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A complex of Wnt/planar cell polarity signaling components
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Comprehensive Cancer Center, University of California Davis School of Medicine, Sacramento,
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2Department of Microbiology and Molecular Genetics, University of California Davis, Davis, CA,
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SDepartment of Molecular Biosciences, University of California Davis School of Veterinary
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Abstract

Targeting common oncogenic drivers of glioblastoma multiforme (GBM) in patients has remained
largely ineffective, raising the possibility that alternative pathways may contribute to tumor
aggressiveness. Here we demonstrate that Vangl1 and Fzd7, components of the non-canonical Wnt
planar cell polarity (Wnt/PCP) signaling pathway, promote GBM malignancy by driving cellular
proliferation, migration, and invasiveness, and engage Rho GTPases to promote cytoskeletal
rearrangements and actin dynamics in migrating GBM cells. Mechanistically, we uncover the
existence of a novel Vangl1/Fzd7 complex at the leading edge of migrating GBM cells and
propose that this complex is critical for the recruitment of downstream effectors to promote tumor
progression. Moreover, we observe that depletion of £ZD7results in a striking suppression of
tumor growth and latency and extends overall survival in an intracranial mouse xenograft model.
Our observations support a novel mechanism by which Wnt/PCP components Vangl1l and Fzd7
form a complex at the leading edge of migratory GBM cells to engage downstream effectors that
promote actin cytoskeletal rearrangements dynamics. Our findings suggest that interference with
Wnt/PCP pathway function may offer a novel therapeutic strategy for patients diagnosed with
GBM.

"Corresponding author: Dr. Kermit L. Carraway I11; Department of Biochemistry and Molecular Medicine and University of
California Davis Comprehensive Cancer Center, University of California Davis School of Medicine, Sacramento, CA, 95817, USA,
Tel: (916) 734-3114; klcarraway@ucdavis.edu.

Author Contributions

C.A.D., K.V, and K.L.C. contributed to conceptualization; C.A.D., K.V., D.N,, G.R.R.B., JM.A,, S.R.C., and K.L.C. contributed to
methodology; C.A.D., K.V,, D.N., G.R.R.B., P.S., and M.H. contributed to data collection; C.A.D., K.V., D.N., G.R.R.B., JM.A,,
S.R.C., and K.L.C. contributed to data analysis and interpretation; J.M.A., S.R.C. and K.L.C. contributed resources; C.A.D., K.V.,
D.N., G.R.R.B., and K.L.C. contributed to manuscript writing.

Conflict of Interest
The authors declare no potential conflicts of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dreyer et al.

Keywords

Page 2

glioblastoma; noncanonical Wnt signaling; planar cell polarity; motility; proliferation

1. Introduction

Glioblastoma multiforme (GBM) is the most common and malignant form of brain cancer
and is associated with high morbidity and mortality. Despite recent advances in the detection
and treatment of these tumors the 5-year survival rate remains below 5%?, substantially
lower than most other solid tumor types. Currently, the standard therapeutic approach for
patients diagnosed with GBM is multifaceted, employing surgical resection to remove

the bulk of the tumor, followed by radiation and chemotherapy with temozolomide to
eliminate residual cells2. Because GBM tumors are highly proliferative and infiltrative3
tumor recurrence generally occurs in close proximity to the primary tumor site, and is often
driven by subpopulations of residual cells that have disseminated into the surrounding brain
tissue and evaded therapeutic intervention®.

Common oncogenic drivers in GBM tumors, including epidermal growth factor receptor
(EGFR) mutation and amplification, platelet-derived growth factor receptor (PDGFR)
activation, and phosphatase and tensin homolog (PTEN) inactivation, contribute to GBM
progression through downstream induction of phosphatidylinositol 3-kinase (PI3K)/Akt
signaling, driving cellular proliferation and invasiveness®’. However, therapeutic agents
targeting these pathways have exhibited poor clinical efficacy819, likely due to the highly
heterogeneous nature of these tumors and their resistance to targeting of the presumed
oncogene. Additional evidence suggests that activation of alternative molecular drivers may
play a major role in the aggressive properties of GBM tumors.

