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Abstract

Background. Glioblastoma (GBM) remains a largely incurable disease as current therapy fails to target the inva-
sive nature of glioma growth in disease progression and recurrence. Here, we use the FDA-approved drug and
small molecule Hippo inhibitor Verteporfin (VP) to target YAP-TEAD activity, known to mediate convergent aspects
of tumor invasion/metastasis, and assess the drug’s efficacy and survival benefit in GBM models.

Methods. Up to 8 low-passage patient-derived GBM cell lines with distinct genomic drivers, including 3 primary/
recurrent pairs, were treated with VP or vehicle (VEH) to assess in vitro effects on proliferation, migration, invasion,
YAP-TEAD activity, and transcriptomics. Patient-derived orthotopic xenograft (PDX) models were used to assess
VP’s brain penetrance and effects on tumor burden and survival.

Results. VP treatment disturbed YAP/TAZ-TEAD activity; disrupted transcriptome signatures related to invasion,
epithelial-to-mesenchymal, and proneural-to-mesenchymal transition, phenocopying TEAD1-knockout effects; and
impaired tumor migration/invasion dynamics across primary and recurrent GBM lines. In an aggressive orthotopic
PDX GBM model, short-term VP treatment consistently diminished core and infiltrative tumor burden, which was
associated with decreased tumor expression of Ki67, nuclearYAP TEAD1, and TEAD-associated targets EGFR, CDH2,
and ITGB1. Finally, long-term VP treatment appeared nontoxic and conferred survival benefit compared to VEH in
2 PDX models: as monotherapy in primary (de novo) GBM and in combination with Temozolomide chemoradiation
in recurrent GBM, where VP treatment associated with increased MGMT methylation.

Conclusions. We demonstrate combined anti-invasive and anti-proliferative efficacy for VP with survival benefit in
preclinical GBM models, indicating potential therapeutic value of this already FDA-approved drug if repurposed
for GBM patients.
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Importance of the Study

Glioblastoma (GBM) remains an incurable disease, in
large part due to the lack of therapy against its malig-
nant infiltrative spread. Here, we used the YAP-TEAD
inhibitor Verteporfin (VP) to target a convergence point
for regulating tumor invasion/metastasis. VP is known
to diminish GBM growth but its anti-invasive efficacy in
orthotopic models is not well established. Qur results
indicate a novel role for VP beyond inhibiting prolifer-
ation, demonstrating a robust impact of this drug on

Glioblastoma (GBM) is characterized by rapid growth within
a densely cellular and proliferative tumor core and expan-
sile, diffusely infiltrative periphery with distinct micro-
environment and molecular signature.m™ The tumor core
contains the defining histopathological features of GBM,
is represented in most tissue biopsies, better understood
biologically, relatively more drug-penetrant, and partially
responsive to anti-proliferative therapy. Thus, it is a prime
target in many therapeutic efforts. In recent years, however,
it has become clear that glioma cells within the infiltrative
margin are largely responsible for tumor recurrence, by
evading both surgical treatment and chemoradiation,
highlighting the need for better understanding of migratory
GBM biology and improved combination therapy that tar-
gets not only proliferation but also the infiltrative tendency
of glioma cells.?®

Recent studies have described tumor migration as
an adaptive phenotype in a subpopulation of therapy-
resistant glioma cells with cancer stem cell properties, also
referred to as glioma stem cells (GSCs),%” and our group
uncovered TEAD1 as an important regulator of tumor cell
migration in GSCs.8 The TEAD family of transcription fac-
tors (TFs), along with their coactivators YAP/TAZ, are the
main downstream effectors of the Hippo pathway. Hippo
controls organ size during development and integrates
complex chemical, cytoskeletal, and mechanical micro-
environmental cues related to cell movement, which con-
verge on the nuclear translocation of YAP or its paralog
TAZ, and ultimately on YAP/TAZ-TEAD-mediated transcrip-
tion. The role of Hippo dysregulation in tumor invasion,
metastasis, and epithelial-mesenchymal transition (EMT)
is well established in several cancer types outside of the
neuraxis.® In gliomas, overexpression of both YAP and
TAZ correlates with higher tumor grade and worse prog-
nosis'" and aberrant Hippo-YAP-TEAD signaling has been
implicated in GBM growth, invasion, and mesenchymal
differentiation.’%-'8 Yet, the therapeutic efficacy of Hippo
pathway inhibitors in GBM remains largely unexplored.

