment time failed to
maintain the transcriptional suppression of ETV1 (60% reduction at 48hr). Additional time
points of BIA treatment, e.g. 72hr and 96hr, could help clarify the transcriptional patterns of
ETV1. Negative feedback loops involving transcription factors/cofactors, for example as
compensation mechanisms of ETS family members to maintain homeostasis, might help explain
the observed phenomenon. In the HBMEC cell model, BIA attenuated the transcription level of
ETV1 by approximately 50% (Figure 12). It might be possible that a 50-60% reduction of ETV1
transcription is sufficient to result in the pronounced downregulation of VE-cadherin, if ETV1 is
a transcriptional activator for VE-cadherin. siRNA of ETV1 appeared to interfere with ETV1
protein expression and produce a partial inhibition of endothelial barrier formation in

hCMEC/D3 cells (Figure 20C).

In human GBM samples, the overexpression of ETV1 mRNA was detected (*** adj p-value <
0.001), but ERG was found to be non-significant (data not shown, GlioVis: TCGA GBM,
Tukey's Honest Significant Difference (HSD) test). The time-dependent decrease in ERG
transcription in BIA treated primary HBMEC cells was also not significant (Figure 12). This in
part, was due to the minimal level of ERG expression in HBMEC cells. ERG transcripts were
detected at Ct ~ 35 in HBMEC cells, compared with Ct values in the range of 20-25 in
hCMEC/D3 cells, indicating a difference of more than 1,000-fold difference in abundance. A
difference of 3 cycles is approximately a 10-fold difference in transcript levels. There was even

no detectable level of ERG transcripts in one of the two independent experiments. Combined
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with the prior observation that BIA inhibited barrier formation in HBMEC cells in the ECIS
assay (Figure 3A), ERG is likely not the major transcriptional regulator for endothelial junction

complex genes and vascular permeability at the BTB. Further investigation should focus on

ETVI.

Other ETS members important for endothelial functions, although not identified as DEGs in
RNA-seq, might also participate in BIA-mediated endothelial permeability in some other ways,
for instance, at the post-translational level, downstream of MAPK signaling. For example, ETS1,
absent in mature adult endothelium, can become expressed during tumor-induced angiogenesis
and drive VE-cadherin expression through binding to ETS-binding sites on VE-cadherin
promoter**. ETV2 is considered as a master regulator in endothelial cell development and
implicated in the endo-transdifferentiation of GBM stem cells and GBM malignancy in a VEGF-

A independent mechanism!!102,

Quantifying the expression of ETS family transcription factors in in vivo model and conducting

additional in vitro knockdown/knockout experiments are necessary next steps to clarify their

involvement in transcriptional activation of junctional proteins such as VE-cadherin.

4.3 p38a is a candidate mediator of the effects of BIA on endothelial permeability

Because BIA is a known kinase inhibitor, a top-down approach was also utilized to probe for

kinase interactors of BIA capable of initiating signaling cascades. BIA appeared to inactivate a
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broad spectrum of kinases and substrates in the human phospho-kinase array, including all

probed src family kinases such as Yes and all MAPK family kinases such as p38a.

Yes is a member of the src family kinases (SFK) which mediate vascular permeability in
response to inflammatory signals and growth factors, and can also promote cellular survival and
proliferation via phosphorylating/activating the transcriptional activator Yes Associated Protein
(YAP)*2193_ Activation of Yes via phosphorylation at the Y426 residue has been implicated in
tumor invasion/metastasis via activating tumor-promoting transcription factors (myc, STAT3 and
STAT®6), as well as drug resistance in HER2+ breast cancer®?%1%¢, Interestingly, Yes can be
transcriptionally activated by direct ETV2 binding to the Yes promoter region to promote cell
proliferation during development!®. Activated Yes is essential in the constitutive VE-cadherin
turnover, as Yes can phosphorylate all major phosphorylation sites on VE-cadherin and induce
VE-cadherin endocytosis!®. Yes can also induce VE-cadherin endocytosis by phosphorylating 3-
catenin at Y 142 and reducing its binding with VE-cadherin and thus VE-cadherin stability!%.
Yes dysfunction leads to clustering of VE-cadherin and increased macromolecular leakage, as
well as reduced cell motility!®. Whether inactivation of Yes is a mechanism for BIA-induced
endothelial permeability warrants further investigation; however, loss of intercellular VE-

cadherin expression was observed rather than VE-cadherin clustering.

p38a is involved in a-catenin (the actin binding protein connecting VE-cadherin/p120-catenin/f3-
catenin complex to the actin cytoskeleton) phosphorylation, cytoskeleton remodeling and
angiogenesis!®”!%, Specifically on endothelial barrier function, p38a signaling modulates

extracellular matrix (ECM) adhesion downstream of TGF-f3 signaling and is associated with the
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paracellular permeability (characterized by a loss of TJ protein occludin) in Alzheimer’s
Disease!*!°, KEGG pathway analysis of the RNA-seq data also suggests the involvement of
P38a in MAPK (top RNA-seq DEGs mapped KEGG pathway, Figure 6C), FoxO and VEGF
signaling (Appendix 2). As mentioned before, members of the ETS family all contain several
MAPK interaction motifs and can be activated downstream of MAPK signaling*4¢. For instance,
phosphorylation by MAPK or MAPKAPK, such as RSK1 and MSK1, at S94, T139, T142, S146,
S191, S216 can activate ETV1 transcriptional activity*. Specifically, p38a has been found to
have kinase activity against ETV1 and strong specificity for additional ETS family transcription

factors such as ETV3 in in vitro kinase assay®.

Combining all data and literature findings, p38a. is a promising candidate to mediate vascular
permeability via inactivation of its MAPK signaling involving downstream target proteins such
as the transcription factor ETV1 following BIA treatment, and ultimately transcriptional
inactivation of junctional proteins, particularly VE-cadherin. Dysregulation in the
phosphorylation of VE-cadherin as a result of MAPK family kinase inactivation by BIA, might
also be involved in the observed vascular leakage. Further investigation is required to elucidate

the role of p38a.

4.4 Limitation of the study

Most of the data shown are preliminary and have not proved or disproved the hypothesis.
Experiments need to be repeated, especially target protein detection by Western blot and

immunofluorescence of in vivo treated animal samples, as well as siRNA/shRNA of ETV1.
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Knockout and overexpression experiments are necessary to evaluate the possible causal
relationship between candidate mediators (e.g. VE-cadherin, ETV1, p38a) and BIA-induced

endothelial permeability at the BTB.

A major limitation of the phospho-kinase array is that it only detects the phospho-proteins. If
BIA transcriptionally inhibit the target protein, instead of enzymatically inhibiting kinase activity
(either upstream or directly in the case of autoregulation), a reduction in phospho-protein level
would also be observed. Validation experiments to immunoblot total protein levels in
comparison with the phosphorylated protein levels, especially for the most significant proteins

(Yes, p38a, STAT2 and STATSa/STATS), are of priority.

hCMEC/D3 and HBMEC cells are models of the BBB, and not representative of the BTB.
Biomechanical properties of the blood vessels (e.g. fluid flow), cell-cell interactions (e.g. with
astrocytes and pericytes) and signaling molecules from GBM are absent in our in vitro model. In
vivo models should be considered whenever possible. \CMEC/D3 and HBMEC cells can also be

cultured with conditioned medium from GBM cells to simulate the BTB environment.