Wnt/PCP is a branch of noncanonical Wnt signaling that is critical for normal development
where it plays essential roles in mediating cell adhesion, tissue polarity, and migration,

and requires the core components Vangl, Frizzled (Fzd), Prickle (Pk), and Dishevelled
(DvI)1112 While Wnt/PCP has shared components with both canonical and other
noncanonical Wnt signaling pathways, the presence and involvement of the transmembrane
scaffold Vangl distinguishes Wnt/PCP signaling from other Wnt pathways and is essential
for proper pathway function3-15, Activation of Wnt/PCP signaling occurs upon binding of a
non-canonical Wnt ligand, such as Wntba, to a Fzd receptor at the plasma membrane. This
results in the recruitment of Dvl and its subsequent phosphorylation, allowing Dvl to engage
downstream effectors including Rho GTPases and c-Jun N Terminal Kinase (JNK) to drive
cytoskeletal rearrangements and actin dynamics4.

Given that developmental pathways are often hijacked and reactivated by tumors to drive
malignancy, it comes as no surprise that core Wnt/PCP components are dysregulated in
several cancer types and contribute to tumor progression13-16. Of note, we previously
reported that transcript levels of Wnt/PCP components VANGLI, FZD7, and WINT5A are
all upregulated in GBM tumors relative to normal tissue regardless of tumor subtype, and
their high expression levels correlate with poorer patient outcomel’. Further, we identified a
mechanism by which the E3 ubiquitin ligase Nrdp1 negatively regulates Wnt/PCP signaling
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in GBM cells. Nrdpl interaction with Vangl1 and Vangl2 impairs Dvl localization to

the cell membrane through K63-linked polyubiquitination, preventing the propagation of
downstream signaling!’. However, the direct involvement of the core Wnt/PCP components
and their contribution to GBM cellular invasiveness and hyper-proliferation has not yet been
extensively studied in GBM.

Here we report a mechanism by which Wnt/PCP signaling mediates the aggressive
properties of GBM tumors. We demonstrate that Wnt/PCP components Vangl1 and Fzd7
localize to and complex at the leading edge of motile GBM cells to promote cell
proliferation, matility, and invasiveness by engaging downstream Rho GTPases to mediate
cytoskeletal rearrangements and actin dynamics. Further, we show that Fzd7 is critical to
GBM tumor growth and aggressiveness /in vivo. Our results identify a novel mechanism
by which an understudied developmental pathway contributes to the aggressive properties
of GBM tumors and reveal novel opportunities for successful therapeutic intervention for
patients diagnosed with GBM.

2. Materials and Methods

2.1 Cell Culture and Reagents

U251 and LN229 cells were a kind gift from Dr. Paul Knoepfler. The patient-derived
xenograft (PDX) line, GBM12, was obtained from Mayo Clinic, and HEK293T cells were
purchased from American Type Cell Collection (ATCC). Cell lines were authenticated by
short-tandem repeat profiling (Genetics Core Facility at University of Arizona) and tested
for mycoplasma contamination by RT-PCR18:19  prior to, and at the conclusion of use

in the outlined studies. Cell lines were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) with L-Glutamine (Gibco) supplemented with 10% fetal bovine serum (Genesee)
and 1% penicillin-streptomycin (Genesee) and were maintained at 37°C in 10% CO,

as recommended. Antibodies used are as follows: anti-NCAMZ1, anti-phospho-p-catenin
(Ser33/37/Thr41), p-catenin, anti-HA-Tag, and anti-Flag (Cell Signaling), anti-Vangl1
(R&D Systems), anti-Fzd7 and anti-DvI2 (Abcam), anti-Flag and anti-Actin (Sigma),
anti-phospho-Vangl2 (Thr78, Ser79, Ser82) (ThermoFisher), anti-Vangl2 (Proteintech), anti-
Phalloidin647, 4’,6-diamidino-2-phenylindole (DAPI), and Alexa-Fluor 488-conjugated
goat anti-mouse, Alexa-Fluor 488-conjugated goat anti-rabbit, and Alexa-Fluor 546-
conjugated goat anti-rabbit secondary antibodies (Invitrogen), horseradish peroxidase-
conjugated goat anti-mouse and anti-rabbit secondary antibodies (Bio-Rad). Protein G Plus/
Protein A Agarose Suspension was purchased from Millipore/Sigma. A/C Heterodimerizer
was purchased from Takara.