Verteporfin (VP) (distinct liposomal formulation under
the brand name Visudyne®), a long-time FDA-approved
drug for macular degeneration, was recently discovered
to act as a small molecule inhibitor of YAP-TEAD"™ and TAZ-
TEAD®?0 activity and has been subsequently shown to
have anti-cancer efficacy in several solid tumor types.921-23
Recent GBM studies have shown that VP decreases prolif-
eration and induces glioma cell death in vitro,?*?7 and at-
tenuates tumor growth in subcutaneous xenografts?® and
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the dynamics of tumor migration, invasion, and mesen-
chymal transition across different IDH-wildtype GBM
lines. Notably, our study also provides the first survival
efficacy data for VP in primary and recurrent preclin-
ical GBM models, demonstrating survival benefit of the
drug at nontoxic doses. These results encourage con-
sideration for repurposing the FDA-approved drug VP
for treatment in GBM patients with primary and/or re-
current disease.

in an EGFR-mutant mouse model.?® However, the drug’s
efficacy across GBM subtypes, and its anti-invasive proper-
ties, remain unexplored. Here, we use transcriptomics and
functional assays to characterize a broad inhibitory effect
of VP on GBM cell migration/invasion and mesenchymal
transition, and then perform translational studies with
this YAP-TEAD inhibitor in preclinical GBM mouse models,
demonstrating consistent anti-invasive efficacy and a sur-
vival benefit of VP at nontoxic levels in patient-derived
orthotopic xenograft (PDX) tumors.

Methods
Samples

Samples were collected, de-identified, and processed in ac-
cordance with the policies and regulations at Icahn School
of Medicine at Mount Sinai (ISMMS) and its institutional
review board. Experiments were performed on 8 distinct
patient-derived IDH-wildtype GBM cell lines at low pas-
sage®30 treated with VP (MedChemExpress), Erlotinib (ERL)
(SelleckChem), or equivalent DMSO vehicle (VEH). For all
experiments, only cells attached to the plate were used for
downstream experiments after visual inspection to confirm
their intact cytoplasm and lack of apoptosis or crenation;
non-detached dead/dying cells were removed.

Migration, Invasion, Viability, and
Proliferation Assays

Cell viability and proliferation experiments were per-
formed in serum-free conditions at low density (2500 cells
per well), using Hoechst and Draq7 staining to determine
total and dead cell count, respectively, and using MTT as-
says. Drug doses (IC25/50/75) were calculated based on
72 h of VP treatment. Migratory behavior was assessed
by spheroid dispersion/migration at 36 h of drug treat-
ment and by transwell invasion assays (viable cell frac-
tion only), as previously described.® Sphere viability
was assayed using the Cell Titer Blue assay (Promega,
G808A). Growth factors (EGF bFGF) were omitted in
spheroid migration, Hoechst/DRAQ7 death/proliferation,
Cell Titer Blue viability, and transwell invasion assays,
and in cells grown for immunohistochemistry and RNA-
seq analyses.
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Transcriptome (RNA-Seq) Analysis

RNA was extracted from the viable cell fraction of drug/
VEH-treated cells (RNeasy, Qiagen) to generate cDNA li-
braries (Takara 634874). RNA-seq was performed on
lllumina HiSeq 2500 (50 bp paired-end) with downstream
quality control, alignment (GENCODE GRCh38), data nor-
malization, and differential expression analyses as recently
described.® Expression of selected genes was validated by
gRT-PCR.

MGMT Methylation

DNA methylation at MGMT was assessed in each cell
line and G-16302 PDX tumors using a clinically valid-
ated in-house assay. DNA was extracted (Maxwell 16,
Promega AS1130), bisulfite-converted, and subjected to
pyrosequencing at CpG sites 74-78 of MGMT exon 1 using
human-specific primers (PyroMark Q24, Qiagen 970032).
Results were corroborated in a subsequent, independent
experiment.

Orthotopic Transplantations and Drug/Radiation
Animal Treatments

Animal studies were performed in accordance with the
ethical standards of ISMMS under approved Institutional
Animal Care and Use Committee protocols. Patient-
derived G-16302 (2 x 10%) and G-13063 (5 x 10°) cells were
injected stereotactically into the striatum (2 mm right lat-
eral to bregma and 3 mm deep) of 2-month-old male and
female mice with B&T-cell immunodeficiency but retained
microglia activity (lcrTac:ICR-PrkdcSCID strain, Taconic). VP
(reconstituted in DMSO) or VEH (equivalent DMSO con-
centration) were administered intraperitoneally (IP) daily
(6 mg/kg, 10 mg/kg, and 100 mg/kg doses) or every other
day (50 mg/kg dose). Temozolomide (TMZ, 5 mg/kg IP) and
whole-brain radiation therapy (RT, 3Gy) were administered
on 2 consecutive days. All treatments were randomized.

Table1 GBM Cell Line Information

PDGFRA
Amplification

GBM Cell

IDH
Status

Patient
Sex

Primary/Re-

Line current

G-13063 Primary Female wt v
G-12746  Primary Male wt
G-13181  Primary Female wt
G-16302  Recurrent Female wt
G-13514  Primary Female wt
G-17969  Recurrent Female wt
G-11849  Primary Female wt v
G-11849R Recurrent Female wt v
us7 Established Male wt

NF1
Mutation

Mice were sacrificed for histological analysis of tumor
burden or for survival studies when clinically symptomatic
or reaching 20% weight loss from time of transplantation.

IVIS Imaging

IVIS spectrum in vivo imaging (PerkinElmer) was used to
measure VP’s natural light-induced fluorescence (excita-
tion = 605 nM, emission = 700 nM) in anesthetized mice,
~2 hours (h) and ~24-h post-VEH (DMSO) or VP (6 mg/kg,
10 mg/kg, or 50 mg/kg) IP injection. IVIS measurements
were set to predefined tissue depth and regions of interest
of equal size and shape were applied to capture total flux
(photons per second). Image acquisition and analysis were
performed using Livinglmage.

