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Abstract

Purpose: Glioblastoma (GBM), neoplasms derived from glia and neuro-glial progenitor cells, 

are the most common and lethal malignant primary brain tumors diagnosed in adults, with a 

median survival of 14 months. GBM tumorigenicity is often driven by genetic aberrations in 

receptor tyrosine kinases (RTKs), such as amplification and mutation of EGFR.

Experimental Design: Using a Drosophila glioma model and human patient-derived GBM 

stem cells and xenograft models, we genetically and pharmacologically tested whether the YAP 

and TAZ transcription co-activators, effectors of the Hippo pathway that promote gene expression 

via TEAD co-factors, are key drivers of GBM tumorigenicity downstream of oncogenic EGFR 

signaling.

Results: YAP and TAZ are highly expressed in EGFR-amplified/mutant human GBMs, and their 

knockdown in EGFR-amplified/mutant GBM cells inhibited proliferation and elicited apoptosis. 

Our results indicate that YAP/TAZ-TEAD directly regulate transcription of SOX2, C-MYC, and 

EGFR itself to create a feedforward loop to drive survival and proliferation of human GBM cells. 

Moreover, the benzoporphyrin derivative verteporfin, a disruptor of YAP/TAZ-TEAD mediated 

transcription, preferentially induced apoptosis of cultured patient-derived EGFR-amplified/mutant 
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GBM cells, suppressed expression of YAP/TAZ transcriptional targets, including EGFR, and 

conferred significant survival benefit in an orthotopic xenograft GBM model. Our efforts led us to 

design and initiate a phase 0 clinical trial of Visudyne, an FDA-approved liposomal formulation 

of verteporfin, where we used intraoperative fluorescence to observe verteporfin uptake into tumor 

cells in GBM tumors in human patients.

Conclusions: Together, our data suggest that verteporfin is a promising therapeutic agent for 

EGFR amplified and mutant GBM.

INTRODUCTION

Glioblastomas (GBMs), neoplasms composed of glial cells and their precursors, are 

deadly primary tumors of the central nervous system (CNS). Genomic analyses indicate 

that the most frequent genetic lesions in GBMs include amplification, mutation, and/or 

overexpression of receptor tyrosine kinases (RTKs), such as EGFR, PDGFRA, and MET, 

and mutations that constitutively activate the PI-3 kinase (PI3K) pathway (1). Nearly 60% 

of GBMs show EGFR copy gain or amplification, which is often accompanied by gain-of­

function EGFR mutations (1). The most prevalent EGFR variant in GBM is EGFRvIII, in 

which deletion of exons 2-7 produces a constitutively active kinase that potently drives 

tumorigenesis (2). GBMs are incurable with current therapies, and, to date, treatments that 

target EGFR and PI3K signaling pathways in GBM have failed in clinical trials due to poor 

absorption into tumors, insufficient inhibition of their cognate targets, and/or redundancies 

between effectors (3). Given their aggressive nature, there is a pressing need to identify new 

therapeutic strategies for GBM.

To uncover factors that act in parallel or downstream of EGFR in glial tumorigenesis, we 

performed in vivo RNAi modifier screens in Drosophila models of EGFR-PI3K mutant 

gliomas followed by genetic and pharmacologic validation of human modifier orthologs 

in GBM models (4,5). In our Drosophila models, glial-specific co-overexpression of 

constitutively active human (EGFRvIII) or Drosophila EGFR (dEGFRλ) with the catalytic 

subunit of PI3K (dp110CAAX) drives malignant transformation of glia, which exhibit 

neoplastic characteristics similar to human GBM cells (4,5). Top candidates from our 

Drosophila screens include the core Hippo pathway serine/threonine kinases Hippo and 

Warts, which exacerbated EGFR-mediated glial neoplasia (5) (Supplementary Fig. S1A–B, 

Supplementary Table S1).

Interactions between Hippo pathway kinases and EGFR signaling in glial neoplasia 

are intriguing because targets of Hippo pathway kinases, the Yorkie (Yki) transcription 

factor and its mammalian orthologs YAP and TAZ, are effectors of RTK signaling 

pathways in developing stem/progenitor cells (6,7). Warts family kinases (human LATS1/2), 

which are regulated by Hippo-mediated phosphorylation, directly phosphorylate Yki/YAP/

TAZ, leading to their inactivation through degradation to constrict stem/progenitor cell 

proliferation, whereas signaling through RTK pathways, such as EGFR, inactivate Hippo 

pathway kinases to stimulate Yki/YAP/TAZ protein accumulation, nuclear translocation, 

and transcriptional activation (6). In Drosophila GBM models, we observed that Yki 

is ectopically overexpressed in neoplastic EGFR-PI3K glia, and that Yki knockdown 
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suppressed proliferation of neoplastic EGFR-PI3K glia (Supplementary Fig. S1A–D, 

Supplementary Table S1), consistent with a previous report that Yki is required downstream 

of EGFR signaling in Drosophila retinal glia development (8). To stimulate expression of 

target genes, Yki binds to several transcriptional co-activators, including the TEA domain 

(TEAD) family transcriptional co-activators, such as Scalloped (Sd) in Drosophila (6,7). Sd 

RNAi significantly reduced proliferation of neoplastic Drosophila EGFR-PI3K glia (Table 

S1), indicating that TEAD co-activators also promote glial neoplasia. Established TEAD­

dependent Yki/YAP/TAZ transcriptional targets include genes that promote stem/progenitor 

cell proliferation and self-renewal that, when overexpressed, promote tumorigenesis in GBM 

(9–12). Based on our Drosophila data, we set out to determine if YAP and/or TAZ may drive 

TEAD-dependent tumorigenesis as a consequence of EGFR activity in GBM.

In this study, we followed-up on our Drosophila data, and uncovered links between EGFR­

driven gliomagenesis and the YAP/TAZ pathway. One intent of our approach was to 

uncover ectopically upregulated EGFR effectors in GBMs that may be useful therapeutic 

targets. Based on our results presented below, we hypothesized that inhibition of YAP/

TAZ-TEAD transcriptional activation may be a tumor-cell specific therapeutic strategy 

for EGFR-amplified/mutant GBM, and we tested the therapeutic potential of the YAP/TAZ­

TEAD inhibitor verteporfin. Verteporfin, which is an FDA-approved drug, is a fluorescent 

porphyrin that shows similarities to protoporphyrin IX that is used for fluorescence-assisted 

intraoperative tumor mapping for GBM (13). We leveraged these properties to uncover 

links between EGFR-driven tumorigenesis and the YAP/TAZ pathway, and to translate 

our findings into the clinic to determine whether verteporfin may serve as a therapy for 

EGFR-driven GBMs in human patients.

MATERIALS AND METHODS

Drosophila genetics and imaging

Drosophila stocks were obtained from the Bloomington stock center and VDRC (stocks 

used listed in Table S1). Drosophila GBM models were previously established and 

crosses to create tumorous larval brains were performed as described (5). All stocks were 

cultured on standard corn meal molasses food at 25°C. All genotypes were established 

by standard genetic crossing. For immunofluorescence, aged matched larval brains were 

dissected with forceps, fixed in 4% paraformaldehyde, processed, stained, and imaged 

as previously described (4). The following antibodies were used: 8D12 mouse anti-Repo 

(1:10, Developmental Studies Hybridoma Bank, AB_528448) and anti-Yki (1:200, a gift 

from Iswar Hariharan, Department of Molecular and Cell Biology, University of California, 

Berkeley, CA). Secondary antibodies were conjugated to Cy3, Alexa-Flour-488, or Alexa­

Flour-647 (1:100-250, Jackson Laboratories). Brains were mounted on glass slides ventral 

side down in vectashield and whole mount imaged on a Zeiss LSM 700 confocal system. 

For experiments where protein levels were compared between genotypes, all samples 

were prepared, subjected to immunohistochemistry, imaged, and image processed in a 

parallel manner side by side. 6 or more brains were stained with each Ab combination, 

and representative images are shown for each result. Brain phenotypes shown were 
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highly penetrant, with approximately 75-100% of animals showing the growth phenotypes 

described. Images were analyzed in Zeiss Zen Software and processed in Photoshop.

TMA processing

All human tumor specimens were collected from surgical specimens donated for research 

with written informed consent of patients and were collected and used according to 

recognized ethical guidelines (Declaration of Helsinki, CIOMS, Belmont Report, GCP, 

Nuremberg Code) in a protocol (IRB00045732) approved by the Institutional Review 

Board at Emory University. Paraffin embedded human brain tumor specimens and tumor 

tissue microarrays with matched control tissue were prepared and sectioned using the 

Winship Core Pathology Laboratory. Antigen retrieval and immunohistochemical staining 

was performed as specified by manufacturer’s guidelines for each specific antibody. Total 

YAP and TAZ protein levels were detected by IHC in tumor tissue specimens and staining 

was evaluated based on cytoplasmic and nuclear staining levels.

The following antibodies were used for immunohistochemistry on TMAs and other 

paraffin sections: anti-YAP (1:200, Cell Signaling Technology, 14074, AB_2650491), 

anti-TAZ (1:100, Sigma Aldrich, HPA007415, AB_1080602), anti-MET (1:200, Cell 

Signaling Technology, 8198, AB_10858224), anti-EGFR (1:50, Cell Signaling Technology, 

4267, AB_2864406), anti-SOX2 (1:250, Cell Signaling Technology, 3728, AB_2194037), 

anti-MYC and Ki67 (Emory Medical Labs). Results were scored in consultation with 

neuropathologists according to standard clinical criteria on a scale of 1 and 2 (low staining), 

3 or 4 (high staining, with 4 being more uniform), and images of immunoreactivity were 

taken on an Olympus DP72 CCD camera.