4.5 Future directions

In summary, BIA reduces endothelial permeability at the BTB likely by modulating kinases and

transcription factors that control VE-cadherin expression. To further test our hypothesis, barrier

formation of hCMEC/D3 cells with VE-cadherin overexpression, treated with BIA or vehicle

control, will be assessed using the ECIS assay. Immunofluorescence visualization of ETV1 and
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ERG on GBM xenograft murine tissues and additional siRNA/shRNA experiment of ETV1 and
ERG should be immediately pursued to elucidate their role in VE-cadherin regulation and
endothelial barrier function. Validation of select proteins from the phospho-kinase array such as
p38a by total protein detection (Western blot) will be performed to identify critical kinases
mediating the effects of BIA on endothelial cells. If funding permits, spatial transcriptomics or
RNA-sequencing of in vivo samples (tumor vs. brain, with or without BIA treatment), possibly in
combination with proteomics, would provide critical insights into the specific signaling
mediators of endothelial permeability (i.e. kinases, transcription factors and gene targets) at the
BTB vs. the BBB following BIA treatment. Ultimately, this research is expected to aid the
development of therapeutics that can modulate of BTB-specific endothelial permeability and

improve drug delivery in GBM.
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6. Appendix

Appendix 1 RNA sample quality

Concentration

Date of Exp |Sample (ng/ul) 260/280 260/230
7/9/22 hCMEC/D3 DMSO ctrl 145.7 1.7 1.95
7/9/22 hCMEC/D3 BIA 1uM 24HR 299.8 1.82 2.08
1/31/23 | hCMEC/D3 DMSO ctrl 1 255516 2.131 2.154
1/31/23 hCMEC/D3 DMSO ctrl 2 206.925 2.121 1.702
1/31/23 hCMEC/D3 DMSO ctrl 3 177.081 2.087 1.755
1/31/23 hCMEC/D3 BIA 1uM 12HR-2  [54.164 1.93 2.038
1/31/23 hCMEC/D3 BIA 1uM 24HR-2  [32.064 1.716 1.693
1/31/23 hCMEC/D3 BIA 1uM 24HR-3  [30.68 1.828 1.803
1/31/23 hCMEC/D3 BIA 1uM 48HR-1  [208.496 2.113 1.683
1/31/23 hCMEC/D3 BIA 1uM 48HR-2  [42.208 1.68 2.446
1/31/23 hCMEC/D3 BIA 1uM 48HR-3  |206.272 2.116 1.646
2/13/23 hCMEC/D3 DMSO ctrl 1 111.322 2.055 1.984
2/13/23 hCMEC/D3 DMSO ctrl 2 139.71 2.08 1.875
2/13/23 hCMEC/D3 DMSO ctrl 3 129.812 2.082 1.894
2/13/23 hCMEC/D3 BIA 1uM 3HR-1 135.454 2.088 1.849
2/13/23 hCMEC/D3 BIA 1pM 3HR-2 157.207 2.059 1.958
2/13/23 hCMEC/D3 BIA 1uM 3HR-3 163.492 2.063 1.975
2/13/23 hCMEC/D3 BIA 1pM 12HR-1  |224.992 2.094 1.634
2/13/23 hCMEC/D3 BIA 1uM 12HR-2 177.3 2.02 1.88
2/13/23 hCMEC/D3 BIA 1uM 12HR-3 137.6 2.03 1.93
2/13/23 hCMEC/D3 BIA 1uM 24HR-1 119.2 2.03 2.046
2/13/23 hCMEC/D3 BIA 1uM 24HR-2 189.523 2.109 1.532
2/13/23 hCMEC/D3 BIA 1uM 24HR-3  [237.081 2.112 1.583

Concentration

Date of Exp |[Sample (ng/ul) 260/280 260/230
6/22/22 HBMEC DMSO ctrl 203.4 1.89 1.58
6/22/22 HBMEC BIA 1uM 24HR 281.4 1.88 1.97
1/31/23 HBMEC DMSO ctrl 1 213.946 2.123 1.576
1/31/23 HBMEC DMSO ctrl 2 112.421 1.913 1.856
1/31/23 HBMEC DMSO ctrl 3 91.889 1.981 1.815
1/31/23 HBMEC BIA 1pM 3HR-1 71.112 1.734 1.202
1/31/23 HBMEC BIA 1uM 3HR-2 52.955 1.671 1.178
1/31/23 HBMEC BIA 1uM 3HR-3 94.696 1.698 1.355
1/31/23 HBMEC BIA 1uM 12HR-1 36.172 2.055 1.518
1/31/23 HBMEC BIA 1pM 12HR-2 42.061 2.034 1.592
1/31/23 HBMEC BIA 1uM 12HR-3 102.209 1.812 1.235
1/31/23 HBMEC BIA 1uM 24HR-1 53.504 1.868 1.55
1/31/23 HBMEC BIA 1uM 24HR-2 60.864 2.082 1.751
1/31/23 HBMEC BIA 1uM 24HR-3 86.62 2.105 2.092
1/31/23 HBMEC BIA 1pM 48HR-1 154.079 2.119 1.978
1/31/23 HBMEC BIA 1uM 48HR-2 173.782 2.125 1.886
1/31/23 HBMEC BIA 1uM 48HR-3 152.03 211 1.977
2/13/23 HBMEC DMSO ctrl 1 111.61 1.998 1.95
2/13/23 HBMEC DMSO ctrl 2 163.823 1.991 2.022
2/13/23 HBMEC DMSO ctrl 3 154.784 1.953 2.009
2/13/23 HBMEC BIA 1uM 3HR-1 104.676 1.884 2.032
2/13/23 HBMEC BIA 1pM 3HR-2 102.392 1.847 1.671
2/13/23 HBMEC BIA 1pM 3HR-3 83.807 1.937 1.922
2/13/23 HBMEC BIA 1uM 12HR-1 107.039 2.033 1.972
2/13/23 HBMEC BIA 1pM 12HR-2 100.717 2.002 1.958
2/13/23 HBMEC BIA 1uM 12HR-3 129.123 2.011 1.977
2/13/23 HBMEC BIA 1uM 24HR-1 108.483 1.976 2.005
2/13/23 HBMEC BIA 1uM 24HR-2 139.234 1.965 2.078
2/13/23 HBMEC BIA 1uM 24HR-3 140.201 2.006 2.049
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Appendix 2 Phospho-kinase array mapped to junctional complex, signaling pathways and

cancer KEGG pathways

Targets of significantly altered phosphorylation status in BIA treatment highlighted in yellow.

gene_symbol |gene_ID pathway_description pathway_ID pathway_group
AKT1 207|Tight junction hsa04530 junctional complex
AKT1 207|Focal adhesion hsa04510 junctional complex
AKT1 207|MAPK signaling pathway hsa04010 signaling pathways
AKT1 207|ErbB signaling pathway hsa04012 signaling pathways
AKT1 207|Ras signaling pathway hsa04014 signaling pathways
AKT1 207|Rapl signaling pathway hsa04015 signaling pathways
AKT1 207|cGMP-PKG signaling pathway hsa04022 signaling pathways
AKT1 207|cAMP signaling pathway hsa04024 signaling pathways
AKT1 207|Chemokine signaling pathway hsa04062 signaling pathways
AKT1 207 |HIF-1 signaling pathway hsa04066 signaling pathways
AKT1 207|FoxO signaling pathway hsa04068 signaling pathways
AKT1 207 |Sphingolipid signaling pathway hsa04071 signaling pathways
AKT1 207 |Phospholipase D signaling pathway hsa04072 signaling pathways
AKT1 207|mTOR signaling pathway hsa04150 signaling pathways
AKT1 207|PI3K-Akt signaling pathway hsa04151 signaling pathways
AKT1 207 |AMPK signaling pathway hsa04152 signaling pathways
AKT1 207|VEGF signaling pathway hsa04370 signaling pathways
AKT1 207 |Apelin signaling pathway hsa04371 signaling pathways
AKT1 207|Toll-like receptor signaling pathway hsa04620 signaling pathways
AKT1 207 |C-type lectin receptor signaling pathway [hsa04625 signaling pathways
AKT1 207|JAK-STAT signaling pathway hsa04630 signaling pathways
AKT1 207|T cell receptor signaling pathway hsa04660 signaling pathways
AKT1 207|B cell receptor signaling pathway hsa04662 signaling pathways
AKT1 207|Fc epsilon Rl signaling pathway hsa04664 signaling pathways
AKT1 207 |TNF signaling pathway hsa04668 signaling pathways
AKT1 207|Neurotrophin signaling pathway hsa04722 signaling pathways
AKT1 207|Insulin signaling pathway hsa04910 signaling pathways
AKT1 207 |Estrogen signaling pathway hsa04915 signaling pathways
AKT1 207|Prolactin signaling pathway hsa04917 signaling pathways
AKT1 207|Thyroid hormone signaling pathway hsa04919 signaling pathways
AKT1 207 | Adipocytokine signaling pathway hsa04920 signaling pathways
AKT1 207|Glucagon signaling pathway hsa04922 signaling pathways
AKT1 207 |Relaxin signaling pathway hsa04926 signaling pathways
AKT1 207|AGE-RAGE signaling pathway in diabetic dhsa04933 signaling pathways
AKT1 207 |Pathways in cancer hsa05200 cancer