Immunofluorescence

Immunofluorescence was performed as previously de-
scribed,®" on 4% PFA 2-dimensional cultures and PDX
cryosections, using the following primary antibodies:
TEAD1 (BD610923, 1:100), EGFR (Invitrogen 280005, 1:100;
Millipore 06-847, 1:100), Ki67 (Abcam ab15580, 1:250), YAP
(Cell Signaling 4912, 1:200), TAZ (Abcam ab84927, 1:200),
CDH2 (BD610921, 1:100), ITGB1 (ABclonal A2217, 1:100),
cleaved Caspase-3 (Cell Signaling 9661, 1:200), and human
nuclear antigen (HNA) (Millipore MAB1281, 1:400); coun-
terstained with DAPI (Thermo Fisher D1306, 1:1000).
Images were captured on Zeiss LSM 710 confocal micro-
scope or IN Cell Analyzer and quantitated under uniform
gain settings using Zen 2 Blue or Imaged. Only cultured
cells with viable appearance were scored.

Statistical Analysis

Student t test and 1- or 2-way ANOVA were used, as ap-
propriate, to calculate significance (*P < .05, **P < .01,
**¥*¥P < .001) in cell culture and imaging studies. RNA-seq

PTEN
Mutation

TP53
Mutation

EGFR Mu-
tation/CNA

MGMT
Methylation (%)

52.4
92.2
39.6
371
v 96.2

v 58.2
v 86.6
v

Provided is information on experimental cells used—8 patient-derived lines at low passage (<30) (G-13063, G-12746, G-13181, G-16302, G-13514,
(-17969, G-11849, G-11849R) and U87 GBM cell line, patient sex, primary/recurrent status, main genomic alterations of original tumor; and patient-
derived cell line MGMT DNA methylation levels. All 8 patient-derived lines were used for functional in vitro experiments; G-13063 and G-16302
lines were used for in vivo experiments; G-13063, G-16302, and U87 cells were used for RNA-seq experiments. Abbreviation: CNA, copy number

alteration.
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Fig. 1 Verteporfin downregulates YAP/TAZ-TEAD activity and transcriptomes related to adhesion, EMT, and invasion in GBM. (A)
Immunocytochemistry analysis of subcellular expression of TAZ, YAP, TEAD1, and the TEAD1-target EGFR after 3-day treatment with Verteporfin
(VP) (IC, dose) vs vehicle (VEH) in G-13063 cells; *P = .017 (YAP), ***P = 0001 (TAZ), **P = 0.0046 (TEAD1), ***P = .00001 (EGFR) by Student
t test; n = 24-51 images (dots) in 2-5 wells/condition; lines in box-and-whisker plots represent mean and bars represent min/max. See also
Supplementary Figure 2. (B) Representative images of TAZ and TEAD1 from part A. Scale bars = 25 pm. (C) Representative images of EGFR from
part A. Scale bars = 50 um. (D) Volcano plot of differential expression RNA-seq data from 3 biologically distinct GBM lines (G-13063, G-16302, U87)
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differential expression tests were false discovery rate
(FDR)-adjusted for multiple testing correction. IC,, values
were calculated as a function of 7 different log-fold concen-
trations. The chi-square log-rank test was used to calculate
significance in Kaplan-Meier survival analyses (*P < .05).

Results

Verteporfin Inhibits YAP/TAZ-TEAD Activity
and Disrupts Invasion and Pro-Mesenchymal
Transcriptome Signatures

Hippo dysregulation has been recently implicated in GBM
invasion and migration.'®" To explore the efficacy of the
small molecule Hippo-YAP/TAZ-TEAD inhibitor VP in this
context, we first tested drug activity in 8 biologically dis-
tinct patient-derived GBM cell lines with unique genomic
alterations, including 3 primary/recurrent pairs (Table 1).
Cell viability and IC,, dose was determined for each line,
following 3 days of drug treatment (Supplementary Figure
1A), revealing overall similar sensitivity of cell lines to VP
treatment, despite unique genomic makeup and primary vs
recurrent status. In these, VP treatment downregulated pro-
tein expression of key Hippo pathway members YAP/TAZ
and inhibited TEAD1 activity (Figure 1A-C, Supplementary
Figure 2A-E), as seen with other cancers.'®?'-22 Notably,
the decrease in YAP and TAZ expression was specific to the
nucleus (Figure 1A and B, Supplementary Figure 2A-C),
consistent with the known effect of VP on cytoplasmic YAP/
TAZ sequestration.32 Controlled time-course analysis of
cell death after VP treatment indicated slow and gradual
increase in dying cells over the 72-h period, negligible be-
fore 36 h (Supplementary Figure 1B and C). Of note, cell
death did not differ significantly between light-on and light-
off conditions during VP administration (Supplementary
Figure 1B), and there was a persistent decrease in nuclear
YAP and EGFR levels within the live cell fraction of treated
cells (Supplementary Figure 2E).