2.2 Generation of stable knockdown and overexpression cell lines

Stable cell lines were generated by lentiviral transduction. VANGL I-targeted shRNA
constructs employed are as follows: shVVangl1-1 (Clone ID: TRCN0000062089),
shVangl1-2 (Clone ID: TRCN0000062090), and shVangl1-3 (Clone ID: TRCN0000062092)
(Dharmacon). FZD7-targeted shRNA constructs employed are as follows: shFzd7-1 (Clone
ID: TRCNO0000008344), and shFzd7-2 (Clone ID: TRCNO0000008345) (Dharmacon).
pLKO.1 scramble shRNA (a gift from David Sabatini, Addgene plasmid #1864, http://
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n2t.net/addgene:1864; RRID:Addgene_1864)20 was employed as the shControl vector.
Stable overexpression lines were created using a LifeAct-GFP plasmid that was a

gift from Mary Beckerle (Addgene plasmid #187686; http://n2t.net/addgene:187686;
RRID:Addgene_187686)21, a luciferase-EGFP plasmid that was a gift from Fernando Fierro
(Addgene plasmid #89608: http://n2t.net/addgene:89608; RRID:Addgene_89608)22, or an
mCherry plasmid that was a gift from Pantelis Tsoulfas (Addgene plasmid #36084; http://
n2t.net/addgene:36084; RRID:Addgene_36084). VSVG-pseudotyped virus was generated in
HEK?293T cells by transfecting with the psPax2 packaging vector. Cells were transduced
with 10pg/mL polybrene (Millipore) and were drug-selected with 1ug/mL puromycin
(Sigma), 4pg/mL blasticidin (Sigma), or 200pug/mL hygromycin B (ThermoFisher), or sorted
by EGFP with a BD “inFlux” 18-color cell sorter (Becton Dicksinson).

2.3 Proliferation and motility assays

To measure cell proliferation, cells were seeded and fixed at 0, 24, 48, and 72 hours of
proliferation, stained with DAPI, and then imaged and counted. The number of cells counted
at each time point was normalized to 0 hour to generate growth curves over time. For
scratch migration assays, confluent monolayers of cells were scratched with a sterile pipette
tip and imaged at 0- and 12-hours post-scratch. ImageJ (NIH) was used to measure the
difference in scratch area over 12 hours. For Boyden chamber assays, cells were seeded into
an 8um pore polycarbonate membrane (Corning) in DMEM supplemented with 0.01% fetal
bovine serum and allowed to migrate for 18 hours towards the lower chamber containing
DMEM supplemented with 10% fetal bovine serum. Cells migrated through the membrane
were stained with Diff-Quick staining solution (Dade Behring), imaged, and counted.
Results were normalized to proliferation rates and respective controls for all experiments.
All imaging was done using an Olympus 1X81 inverted microscope with CellSens Entry
software.

2.4 QRT-PCR

Total RNA was isolated using a PureLink RNA MiniKit (Ambion) and DNasel

treated (Sigma) according to the manufacturer’s protocols. Complementary DNA was
generated using the High-Capacity complementary DNA reverse transcription kit (Applied
Biosystems). Quantitative real-time PCR was performed using SsoAdvanced Universal
Probes Supermix (Bio-Rad) and gene-specific TagMan primer/probes sets (ThermoFisher)
in a Bio-Rad iCycler CFX-96 real-time PCR machine. Transcript levels for AVANGL 1
(Hs01572998 m1), AVANGL2 (Hs00393412_m1), AWNT5A (Hs00998537_m1), hPK1
(Hs01055551_m1), ANRDPI1/RNF41 (Hs00195064_m1), and AFZD7 (Hs00275833_s1)
were analyzed using Bio-Rad CFX Manager software and normalized to human
glyceraldehyde-3-phosphate dehydrogenase ("GAPDH, Hs02786624 g1) for each sample.