AKT1 207|Proteoglycans in cancer hsa05205 cancer

AKT1 207|Colorectal cancer hsa05210 cancer

AKT1 207|Pancreatic cancer hsa05212 cancer

AKT1 207|Endometrial cancer hsa05213 cancer

AKT1 207 |Prostate cancer hsa05215 cancer

AKT1 207|Small cell lung cancer hsa05222 cancer

AKT1 207|Non-small cell lung cancer hsa05223 cancer

AKT1 207|Breast cancer hsa05224 cancer

AKT1 207|Gastric cancer hsa05226 cancer

AKT1 207|Central carbon metabolism in cancer hsa05230 cancer

AKT1 207|Choline metabolism in cancer hsa05231 cancer

AKT1 207|PD-L1 expression and PD-1 checkpoint patlhsa05235 cancer
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AKT1S1 84335|mTOR signaling pathway hsa04150 signaling pathways
AKT1S1 84335|AMPK signaling pathway hsa04152 signaling pathways
AKT2 208|Tight junction hsa04530 junctional complex
AKT2 208|Focal adhesion hsa04510 junctional complex
AKT2 208| MAPK signaling pathway hsa04010 signaling pathways
AKT2 208|ErbB signaling pathway hsa04012 signaling pathways
AKT2 208|Ras signaling pathway hsa04014 signaling pathways
AKT2 208|Rapl signaling pathway hsa04015 signaling pathways
AKT2 208|cGMP-PKG signaling pathway hsa04022 signaling pathways
AKT2 208|cAMP signaling pathway hsa04024 signaling pathways
AKT2 208|Chemokine signaling pathway hsa04062 signaling pathways
AKT2 208|HIF-1 signaling pathway hsa04066 signaling pathways
AKT2 208|FoxO signaling pathway hsa04068 signaling pathways
AKT2 208|Sphingolipid signaling pathway hsa04071 signaling pathways
AKT2 208|Phospholipase D signaling pathway hsa04072 signaling pathways
AKT2 208|mTOR signaling pathway hsa04150 signaling pathways
AKT2 208|PI3K-Akt signaling pathway hsa04151 signaling pathways
AKT2 208|AMPK signaling pathway hsa04152 signaling pathways
AKT2 208|VEGF signaling pathway hsa04370 signaling pathways
AKT2 208|Apelin signaling pathway hsa04371 signaling pathways
AKT2 208|Toll-like receptor signaling pathway hsa04620 signaling pathways
AKT2 208|C-type lectin receptor signaling pathway |hsa04625 signaling pathways
AKT2 208 |JAK-STAT signaling pathway hsa04630 signaling pathways
AKT2 208|T cell receptor signaling pathway hsa04660 signaling pathways
AKT2 208|B cell receptor signaling pathway hsa04662 signaling pathways
AKT2 208|Fc epsilon Rl signaling pathway hsa04664 signaling pathways
AKT2 208|TNF signaling pathway hsa04668 signaling pathways
AKT2 208|Neurotrophin signaling pathway hsa04722 signaling pathways
AKT2 208|Insulin signaling pathway hsa04910 signaling pathways
AKT2 208|Estrogen signaling pathway hsa04915 signaling pathways
AKT2 208|Prolactin signaling pathway hsa04917 signaling pathways
AKT2 208| Thyroid hormone signaling pathway hsa04919 signaling pathways
AKT2 208 | Adipocytokine signaling pathway hsa04920 signaling pathways
AKT2 208|Glucagon signaling pathway hsa04922 signaling pathways
AKT2 208|Relaxin signaling pathway hsa04926 signaling pathways
AKT2 208|AGE-RAGE signaling pathway in diabetic dhsa04933 signaling pathways
AKT2 208|Pathways in cancer hsa05200 cancer

AKT2 208|Proteoglycans in cancer hsa05205 cancer

AKT2 208|Colorectal cancer hsa05210 cancer

AKT2 208|Pancreatic cancer hsa05212 cancer

AKT2 208|Endometrial cancer hsa05213 cancer

AKT2 208|Prostate cancer hsa05215 cancer

AKT2 208|Small cell lung cancer hsa05222 cancer

AKT2 208|Non-small cell lung cancer hsa05223 cancer

AKT2 208|Breast cancer hsa05224 cancer

AKT2 208|Gastric cancer hsa05226 cancer

AKT2 208 | Central carbon metabolism in cancer hsa05230 cancer

AKT2 208|Choline metabolism in cancer hsa05231 cancer
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AKT2 208|PD-L1 expression and PD-1 checkpoint patfhsa05235 cancer

AKT3 10000(Tight junction hsa04530 junctional complex
AKT3 10000(Tight junction hsa04530 junctional complex
AKT3 10000(Focal adhesion hsa04510 junctional complex
AKT3 10000 (Focal adhesion hsa04510 junctional complex
AKT3 10000 MAPK signaling pathway hsa04010 signaling pathways
AKT3 10000(ErbB signaling pathway hsa04012 signaling pathways
AKT3 10000(Ras signaling pathway hsa04014 signaling pathways
AKT3 10000{Rap1 signaling pathway hsa04015 signaling pathways
AKT3 10000 |cGMP-PKG signaling pathway hsa04022 signaling pathways
AKT3 10000|cAMP signaling pathway hsa04024 signaling pathways
AKT3 10000 Chemokine signaling pathway hsa04062 signaling pathways
AKT3 10000(HIF-1 signaling pathway hsa04066 signaling pathways
AKT3 10000 FoxO signaling pathway hsa04068 signaling pathways
AKT3 10000 |Sphingolipid signaling pathway hsa04071 signaling pathways
AKT3 10000 |Phospholipase D signaling pathway hsa04072 signaling pathways
AKT3 10000{mTOR signaling pathway hsa04150 signaling pathways
AKT3 10000 (PI3K-Akt signaling pathway hsa04151 signaling pathways
AKT3 10000{AMPK signaling pathway hsa04152 signaling pathways
AKT3 10000 VEGF signaling pathway hsa04370 signaling pathways
AKT3 10000 Apelin signaling pathway hsa04371 signaling pathways
AKT3 10000(Toll-like receptor signaling pathway hsa04620 signaling pathways
AKT3 10000 | C-type lectin receptor signaling pathway [hsa04625 signaling pathways
AKT3 10000 [JAK-STAT signaling pathway hsa04630 signaling pathways
AKT3 10000(T cell receptor signaling pathway hsa04660 signaling pathways
AKT3 10000(B cell receptor signaling pathway hsa04662 signaling pathways
AKT3 10000(Fc epsilon Rl signaling pathway hsa04664 signaling pathways
AKT3 10000(TNF signaling pathway hsa04668 signaling pathways
AKT3 10000 [ Neurotrophin signaling pathway hsa04722 signaling pathways
AKT3 10000(Insulin signaling pathway hsa04910 signaling pathways
AKT3 10000 |Estrogen signaling pathway hsa04915 signaling pathways
AKT3 10000(Prolactin signaling pathway hsa04917 signaling pathways
AKT3 10000 Thyroid hormone signaling pathway hsa04919 signaling pathways
AKT3 10000 |Adipocytokine signaling pathway hsa04920 signaling pathways
AKT3 10000 Glucagon signaling pathway hsa04922 signaling pathways
AKT3 10000(Relaxin signaling pathway hsa04926 signaling pathways
AKT3 10000(AGE-RAGE signaling pathway in diabetic dhsa04933 signaling pathways
AKT3 10000 [Pathways in cancer hsa05200 cancer