Additional tumor genotype and phenotype results were obtained from de-identified clinical 

reports (CNV array data, sequencing generated as standard of care), or from research 

RNAseq. Tumor genotypes (eg. EGFR, MET, or PDGFRA status, PTEN, PIK3CA status) 

were annotated and compared to YAP/TAZ expression status.

Patient-derived gliomasphere cultures

GBM39, shared by C. David James (Department of Neurological Surgery, Northwestern 

University, Evanston, IL), was created from human GBMs serially xenografted. GBM301 

gliomasphere (GSC) cultures were derived at UCLA and maintained in culture as described 

(14). HNPCs were obtained from Lonza (PT-2599). pGBM2 and pGBM6 were obtained 

from Michelle Monje (Department of Neurology and Neurological Sciences, Stanford 

University, Stanford, CA). All other gliomasphere cultures were established according 

to published protocols (14), using surgical specimens of adult GBMs collected under 

IRB protocol IRB00045732. GBMs at Emory undergo diagnostic genomic profiling and 

genotyping as standard of care, and this data is de-identified and provided to us through our 

participation in the IRB protocol IRB00045732 and Emory University Brain Tumor Sample 

and Information Resource (BTSIR). Cell culture was performed as previously described (5). 

Cells were genotyped by RNAseq and/or qPCR and immunoblots for known distinguishing 

markers and mutations. Cells were screened for mycoplasma using a universal mycoplasma 

Vigneswaran et al. Page 4

Clin Cancer Res. Author manuscript; available in PMC 2021 September 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



detection kit (ATCC 30-1012K) every 2-4 months as needed and prior to all xenograft 

experiments.

Lentiviral shRNAs (validated pLKO shRNA vectors for YAP and TEAD4 from Sigma; 

validated pGIPZ shRNA vectors for TAZ from Thermo Fisher) were prepared in serum-free 

media and used on adherent serum-free cultured GSC lines as previously described (5). 

Liposomal pharmaceutical grade verteporfin (Visudyne, Bausch Health) and chemical grade 

verteporfin (Sigma) were used in cell culture as per published assays (15), and cells were 

treated in darkness so as to limit light and PDT-related effects. For verteporfin treatment 

assays on established neurospheres, GSC cells were dissociated with Accutase, plated 

at defined densities (250,000-500,000 cells per well in 6 well plates), and cultured for 

24-48 hours prior to verteporfin addition. CA3 (CIL56, S8661, Selleck Chemicals) and 

Peptide17 (S8164, Selleck Chemicals) were used to treat GSC cultures prepared in the 

same manner. GSC cultures assessed for proliferation and survival using WST-1 assays, 

immunofluorescence, and immunoblots as previously described (5,14).

Mouse genetic model of EGFRvIII mutant GBM

All experimental procedures with mice were approved by the Institutional Animal Care and 

Use Committee (IACUC; protocol 2001765, 201700534). Mouse breeding and genotyping 

strategies are described in (16). EGFRvIII-expressing mouse neurospheres and matched 

control neurospheres from the same genetic background were produced in vitro from mouse 

neonatal neural stem cells isolated from Cdkn2a−/−; Ptenfl/fl; EGFRvIII-fl-stop-fl mice and 

control Cdkn2a−/−;Ptenfl/fl mice that we both bred together over 6+ generations into the 

C57BL/6 background (confirmed by SNP markers). Subventricular zones (SVZs) were 

dissected from P0-P2 pups of and dissociated into single cells with Accutase enzyme 

(Biolegend, 423201). Cell culture was performed as previously described (5,14). Cell 

cultures from individual animals, created from matched litters, were initially plated in 6 well 

plates and to grow neurospheres over 1-2 weeks. Neurospheres were passaged at 1-2 million 

cells per 10 cm plate every week. 250,000 cells were then plated in 6-well plates and treated 

with concentrated adenovirus Cre (Vector Biolabs) at 50-100 MOI, and then expanded for 

another 5-7 days before they were checked by immunoblot to confirm loss of PTEN protein 

expression and gain of EGFRvIII expression. Cells were cultured for up to 8 passages for in 
vitro experiments and for injections to form in vivo tumors. To establish tumors in vivo in 

6-week old C57BL/6 mice, 200,000 cells in 5 μl in 1xDPBS were stereotactically injected 

per animal using a 23 Hamilton syringe at a position 2.5 mm to the right and 1 mm anterior 

to the bregma at a depth of 2.5-3 mm.

Immunoblot analysis

Cultured cells were collected and washed with 1xPBS and lysed in RIPA buffer 

containing protease and phosphatase inhibitors. The following antibodies were used for 

immunoblotting following the manufacturer’s recommendations: anti-YAP (1:1000, Cell 

Signaling, 14074), anti-YAP-S127-P (1:1000, Cell Signaling, 13008, AB_2650553), anti­

TAZ (1:1000, Cell Signaling, 4883, AB_1904158), anti-TAZ (1:200, Novus, 85067, 

AB_11013779), anti-panTEAD (1:1000, Cell Signaling, 13295, AB_2687902), anti-TEAD1 

(1:1000, Cell Signaling, 12292, AB_2797873), anti-TAZ-S89-P (1:1000, Cell Signaling, 
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59971, AB_2799578), anti-TEAD4 (1:500, Abcam, 58310, AB_945789), anti-EGFR 

(1:5000, BD, 610017, AB_2096701), anti-EGFR (1:1000, Cell Signaling, 4267), anti­

SOX2 (1:1000, Cell Signaling, 14962, AB_2798664), anti-MYC (1:1000, Cell Signaling, 

D84C12, AB_2798629), anti-PARP (1:1000, Cell Signaling, 9542, AB_2160739), anti­

LATS1 (1:1000, Cell Signaling, 3477, AB_2133513), anti-LATS2 (1:1000, Cell Signaling, 

5888. AB_10835233), (anti-SOX9 (1:500, R&D Systems, AF3075, AB_2194160), anti­

S100beta (1:1000, Abcam, ab41548, AB_956280), anti-PDGRα (1:1000, Cell Signaling, 

3174, AB_2162345), anti-MET (1:1000, Cell Signaling, 8198, AB_10858224), anti-TRK 

(1:1000, Cell Signaling, 92991, AB_2800196), anti-FGFR3 (1:1000, Cell Signaling, 

4574, AB_2246903), anti-Nestin (1:1000, Cell Signaling, 33475, AB_2799037), anti­

CD31 (1:1000, Cell Signaling, 3528, AB_2160882), anti-CD44 (1:1000, Cell Signaling, 

37259, AB_2750879), anti-GFAP (1:1000, Cell Signaling, 80788, AB_2799963), anti­

IGFR2 (1:1000, Cell Signaling, 14364, AB_2798462), anti-CDK4 (1:1000, Cell Signaling, 

12790, AB_2631166), anti-STAT3 (1:1000, Cell Signaling, 9139, AB_331757), anti-STAT1 

(1:1000, Cell Signaling, 14994, AB_2737027), anti-RAS (1:1000, Cell Signaling, 3965, 

AB_2180216), anti-RAC (1:1000, Cell Signaling, 2465, AB_2176152), anti-BCL2L2 

(1:1000, Cell Signaling, 2724, AB_10691557), and anti-actin (1:200, Developmental Studies 

Hybridoma Bank, JLA20, AB_528068). Blots were imaged by chemiluminescence on a 

Bio-Rad ChemiDoc imaging system, and ImageJ was used for densitometry quantification.

Quantitative PCR

RNA was isolated from GSCs using standard Trizol extraction. cDNA was generated using 

iScript Reverse Transcription Supermix for RT-qPCR (Bio-Rad, 1708840) with 1μg of 

RNA. qPCR was run using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, 

1725270). Data was analyzed using delta-delta Ct method and normalized to control in each 

experiment to generate fold-change values.

Limiting dilution assay for neurosphere formation

Cells were dissociated and plated in a 96-well plate at concentrations varying from 1 to 1000 

cells per well depending on experimental application. For drug treatment assays, cells were 

plated in 90 μL of media and 10 μL of media-verteporfin solution was added the following 

day for a total of 100 μL per well. For shRNA assays, cells were infected and harvested 48 

hours post-infection and plated. Cells were observed 7 days after plating, counting wells that 

contained spheres and calculating neurosphere formation capacity as published (17).

Chromatin immunoprecipitation

Tiling primers were generated along the EGFR promoter referencing published reports and 

Encode data on predicted and known TEAD binding sites in the EGFR promoter. ChIP 

with antibodies to YAP (1:1000, Cell Signaling, 14074) and TEAD4 (1:500, Abcam, 58310, 

AB_945789) was carried out on GBM39 cells, which express YAP/TAZ and TEAD4 and 

harbor EGFRvIII amplicons, using SimpleCHIP kit and following manufacturer instructions 

(Cell Signaling Technology, 9003S). qPCR was performed on these ChIP isolates using 

primers for the EGFR promoter as compared to control primers for known TEAD target 

genes and nonspecific genomic sites.
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Proteomics

Cultured GSCs were treated with verteporfin or DMSO for 6 hours, total cell pellets 

were collected and subjected to label-free total proteomic profiling according to published 

protocols (18,19). A total of 5482 different proteins were identified in our profiles. 