To assess VP's effect on YAP/TAZ-TEAD transcriptional
activity and on overall tumor biology genome-wide, we
performed whole transcriptome RNA-seq on viable GBM
cells with distinct phenotypes (Table 1), treated with VP,
VEH, or the drug ERL to control for nonspecific drug ef-
fects (Supplementary Data 1). Unsupervised hierarchical
clustering and differential expression analysis of VP vs
VEH treatment defined robust VP-associated signature in
all biological replicates, despite strong patient-specific
separation (Figure 1D, Supplementary Figure 3A-C),
whereas the same analysis for ERL vs VEH treatment did

Fig. 1, continued

not (Supplementary Figure 3A and B, Supplementary
Data 1). We confirmed significant downregulation of
many known YAP/TAZ-TEAD-target genes across all cell
lines after VP treatment, including CTGF (CCN2), Cyr61
(CCN1), TGFB2, ITGB5, AXL, and EGFR®®2223 (Figure 1E,
Supplementary Figure 2F), and validated several of them
orthogonally (Figure 1A and C; Supplementary Figure 2D
and G). Functional enrichment analyses revealed most
significant enrichment for biological processes and path-
ways related to extracellular matrix (ECM) organization,
adhesion, EMT, migration, locomotion, and cell motility
in the downregulated set of genes after VP treatment
(Figure 1F, Supplementary Figure 3D, Supplementary Data
1). Processes related to cell proliferation were also repre-
sented by a few genes, with much lower enrichment sig-
nificance (Figure 1F). In contrast, upregulated genes after
VP treatment were highly enriched for pathways related to
nitrogen and porphyrin-related metabolism and transla-
tional initiation (Figure 1F, Supplementary Figure 3D).

To define better the on- vs off-target effects of VP as a
TEAD inhibitor, we compared enrichment of gene set sig-
natures in VP-treated cells to similar patient-derived cell
lines in which TEAD1 was ablated using CRISPR/Cas9 ge-
nomic editing (TEAD1 knockout).® Notably, this analysis
disclosed similar effect on the enrichment of mesenchymal
(EMT), invasiveness,®® and proneural-to-mesenchymal
(PMT)/multitherapy resistance®* signatures between VP
treatment and TEAD1 knockout conditions (Figure 1G
and H, Supplementary Figure 4A and B, Supplementary
Data 1) while also revealing some transcriptome differ-
ences (Supplementary Figure 4C and D). Overall, the
transcriptome analysis suggested that VP treatment over-
whelmingly inhibits invasion, ECM organization, and pro-
mesenchymal EMT and PMT pathways across distinct
GBM subtypes, substantiating further studies to assess the
drug’s anti-invasive therapeutic efficacy.

Verteporfin Impairs Glioblastoma Migration and
Invasion Dynamics In Vitro

VP is known to decrease proliferation and induce glioma
cell death in vitro.?4?’ Here, we tested if pharmacological
inhibition of YAP/TAZ-TEAD activity also has a functional
effect on GBM migration and invasion in our patient-
derived cell line models, using the spheroid dispersal/
confluent migration and transwell invasion assays. To
minimize the confounding effects of cell proliferation and
cell death on tumor migration, spheroid dispersal as-
says were performed in the absence of growth factors,
over an early 36-h time course when anti-proliferative VP