AKT3 10000 Proteoglycans in cancer hsa05205 cancer

AKT3 10000(Colorectal cancer hsa05210 cancer

AKT3 10000(Pancreatic cancer hsa05212 cancer

AKT3 10000{Endometrial cancer hsa05213 cancer

AKT3 10000|Prostate cancer hsa05215 cancer

AKT3 10000(Small cell lung cancer hsa05222 cancer

AKT3 10000{Non-small cell lung cancer hsa05223 cancer

AKT3 10000(Breast cancer hsa05224 cancer

AKT3 10000 Gastric cancer hsa05226 cancer

AKT3 10000 | Central carbon metabolism in cancer hsa05230 cancer
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AKT3 10000 ( Choline metabolism in cancer hsa05231 cancer
AKT3 10000|PD-L1 expression and PD-1 checkpoint patlhsa05235 cancer
CHEK2 11200(p53 signaling pathway hsa04115 signaling pathways
CREB1 1385|cGMP-PKG signaling pathway hsa04022 signaling pathways
CREB1 1385|cAMP signaling pathway hsa04024 signaling pathways
CREB1 1385|PI3K-Akt signaling pathway hsa04151 signaling pathways
CREB1 1385|AMPK signaling pathway hsa04152 signaling pathways
CREB1 1385|TNF signaling pathway hsa04668 signaling pathways
CREB1 1385 |Estrogen signaling pathway hsa04915 signaling pathways
CREB1 1385|Glucagon signaling pathway hsa04922 signaling pathways
CREB1 1385|Relaxin signaling pathway hsa04926 signaling pathways
CREB1 1385|Prostate cancer hsa05215 cancer
EGFR 1956|Adherens junction hsa04520 junctional complex
EGFR 1956|Gap junction hsa04540 junctional complex
EGFR 1956|Focal adhesion hsa04510 junctional complex
EGFR 1956 | MAPK signaling pathway hsa04010 signaling pathways
EGFR 1956|ErbB signaling pathway hsa04012 signaling pathways
EGFR 1956|Ras signaling pathway hsa04014 signaling pathways
EGFR 1956|Rapl signaling pathway hsa04015 signaling pathways
EGFR 1956|Calcium signaling pathway hsa04020 signaling pathways
EGFR 1956|HIF-1 signaling pathway hsa04066 signaling pathways
EGFR 1956|FoxO signaling pathway hsa04068 signaling pathways
EGFR 1956 |Phospholipase D signaling pathway hsa04072 signaling pathways
EGFR 1956 | PI3K-Akt signaling pathway hsa04151 signaling pathways
EGFR 1956 |JAK-STAT signaling pathway hsa04630 signaling pathways
EGFR 1956|GnRH signaling pathway hsa04912 signaling pathways
EGFR 1956 |Estrogen signaling pathway hsa04915 signaling pathways
EGFR 1956|Oxytocin signaling pathway hsa04921 signaling pathways
EGFR 1956 |Relaxin signaling pathway hsa04926 signaling pathways
EGFR 1956|Pathways in cancer hsa05200 cancer
EGFR 1956 | Proteoglycans in cancer hsa05205 cancer
EGFR 1956|MicroRNAs in cancer hsa05206 cancer
EGFR 1956|Colorectal cancer hsa05210 cancer
EGFR 1956|Pancreatic cancer hsa05212 cancer
EGFR 1956|Endometrial cancer hsa05213 cancer
EGFR 1956|Prostate cancer hsa05215 cancer
EGFR 1956|Bladder cancer hsa05219 cancer
EGFR 1956 |Non-small cell lung cancer hsa05223 cancer
EGFR 1956|Breast cancer hsa05224 cancer
EGFR 1956|Gastric cancer hsa05226 cancer
EGFR 1956 Central carbon metabolism in cancer hsa05230 cancer
EGFR 1956|Choline metabolism in cancer hsa05231 cancer
EGFR 1956|PD-L1 expression and PD-1 checkpoint patlhsa05235 cancer
FGR 2268|Chemokine signaling pathway hsa04062 signaling pathways
GSK3A 2931 [Chemokine signaling pathway hsa04062 signaling pathways
GSK3B 2932|Focal adhesion hsa04510 junctional complex
GSK3B 2932(ErbB signaling pathway hsa04012 signaling pathways
GSK3B 2932 |Chemokine signaling pathway hsa04062 signaling pathways
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GSK3B 2932|mTOR signaling pathway hsa04150 signaling pathways
GSK3B 2932 [PI3K-Akt signaling pathway hsa04151 signaling pathways
GSK3B 2932|Wnt signaling pathway hsa04310 signaling pathways
GSK3B 2932 [Hedgehog signaling pathway hsa04340 signaling pathways
GSK3B 2932 |Hippo signaling pathway hsa04390 signaling pathways
GSK3B 2932(1L-17 signaling pathway hsa04657 signaling pathways
GSK3B 2932|T cell receptor signaling pathway hsa04660 signaling pathways
GSK3B 2932(B cell receptor signaling pathway hsa04662 signaling pathways
GSK3B 2932 [Neurotrophin signaling pathway hsa04722 signaling pathways
GSK3B 2932|Insulin signaling pathway hsa04910 signaling pathways
GSK3B 2932(Prolactin signaling pathway hsa04917 signaling pathways
GSK3B 2932|Thyroid hormone signaling pathway hsa04919 signaling pathways
GSK3B 2932|Pathways in cancer hsa05200 cancer

GSK3B 2932|Colorectal cancer hsa05210 cancer

GSK3B 2932|Endometrial cancer hsa05213 cancer

GSK3B 2932|Prostate cancer hsa05215 cancer

GSK3B 2932|Breast cancer hsa05224 cancer

GSK3B 2932|Gastric cancer hsa05226 cancer

HSPB1 3315[MAPK signaling pathway hsa04010 signaling pathways
HSPB1 3315|VEGF signaling pathway hsa04370 signaling pathways
JUN 3725(|Focal adhesion hsa04510 junctional complex
JUN 3725[MAPK signaling pathway hsa04010 signaling pathways
JUN 3725|ErbB signaling pathway hsa04012 signaling pathways
JUN 3725[cAMP signaling pathway hsa04024 signaling pathways
JUN 3725|Wnt signaling pathway hsa04310 signaling pathways
JUN 3725|Toll-like receptor signaling pathway hsa04620 signaling pathways
JUN 3725|NOD-like receptor signaling pathway hsa04621 signaling pathways
JUN 3725|C-type lectin receptor signaling pathway [hsa04625 signaling pathways
JUN 3725]|IL-17 signaling pathway hsa04657 signaling pathways
JUN 3725(T cell receptor signaling pathway hsa04660 signaling pathways
JUN 3725|B cell receptor signaling pathway hsa04662 signaling pathways
JUN 3725[TNF signaling pathway hsa04668 signaling pathways
JUN 3725|Neurotrophin signaling pathway hsa04722 signaling pathways
JUN 3725[GnRH signaling pathway hsa04912 signaling pathways
JUN 3725(Estrogen signaling pathway hsa04915 signaling pathways
JUN 3725|Oxytocin signaling pathway hsa04921 signaling pathways
JUN 3725([Relaxin signaling pathway hsa04926 signaling pathways
JUN 3725|AGE-RAGE signaling pathway in diabetic d hsa04933 signaling pathways
JUN 3725|Pathways in cancer hsa05200 cancer