2.5 Exvivo organotypic brain slice assays and in vitro 3D collagen | invasion assays

All animal studies were conducted according to approved protocols by the IACUC of
the University of California, Davis, USA. To assess cell invasion ex vivo, organotypic
brain slices assays were conducted as described?3. Briefly, 8- to 12-week-old FVB mice
were euthanized, the brain was immediately dissected out, and 1mm coronal slices were
made using a mouse brain slicer (Braintree Scientific, Inc.) under sterile conditions.

Cancer Lett. Author manuscript; available in PMC 2024 July 28.
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Brain slices were cultured in transwells with 0.4um polycarbonate membranes in a plate
containing culture medium consisting of 50% Minimum Essential Medium (MEM)(Gibco),
25% Hank’s Balance Salt Buffer (HBSS)(Gibco), 25% Horse Serum (Invitrogen), 1%
penicillin-streptomycin (Genesee), 1% MEM Nonessential Amino Acids (NEAA) (Gibco),
and 50ug/mL Gentamicin (Genesee). GBM spheroids expressing mCherry were generated
by seeding into ultra-low attachment plates (Corning) and cultured in Neurobasal media
(Gibco) supplemented with 1X B27 (Invitrogen), 20ug/mL epidermal growth factor (EGF)
(ThermoFisher), 20ug/mL fibroblast growth factor (FGF)(Corning), 50mg/mL heparin
(Sigma), 200nM L-glutamine (Sigma), and 1% penicillin-streptomycin (Genesee). Spheres
were collected and manually implanted into mouse brain slices using a 10uL pipette under a
microscope. Three days post-implantation, brain slices were fixed in 4% paraformaldehyde
overnight, and the tissue was cleared using the SeeDB protocol?4. For in vitro sphere
invasion assays in collagen I, GBM spheroids were generated and twenty-four hours later,
collected and embedded into rat-tail collagen | (ThermoFisher) as previously described?>.
Spheroids in collagen | were fixed after 24 hours in 4% paraformaldehyde. Brain slices and
spheres in collagen were imaged using a Zeiss LSM 800 AxioObserver confocal microscope
and quantified using Zen Blue v3.3 software. Infiltrated cells were visualized as spikes
exiting from the bulk of the spheroid. Approximate sphere volumes were determined using
the equation V=(WZxL)/2, and distance invaded was determined by measuring the length
from the sphere perimeter to the center of mass of the cell. The average number of cells
invaded was normalized to approximate sphere volume to consider slight differences in
spheroid sizes across groups. Results were normalized to their respective controls across
independent experiments.

2.6 Immunofluorescence staining and LifeAct-GFP Imaging

Cells seeded onto coverslips, spheroids, or spheroids embedded in collagen | were fixed
with 4% paraformaldehyde, stained with the antibodies indicated, and imaged using a

Zeiss LSM 800 AxioObserver confocal microscope or a Keyence BZ-X810 microscope.

A secondary antibody only control was included for each experiment. Spheroids stained

for NCAM1 were analyzed using ImageJ to quantify the mean intensity of NCAM1

signal. Colocalization analysis of immunofluorescence staining was carried out using the
Coloc? plugin in Fiji to calculate Pearson’s correlation coefficient (r). Regions of interest
(ROIs) were drawn around the protrusive front of the cell and further divided into smaller
ROIs within the cellular protrusion around areas of enriched F-actin, to specifically assess
colocalization of proteins within these structures. For LifeAct-GFP imaging and analysis,
cells were seeded onto coverslips, and when confluent were scratched with a sterile pipette
tip and allowed to migrate for 12 hours, followed by fixation in 4% paraformaldehyde. Fixed
cells were stained with DAPI and imaged using a Zeiss LSM 800 AxioObserver confocal
microscope. The percentage of cells with F-actin-enriched protrusions was quantified by
counting the number of cells with and without F-actin-enriched cell fronts along the edge of
the scratch by assessing differences in signal intensity from 5 independent experiments.