treated with VP (IC,; dose) vs VEH for 3 days. Defined set of 574 downregulated and 164 upregulated genes are marked by blue and red dots, re-
spectively (10% false discovery rate [FDR] adjustment). (E) TEAD-target gene expression in the differential RNA-seq dataset from (D) (*P < .05
and *'P<.1 by Student ttest; n = 3 cell lines; bars represent mean + SEM). (F) Functional enrichment analysis on the differential sets of genes
from part (D) (log,-fold change >0.5 and <-0.5) against several gene set databases, HOMER tool. Shown are selected top enriched biological pro-
cesses, pathways, and reactomes of downregulated (blue) or upregulated (red) VP-associated genes (see Supplementary Data 1 for full list). (G)
Gene Set Enrichment Analysis (GSEA) of the predefined signature gene sets “HALLMARK EPITHELIAL MESENCHYMAL TRANSITION" (M5930)
and “Multicancer Invasiveness”® in the VP/VEH rld normalized RNA-seq dataset. (H) GSEA analysis of rld normalized RNA-seq dataset from
CRISPR/Cas9 TEAD1 knockout cell lines vs sham (G-13063, G-16302, G-12746, and G-13306 cell lines®), phenocopying the enrichment pattern seen
in VP-treated cells. Abbreviations: EMT, epithelial-mesenchymal transition; GBM, glioblastoma; NES, normalized enrichment score.
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Fig.2 Verteporfin decreases tumor migration in vitro across primary and recurrent GBMs. (A) Dose-dependent effect of Verteporfin on spheroid
dispersion/confluent cell migration, across 8 biologically distinct GBM lines, including 3 primary (P1-P3) and recurrent (R1-R3) pairs (n = 3 wells
(dots) with multiple spheres/well, 2 independent experiments for G-13063 and G-16302; lines in box and whisker plots represent the mean spheroid
area at 36 h after treatment, bars represent min/max). (B) Area of spheroid migration in representative G-13063 cells at 36 h of treatment with VEH
or IC50 VP, marked by yellow dash line; inset shows spheroid at 1 h. Scale bars = 75 um. (C) Dose-dependent effect of Verteporfin on transwell
invasion. Dead cells are discarded prior to transwell plating and live cell number is measured using crystal violet (n = 3 wells (dots) per condition
for each line). (D) Representative images of transwell membranes were analyzed in (C). Scale bars = 50 pm. (E) Identical transwell invasion assays
to part (C) comparing effect of invasion in G-13063 cells treated with VEH, VP, or ERL (n = 3 wells (dots) per condition). (F) Representative images of
transwell membranes from (E). Scale bars = 100 pm. (*P< .05, **P< .01, ***P<.001 by Student ttest; dose-dependence confirmed by ANOVA (P<
.05); C, E: bars represent mean + SEM). Abbreviations: ERL, Erlotinib; GBM, glioblastoma; VEH, vehicle; VP, Verteporfin.
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Fig. 3 Brain accumulation and YAP-TEAD activity of Verteporfin in PDX tumors. (A) IVIS imaging in anesthetized littermate G-16302 PDX mice
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lation of VP-associated fluorescence in G-16302 PDX brains, normalized VIS data over multiple experiments; *** P<.0001 (VEH) vs 6 mg/kg/10 mg/
kg/50 mg/kg (VP); **P=.0011 6 mg/kg (VP) vs 10 mg/kg (VP); **P=.0069 10 mg/kg (VP) vs 50 mg/kg (VP) by Student t test; dose-dependence also
significant by 1-way ANOVA, P < .0001; n = 13 (VEH), 6 (6 mg/kg VP), 9 (10 mg/kg VP),12 (50 mg/kg VP) PDX mice (dots); lines in plot represent
mean. All VIS measurements are performed using identical settings on day 2 of treatment, ~2 h after drug administration. (C) Accumulation of
VP-associated autofluorescence (green) throughout the brain parenchyma, including outside cerebral vessels, assessed by epifluorescence mi-
croscopy (kidney shown as positive control and choroid plexus shows relative accumulation in vasculature (10 mg/kg intravenous VP, 2 h). Scale



effects were found to be non-significant (Supplementary
Figure 1D, E, and F) and the rate of cell death was low
(Supplementary Figure 1B and C), using lower and higher
doses of VP83536 Treatment with VP resulted in signifi-
cant, dose-dependent decrease in confluent cell migration
across all 8 patient-derived GBM cell lines, both primary
and recurrent subtypes (Figure 2A and B), as well as in ro-
bust, dose-dependent decrease in cell invasion within the
viable fraction of treated cells (Figure 2C and D). Compared
to treatment with the EGFR inhibitor ERL, the anti-invasion
effect of VP was much more pronounced (Figure 2E and
F). Overall, this analysis substantiated the anti-migration
efficacy of VP across patient-derived GBM cell lines with
distinct genomic drivers, both in primary and recurrent
settings.

Brain Accumulation and Hippo Target Inhibition
of Verteporfin in PDX Models

Structurally, VP is a benzoporphyrin-derived monoacid of
small-to-medium size and distinctly lipophilic characters’
and has been shown to be brain penetrant without the
need of a carrier.?>38To assess if VP reaches the brain paren-
chyma in our PDX models, we took advantage of the drug’s
intrinsic fluorescence and used IVIS imaging to demon-
strate significant accumulation of VP-associated signal in
the brain of live animals over the course of drug treatment
as well as within their tissue organ at necropsy (Figure 3A,
Supplementary Figure 5A). Importantly, the increase in
VP-associated fluorescence was dose-dependent (Figure
3B) and persisted above VEH 24 h after drug administra-
tion (Supplementary Figure 5B). Microscopy analysis con-
firmed that VP-associated fluorescence is seen throughout
the neuropil parenchyma and not just within blood vessels
(Figure 3C). While the exact inhibitory concentration of VP
could not be determined in vivo, we found that IP injec-
tion of VP for 10 days at nontoxic dose was sufficient to
exert on-target activity, inhibiting nuclear YAR, TEAD1, and
TEAD1-target expression in PDX tumors (Figure 3D-F).