JUN 3725(Colorectal cancer hsa05210 cancer

JUN 3725|Breast cancer hsa05224 cancer

JUN 3725(Choline metabolism in cancer hsa05231 cancer

JUN 3725[PD-L1 expression and PD-1 checkpoint patifhsa05235 cancer

LCK 3932 |NF-kappa B signaling pathway hsa04064 signaling pathways
LCK 3932(T cell receptor signaling pathway hsa04660 signaling pathways
LCK 3932|PD-L1 expression and PD-1 checkpoint patfhsa05235 cancer

LYN 4067|Chemokine signaling pathway hsa04062 signaling pathways
LYN 4067 [NF-kappa B signaling pathway hsa04064 signaling pathways
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LYN 4067 B cell receptor signaling pathway hsa04662 signaling pathways
LYN 4067 |Fc epsilon RI signaling pathway hsa04664 signaling pathways
MAPK1 5594 |Adherens junction hsa04520 junctional complex
MAPK1 5594 [Gap junction hsa04540 junctional complex
MAPK1 5594 |Focal adhesion hsa04510 junctional complex
MAPK1 5594 [MAPK signaling pathway hsa04010 signaling pathways
MAPK1 5594|ErbB signaling pathway hsa04012 signaling pathways
MAPK1 5594 [Ras signaling pathway hsa04014 signaling pathways
MAPK1 5594 (Rap1 signaling pathway hsa04015 signaling pathways
MAPK1 5594|cGMP-PKG signaling pathway hsa04022 signaling pathways
MAPK1 5594 [cAMP signaling pathway hsa04024 signaling pathways
MAPK1 5594 |Chemokine signaling pathway hsa04062 signaling pathways
MAPK1 5594 [HIF-1 signaling pathway hsa04066 signaling pathways
MAPK1 5594|FoxO signaling pathway hsa04068 signaling pathways
MAPK1 5594 [Sphingolipid signaling pathway hsa04071 signaling pathways
MAPK1 5594 | Phospholipase D signaling pathway hsa04072 signaling pathways
MAPK1 5594[mTOR signaling pathway hsa04150 signaling pathways
MAPK1 5594 |PI3K-Akt signaling pathway hsa04151 signaling pathways
MAPK1 5594 TGF-beta signaling pathway hsa04350 signaling pathways
MAPK1 5594 |VEGF signaling pathway hsa04370 signaling pathways
MAPK1 5594 [Apelin signaling pathway hsa04371 signaling pathways
MAPK1 5594 |Toll-like receptor signaling pathway hsa04620 signaling pathways
MAPK1 5594|NOD-like receptor signaling pathway hsa04621 signaling pathways
MAPK1 5594 |C-type lectin receptor signaling pathway |[hsa04625 signaling pathways
MAPK1 5594|IL-17 signaling pathway hsa04657 signaling pathways
MAPK1 5594|T cell receptor signaling pathway hsa04660 signaling pathways
MAPK1 5594|B cell receptor signaling pathway hsa04662 signaling pathways
MAPK1 5594 |Fc epsilon Rl signaling pathway hsa04664 signaling pathways
MAPK1 5594 | TNF signaling pathway hsa04668 signaling pathways
MAPK1 5594 Neurotrophin signaling pathway hsa04722 signaling pathways
MAPK1 5594 |Insulin signaling pathway hsa04910 signaling pathways
MAPK1 5594 GnRH signaling pathway hsa04912 signaling pathways
MAPK1 5594 |Estrogen signaling pathway hsa04915 signaling pathways
MAPK1 5594 [Prolactin signaling pathway hsa04917 signaling pathways
MAPK1 5594 [Thyroid hormone signaling pathway hsa04919 signaling pathways
MAPK1 5594 [Oxytocin signaling pathway hsa04921 signaling pathways
MAPK1 5594 [Relaxin signaling pathway hsa04926 signaling pathways
MAPK1 5594 | AGE-RAGE signaling pathway in diabetic d hsa04933 signaling pathways
MAPK1 5594 |Pathways in cancer hsa05200 cancer

MAPK1 5594 | Proteoglycans in cancer hsa05205 cancer

MAPK1 5594 MicroRNAs in cancer hsa05206 cancer

MAPK1 5594 Colorectal cancer hsa05210 cancer

MAPK1 5594 [Pancreatic cancer hsa05212 cancer

MAPK1 5594 [Endometrial cancer hsa05213 cancer

MAPK1 5594 |Prostate cancer hsa05215 cancer

MAPK1 5594 |Thyroid cancer hsa05216 cancer

MAPK1 5594 |Bladder cancer hsa05219 cancer

MAPK1 5594|Non-small cell lung cancer hsa05223 cancer
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MAPK1 5594 |Breast cancer hsa05224 cancer

MAPK1 5594 |Gastric cancer hsa05226 cancer

MAPK1 5594 [Central carbon metabolism in cancer hsa05230 cancer

MAPK1 5594 |Choline metabolism in cancer hsa05231 cancer

MAPK1 5594|PD-L1 expression and PD-1 checkpoint patfhsa05235 cancer

MAPK10 5602 [Focal adhesion hsa04510 junctional complex
MAPK10 5602 | MAPK signaling pathway hsa04010 signaling pathways
MAPK10 5602 [ErbB signaling pathway hsa04012 signaling pathways
MAPK10 5602 [Ras signaling pathway hsa04014 signaling pathways
MAPK10 5602 |cAMP signaling pathway hsa04024 signaling pathways
MAPK10 5602 [FoxO signaling pathway hsa04068 signaling pathways
MAPK10 5602 |Sphingolipid signaling pathway hsa04071 signaling pathways
MAPK10 5602 [Wnt signaling pathway hsa04310 signaling pathways
MAPK10 5602|Toll-like receptor signaling pathway hsa04620 signaling pathways
MAPK10 5602 [NOD-like receptor signaling pathway hsa04621 signaling pathways
MAPK10 5602 | RIG-I-like receptor signaling pathway hsa04622 signaling pathways
MAPK10 5602 [C-type lectin receptor signaling pathway [hsa04625 signaling pathways
MAPK10 5602|IL-17 signaling pathway hsa04657 signaling pathways
MAPK10 5602 (T cell receptor signaling pathway hsa04660 signaling pathways
MAPK10 5602 |Fc epsilon RI signaling pathway hsa04664 signaling pathways
MAPK10 5602 [TNF signaling pathway hsa04668 signaling pathways
MAPK10 5602 [Neurotrophin signaling pathway hsa04722 signaling pathways
MAPK10 5602 |Insulin signaling pathway hsa04910 signaling pathways
MAPK10 5602 [GnRH signaling pathway hsa04912 signaling pathways
MAPK10 5602 |Prolactin signaling pathway hsa04917 signaling pathways
MAPK10 5602 [Adipocytokine signaling pathway hsa04920 signaling pathways
MAPK10 5602|Relaxin signaling pathway hsa04926 signaling pathways
MAPK10 5602 [AGE-RAGE signaling pathway in diabetic dhsa04933 signaling pathways
MAPK10 5602 | Pathways in cancer hsa05200 cancer