Bioinformatic analysis performed with Toppogene suite (toppgene.cchmc.org).

Xenograft models and Visudyne treatment

For orthotopic xenografts, 1x105 cells were stereotactically injected into the brains of Nod/

SCID-gamma (NSG) mice using established techniques (5). Briefly, 6-week old female NSG 

mice were implanted with 100,000 GBM39 patient-derived xenograft glioma stem cells 

using a 23 Hamilton syringe and a stereotaxic frame with the coordinates 1.5 mm lateral 

(left) and 1 mm anterior to bregma. Cells were implanted at a depth of 2.5 mm.

For intraperitoneal (IP) drug delivery, following an engraftment period of 2 weeks, 100 

mg/kg liposomal verteporfin (Visudyne) or saline was injected in the abdomen every other 

day over 2 weeks for a total of 8 doses as per published protocols (15). For intrathecal drug 

delivery, following an engraftment period of 2 weeks, micro-osmotic pumps were implanted 

contralaterally using the coordinates 1.1mm lateral (right) and 0.5 mm posterior to bregma 

(Alzet, pump model 1002, brain infusion kit 3). Micro-osmotic pumps were pre-filled with 

100 μl saline (vehicle) or Visudyne (verteporfin 200 μg in 100 μl) and have a delivery rate 

of 0.25μl/h. Mice were monitored for neurological signs of tumor burden before sacrificing 

in the case of the survival endpoint experiment, or after 7 days for the verteporfin uptake 

experiment.

Survival was calculated with Kaplan-Meier plots. Following experimental endpoints, brains 

were harvested and processed for protein, mRNA, and histopathological analysis/IHC/

imaging to assess tumor cell properties, gene/protein expression, and verteporfin penetration. 

Neuropathology was scored in collaboration with neuropathologists.

Ex vivo slice culture

For organotypic ex vivo slice cultures, xenografts were created in NSG mice, tumor-bearing 

brains were removed unfixed from affected animals and sliced into 200 micron thick 

coronal sections (Leica vibratome), and full slices are cultured in 6 well plates in serum­

free neural stem/progenitor cell media. These slices, which reliably survive for 3-9 days, 

contain stroma, including vasculature and neuronal tissues, and tumor. Drugs are delivered 

to the culture media, and responses in tumor tissue are stained and imaged with confocal 

microscopy.

Immunofluorescence and confocal imaging

For immunofluorescence, neurospheres or brain slices were fixed with 4% 

paraformaldehyde, washed with 1X PBS .3% Triton X-100, and stained in 6 or 12 

well plates with anti-EGFR (1:1000, BD, 610017, AB_2096701), anti-human-Vimentin 

(1:400, Abcam, ab8069, AB_306239), anti-Cleaved-Caspase-3 (1:100, Cell Signaling, 

9664, AB_2070042), anti-SOX2 (1:400, Cell Signaling, 4900, AB_10560516), anti-MYC 

(1:100, Cell Signaling, 18583), anti-Nestin (1:100, Cell Signaling, 33475, AB_2799037), 
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anti-YAP (1:200, Abcam, ab56701), anti-TAZ (1:200, BD, clone M2-616, AB_1645338), 

anti-Phospho-Histone-H3 (1:200, Cell Signaling, 9706, AB_331748), and/or DRAQ7 (Cell 

Signaling, 1:100) to stain nuclear DNA and chromosomes. Secondary antibodies were 

conjugated to Cy3, Alexa-Flour-488, or Alexa-Flour-647 (1:100-250, Jackson Laboratories).

For dye exclusion assays to quantify apoptosis, unfixed live neurospheres were treated with 

3 μg/mL ethidium bromide to stain apoptotic cells and with 5 μg/mL acridine orange 

(Biotium, 70012) as a counter stain, and live neurospheres were immediately imaged. 

Samples were mounted on glass slides in vectashield and whole mount imaged on a Zeiss 

LSM 700 confocal system. For experiments where protein levels were compared between 

treatments, all samples were treated, fixed, subjected to immunohistochemistry, imaged, 

and images were processed in a parallel manner side by side. For neurospheres, over 

25-50 spheres per treatment were stained with each Ab combination, and 4-6 representative 

spheres were imaged for each result. Images were analyzed in Zeiss Zen Software and 

processed in Photoshop.

To quantify ethidium-bromide-positive apoptotic cells and phospho-Histone-H3-positive 

proliferating cells, manual counting was performed on representative 25 μm thick Z-stacks 

of whole neurospheres. For calculating Cleaved-Caspase-3:Vimentin staining ratios for slice 

cultures, Imaris software was used on Z-stack images to determine tumor volumes and 

over-all pixels for each stain within the tumor volume. Statistical analyses performed using 

Prism.

IND exemption for Visudyne

Verteporfin is approved in combination with PDT for the treatment of macular degeneration. 

The use of verteporfin for treatment of GBM is experimental, and we applied for an 

Investigational New Drug Application (IND) exemption with the FDA, which was granted 

because, except for the dose, our use meets the criteria laid out in 21 CFR 312.2(b)(1). The 

doses are new, but because of low documented toxicity and rapid clearance of the drug, this 

was not likely to significantly increase risk.

Treatment plan for phase 0 study of verteporfin treatment for GBM

The clinical protocol for the phase 0 trial was prepared, reviewed, and approved according 

to recognized ethical guidelines (Declaration of Helsinki, CIOMS, Belmont Report, GCP, 

Nuremberg Code) in a protocol (IRB00082472) approved by the Institutional Review Board 

at Emory University. Written informed consent was obtained from participants who were 

scheduled to undergo surgery for suspected or known recurrent GBM. Men, women, and 

members of all ethnic groups were eligible for the study. Participants were excluded if 

they were pregnant, had a history of allergic reactions attributed to compounds of similar 

chemical or biologic composition to verteporfin, or had a personal or family history of 

porphyrias. The primary endpoint was to determine if verteporfin enters GBM cells in 
situ. Secondary endpoints of this study included characterization of verteporfin uptake and 

fluorescence in tumor cells, and assessment of acute toxicity associated with a single dose of 

verteporfin followed by surgery.
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Each participant had a suspected GBM by history and imaging studies (MRI) and was 

deemed to be a surgical candidate according to standard of care and received a single dose of 

Visudyne before surgery. The starting dose of Visudyne was 0.15mg /kg intravenously, the 

dose at which Visudyne is administered for ocular disease. The higher dose was 0.3 mg/kg, 

which has been evaluated in human clinical trials and during development of Visudyne 

(20). The trial patients are listed in Table S2. Visudyne was administered on an inpatient 

basis as a one-time, single-dose of 0.15-0.3mg verteporfin/kg 4-6 hours prior to surgery. 

After verteporfin was administered, image-guided microsurgical resection of tumor was 

undertaken and pathologic confirmation of tumor type was made by neuropathology, as 

per standard of care. On encountering tumor intraoperatively, the operative microscopy 

and camera system (Zeiss Pentero 900) was used to illuminate the tumor bed and take 

photographs.

After satisfying clinical needs, a portion of resected tumor was analyzed for verteporfin 

concentration. Following surgery, supportive care was provided as per standard of care. 

Participants were followed for a week or more for toxicities following administration, and 

no Visudyne-related adverse events were observed.

LC-MS/MS analysis of verteporfin

Verteporfin present in tissue samples from mice and human patients was extracted using 

acetonitrile then analyzed by LC-MS/MS, and quantified by comparison to standards of 

known concentrations at the Proteomics facility of Cornell University according to published 

protocols (21) (http://www.biotech.cornell.edu/brc/proteomics-and-mass-spectrometry).

Statistical Analysis

IHC co-expression and correlations were calculated using chi-square test. qPCR and 

WST-1 p-values were calculated using 1-way or 2-way ANOVA and multiple comparison 

calculations using Graphpad Prism. Image quantification datasets for IHC, slice cultures, 

and neurosphere immunofluorescence were analyzed using unpaired t tests in Graphpad 

Prism. Survival curves and their significance were calculated using Log-rank (Mantel-Cox) 

test in Graphpad Prism. Proteomics data was analyzed by multiple t tests and volcano plots 

in Graphpad Prism.

Supplementary Table S3 includes a list of all abbreviations, acronyms, and symbols.

RESULTS

YAP and TAZ co-overexpression is correlated with EGFR alterations in human GBM.

The paralogous YAP and TAZ transcription factors, both human orthologs of Yki, play 

highly conserved roles in proliferation in normal tissue stem/progenitor cells (6). Given the 

tumor-cell specific overexpression of Yki and strong effect of Yki knockdown in neoplastic 

EGFR-PI3K Drosophila glia, we examined YAP, TAZ, and TEAD expression and function 

in relation to EGFR and other RTKs in human GBM tissues and models.

To determine relationships between YAP and TAZ expression and tumor genotype, we used 

immunohistochemistry (IHC) on representative adult human GBM tumor tissue microarrays 
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(TMAs). YAP and TAZ expression was not detected in normal adult glia by IHC on normal 

brain tissue specimens (Supplementary Fig. S2A), consistent with previous studies (22). 