Verteporfin Treatment Decreases Infiltrative
Tumor Burden and Proliferation In Vivo

Encouraged by the consistent accumulation of VP signal
and the drug’s impact onYAP-TEAD expression in the brain,
we set out to characterize the effect of short-term VP treat-
ment on tumor growth and infiltrative spread. We used the
aggressive G-16302 orthotopic PDX model, derived from
a patient with a recurrent (therapy-resistant) and widely
metastatic GBM,3° which consistently shows the formation
of large and diffusely infiltrative tumors by 4 weeks and
clinical deterioration by 5-6 weeks. Mice with G-16302 PDX

Fig. 3, continued
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tumors were treated with VP (or VEH) for 1 week, beginning
at 3-week post-xenotransplantation (pt). Tumor burden
area at the core and at the infiltrative edge was annotated
based on tumor cell density and measured on serial histo-
logical sections. This analysis revealed significantly lower
tumor burden in VP-treated mice, both within the leading
infiltrative tumor edge extending into the corpus callosum,
as well as within the tumor’s core, observed consistently
across 3 independent experiments (Figure 4A, B, and G).
A decrease in the distal migration of single tumor cells
was also noted when PDX mice were treated with VP for 4
weeks (Figure 4G and H, Supplementary Figure 5F). Within
the tumor core, VP treatment showed a subtle but signifi-
cant inhibitory effect on cell proliferation (Figure 4C and D)
and only a modest effect on cell apoptosis (Supplementary
Figure 5C), the latter suggesting that the main effect of
VP treatment in our model appears to be on live cell dy-
namics rather than on cell death. Probing further into VP’s
dynamic effects on tumor burden, we measured the ex-
pression of several VP-associated targets most strongly
downregulated in the RNA-seq analysis (Supplementary
Figure 3D, Supplementary Data 1) and found signifi-
cant downregulation of the mesenchymal cadherin CDH2
and the integrin ITGB1 in VP-treated PDX tumors (Figure
4E and F, Supplementary Figure 5D and E). Importantly,
downregulation of CDH2 and ITGB1 levels corresponded
to lower nuclear YAP and TEAD1 expression (Figure 3D-F)
and to reduced infiltrative tumor burden (Figure 4A, B, and
G) in the same PDX tumors. Overall, these in vivo drug
efficacy data provide strong evidence that VP diminishes
infiltrative growth and spread in an aggressive, recurrent
PDX model, and can even impede distal cell migration if
given early on in the disease’s course.

Verteporfin Confers Survival Benefit Without
Systemic Toxicity in PDX Models

Translational efforts are urgently needed to bring for-
ward new therapeutics against the invasive biology
of GBM, responsible for tumor recurrence. To explore
if VP's anti-invasive efficacy confers survival ben-
efit in preclinical models, we administered VP or VEH
daily, either as monotherapy or in combination with
standard chemoradiation therapy (TMZ plus fraction-
ated RT) in gender-matched mice with G-16302 PDX
tumors. Treatment with VP (or VEH) began 2-week post-
orthotopic xenotransplantation, and fractionated RT
was administered with 2 doses of 3Gy after IP injection
of TMZ 1 week later (Figure 5A). In this aggressive PDX
model, we detected statistically significant survival dif-
ference only between mice treated with VP in combi-
nation with chemoradiation (VP + TMZ + RT) and mice
given VEH (P = .02), with VP + TMZ + RT-treated mice

bars =50 um. (D, E) Representative immunofluorescence images of EGFR and YAP (D) and TEAD1 (E) expression in the core of G-16302 PDX tumors
after VP treatment (100 mg/kg IP, 10 days). Scale bars = 50 um. (F) Quantification of normalized intensity for TEAD1's target EGFR, nuclear YAP,
and TEAD1 in tumor core, using single confocal plane images; *P= .01 (EGFR), *P= .03 (TEAD1), ***P < .0001 (nuclear YAP) by 1-tailed unpaired
Student ttest, n =6 mice (EGFR) and n =4 mice (TEAD1) with multiple fields scored; lines in box-and-whisker plots represent mean and bars repre-
sent min/max. Abbreviations: IP, intraperitoneally; PDX, patient-derived orthotopic xenograft; VEH, vehicle; VP, Verteporfin.
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Fig.4 Verteporfin decreases infiltrative tumor burden in aggressive PDX tumors. (A) Experimental setup and representative histological sections
of infiltrative G-16302 PDX tumors at 4-week post-transplantation (wk pt) treated with vehicle or Verteporfin (100 mg/kg IP, days 21-30). Tumors
are stained with human nuclear antigen (HNA). “Core” is defined as tumor area near the injection site with highest tumor density (>100 HNA+/
HNA- cells) and “infiltrative edge” (IE) is defined as adjacent tumor area of lower tumor density (~50-100 HNA+/HNA- cells) and confluent tumor
spread, marked by yellow lines. Scale bar = 1 mm. (B) Quantification of PDX tumor burden area within the tumor “core” and “infiltrative edge” in 8