MAPK10 5602 |Colorectal cancer hsa05210 cancer

MAPK10 5602 | Pancreatic cancer hsa05212 cancer

MAPK10 5602 |Choline metabolism in cancer hsa05231 cancer

MAPK14 1432 |MAPK signaling pathway hsa04010 signaling pathways
MAPK14 1432|Rapl signaling pathway hsa04015 signaling pathways
MAPK14 1432|Fox0 signaling pathway hsa04068 signaling pathways
MAPK14 1432|Sphingolipid signaling pathway hsa04071 signaling pathways
MAPK14 1432|VEGF signaling pathway hsa04370 signaling pathways
MAPK14 1432 |Toll-like receptor signaling pathway hsa04620 signaling pathways
MAPK14 1432 |NOD-like receptor signaling pathway hsa04621 signaling pathways
MAPK14 1432 |RIG-I-like receptor signaling pathway hsa04622 signaling pathways
MAPK14 1432 |C-type lectin receptor signaling pathway |hsa04625 signaling pathways
MAPK14 1432]IL-17 signaling pathway hsa04657 signaling pathways
MAPK14 1432|T cell receptor signaling pathway hsa04660 signaling pathways
MAPK14 1432|Fc epsilon Rl signaling pathway hsa04664 signaling pathways
MAPK14 1432|TNF signaling pathway hsa04668 signaling pathways
MAPK14 1432 |Neurotrophin signaling pathway hsa04722 signaling pathways
MAPK14 1432|GnRH signaling pathway hsa04912 signaling pathways
MAPK14 1432|Prolactin signaling pathway hsa04917 signaling pathways
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MAPK14 1432 |Relaxin signaling pathway hsa04926 signaling pathways
MAPK14 1432 | AGE-RAGE signaling pathway in diabetic dhsa04933 signaling pathways
MAPK14 1432 |Proteoglycans in cancer hsa05205 cancer

MAPK14 1432|PD-L1 expression and PD-1 checkpoint patifhsa05235 cancer

MAPK3 5595|Adherens junction hsa04520 junctional complex
MAPK3 5595 [Gap junction hsa04540 junctional complex
MAPK3 5595|Focal adhesion hsa04510 junctional complex
MAPK3 5595 [MAPK signaling pathway hsa04010 signaling pathways
MAPK3 5595 [ErbB signaling pathway hsa04012 signaling pathways
MAPK3 5595|Ras signaling pathway hsa04014 signaling pathways
MAPK3 5595 [Rap1 signaling pathway hsa04015 signaling pathways
MAPK3 5595|cGMP-PKG signaling pathway hsa04022 signaling pathways
MAPK3 5595 [cAMP signaling pathway hsa04024 signaling pathways
MAPK3 5595|Chemokine signaling pathway hsa04062 signaling pathways
MAPK3 5595 [HIF-1 signaling pathway hsa04066 signaling pathways
MAPK3 5595|FoxO signaling pathway hsa04068 signaling pathways
MAPK3 5595 [Sphingolipid signaling pathway hsa04071 signaling pathways
MAPK3 5595| Phospholipase D signaling pathway hsa04072 signaling pathways
MAPK3 5595[mTOR signaling pathway hsa04150 signaling pathways
MAPK3 5595| PI3K-Akt signaling pathway hsa04151 signaling pathways
MAPK3 5595 [TGF-beta signaling pathway hsa04350 signaling pathways
MAPK3 5595 [VEGF signaling pathway hsa04370 signaling pathways
MAPK3 5595|Apelin signaling pathway hsa04371 signaling pathways
MAPK3 5595|Toll-like receptor signaling pathway hsa04620 signaling pathways
MAPK3 5595|NOD-like receptor signaling pathway hsa04621 signaling pathways
MAPK3 5595|C-type lectin receptor signaling pathway [hsa04625 signaling pathways
MAPK3 5595|IL-17 signaling pathway hsa04657 signaling pathways
MAPK3 5595(T cell receptor signaling pathway hsa04660 signaling pathways
MAPK3 5595|B cell receptor signaling pathway hsa04662 signaling pathways
MAPK3 5595 [Fc epsilon Rl signaling pathway hsa04664 signaling pathways
MAPK3 5595|TNF signaling pathway hsa04668 signaling pathways
MAPK3 5595 [Neurotrophin signaling pathway hsa04722 signaling pathways
MAPK3 5595|Insulin signaling pathway hsa04910 signaling pathways
MAPK3 5595 [GnRH signaling pathway hsa04912 signaling pathways
MAPK3 5595 [Estrogen signaling pathway hsa04915 signaling pathways
MAPK3 5595 [Prolactin signaling pathway hsa04917 signaling pathways
MAPK3 5595| Thyroid hormone signaling pathway hsa04919 signaling pathways
MAPK3 5595|Oxytocin signaling pathway hsa04921 signaling pathways
MAPK3 5595 [Relaxin signaling pathway hsa04926 signaling pathways
MAPK3 5595|AGE-RAGE signaling pathway in diabetic d hsa04933 signaling pathways
MAPK3 5595|Pathways in cancer hsa05200 cancer

MAPK3 5595 | Proteoglycans in cancer hsa05205 cancer

MAPK3 5595 [MicroRNAs in cancer hsa05206 cancer

MAPK3 5595 [Colorectal cancer hsa05210 cancer

MAPK3 5595[Pancreatic cancer hsa05212 cancer

MAPK3 5595 [Endometrial cancer hsa05213 cancer

MAPK3 5595|Prostate cancer hsa05215 cancer

MAPK3 5595|Thyroid cancer hsa05216 cancer
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MAPK3 5595 [Bladder cancer hsa05219 cancer

MAPK3 5595 [Non-small cell lung cancer hsa05223 cancer

MAPK3 5595|Breast cancer hsa05224 cancer

MAPK3 5595 Gastric cancer hsa05226 cancer

MAPK3 5595 [Central carbon metabolism in cancer hsa05230 cancer

MAPK3 5595 | Choline metabolism in cancer hsa05231 cancer

MAPK3 5595|PD-L1 expression and PD-1 checkpoint patlfhsa05235 cancer

MAPK8 5599 Focal adhesion hsa04510 junctional complex
MAPK8 5599 MAPK signaling pathway hsa04010 signaling pathways
MAPK8 5599|ErbB signaling pathway hsa04012 signaling pathways
MAPK8 5599 [Ras signaling pathway hsa04014 signaling pathways
MAPK8 5599|cAMP signaling pathway hsa04024 signaling pathways
MAPK8 5599|FoxO signaling pathway hsa04068 signaling pathways
MAPK8 5599|Sphingolipid signaling pathway hsa04071 signaling pathways
MAPK8 5599 Wnt signaling pathway hsa04310 signaling pathways
MAPK8 5599|Toll-like receptor signaling pathway hsa04620 signaling pathways
MAPK8 5599 NOD-like receptor signaling pathway hsa04621 signaling pathways
MAPK8 5599|RIG-I-like receptor signaling pathway hsa04622 signaling pathways
MAPK8 5599 C-type lectin receptor signaling pathway [hsa04625 signaling pathways
MAPK8 5599]IL-17 signaling pathway hsa04657 signaling pathways
MAPK8 5599(T cell receptor signaling pathway hsa04660 signaling pathways
MAPK8 5599|Fc epsilon RI signaling pathway hsa04664 signaling pathways
MAPK8 5599|TNF signaling pathway hsa04668 signaling pathways
MAPK8 5599|Neurotrophin signaling pathway hsa04722 signaling pathways
MAPK8 5599]Insulin signaling pathway hsa04910 signaling pathways
MAPK8 5599|GnRH signaling pathway hsa04912 signaling pathways
MAPK8 5599| Prolactin signaling pathway hsa04917 signaling pathways
MAPK8 5599 [Adipocytokine signaling pathway hsa04920 signaling pathways
MAPK8 5599|Relaxin signaling pathway hsa04926 signaling pathways
MAPK8 5599 AGE-RAGE signaling pathway in diabetic dhsa04933 signaling pathways
MAPK8 5599|Pathways in cancer hsa05200 cancer