Among GBMs, 75% (21/28) showed high nuclear YAP and/or TAZ in tumor cells, and 61% 

(17/28) co-overexpressed YAP and TAZ (Fig. 1A). Using IHC and molecular pathology 

to determine RTK and PI3K status of tumors, we observed YAP/TAZ overexpression 

in all GBMs with PI3K pathway mutations (Table S4). We also observed YAP and/or 

TAZ overexpression in 88% (21/24) of GBM tumors with RTK alterations (Fig. 1A, 

Supplementary Table S4). In tumors with EGFR amplification or copy gain, 88% (14/16) 

co-overexpressed YAP and TAZ (Supplementary Table S4). 5 tumors with YAP-TAZ 

overexpression contained alterations in other RTKs, such as MET amplification or NTRK2 

overexpression, and all of these tumors overexpressed EGFR (Table S4). Furthermore, 

xenografts of EGFR-amplified/mutant tumors maintained YAP/TAZ overexpression (Fig. 

1A, Supplementary Fig. S2B). Therefore, YAP and TAZ co-overexpression are significantly 

correlated with EGFR alterations (Fig. 1A). In contrast, GBMs that showed low YAP and 

TAZ expression harbored IDH1 mutations (3/7), PDGFRA amplification with low EGFR 

expression (3/7), or TP53 mutations (1/7) (Supplementary Fig. S2A, Supplementary Table 

S4). Results were confirmed with immunoblots on tumor tissue from TMA specimens 

(Supplementary Fig. S3). Our results are consistent with previous studies that indicate 

GBMs frequently overexpress TAZ and that EGFR-amplified tumors overexpress YAP 

(22,23).

Molecular classification of GBMs has provided insight into dominant transcriptional 

programs and mutations found in GBMs, through which subtypes named proneural (PN), 

mesenchymal (MES), and classical (CL) were established (24–26). This classification 

associated mutations in IDH1 and/or overexpression of PDGFRA with the PN subtype, 

alterations in NF1 and/or MET with the MES subtype, and amplification/mutation/

overexpression of EGFR and expression of astrocytic cell fate markers, such as SOX9, 

with the CL subtype (24–26). Using a gene panel developed to distinguish PN, MES, 

and CL tumors(16), we performed immunoblots to subtype tumor specimens and found 

that tumors which consistently co-overexpress YAP and TAZ frequently show CL markers 

(Supplementary Fig. S3, Supplementary Table S4). In contrast, PN tumors express low YAP 

and TAZ as previously observed (22,23).

In our bioinformatic analysis of GBM subtypes, CL tumors consistently co-overexpress 

YAP and TAZ mRNA (16), linking YAP and TAZ gene expression to EGFR status. Further 

analysis of recent data available from The Cancer Genome Atlas (TCGA) showed that, 

in GBM, high EGFR mRNA expression significantly correlated with high YAP mRNA 

expression and that EGFR copy gain and amplification significantly correlated with TAZ 
mRNA overexpression and reduced LATS1 mRNA expression (Supplementary Fig. S4A–

B), indicating these pathway components may be epigenetically co-regulated. We also 

observed reduced LATS1 and MST1 mRNA expression in higher grade gliomas, along 

with associations between elevated YAP and TAZ mRNA and reduced LATS1 mRNA 

and poor survival in GBM patients (Supplementary Fig. S4C–D) and low/no detectable 

LATS1/2 protein in GBM tumor tissue (Supplementary Fig. S3), consistent with prior 

studies postulating that downregulation of Hippo pathway components contributes to high 

grade disease (22,23,27). Notably, direct genetic alterations do not account for YAP/TAZ 
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overexpression in GBM: our analysis of TCGA data show exceedingly low frequency 

amplification of YAP (4/1144) and TAZ(3/1144) and rare mutations in Hippo pathway 

components, including homodeletions in LATS1(4/1144), LATS2(5/1144), MST1(8/1144), 

and MST2(8/1144). Together, our data indicate that EGFR alterations, characteristic of 

tumors with a predominant CL signature, are significantly associated with YAP and TAZ 

co-overexpression in GBM.

Representative patient-derived human GBM stem-cell containing gliomasphere (GSC) 

cultures created from RTK-altered tumors showed strong YAP and/or TAZ expression, 

with all but two cultures showing TAZ overexpression and 64%(7/11) cultures showing 

YAP overexpression (Fig. 1C). Among GSCs without EGFR alterations, pGBM6 showed 

no YAP/TAZ expression and GBM157, a PN line (14), showed low YAP/TAZ expression 

(Fig. 1C). Normal human neural progenitor cells (hNPCs) and immortalized Ink4a/Arf−/− 

mouse neonatal neural stem cells (mNSCs) also expressed YAP and TAZ (Fig. 1C), but at 

lower levels, consistent with roles for these factors in neural progenitor/stem cells (28,29). 

Humans have 4 TEAD orthologs, TEAD1-4, with TEAD1 expression being common to 

mNSCs, hNPCs, and GSCs, and TEAD4 expression being specific to GSC lines (Fig. 

1C). In GBM301 and GBM39 GSCs, which harbor extrachromosomal amplified EGFRvIII 

(5,30,31), treatment with EGFR inhibitor gefitinib decreased total YAP and TAZ protein 

levels and increased proportions of phospho-Ser127-YAP and phospho-Ser89-TAZ (Fig. 

1D), which are subject to degradation (6,7), showing that EGFR catalytic activity is required 

for YAP and TAZ overexpression and suggesting that EGFR inhibition evoked YAP/TAZ 

phosphorylation and degradation (7). Together, these data indicate that YAP and TAZ 

upregulation is a consequence of constitutive EGFR activity in GSCs.

YAP/TAZ-TEAD are required for GBM proliferation and are direct regulators of EGFR 
expression in GBM.

YAP is expressed in symmetrically dividing neural stem/progenitor cells in the embryonic 

brain, where it stimulates proliferation and expansion of these cells during neurogenesis 

(28,29). In GBM, previous studies demonstrate that YAP is required for proliferation of 

standard serum-grown glioma cell lines, and that TAZ is required for tumorigenicity of MES 

GSCs (22,23). In EGFR-mutant GSC lines, we observed that YAP and TAZ knockdown 

by lentiviral shRNAs induced apoptosis, diminished tumor cell proliferation, and reduced 

expression of stem cell and astrocytic cell fate markers (Fig. 2A–E), consistent with roles in 

GBM tumor stem cell self-renewal.

YAP and TAZ family transcription factors bind TEADs and other transcriptional co-factors 

on promoters and enhancers of a broad swath of target genes in a manner dependent 

on cell-type and developmental stage (7). To identify YAP/TAZ-TEAD target genes that 

promote GBM tumorigenesis, we took a candidate-based approach. In embryonic stem (ES) 

cells and other stem/progenitor cells, YAP family transcription factors promote expression 

of TEAD-driven target genes that control stem cell identity, including SOX2 and MYC 

transcription factors, which themselves are master transcription factors required to promote 

and maintain GBM tumor stem cell identity and proliferation (9–12). In EGFR mutant 

GSC lines, YAP, TAZ, and TEAD4 knockdown reduced SOX2 and C-MYC mRNA and 
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protein expression (Fig. 2B–D), although TEAD4 knockdown had a less significant effect, 

likely due to redundant TEAD1 (Fig. 2C). Thus, YAP/TAZ-TEAD family transcription 

factors may be master regulators of tumor stem cell identity downstream of EGFR in CL 

GBM. Consistent with regulation of CL tumor stem cell identity (24), YAP/TAZ knockdown 

reduced expression of SOX9 and prevented tumor stem cell self-renewal as measured by 

limiting dilution assay (Fig. 2B, D–E).

Reports indicate that, in other cell types, EGFR itself is also a YAP-TEAD transcriptional 

target (32). In GBM, EGFR and EGFR mutant variants are subject to overexpression 

from extrachromosomal amplicons (1), but the epigenetic mechanisms that promote 

EGFR overexpression in GBM are not understood. In GBM301 and GBM39, which 

harbor extrachromosomal amplicons encoding EGFRvIII (5,30,31), YAP, TAZ, and TEAD4 

knockdown reduced EGFR mRNA and protein expression (Fig. 2B–D), suggesting 

that YAP/TAZ-TEAD drives EGFR overexpression in EGFR-amplified/mutant GBM. To 

determine if YAP/TAZ-TEAD directly regulate EGFR transcription in GBM, we generated 

tiled primer pairs across the EGFR promoter and performed chromatin immunoprecipitation 

(ChIP) analysis to assess YAP and TEAD binding to the EGFR promoter. Using YAP and 

TEAD4 ChIP coupled with qPCR in GBM39 cells, which express YAP, TAZ, TEAD4 and 

EGFRvIII amplicons, we found that YAP and TEAD4 binding is enriched at known and 

predicted TEAD consensus sequences in the EGFR promoter (Fig. 2F) (32,33). Known 

TEAD target sites for established YAP/TAZ target genes CTGF and CYR61 showed 

expected binding to YAP and TEAD4, while unrelated sites on chromosome 10 showed 

no evidence of YAP or TEAD4 binding (Fig. 2F). Together, our results indicate that, in 

primary-patient-derived GSCs, EGFR signaling upregulates YAP and TAZ protein levels 

and that YAP/TAZ-TEAD directly upregulate gene expression of factors required for 

tumorigenesis, such as SOX2, C-MYC, and EGFR itself, thereby creating and maintaining 

an EGFR-dependent YAP/TAZ feedforward loop that promotes and maintains GBM.