showing 16.5 days longer median survival compared to
VEH-treated mice (Figure 5A). Statistically significant
survival benefit was not detected with VP treatment
alone and with chemoradiation (TMZ + RT) treatment
alone, consistent with the treatment-resistant nature
of the recurrent G-16302 GBM model.?° Survival anal-
ysis of VP + TMZ + RT vs TMZ + RT was also not signif-
icant (P = .2), although a transient pro-survival effect
was observed when VP was added to TMZ + RT (Figure
5A). Importantly, VP administration over several dif-
ferent doses (6-100 mg/kg IP) for up to 39 days did not
show any evidence for systemic toxicity prior to tumor
formation, based on frequent monitoring for weight
loss, signs of clinical deterioration, and confirmation of
tumor formation at necropsy. To study further the basis
for the longer survival observed in some of the mice
treated with VP in combination with chemoradiation,
we performed additional histological analyses and
measured levels of MGMT methylation in the survival
G-16302 PDX cohort. Interestingly, molecular analysis
revealed statistically significant increase in human
MGMT methylation levels in VP-treated PDX tumors,
both in the VP alone and the VP + TMZ + RT combination
groups (Figure 5B), pointing toward a VP-associated
effect on MGMT methylation. Histologically, tumors
appeared large and infiltrative at end stage, with VP
and VP + TMZ + RT treatment showing significantly
lower tumor density compared to TMZ + RT treatment
(Supplementary Figure 6A-C). Tumors treated with RT
also displayed treatment-related necrosis, which, no-
tably, was significantly higher and more confluent in
long survivors given a combination of VP and RT +TMZ,
compared to RT + TMZ alone (Figure 5C and D).

As the G-16302 PDX model was generated from an ex-
tremely aggressive and already recurrent patient tumor,3°
we performed additional VP survival studies using an
orthotopic PDX model generated from primary (de novo)
GBM. Indeed, in the more typical G-13063 PDX model, we
detected significantly prolonged survival in mice treated
with daily IP injections of VP as monotherapy, compared
to VEH control mice (Figure 5E). Notably, 10 mg/kg daily
IP injection of VP for 171-276 days was well tolerated by
most mice, showing steady weight during the long course
of drug treatment and weight loss corresponding to tumor
formation (Supplementary Figure 6D), which we con-
firmed histologically. These results provide strong support
that VP not only impedes invasive tumor cell behavior in
vitro and in vivo but also confers survival benefits in pre-
clinical PDX mouse models without associated systemic
toxicity.

Fig. 4, continued
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Discussion

New therapeutics that effectively target the infiltrative as-
pect of GBM growth are greatly needed to improve dis-
ease prognosis® and repurposing FDA-approved drugs for
mono or combination therapies may prove effective in this
endeavor.®® The unique ability of Hippo to converge com-
plex biochemical and mechanical signals onto transcrip-
tional regulation makes the pathway's effector YAP-TEAD, a
prime target for simultaneously inhibiting multiple aspects
of the biology driving tumor proliferation, invasion, and
migration. Here, we use the FDA-approved drug and small
molecule YAP-TEAD inhibitor VP to target this convergence
point for regulating tumor invasion/metastasis and estab-
lish the robust anti-invasive therapeutic efficacy of this
drug across preclinical glioma models.

An emerging hypothesis in the field is that effective GBM
therapy target both tumor cell proliferation and invasion,
and our findings add to previous studies to support the role
of VP as a combined anti-proliferative and anti-invasive
drug agent. Several mechanisms of VP action have been
previously reported to explain its observed efficacy in
gliomas, related both to on-target Hippo activity?* as well as
to off-target cytotoxicity under hypoxia?® and enhanced ox-
idative phosphorylation.?6 Here, we demonstrate the addi-
tional inhibitory effect of VP on tumor migration, invasion,
and mesenchymal transition. VP treatment downregulated
many EMT-associated genes, especially those involved in
ECM assembly and adhesion. Interestingly, VP treatment
consistently disrupted a treatment-resistant PMT signa-
ture in GBM cell lines, despite their unique molecular
makeup. We believe this anti-mesenchymal/anti-invasive
VP effect to be at least partially related to TEAD activity,
as the observed inhibitory VP effects were phenocopied
functionally® and molecularly (this study) after TEAD1
knockout in similar patient-derived lines. Moreover, ge-
netic inhibition of TAZ-TEAD?2 activity has previously shown
similar anti-invasive phenotype and a mesenchymal-to-
proneural switch in GBM' and both TEAD1 and YAP/TAZ
have been described as critical upstream regulators of
GSC cell fate, including for tumor initiation®° and migra-
tion.® We confirmed VP-associated downregulation of the
mesenchymal cadherin CDH2 and the integrin ITGB1 in
vivo, two known pro-invasion glioma molecules*'*? and
YAP-TEAD-associated target genes,®* in tumors with re-
duced infiltrative spread and decreased nuclear YAP and
TEAD1 expression. VP also inhibited levels of EGFR in our
tumors, a key oncogenic GBM driver.** This is consistent