Cancer Lett. Author manuscript; available in PMC 2024 July 28.
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2.7 FRET biosensor low confluency migration assay and high-magnification spatial

imaging and analysis
U251 cells stably knocked down for Vangll or Fzd7 were subsequently stably transfected
with Racl or RhoA intramolecular FRET biosensors, which have been previously
described?6:27, Cells containing Rac1 or RhoA biosensors were sorted with a BD “inFlux”
18-color cell sorter (Becton Dickinson). Cells were plated in glass bottom 96-well plates
(Cellvis), and once adhered the media was changed to Liebovitz-15 (L-15) media with no
riboflavin, folic acid, or dyes (UC Davis Biological Media Services), and supplemented
with 2% fetal bovine serum for imaging. All imaging experiments were performed using a
Nikon Eclipse TI microscope equipped with an OKO Labs incubator at 37 C, a 20x Nikon
Apochromat 0.75 NA objective or 60x 1.49 NA Nikon Apochromat objective, an X-Cite
XLED1 illumination module, dual Andor Zyla 4.2 SCMOS cameras, and a Cairn TwinCam
LS image splitter with a Chroma Technologies dichroic mirror (ZT481 rdc) for simultaneous
acquisition of FRET images. The microscope was controlled via custom software using
MATLAB through Micro-Manager (v 1.4). For low confluency FRET imaging and analysis,
the XY positions for each well were set manually and stored in MATLAB for timelapse
imaging of the same field of view. Epifluorescent CFP and YFP images were collected
every 15 minutes for 10 hours using a 20x Nikon Apochromat 0.75 NA objective, with
~450nm excitation illumination provided by the X-Cite XLED1 BLX module. Camera and
illumination corrections, imagine alignment, background subtraction, and segmentation were
carried out using previously described methods8. The average FRET ratio in each field
of view was calculated, and the compiled measurements were normalized according to the
measurement at the initial time point and plotted as the average FRET ratio over time. For
high magnification spatial Racl FRET imaging experiments, each well was organized into
an x-y grid of predefined locations, and a single cell was manually chosen for imaging
at each location. Automated epifluorescent CFP and YFP images were collected every 10
seconds for 10 minutes using a 60x objective with 445nm excitation illumination provided
by the X-Cite XLED1 BLX module.

2.8 Camera corrections, image alignment, background subtraction, and cell
segmentation for high-magnification spatial imaging

Image processing steps were performed using MATLAB. First, the dark-state noise for each
camera was empirically measured as described by Bell et al.28. Briefly, several images

were captured without illumination and the microscope light path set to the oculars. The
dark-state correction image was generated by taking the median over the stack of dark
images. The appropriate correction for each camera was subtracted from all raw CFP and
YFP images. Next, CFP and YFP images were aligned using a custom alignment algorithm
described by Bell et al.28, then cropped to a standard size. After alignment, CFP and

YFP images were summed to increase the signal-to-noise ratio for segmentation. Local
background subtraction was performed on summed images by isolating non-cell pixels using
an initial conservative cell segmentation to remove high intensity pixels, then calculating the
median intensity of pixels within 300 x 300 pixel blocks. Smoothing was applied to remove
hard edges and generate smooth background images that were subtracted from the summed
images. Next, pixels above an empirically determined upper threshold were reduced to
flatten images for segmentation purposes. Importantly, this step was not performed on
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images used for FRET ratio calculations. Images were then smoothed using a Gaussian filter
of width 5 pixels and sigma 2 pixels and cell edges were enhanced using unsharp masking
with a broad Gaussian filter of width 10 pixels and sigma 75 pixels. Cell segmentation was
performed using automated pixel thresholding, removal of small debris (<25 pixels) using
MATLAB’s “bwareaopen” function, morphological closing using MATLAB’s “imdilate”
and “imerode” functions, filling holes in cell masks using MATLAB’s “imfill” function,
removal of non-cell objects (<5000 pixels), and removal of cell masks touching the

image border using MATLAB’s “imclearborder” function. To create FRET ratio images,
after application of camera corrections and image alignment, background subtraction was
performed on individual CFP and YFP images using the methodology described above.
Finally, for both CFP and YFP images, cell masks were applied by setting background
pixels to NaN, images were smoothed using a Gaussian filter of width 7 pixels and sigma 2
pixels, cell masks were reapplied post-smoothing, then FRET ratio images were generated
by performing pixel-by-pixel division of the YFP image by the CFP image.