Pharmacologic inhibition of YAP/TAZ-TEAD inhibits GBM tumor cell tumor formation.

Studies show that YAP promotes initiation and progression of other tumor types (7), and that 

pharmacologic inhibition of YAP-TEAD transcriptional activation with the drug verteporfin 

blocks tumor cell growth in vitro in culture and in vivo in animal models (15). Verteporfin 

binds to the conserved TEAD interaction domain in YAP, disrupts YAP-TEAD binding, and 

induces YAP/TAZ protein degradation, preventing transcriptional transactivation (15,34). 

Because TAZ has not been previously shown to be inhibited by verteporfin, we performed 

co-IP experiments in GSCs and found that verteporfin blocked association between TAZ 

and TEAD4 (Supplementary Fig. S5A). Thus, verteporfin likely inhibits TAZ-mediated 

transcriptional activation of TEAD targets.

To determine the effect of verteporfin on YAP/TAZ-TEAD transcriptional activation in 

RTK-dependent GBM cells, we tested verteporfin on representative GSCs at dose ranges 

(.5-2μg/mL) shown to block YAP-TEAD-dependent growth of YAP/TAZ-dependent tumor 

types but be nontoxic to other cells (15,21). Verteporfin is a porphyrin and is intrinsically 

fluorescent (peak excitation 410/30 nm, emission 690/700 nm) (15), allowing us to visualize 

intracellular verteporfin absorption (Fig. 3A). Verteporfin treatment reduced protein levels 
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and nuclear localization of YAP and TAZ in GSCs within 24 hours and inhibited growth 

and provoked apoptosis of YAP/TAZ-expressing EGFR-mutant GSCs in a dose-dependent 

manner, with IC50 in our assay at .5 μg/mL (Fig. 3B–E, Supplementary Fig. S5B–E, Fig. 

S6A–E). Using ZVAD to block apoptosis, we found that verteporfin reduced proliferation 

in YAP/TAZ-expressing EGFR-mutant GSCs (Fig. 3F). In contrast, verteporfin had weaker 

pro-apoptotic and anti-proliferative effects on control hNPCs, YAP/TAZ negative pGBM6, 

and PN GBM157 (Fig. 3E–F, Supplementary Fig. S6A–E). In limiting dilution assays 

for neurosphere formation, verteporfin treatment differentially prevented self-renewal of 

EGFR-mutant GSCs compared to representative hNPCs, YAP/TAZ negative GSCs, or PN 

GSCs (Fig. 3G, Supplementary Fig. S6F). To confirm our observations, we tested alternate 

YAZ/TAZ inhibitors, which similarly provoked apoptosis, growth arrest, and reduced 

expression of EGFR and stem cell markers (Fig. S7A–C).

Verteporfin has also been shown to promote apoptosis of tumor cells through YAP/TAZ­

TEAD independent mechanisms, including reactive oxygen radicals (ROS) generation, 

when used at doses 3-6-fold higher than our present study (35–38). However, even with 

prolonged verteporfin treatment at 3μg/mL, YAP/TAZ-negative GSCs did not undergo 

significant apoptosis and growth arrest (Supplementary Fig. S6D–F), indicating that 

YAP/TAZ expression largely dictates the pro-apoptotic and anti-proliferative effects of 

verteporfin on GBM cells.

We next assessed expression of direct YAP/TAZ-TEAD transcriptional targets in response 

to verteporfin treatment, using ZVAD to block apoptosis. We found that in EGFR-mutant/

amplified GSC cultures, verteporfin reduced mRNA and protein expression of SOX2, 

MYC, and EGFR, indicating inhibition of YAP/TAZ target gene expression, and verteporfin 

reduced expression of SOX9, suggesting of loss of CL tumor stem cell identity (Fig. 3H–K). 

In hNPCs, verteporfin treatment reduced EGFR expression, which indicates that verteporfin 

affects normal autosomal EGFR gene expression, although verteporfin did not affect SOX2 
or C-MYC expression (Supplementary Fig. S6C), which suggests differential regulation of 

these target genes in normal neural stem/progenitor cells compared to GSCs, perhaps due 

to dissimilar regulatory pathways. To test whether short-term verteporfin treatment affects 

tumor initiation by GSCs, we treated GBM39 cells with verteporfin or DMSO for 4-6 

hours (before apoptosis is detected, Supplementary Fig. S8A) and intracranially implanted 

these cells into immunocompromised mice. We found that short-term verteporfin treatment 

blocked tumor initiation by GSCs (Supplementary Fig. S8A–C), perhaps due to reduced 

SOX2 and MYC expression.

To determine if EGFR confers sensitivity to verteporfin, we tested verteporfin on Cdkn2a−/−; 
Pten−/− mNSCs transformed by EGFRvIII expressed from a fl-stop-fl transgenic construct 

used in a mouse genetic model for EGFRvIII-driven GBM (16). The advantage of this 

model is that additional confounding genetic alterations are not present that may explain 

verteporfin response. Compared to non-transformed control Cdkn2a−/−; Pten−/− mNSCs, 

in EGFRvIII; Cdkn2a−/−; Pten−/− mNSCs, which overexpressed Yap and Taz in response 

to EGFR catalytic activity, verteporfin treatment preferentially induced apoptosis, reduced 

expression of Yap, Taz, Sox2, and Myc, decreased self-renewal and proliferation, and 

blocked tumor initiation in orthotopic implantation assays (Supplementary Fig. S9A–I), as in 
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human GSCs. In this model verteporfin treatment did not affect transgene-driven EGFRvIII 

expression (Supplementary Fig. S9F), although verteporfin cooperated with EGFR inhibition 

to reduce viability of EGFRvIII; Cdkn2a−/−; Pten−/− mNSCs (Supplementary Fig. S9B).

To identify broader changes underlying pro-apoptotic and anti-proliferative effects of 

verteporfin, we subjected EGFR-amplified/mutant GSCs to total cell proteomic profiling 

using published protocols (18,19). Short-term 6 hour verteporfin treatment significantly 

reduced expression of approximately 5% of proteins detected (278/5482), including 

established YAP/TAZ target genes that drive gliomagenesis and stem cell identity (e.g., 

EGFR and SOX2) and other proteins that control cell survival (BCL2L2), proliferation and 

mitosis (CDK4), stem cell identity (STAT1 and STAT3), and small GTPases that transduce 

RTK signaling (RAS, RAC, and RAB proteins, Supplementary Table S5–S6, Supplementary 

Fig. S10–S11A). Bioinformatic analysis demonstrates that verteporfin significantly reduced 

expression of metabolic enzymes and mitochondrial regulators (IDH, TCA cycle proteins, 

Table S5–S6). Many proteins altered in response to verteporfin are not established YAP/

TAZ-TEAD target genes, and their coordinate regulation may reflect YAP/TAZ-dependent 

effects on GBM cells, or, alternately, the combination of YAP/TAZ-dependent and off-target 

YAP/TAZ-independent effects that together cooperate to block GBM cell survival and 

proliferation. In support of the latter, in GBM301, TAZ knockdown decreased expression 

of several proteins altered by verteporfin treatment, such as CDK4 and RAC GTPases 

(Supplementary Fig. S11B), suggesting that their expression depends on TAZ, whereas TAZ 

knockdown did not affect expression of other proteins reduced by verteporfin treatment, 

including BCL2L2, STAT transcription factors, and RAS GTPases (Supplementary Fig. 

S11B), suggesting that their expression is altered by verteporfin in a YAP/TAZ-independent 

manner.

Verteporfin treatment decreases EGFR and SOX2 expression and slows tumor growth in 
orthotopic GBM xenograft models.

We hypothesized that inhibition of YAP/TAZ-TEAD transcriptional activity may be 

therapeutic in EGFR-amplified/mutant GBM, and we tested the efficacy of verteporfin 

treatments in pre-clinical ex vivo and in vivo models. Porphyrins and their precursors have 

been subjects of intensive development for brain tumor therapy and intraoperative brain 

tumor imaging because GBM and glioma cells readily absorb these molecules in vitro and 

in vivo in animal models and human patients (13,39,40). Yet, there are no similar studies for 

verteporfin absorption or therapeutic activity in GBM model systems or patients.

To determine if verteporfin could inhibit tumor growth in intact brain tissue, we first used 

organotypic brain slice culture assays for testing effectiveness. Brains bearing GBM39 

xenografts were sliced to generate organotypic cultures grown in serum-free GSC medium 

which were treated with verteporfin or DMSO (control) before immunostaining and imaging 

by confocal microscopy (Fig. 4A). Verteporfin treatment reduced EGFR expression in 

GBM39 tumor cells in xenograft slices (Fig. 4B). Additionally, verteporfin induced cell 

death in tumor tissue, which was visualized and quantified with co-incident staining for 

cleaved-Caspase-3 and a human-specific Vimentin antibody to visualize tumor cells (Fig. 
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4C–D). These data indicate that verteporfin treatment promotes tumor cell specific death 

within the tumor microenvironment.