serial histological sections per mouse, 4-wk pt and VEH/VP treatment and 3-wk pt with no treatment (NT) (*P=.0161; n = 11 mice (dots) per condi-
tion from 2 combined experiments, normalized to average VEH tumor burden area; similar results observed in 3 independent experiments). (C, D)
Representative histological images (C) and quantifications (D) of Ki67 tumor core intensity normalized to HNA (10 mg/kg IP VP administration days
1-28; *P=.027; n = 6 (VP) and n = 4 (VEH)-treated G-16302 PDX mice (dots)). Scale bars = 100 um. (E, F) Representative immunofluorescence im-
ages (E) and quantification (F) of CDH2 expression in VP/VEH-treated PDX tumors (10 mg/kg IP days 1-28 and 100 mg/kg IP days 21-30; *P=.0136;
n = 4 G-16302 PDX mice (dots) per condition). Scale bars = 30 um. (G, H) Representative images (G) and quantifications (H) of single migratory
HNA+ tumor cells (annotated in yellow) away from the core and infiltrative edge in PDX mice with early Verteporfin treatment regimen (10 mg/
kg IP days 1-28) (*P=.04; n = 6 G-16302 PDX mice (dots) per condition, section with largest tumor burden annotated for each). Scale bars = 1 mm.
See also Supplementary Figure 5F. For parts B, D, F, and H, lines in box-and-whisker plots represent mean and bars represent min/max; P-values
determined by Student ttest. Abbreviations: IP, intraperitoneally; PDX, patient-derived orthotopic xenograft; VEH, vehicle; VP, Verteporfin.
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crosis in PDX tumors of TMZ + RT and TMZ + RT + VP-treated mice. Scale bar=1mm. T, tumor; N, necrosis. (D) Pathological scoring of percentage



with the recent discovery that EGFR is a direct TEAD-
target gene in esophageal cancer?? and in GBM,? and the
subsequent demonstration of VP’s therapeutic potential
in lung cancer®®#¢ and in EGFR-mutant GBM.?® Our find-
ings suggest widespread VP efficacy against IDH-wildtype
GBM tumors, including EGFR-mutant, NF1-mutant, and/or
PDGFRA-amplified subtypes.

Survival studies demonstrated a clear benefit of VP
as monotherapy in the primary (de novo) G-13063 GBM
model and suggested partial benefit of VP when combined
with chemoradiation in the recurrent G-16302 GBM model,
where statistically significant difference in survival was de-
tected only when VP +TMZ + RT is compared to VEH treat-
ment. While comparison betweenVP +TMZ + RT andTMZ +
RT treatment groups did not reach statistical significance,
we did observe a transient pro-survival effect in a subset
of animals when VP is added to chemoradiation. Recent
in vitro studies have shown additive efficacy of VP when
combined with TMZ? or with radiation.?®4’ Consistent
with this, our molecular analysis revealed higher levels of
MGMT methylation in VP-treated G-16302 tumors, a clini-
cally relevant biomarker for TMZ response, and a greater
degree of treatment-related necrosis in long PDX sur-
vivors treated with VP plus chemoradiation. The exact
mechanisms through which VP potentially induces TMZ
chemosensitivity and/or radioresistance in recurrent GBM
deserve focused investigation in future studies.

Overall, our data suggest that VP inhibits migration/in-
vasion and mesenchymal transition across different GBM
tumors, both primary and recurrent, which appears at least
partially related to TEAD1-associated activity. This, in addi-
tion to VP’s other effects on TMZ, radiotherapy, and cyto-
toxicity may prove this drug beneficial in simultaneously
targeting migratory and proliferative biology in a diverse
population of GBM tumors.

Prior pharmacokinetic studies have evaluated exten-
sively the biodistribution of the active metabolite in VP, in
several organs including the brain3484% and have shown
much greater VP metabolite accumulation in tumors than
in normal tissues.®® Our study also revealed greater VP ef-
ficacy in dense tumor regions (tumor core and infiltrative
edge) than in distal migratory cells within the mostly
normal host parenchyma. Therefore, VP's greatest thera-
peutic efficacy is expected to be at the core and infiltrative
edge, when given soon after tumor detection/resection,
with the hope that decreasing collective migration at the
margin will also deter further distal tumor cell spread.
Unlike many small molecule inhibitors, the plant-derived
drug VP has minimal toxicity to non-tumor cells and has
been used for decades as porphyrin-based photosensitizer
therapy. Several incidental case reports have also dem-
onstrated the efficacy of VP in treating aggressive retinal
astrocytic lesions, with little side effects.5%-52 In our study,

Fig. 5, continued
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we also observed drug efficacy in vivo in the absence of
systemic toxicity, at VP doses ranging from 6 to 100 mg/kg,
after up to 10 months of daily VP treatment. Given that VP
is FDA-approved and well tolerated in patients for the treat-
ment of macular generation and we have herein demon-
strated a role for VP in prolonging survival in the absence
of toxicity in both primary and recurrent GBM models, the
drug’s repurposing for use as adjuvant therapy in GBM pa-
tients should be strongly considered in future studies.

Supplementary Material

Supplementary material is available at Neuro-Oncology
online.
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necrosis stratified into 2 groups based on longest and shortest survival (n = 10 mice (dots) per treatment group, 2-4 sections per mouse, *P< .05
by Student t test, lines in box-and-whisker plots represent mean, bars represent min/max; ns, not significant). (E) Experimental setup (top) and
Kaplan-Meier survival analysis (bottom) of Verteporfin vs vehicle treatment in G-13063 orthotopic PDX mice (¥*P = .02 by chi-square log-rank
test; n = 9 mice/treatment condition, median survival 171/211 days for VEH/VP, respectively; tumors confirmed in all mice included in the anal-
ysis). Abbreviations: GBM, glioblastoma; PDX, patient-derived orthotopic xenograft; RT, radiation therapy; TMZ, Temozolomide; VEH, vehicle; VP,

Verteporfin.
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