2.9 Determination of data points for quantification for high-magnification spatial imaging

Image analysis and quantification steps were performed using MATLAB. Cells displayed

a range of morphologies and migratory phenotypes on our high magnification imaging
experiments. For quantification of spatial FRET activity, we focused our analysis on cells
and timepoints in which cells migrated with a primary protrusion and retraction located
opposite each other along the cell’s polarity axis. To isolate these data points, we calculated
each cell’s centroid speed and x and y displacements over the entire time course and

plotted these data alongside images of each cell’s mask perimeter, largest protrusion, and
largest retraction overlayed over the entire time course. To locate the largest protrusion and
retraction for each cell, we subtracted each mask from the mask 30 seconds prior, associated
protrusions with pixels of value 1 and retractions with pixels of value -1, then identified the
largest connected pixel regions of each value. Based on the visual representations described
above, the appropriate frames were manually selected for each cell.

2.10 Quantification of front-back FRET ratio gradients for high-magnification spatial

imaging
The Racl spatial activity gradient was calculated from FRET images corresponding to the
chosen data points as previously described?. Briefly, for each frame, the central edge pixel
within the cell protrusion was located by identifying the edge pixels within the largest
protrusion then calculating the median pixel within this group. All pixels in the cell mask
were then binned according to their geodesic distance from the central edge pixel using
MATLAB’s “bwdistgeodesic” function with a bin width of 3.75 pixels. The mean FRET
value of each bin was calculated to determine the Racl activity gradient of each cell on a
frame-by-frame basis. A final Racl activity gradient was calculated for each cell by taking
the mean activity gradient across all time points.

2.11 Quantification of cell-wide, protrusion, and retraction FRET ratios for high-
magnification spatial imaging

The cell-wide Racl FRET ratio of each cell was determined by calculating the mean FRET
ratio within the cell mask for each timepoint, then calculating the mean value across all
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timepoints. For protrusion and retraction FRET calculations, we identified the edge pixels
within the largest protrusion and retraction of the cell at each timepoint, and protrusion and
retraction pixels were defined as the 10% of pixels nearest to the protrusion and retraction
edge pixels, respectively. The protrusion and retraction FRET ratio of each cell was
determined by calculating the mean FRET ratio within the protrusion and retraction pixels,
respectively, for each timepoint, then calculating the mean value across all timepoints.

2.12 Co-immunoprecipitation and immunoblotting

Cells were lysed in 2x Laemmli buffer or in co-immunoprecipitation buffer with
phosphatase and protease inhibitors. Co-immunoprecipitations and immunoblotting were
performed as previously described3:31, Pierce Supersignal West Femto Maximum
Sensitivity Substrate or Pierce ECL Western Blotting Substrate (ThermoFisher) were used
to develop immunoblots on a myECL Imager (ThermoFisher). Band density was quantified
using ImageJ and normalized to actin as a loading control.

2.13 Proximity Ligation Assay

Cells seeded onto coverslips were fixed in 4% paraformaldehyde and the Duolink Proximity
ligation assay (Duolink /n Situ Red Starter Kit Mouse/Rabbit - Sigma) was used to

assess protein-protein interactions. The assay was performed according to manufacturer’s
specifications. Briefly, coverslips were blocked, primary antibodies raised in different
species were applied, followed by incubation with PLA probes detecting mouse and rabbit.
Probes were then ligated, and the closed circular DNA template was amplified with a

DNA polymerase resulting in discrete fluorescent puncta that could be visualized under

the microscope. Coverslips were mounted onto slides with /7 Situ Mounting Medium with
DAPI (Sigma) and imaged on a Keyence BZ-X810 microscope. PLA images were quantified
using ImageJ by calculating the area of PLA signal per field of view normalized to cell
number, for each condition.

2.14 Generation of Vangll and Fzd7 iDimerize lines

The Lenti-X iDimerize Inducible Heterodimer system32 (Takara) was employed to induce
Vangl1-Fzd7 protein-protein interactions. Flag-Vangll and Fzd7-HA constructs described
previouslyl’, were subcloned into pLVX-Het1-DmrC or pLVX-Het2-DmrA, respectively,
using In-Fusion Snap Assembly (Takara) to produce pLVX-Het1-DmrC-Flag-Vangl1 and
Het2-Fzd7-HA-DmrA constructs. Lentiviral particles were produced as described above and
used to transduce U251 or LN229 cells, followed by selection with antibiotics. Cells were
treated with A/C Heterodimerizer (A/C) (Takara) at 50nM for functional assays.