MAPK8 5599]Colorectal cancer hsa05210 cancer

MAPK8 5599|Pancreatic cancer hsa05212 cancer

MAPK8 5599 Choline metabolism in cancer hsa05231 cancer

MAPK9 5601|Focal adhesion hsa04510 junctional complex
MAPK9 5601| MAPK signaling pathway hsa04010 signaling pathways
MAPK9 5601 [ErbB signaling pathway hsa04012 signaling pathways
MAPK9 5601|Ras signaling pathway hsa04014 signaling pathways
MAPK9 5601 [cAMP signaling pathway hsa04024 signaling pathways
MAPK9 5601|FoxO signaling pathway hsa04068 signaling pathways
MAPK9 5601|Sphingolipid signaling pathway hsa04071 signaling pathways
MAPK9 5601|Wnt signaling pathway hsa04310 signaling pathways
MAPK9 5601 [Toll-like receptor signaling pathway hsa04620 signaling pathways
MAPK9 5601|NOD-like receptor signaling pathway hsa04621 signaling pathways
MAPK9 5601 [RIG-I-like receptor signaling pathway hsa04622 signaling pathways
MAPK9 5601|C-type lectin receptor signaling pathway |[hsa04625 signaling pathways
MAPK9 5601(IL-17 signaling pathway hsa04657 signaling pathways
MAPK9 5601|T cell receptor signaling pathway hsa04660 signaling pathways
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MAPK9 5601|Fc epsilon RI signaling pathway hsa04664 signaling pathways
MAPK9 5601|TNF signaling pathway hsa04668 signaling pathways
MAPK9 5601 |Neurotrophin signaling pathway hsa04722 signaling pathways
MAPK9 5601 [Insulin signaling pathway hsa04910 signaling pathways
MAPK9 5601|GnRH signaling pathway hsa04912 signaling pathways
MAPK9 5601 [Prolactin signaling pathway hsa04917 signaling pathways
MAPK9 5601|Adipocytokine signaling pathway hsa04920 signaling pathways
MAPK9 5601 [Relaxin signaling pathway hsa04926 signaling pathways
MAPK9 5601|AGE-RAGE signaling pathway in diabetic d hsa04933 signaling pathways
MAPK9 5601|Pathways in cancer hsa05200 cancer

MAPK9 5601 |Colorectal cancer hsa05210 cancer

MAPK9 5601|Pancreatic cancer hsa05212 cancer

MAPK9 5601 |Choline metabolism in cancer hsa05231 cancer

NOS3 4846 | Calcium signaling pathway hsa04020 signaling pathways
NOS3 4846|cGMP-PKG signaling pathway hsa04022 signaling pathways
NOS3 4846 [HIF-1 signaling pathway hsa04066 signaling pathways
NOS3 4846|Sphingolipid signaling pathway hsa04071 signaling pathways
NOS3 4846 [PI3K-Akt signaling pathway hsa04151 signaling pathways
NOS3 4846 |VEGF signaling pathway hsa04370 signaling pathways
NOS3 4846 Apelin signaling pathway hsa04371 signaling pathways
NOS3 4846 |Estrogen signaling pathway hsa04915 signaling pathways
NOS3 4846|Oxytocin signaling pathway hsa04921 signaling pathways
NOS3 4846 Relaxin signaling pathway hsa04926 signaling pathways
NOS3 4846 | AGE-RAGE signaling pathway in diabetic dhsa04933 signaling pathways
PDGFRB 5159|Gap junction hsa04540 junctional complex
PDGFRB 5159|Focal adhesion hsa04510 junctional complex
PDGFRB 5159| MAPK signaling pathway hsa04010 signaling pathways
PDGFRB 5159(Ras signaling pathway hsa04014 signaling pathways
PDGFRB 5159|Rap1l signaling pathway hsa04015 signaling pathways
PDGFRB 5159(Calcium signaling pathway hsa04020 signaling pathways
PDGFRB 5159|Phospholipase D signaling pathway hsa04072 signaling pathways
PDGFRB 5159PI3K-Akt signaling pathway hsa04151 signaling pathways
PDGFRB 5159|JAK-STAT signaling pathway hsa04630 signaling pathways
PDGFRB 5159 [Pathways in cancer hsa05200 cancer

PDGFRB 5159|MicroRNAs in cancer hsa05206 cancer

PDGFRB 5159|Prostate cancer hsa05215 cancer

PDGFRB 5159(Central carbon metabolism in cancer hsa05230 cancer

PDGFRB 5159 Choline metabolism in cancer hsa05231 cancer

PLCG1 5335(ErbB signaling pathway hsa04012 signaling pathways
PLCG1 5335|Ras signaling pathway hsa04014 signaling pathways
PLCG1 5335|Rap1l signaling pathway hsa04015 signaling pathways
PLCG1 5335|Calcium signaling pathway hsa04020 signaling pathways
PLCG1 5335[Chemokine signaling pathway hsa04062 signaling pathways
PLCG1 5335|NF-kappa B signaling pathway hsa04064 signaling pathways
PLCG1 5335[HIF-1 signaling pathway hsa04066 signaling pathways
PLCG1 5335|Phospholipase D signaling pathway hsa04072 signaling pathways
PLCG1 5335|VEGF signaling pathway hsa04370 signaling pathways
PLCG1 5335|T cell receptor signaling pathway hsa04660 signaling pathways
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PLCG1 5335|Fc epsilon RI signaling pathway hsa04664 signaling pathways
PLCG1 5335 [Neurotrophin signaling pathway hsa04722 signaling pathways
PLCG1 5335| Thyroid hormone signaling pathway hsa04919 signaling pathways
PLCG1 5335[AGE-RAGE signaling pathway in diabetic dhsa04933 signaling pathways
PLCG1 5335|Pathways in cancer hsa05200 cancer
PLCG1 5335[Proteoglycans in cancer hsa05205 cancer
PLCG1 5335|MicroRNAs in cancer hsa05206 cancer
PLCG1 5335[Non-small cell lung cancer hsa05223 cancer
PLCG1 5335 Choline metabolism in cancer hsa05231 cancer
PLCG1 5335|PD-L1 expression and PD-1 checkpoint patfhsa05235 cancer
PTK2B 2185 Calcium signaling pathway hsa04020 signaling pathways
PTK2B 2185|Chemokine signaling pathway hsa04062 signaling pathways
PTK2B 2185 [Phospholipase D signaling pathway hsa04072 signaling pathways
PTK2B 2185|GnRH signaling pathway hsa04912 signaling pathways
RPS6KA1 6195 [MAPK signaling pathway hsa04010 signaling pathways
RPS6KA1 6195|mTOR signaling pathway hsa04150 signaling pathways
RPS6KA1 6195 [Neurotrophin signaling pathway hsa04722 signaling pathways
RPS6KA2 6196| MAPK signaling pathway hsa04010 signaling pathways
RPS6KA2 6196 mTOR signaling pathway hsa04150 signaling pathways
RPS6KA2 6196 Neurotrophin signaling pathway hsa04722 signaling pathways
RPS6KA3 6197 [MAPK signaling pathway hsa04010 signaling pathways
RPS6KA3 6197 [mTOR signaling pathway hsa04150 signaling pathways
RPS6KA3 6197|Neurotrophin signaling pathway hsa04722 signaling pathways
RPS6KA4 8986 [ MAPK signaling pathway hsa04010 signaling pathways
RPS6KA4 8986| TNF signaling pathway hsa04668 signaling pathways
RPS6KAS 9252 [MAPK signaling pathway hsa04010 signaling pathways
RPS6KAS 9252|TNF signaling pathway hsa04668 signaling pathways
RPS6KAS 9252 [Neurotrophin signaling pathway hsa04722 signaling pathways
RPS6KAS 9252|Pathways in cancer hsa05200 cancer
RPS6KAS5 9252 [MicroRNAs in cancer hsa05206 cancer
RPS6KAS5 9252 [Bladder cancer hsa05219 cancer
RPS6KB2 6199 (ErbB signaling pathway hsa04012 signaling pathways
RPS6KB2 6199|HIF-1 signaling pathway hsa04066 signaling pathways
RPS6KB2 6199[mTOR signaling pathway hsa04150 signaling pathways
RPS6KB2 6199 [PI3K-Akt signaling pathway hsa04151 signaling pathways
RPS6KB2 6199|AMPK signaling pathway hsa04152 signaling pathways
RPS6KB2 6199|TGF-beta signaling pathway hsa04350 signaling pathways
RPS6KB2 6199|Apelin signaling pathway hsa04371 signaling pathways
RPS6KB2 6199(Insulin signaling pathway hsa04910 signaling pathways
RPS6KB2 6199|Pathways in cancer hsa05200 cancer
RPS6KB2 6199|Proteoglycans in cancer hsa05205 cancer
RPS6KB2 6199|Colorectal cancer hsa05210 cancer
RPS6KB2 6199 [Pancreatic cancer hsa05212 cancer
RPS6KB2 6199|Breast cancer hsa05224 cancer
RPS6KB2 6199|Gastric cancer hsa05226 cancer
RPS6KB2 6199 Choline metabolism in cancer hsa05231 cancer
RPS6KB2 6199(PD-L1 expression and PD-1 checkpoint patifhsa05235 cancer
SRC 6714 |Adherens junction hsa04520 junctional complex
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SRC 6714|Gap junction hsa04540 junctional complex
SRC 6714(Tight junction hsa04530 junctional complex
SRC 6714 |Focal adhesion hsa04510 junctional complex
SRC 6714 (ErbB signaling pathway hsa04012 signaling pathways
SRC 6714|Rapl signaling pathway hsa04015 signaling pathways
SRC 6714 [Chemokine signaling pathway hsa04062 signaling pathways
SRC 6714 |VEGF signaling pathway hsa04370 signaling pathways
SRC 6714 |C-type lectin receptor signaling pathway [hsa04625 signaling pathways
SRC 6714|GnRH signaling pathway hsa04912 signaling pathways
SRC 6714|Estrogen signaling pathway hsa04915 signaling pathways
SRC 6714Prolactin signaling pathway hsa04917 signaling pathways
SRC 6714 | Thyroid hormone signaling pathway hsa04919 signaling pathways
SRC 6714 [Oxytocin signaling pathway hsa04921 signaling pathways
SRC 6714 |Relaxin signaling pathway hsa04926 signaling pathways
SRC 6714 [Proteoglycans in cancer hsa05205 cancer