To determine if verteporfin slows tumor growth in vivo, animals bearing GBM xenografts 

were treated with Visudyne, a liposomal formulation of verteporfin that is FDA-approved 

to treat macular degeneration. In pilot experiments, mice harboring GBM xenografts 

received single treatments of Visudyne by intraperitoneal (IP) injection to assess verteporfin 

absorption in the brain. We determined that verteporfin is absorbed by tumor cells using 

fluorescent microscopy, penetrating at least 200 microns from major blood vessels in tumors 

(Supplementary Fig. S12A). In a survival experiment where we treated with IP Visudyne 

every other day for 2 weeks, we observed that Visudyne-treated mice lived longer than 

controls (Supplementary Fig. S12B), although the effect was not statistically significant, 

and, at the time of host death, verteporfin-treated tumors had grown as large as control 

tumors (Supplementary Fig. S12C).

Visudyne is formulated for intravenous (IV) administration, and IP administration does 

not model this well in vivo. To improve CNS uptake, we administered Visudyne via 

intraventricular osmotic pump to continuously deliver drug to the brain (pump validation 

shown in Supplementary Fig. S13A–B). As proof of concept, we used fluorescence imaging 

to determine if verteporfin is absorbed into tumor cells in vivo in our xenograft models. 

Sections from mouse brains treated with intraventricular Visudyne for 7 days showed 

verteporfin fluorescence at 650nm that was not present in untreated brains (Fig. 5A). Mass 

spectrometry quantification from animals treated with intraventricular Visudyne for 14 days 

showed verteporfin present at .67-1.46 ng/mg brain tissue. To test the therapeutic effects 

of verteporfin, GBM xenograft-bearing mice were treated with Visudyne by intraventricular 

osmotic pump which delivered drug continuously for 14 days or more. Visudyne treatment 

resulted in increased tumor necrosis, as evidenced in H&E stains in 86%(6/7) of animals 

examined, long-term reductions in EGFR and SOX2 expression in tumor tissue near pump 

implantation sites, persistent reduction of proliferation in tumor bulk, and significantly 

extended median survival approximately 30% longer in treated animals than control animals 

(Fig. 5B–D, Supplementary Fig. S14). These experiments demonstrate that verteporfin is 

absorbed into GBM xenograft tumors in vivo, that verteporfin treatment downregulates 

expression of YAP/TAZ target genes, and that verteporfin significantly slows tumor 

progression in xenograft models of EGFR-mutant GBM.

Phase 0 clinical trial to test Visudyne absorbance into human GBM.

To date, there are no clinical studies of verteporfin in human glioma patients. Given the 

strong correlation between YAP/TAZ expression and EGFR status, importance of YAP/TAZ­

TEAD activity for gliomagenesis, and strong anti-tumor effects of verteporfin in vitro and 

in vivo, we sought to evaluate the therapeutic potential of verteporfin. For this purpose, we 

initiated a phase 0 clinical trial to determine if verteporfin can be absorbed by GBM tumors. 

Participants who were scheduled to undergo surgery for suspected or known recurrent GBM 

were consented for this study and entered into a dose-escalating clinical trial (Fig. 6A). We 

administered Visudyne intravenously (IV) at FDA-approved doses on an inpatient basis one 

time prior to surgery. The first patient enrolled received 0.15 mg/kg of verteporfin which was 
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poorly visualized, so the next five patients received 0.3 mg/kg of verteporfin without side 

effects. Two of these patients had resections which showed mostly necrosis and/or radiation 

related changes with little viable tumor. The remaining four patients had WHO Grade IV 

GBM (Table S2).

Porphyrin-related fluorescence has been clinically utilized to develop 5-aminolevulinic 

acid (5-ALA) and protoporphyrin IX (PPIX) imaging agents for fluorescence-assisted 

intraoperative microscopy for high grade glioma resection (13). Verteporfin has virtually the 

same excitation and emission spectra as PPIX, so we utilized intraoperative fluorescence­

assisted microscopy to determine if verteporfin was visible in tumor tissue similar to 

PPIX. On encountering tumor during surgery, intraoperative microscopy (Zeiss Pentero 900 

system) was used to illuminate the tumor bed with blue light (400-410 nm) to produce far 

red (620-700 nm) fluorescence in tumor cells in live patients, and photographs of tumor and 

adjacent tissue were taken through the microscope using a camera adapted for imaging the 

far-red emissions spectrum (Fig. 6B).

Unfixed resected tumor tissues from phase 0 participants were sectioned, counter-stained 

with nuclear markers and cell membrane markers to confirm cellularity, and imaged with 

fluorescence microscopy. Resected tumor tissue from Visudyne-treated patients were found 

to have fluorescence from verteporfin absorption into tumor cells while tumor tissue from 

patients who were not treated with Visudyne had no evidence of fluorescence (Fig. 6C–

D). Absorbed verteporfin was extracted from tumor tissue from phase 0 participants for 

detection and quantification of by mass spectrometry. Our results indicated verteporfin was 

present in tumor tissues at varying ranges (Fig. 6E). By mass spectrometry, tissues from 

untreated control patients showed no signals in the same range as verteporfin, indicating 

that background from tissue did not contribute to our quantification of verteporfin in treated 

patients. However, previous studies show that verteporfin may not be fully extracted from 

tissues because it covalently links to proteins, (21), so we are uncertain if our measurements 

accurately represent verteporfin absorbed into tumors. Yet, together, our data indicate that IV 

administered liposomal verteporfin is effectively absorbed into GBM tumor cells in human 

patients.

DISCUSSION

In this study, we discovered that YAP family transcription factors and TEAD co-factors 

are important drivers of GBM tumorigenesis downstream of EGFR, using a combination 

of Drosophila models, GSC cultures, and xenograft models. The CL GBM subtype is 

characterized by EGFR-amplification and/or mutation, chromosome 7 gain, CDKN2A loss, 

and co-occurring mutations in other RTK and PI3K pathway components, and these tumors 

show an astrocytic transcriptional signature (1,26). In CL GBMs, we found that YAP 

and TAZ are co-overexpressed in response to EGFR kinase activity and are required for 

GBM cell proliferation, stem cell self-renewal, and tumor progression. YAP/TAZ-TEAD 

transcriptional targets include stem cell master regulators SOX2 and MYC, and EGFR 

itself, which act together with YAP/TAZ-TEAD in a tumor-promoting feedforward loop. 

Based on these data, we conclude that YAP and TAZ co-overexpression is common to 
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EGFR-amplified/mutant CL GBMs, and that therapeutic strategies that target both factors 

may benefit patients with these tumors.

Our efforts also uncovered a promising GBM treatment, verteporfin, which is an inhibitor 

of YAP/TAZ-TEAD interactions (15), that was efficacious in reducing expression of 

EGFR and SOX2 and in extending median survival of GBM-bearing mice in orthotopic 

xenografts (Fig. 7). Through a phase 0 clinical trial, we demonstrate that liposomal 

verteporfin was effectively absorbed by GBM cells in human patients. Here we show 

that verteporfin disrupted TAZ-TEAD binding and reduced YAP/TAZ protein levels and 

nuclear localization, confirming that verteporfin is a dual targeting irreversible inactivator 

of YAP/TAZ proteins (34). In preliminary analyses, tumor tissue from Visudyne phase 0 

participants showed low YAP/TAZ protein levels compared to a representative untreated 

control patient (Supplementary Fig. S15), which suggests that sufficient verteporfin may 

be absorbed to disrupt YAP/TAZ protein expression in vivo in humans. However, we do 

not have untreated control tissue for phase 0 participants for comparison, so we cannot be 

certain that low YAP and TAZ expression is due to verteporfin.

In our Drosophila GBM model, Hippo pathway kinases Hippo, Warts, or Tao, which 

regulate the YAP/TAZ ortholog Yki (6,7), all counteract EGFR-driven neoplasia (5), 

implying EGFR signaling negatively regulates Hippo pathway kinase activity. Consistent 

with this observation, we found that EGFR inhibition increased the proportion of YAP and 

TAZ phosphorylated at LATS1/2 target sites, which promote their degradation. However, 

we did not observe consistent LATS protein expression in CL tumors (Supplementary Fig. 

S3), and therefore other effectors likely regulate YAP/TAZ phosphorylation and degradation 

in conjunction with EGFR. Crosstalk between Hippo-YAP/TAZ and RTK pathways, which 

together modulate growth, progression, and drug resistance in other tumor types, is complex 

(7). In other contexts, EGFR signaling bypasses Hippo kinases and upregulates YAP 

family transcription proteins through PI3K, MAPK, SRC, and CREB effector pathways 

(8,41–44). We and others have observed that CL GBMs show significant YAP and TAZ 

mRNA upregulation (22). Furthermore, we observed that Taz is overexpressed in our 

mouse model of EGFRvIII-driven GBM compared to normal neural/stem-progenitor cells, 

and we observed that exogenously increasing Taz mRNA levels enhanced EGFRvIII-driven 

tumor progression (16), implying that epigenetic mechanisms that increase YAP/TAZ 

overexpression promote tumor progression. In developing tissues, YAP and TAZ are 

differentially regulated downstream of cell adhesion signaling, GPCR signaling, and 

mechanochemical signaling (7), and these pathways could preferentially upregulate TAZ in 

CL GBM. Further study will be necessary to unravel connections between EGFR signaling 

and regulation of YAP and TAZ expression and function in GBM.

While functional differences between YAP and TAZ in GBM are unclear, YAP and TAZ 

share TEAD transcriptional targets (7), like EGFR, SOX2, and C-MYC in GBM, that, when 

functionally reduced, lead to loss of stem-cell-like self-renewal and reduced tumor growth 

(9,10). In GBM with amplified EGFR, which is typically on extrachromosomal amplicons 

(30,31), EGFR protein can be overexpressed at 10-20 fold or more relative to tumors 

without amplification (45). With such high levels in tumors, effective targeting of EGFR 

protein kinase activity with small molecule inhibitors in patients is highly unlikely at doses 
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non-toxic to other tissues (3). Treatments that reduce total EGFR expression levels, such as 

verteporfin, may be useful for overcoming intrinsic resistance to EGFR-targeted therapies. 

Other established TEAD-dependent transcriptional targets genes in tumor cells include 

redundant RTKs, such as MET and AXL, and RTK ligands, such as IGF2, CTGF, and 

EGFR ligands (6,7,23,46), which promote tumorigenesis and/or resistance to EGFR-PI3K 

targeted therapies (3). Thus, YAP/TAZ-TEAD inhibition may impact functionally redundant 

RTKs and prevent resistance to therapeutics that target RTK signaling pathways in GBM. 

In preliminarily experiments, using slice culture assays we tested verteporfin combined 

with the B-RAF inhibitor dabrafenib (selected based on synergy with YAP inhibition (47), 

which increased apoptosis in tumor cells compared to verteporfin alone (Supplementary Fig. 

S16), suggesting that YAP/TAZ inhibitors may have more effective anti-tumor activity in 

combination with drugs that target RTK pathways.

Verteporfin also has YAP/TAZ-TEAD-independent off-target mechanisms of action that 

likely cooperate with YAP/TAZ-TEAD inhibition and reduced EGFR expression to 

contribute to anti-tumor activity. Verteporfin has been used clinically as a photosensitizer 

in photodynamic therapy (PDT) for neo-vascular macular degeneration, where it is activated 

by laser light to focally generate ROS to eliminate the abnormal blood vessels. In previous 

studies, ROS generation in response to high dose verteporfin is toxic to standard glioma 

cell lines by YAP-independent means (37,38). Additional non-PDT-mediated mechanisms 

of verteporfin toxicity include induction of autophagy pathways and proteotoxicity (35,36). 

Using proteomics, we uncovered alterations in verteporfin-treated EGFR mutant GSCs 

that likely result from on-target YAP/TAZ-dependent and off-target YAP/TAZ-independent 

mechanisms (Supplementary Table S4–S5, Supplementary Fig. S10–S11), which may both 

contribute to therapeutic efficacy. For example, we found that verteporfin reduced STAT3 

levels in a YAP/TAZ independent manner, similar to previous studies (35). Furthermore, our 

analysis indicates that verteporfin treatment reduced proteins involved in the TCA cycle and 

oxidative phosphorylation in mitochondria (Supplementary Table S4–S5), many of which 

are involved in biosynthesis and metabolism essential to tumor cell growth. Previous studies 

show that verteporfin accumulates in mitochondria such that alterations in mitochondrial 

function may also be a YAP/TAZ independent effect of verteporfin (37,38). However, off­

target YAP/TAZ and EGFR independent effects of verteporfin do not reduce its potential as 

a therapeutic agent for GBM. The off-target effects of cancer therapeutics often contribute 

as much to their clinical efficacy as their on-target effects (48), and further research on 

the on-target and off-target combinatorial effects of verteporfin will be important to the 

development of verteporfin and additional therapies that target YAP/TAZ-TEAD.

Verteporfin is a porphyrin derivative, and porphyrins related to verteporfin cross the 

blood-brain barrier and accumulate in the brain (39,40). Previous research established 

that porphyrins are readily absorbed by GBM cells both in vitro and in vivo in animal 

models and human patients (13,39,40). Our study is the first to confirm with fluorescence 

microscopy and mass spectrometry that verteporfin, delivered in the FDA-approved 

Visudyne liposomal formulation, accumulates in GBM cells in animal models and human 

patients. Visudyne is designed to optimize delivery to neovasculature by IV injection, which 

is difficult to deliver repeatedly in mouse models. We tested two different modes of delivery 

in mouse models, and we observed a survival benefit by administering Visudyne directly 

Vigneswaran et al. Page 18

Clin Cancer Res. Author manuscript; available in PMC 2021 September 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



into the CSF via intraventricular osmotic pump but did not observe a significant survival 

benefit by administering Visudyne by IP injection. Our data indicate that enhanced CNS 

delivery improves verteporfin efficacy. We speculate that reformulation optimized for CNS 

absorption will improve verteporfin efficacy in brain tumors. Towards this goal, other groups 

have developed nanoparticle delivery mechanisms for verteporfin using animal models of 

glioma (49,50).

Our experiments have uncovered a therapeutically relevant dependency on YAP/TAZ­

TEAD activity in EGFR-amplified/mutant GBM, demonstrated that these tumors display a 

clinically relevant therapeutic vulnerability to pharmacologic treatment with the YAP/TAZ­

TEAD inhibitor and porphyrin verteporfin, and confirmed verteporfin absorption into GBM 

tissues in a phase 0 clinical study of human patients. Our results may spur the development 

of verteporfin as a new treatment for GBMs and other gliomas.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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STATEMENT OF TRANSLATIONAL RELEVANCE

There is an urgent unmet clinical need for new and effective treatments for glioblastomas 

and related high-grade gliomas. This project has uncovered a therapeutically relevant 

dependency on YAP and TAZ transcriptional activators in human GBMs that are driven 

by EGFR amplification/mutation, demonstrated that these tumors display a therapeutic 

vulnerability to pharmacologic treatment with the YAP/TAZ inhibitor and porphyrin 

derivative verteporfin, and confirmed verteporfin absorption into GBM tissues in a phase 

0 clinical study of human patients. Our results establish a basis for the development 

of verteporfin and/or other YAP/TAZ inhibitors as possible treatments for EGFR driven 

glioblastomas.
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Figure 1. YAP and TAZ upregulation is associated with EGFR and RTK alterations and 
overexpression in GBM tumor cells.
(A) Immunohistochemistry (IHC) for nuclear and cytoplasmic YAP and TAZ expression 

in GBM tumor cells that overexpress EGFR (upper) due to amplification and/or 

mutation, GBM patient tissue (left, representative case) and GBM39 xenograft (right, 

representative case). Statistical analysis demonstrated correlations between high YAP and 

TAZ expression levels with each other, with EGFR alterations (amplification, copy gain, 
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and/or overexpression), and with other RTKs alterations (MET, NTRK2, and PDGFRA) in 

TMA specimens. **p≤.01; ****p≤.0001 with chi-squared test.

(B) A panel of patient-derived GBM GSC cultures (several made from tumor specimens 

used for IHC), showing expression of YAP, TAZ, and TEAD family members, as compared 

to normal human neural progenitor cells (hNPCs) and mouse neonatal neural stem cells 

(mNSCs). GSC RTK alterations: amplified EGFR (GBM725, GBM914, and GBM1219), 

amplified EGFRvIII (GBM301, pGBM2, GBM39), amplified and/or overexpressed MET 

(GBM730, GBM914, GBM56), and overexpressed NTRK2(GBM131), and PDGFRA 

overexpression and PN identity (pGBM6, GBM157) (14).

(C) YAP and TAZ protein levels and phosphorylation after treatment of EGFRvIII-mutant 

GBM39 and GBM301 cultures with 5 μmol/L gefitinib for 24 hours. Numbers indicate 

densitometry results used to determine the amount of YAP phosphorylated on S127 (YAP­

S127-P) relative to total YAP protein and the amount of TAZ phosphorylated on S89 

(TAZ-S89-P) relative to total TAZ protein detected. Phosphorylated EGFR levels shown as 

evidence of EGFR kinase inhibition by gefitinib.

Vigneswaran et al. Page 25

Clin Cancer Res. Author manuscript; available in PMC 2021 September 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. YAP/TAZ-TEAD activity transcriptionally upregulates of SOX2, MYC, and 
EGFR expression to promote tumor stem cell identity, survival, and proliferation in GBM 
gliomaspheres.
(A) Representative micrographs to show changes in cell growth and viability in GBM301 

GSCs grown adherently on matrigel in serum-free conditions infected with shRNAs 

targeting TAZ or non-targeting GFP control lentivirus; 5 days following lentivirus infection.

(B, C) mRNA and protein expression of tumor stem cell factors SOX2, MYC, and EGFR 

and SOX9, an astrocytic cell-fate marker of CL GBM, in GBM301 GSCs cells treated 

with lentiviral shRNA knockdown of TAZ and TEAD4. Cells treated with ZVAD (20 
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μmol/L) to prevent apoptosis and preserve signaling pathways, and harvested 3 days post­

infection. Graphs show representative experiments, and error bars show variance between 

experimental replicates.

(D) Cleaved-Caspase-3 and cleaved-PARP expression in GBM39 GSCs treated with 

lentiviral shRNA knockdown of YAP and TAZ or non-targeting GFP control lentivirus; 

expression of tumor stem cell factors, such as SOX2 and MYC, and the astrocytic CL GBM 

marker SOX9 upon YAP or TAZ knockdown in GBM39 GSCs concurrently treated with 

shRNAs and ZVAD (20 μmol/L). All cells harvested 3 days post-infection.

(E) Limiting dilution assays in which GBM39 GSCs were infected with shRNAs targeting 

YAP and TAZ or non-targeting GFP control lentivirus, plated at low density of 1-500 cells 

per well in 96 well plates, and observed for neurosphere formation 9 days post-infection.