SRC 6714 (Bladder cancer hsa05219 cancer

STAT1 6772 [Chemokine signaling pathway hsa04062 signaling pathways
STAT1 6772|Toll-like receptor signaling pathway hsa04620 signaling pathways
STAT1 6772 [NOD-like receptor signaling pathway hsa04621 signaling pathways
STAT1 6772|C-type lectin receptor signaling pathway |[hsa04625 signaling pathways
STAT1 6772 [JAK-STAT signaling pathway hsa04630 signaling pathways
STAT1 6772 [Prolactin signaling pathway hsa04917 signaling pathways
STAT1 6772|Thyroid hormone signaling pathway hsa04919 signaling pathways
STAT1 6772|AGE-RAGE signaling pathway in diabetic d hsa04933 signaling pathways
STAT1 6772|Pathways in cancer hsa05200 cancer

STAT1 6772 |Pancreatic cancer hsa05212 cancer

STAT1 6772|PD-L1 expression and PD-1 checkpoint pathsa05235 cancer

STAT2 6773 [Chemokine signaling pathway hsa04062 signaling pathways
STAT2 6773|NOD-like receptor signaling pathway hsa04621 signaling pathways
STAT2 6773 |C-type lectin receptor signaling pathway [hsa04625 signaling pathways
STAT2 6773 |JAK-STAT signaling pathway hsa04630 signaling pathways
STAT2 6773 [Pathways in cancer hsa05200 cancer

STAT3 6774|Chemokine signaling pathway hsa04062 signaling pathways
STAT3 6774[HIF-1 signaling pathway hsa04066 signaling pathways
STAT3 6774 [Fox0O signaling pathway hsa04068 signaling pathways
STAT3 6774|JAK-STAT signaling pathway hsa04630 signaling pathways
STAT3 6774 Prolactin signaling pathway hsa04917 signaling pathways
STAT3 6774 | Adipocytokine signaling pathway hsa04920 signaling pathways
STAT3 6774|AGE-RAGE signaling pathway in diabetic d hsa04933 signaling pathways
STAT3 6774 |Pathways in cancer hsa05200 cancer

STAT3 6774|Proteoglycans in cancer hsa05205 cancer

STAT3 6774|MicroRNAs in cancer hsa05206 cancer

STAT3 6774 [Pancreatic cancer hsa05212 cancer

STAT3 6774|Non-small cell lung cancer hsa05223 cancer

STAT3 6774[PD-L1 expression and PD-1 checkpoint patifhsa05235 cancer

STATS5A 6776|ErbB signaling pathway hsa04012 signaling pathways
STAT5A 6776 |JAK-STAT signaling pathway hsa04630 signaling pathways
STAT5A 6776 [Prolactin signaling pathway hsa04917 signaling pathways
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STAT5A 6776|AGE-RAGE signaling pathway in diabetic d hsa04933 signaling pathways
STAT5A 6776 [Pathways in cancer hsa05200 cancer
STATS5A 6776|Non-small cell lung cancer hsa05223 cancer
STATSB 6777 [ErbB signaling pathway hsa04012 signaling pathways
STATSB 6777|Chemokine signaling pathway hsa04062 signaling pathways
STATSB 6777 [JAK-STAT signaling pathway hsa04630 signaling pathways
STATSB 6777|Prolactin signaling pathway hsa04917 signaling pathways
STAT5B 6777|AGE-RAGE signaling pathway in diabetic dhsa04933 signaling pathways
STAT5B 6777 [Pathways in cancer hsa05200 cancer
STATSB 6777|Non-small cell lung cancer hsa05223 cancer
STAT6 6778 |JAK-STAT signaling pathway hsa04630 signaling pathways
STAT6 6778|Pathways in cancer hsa05200 cancer
TP53 7157 MAPK signaling pathway hsa04010 signaling pathways
TP53 7157|Sphingolipid signaling pathway hsa04071 signaling pathways
TP53 7157 [p53 signaling pathway hsa04115 signaling pathways
TP53 7157|PI3K-Akt signaling pathway hsa04151 signaling pathways
TP53 7157 [Wnt signaling pathway hsa04310 signaling pathways
TP53 7157|Neurotrophin signaling pathway hsa04722 signaling pathways
TP53 7157 [Thyroid hormone signaling pathway hsa04919 signaling pathways
TP53 7157|Pathways in cancer hsa05200 cancer
TP53 7157 [Transcriptional misregulation in cancer  [hsa05202 cancer
TP53 7157|Proteoglycans in cancer hsa05205 cancer
TP53 7157 |MicroRNAs in cancer hsa05206 cancer
TP53 7157 |Colorectal cancer hsa05210 cancer
TP53 7157 |Pancreatic cancer hsa05212 cancer
TP53 7157 [Endometrial cancer hsa05213 cancer
TP53 7157 |Prostate cancer hsa05215 cancer
TP53 7157|Thyroid cancer hsa05216 cancer
TP53 7157|Bladder cancer hsa05219 cancer
TP53 7157 [Small cell lung cancer hsa05222 cancer
TP53 7157|Non-small cell lung cancer hsa05223 cancer
TP53 7157|Breast cancer hsa05224 cancer
TP53 7157|Gastric cancer hsa05226 cancer
TP53 7157|Central carbon metabolism in cancer hsa05230 cancer
YES1 7525|Adherens junction hsa04520 junctional complex
YES1 7525(Tight junction hsa04530 junctional complex
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