(F) ChIP-qPCR from GBM39 GSCs using primer tiling for the EGFR locus indicates 

binding by YAP and TEAD at the EGFR promoter. Diagram depicting known and predicted 

TEAD consensus sites relative to qPCR tiling primers for the EGFR promoter (2,686 – 

481 bp upstream from transcriptional start site). qPCR primers for known TEAD sites 

in CTGF and CYR61 included as positive controls; primers to a TEAD-negative region 

in Chromosome 10 used as negative controls. ChIP-qPCR results analyzed for percent 

enrichment of specific regions by primer number. H3 ChIP-qPCR results demonstrate 

ubiquitous H3 binding to all tiling sites within the EGFR promoter. ChIP-qPCR peaks 

coincide with EGFR primers 2-4 and 13-16, which overlaps with known and predicted 

consensus TEAD binding sites.

*p≤.05; **p≤.01; ***p≤.001; ****p≤.0001 with ANOVA multiple comparisons test.
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Figure 3. Pharmacologic inhibition of YAP/TAZ transcription with verteporfin specifically 
inhibits stem cell identity and induces apoptosis and growth arrest in GBM gliomasphere 
cultures.
(A) Verteporfin (VP) absorption in GSC cultures in vitro, as detected via fluorescence. Cells 

were incubated with .5 μg/mL (.69 μmol/L) verteporfin for 12 hours.

(B) YAP protein levels and nuclear localization in YAP/TAZ-positive EGFR-mutant GSCs 

(GBM1219); GSCs were treated with either DMSO or .5 μg/mL verteporfin and ZVAD (20 

μmol/L, to prevent apoptosis and preserve signaling pathways) for 24 hours. YAP visualized 

by immunofluorescence. 3 μm optical projections.
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(C) WST-1 assay on EGFR-mutant GSCs (GBM39) to examine their viability and growth 

when treated with variable doses of verteporfin for 48 hours.

(D-F) Verteporfin toxicity in YAP/TAZ-positive EGFR-mutant GSCs compared to control 

cells. (D) Representative GBM1219 GSCs were treated with .5 μg/mL of verteporfin for 

24 hours and Cleaved-Caspase-3 (Cl-Caspase-3) was visualized by immunofluorescence 

to examine apoptosis, 22 μm optical projections. (E, F) YAP/TAZ positive EGFR-mutant 

GSCs (GBM39, GBM1219), YAP/TAZ-negative GSCs (pGBM6), EGFR-negative PN GSCs 

(GBM157), and hNPCs were treated with .5 μg/mL of verteporfin for 24 hours. (E) 
Apoptosis visualized by ethidium bromide (EB) dye exclusion assays and (F) proliferation 

visualized by phospho-Histone-H3 (P-H3) immunofluorescence on cells treated with 20 

μmol/L zVAD to prevent apoptosis, both quantified in 25 μm confocal z-stacks.

(G) Limiting dilution assays in which EGFR-mutant GSCs (GBM39) and hNPCs were 

plated at low density of 1-1000 cells per well in 96 well plates, incubated with 1 μg/mL 

verteporfin, and observed for neurosphere formation after 7 days.

(H-K) Tumor stem cell marker mRNA and protein levels in the indicated GSCs treated 

with verteporfin or DMSO as a control, as measured by qPCR, immunoblot, and 

immunofluorescence. 3 μm optical projections. Cells were treated with .5 μg/mL verteporfin 

for 24 hours for immunofluorescence and 1 μg/mL verteporfin for indicated timepoints 

in qPCR and immunoblots. ZVAD (20 μmol/L) was used to prevent apoptosis. Graphs 

show representative qPCR experiments, and error bars show range between experimental 

replicates.

*p≤.05; **p≤.01; ***p≤.001; ****p≤.0001 with unpaired t tests. Symbols for each bar 

indicate replicates per condition.
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Figure 4. Verteporfin treatment induces apoptosis in GBM cells cultured in ex vivo organotypic 
cultures.
Ex vivo organotypic slice cultures created from GBM39 xenografts implanted into NSG 

mice, treated with DMSO (control), 1μg/mL verteporfin (VP) for 24 hours, and/or other 

indicated agents, and then stained and imaged with confocal microscopy. DRAQ7 DNA dye 

(blue) labels all cell nuclei in tumor and stroma. 3 μm optical projections.

(A) Low magnification view of a representative control slice culture showing tumor 

integrated into surrounding normal brain tissue, tumor cells marked by EGFR 

immunostaining (red); cleaved-Caspase-3 immunostaining (green) in DMSO treated tumor 

and normal tissue.

(B) Immunostaining for EGFR (red), with verteporfin treatment. Inset shows close-up of 

apoptotic cells (green, cl-Caspase-3) adjacent to EGFR-positive tumor cells.

(C) Immunostaining for cleaved-Caspase-3 (Cl-Caspase-3, green, upper panels), labeling 

apoptotic cells, and human Vimentin (hVimentin, red, lower panels overlay), which 

specifically labels human tumor cells in the mouse brain parenchyma in organotypic tumor 

xenograft slice cultures.

(D) Ratios for total cleaved-Caspase-3 and hVimentin immunostaining in organotypic slice 

cultures; values measured in 30-50 μm confocal z-stacks using Imaris. Graphs shows values 

from individual experimental samples from multiple experiments.

*p≤.05 with unpaired t test.
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Figure 5. Visudyne treatment decreases tumor growth and downregulates tumor stem cell 
identity and EGFR expression in an orthotopic GBM xenograft model.
GBM39 GSCs were orthotopically implanted into 6-week-old NSG mice. Following an 

engraftment period of two weeks, osmotic pumps were implanted into the right ventricle to 

deliver vehicle (saline) or liposomal verteporfin (VP, 200 μg, Visudyne) at a constant rate 

over a 2-week period.

(A) Fluorescence imaging to examine verteporfin absorption; 200 μm brain slices of vehicle 

and verteporfin treated brains 7 days after pump implantation.
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(B) H&E staining of representative brain sections from vehicle and verteporfin-treated mice. 

Close-up panels and insets show H&E to highlight necrosis and pyknotic nuclei and IHC for 

EGFR, SOX2, and MYC expression in vehicle and verteporfin-treated tumors.

(C) Ki67 IHC to assess tumor cell proliferation in tumor bulk in response to vehicle or 

verteporfin treatment. Graph shows Ki67-positive cells as a proportion of total cells in tumor 

bulk in terminal tumors from vehicle and verteporfin-treated animals, >1000 total cells 

counted per section per data point. **p≤.01 with unpaired two-tailed t-test.

(D) Kaplan-Meier survival curve showing survival of tumor-bearing mice treated with 

verteporfin (Visudyne, n=8) or control vehicle (n=7) by osmotic pump for two weeks 

(arrows), median survival: 32 days for vehicle, 40.5 days for verteporfin treatment. **p≤.01 

with Log-rank (Mantel-Cox) test.
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Figure 6. Verteporfin is absorbed by human patient GBM tissue in a phase 0 clinical trial.
(A) Schematic of phase 0 clinical trial design. Participants received a single dose of 

Liposomal verteporfin (Visudyne) I.V. before surgery, at a starting of dose of 0.15 mg/kg 

at which verteporfin (VP) is administered to patients undergoing PDT for glaucoma. When 

verteporfin was not clearly detected in tumor cells at 0.15 mg/kg in the first participants, the 

following participants received 0.3 mg/kg.

(B) Intraoperative microscopy was accomplished with variable magnification over 2-40x to 

optimize visualization of tissues and structures of interest. Fluorescence was accomplished 
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by adapting the surgical operating microscope with a filter set that modified the standard 

xenon light to provide fluorescence excitation in the wavelength range 390-440nm and 

for observation in the 600-700nm range. Arrows denote various portions of tumor under 

standard white light (upper) and with fluorescence (lower), respectively.

(C) Representative tumor tissue slice from a trial participant and a control patient who was 

not treated with verteporfin (left). Fluorescent nucleic acid counterstain (SYTO) was used 

to visualize cell nuclei (middle), and fluorescence using a verteporfin-specific excitation and 

emission filter is shown on the right.

(D) Micrographs of H&E staining on matched tissue from the tumor in (C) to visualize 

tumor cellularity in the region used to visualize verteporfin fluorescence.

(E) Representative tumor tissue from patients was digested, and solubilized verteporfin 

extracts were analyzed using mass spectrometry according to methods. Extracted verteporfin 

was detected at 0.012-3.090 ng/mg tumor in treated patients.
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Figure 7. Summary Model for Verteporfin Therapeutic Intervention in Glioma.
(A) We have shown that in GBM EGFR acts through YAP/TAZ, perhaps through inhibition 

of Hippo pathway kinases such as LATS1, to activate stem cell transcriptional regulators 

in combination with TEAD binding partners and transcription co-factors. YAP/TAZ thereby 

drive transcription of downstream targets which lead to stem cell maintenance and tumor 

growth and create a feed-forward loop with EGFR itself. These ultimately drive stem cell 

programs such as self-renewal, proliferation, and survival.

(B) Illustration representing therapeutic intervention with verteporfin, a fluorescent 

porphyrin derivative, which blocks the interaction between YAP/TAZ and TEAD and 

abrogates YAP/TAZ nuclear localization, leading to a downregulation of transcriptional 

targets and a consequent decreased EGFR expression and loss of stem identity and survival 

in GSCs.
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