2.15 Generation of intracranial xenografts in mice

Animal studies were conducted according to protocols approved by the IACUC of the
University of California, Davis, USA. Male and female NOD.Cg-PrkdcS¢/J (NOD SCID)
mice, aged 8 to 12 weeks (The Jackson Laboratory) were anesthetized and placed into a
Kopf stereotaxic apparatus. A sagittal incision was made in the scalp to expose the skull, and
access to the brain was achieved by drilling a hole Imm in diameter located 1mm anterior,
1mm lateral, and 2mm deep relative to the bregma where 1x104 cells were stereotactically
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injected in 1uL of volume using a 5puL Hamilton syringe. Tumor growth was monitored

via bioluminescence imaging. Mice were sacrificed when moribund behavior was observed,
or at a maximum of 120 days from the first observation of tumor by bioluminescence
imaging. At endpoint, mice were anesthetized and transcardially perfused with fixative,

and the brains were removed and fixed overnight at 4°C. Brains were either paraffin
embedded and sectioned, or cryoprotected in 30% sucrose, snap frozen in OCT compound,
and cryosectioned. Sections were processed for histological analysis.

In vivo bioluminescence monitoring of tumor growth and analysis

Mice bearing intracranial xenograft tumors were imaged weekly following completion of
post-operation monitoring. Mice were anesthetized, given an intraperitoneal injection with
30mg/mL RediJect D-luciferin (Perkin-Elmer), placed in the IVIS Spectrum (Perkin-Elmer),
and imaged 5 minutes post-injection to obtain an intensity map representing the approximate
tumor size. Quantification of the bioluminescence signal was performed using Aura software
(Spectral Instruments Imaging) and expressed as total flux (photons per second).

2.17 MR Imaging of tumor growth

MRI scans of mice bearing intracranial tumors was performed at 60 days post-tumor cell
engraftment. Imaging was performed at the Center for Molecular and Genomic Imaging
with a Bruker Biospec 70/30 (7T) preclinical MR scanner (Bruker BioSpin MR, Ettlingen
Germany) equipped with a 116 mm internal diameter B-GA12S gradient (450 mT/m,

4500 T/m/s), a 72 mm internal diameter (ID) linear transmit coil, and a 20 mm 1D

surface coil for signal reception. Paravision 6.0 (Bruker BioSpin, MRI) software was used
for acquisition, reconstruction, and analysis. Immediately prior to imaging, animals were
anesthetized with isoflurane/O, (Piramal Healthcare, Bethlehem PA) using 2.0% vol/vol

to induce and 0.5%-1.5% vol/vol to maintain anesthesia. Once anesthetized, animals were
stereotactically restrained, and imaged for ~30 minutes. Temperature and respiration rate
were monitored using SAIl (Small Animal Instruments, Inc, Stony Brook, New York) small-
animal monitoring equipment, and maintained using warm air and adjustments to isoflurane
dose. Multislice, To-weighted Rapid Acquisition with Repeated Echoes (RARE) trans-axial
images with the following parameters: repetition time (TR) = 6000 ms; effective echo time
(TE) = 54 ms; RARE factor = 8; averages = 8; in-plane data matrix of 160 x 160 with
resolution of 0.125 x 0.125 mm?; 35 slices with a 0.25 mm thickness.

2.18 Histology and immunohistochemistry

Mouse brains were processed for histologic analysis and sections were stained with
hematoxylin and eosin (H&E), or subject to immunohistochemical (IHC) staining as
described previously33:34, Secondary antibody only controls were included in each
experiment. Images were captured with a Keyence BZ-X810 microscope and stitched
together using BZ-X800 analyzer software. Ki67 staining was quantified by counting the
number of Ki67* cells in each field of view.
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2.19 Statistical Analysis

All data was analyzed across at least three independent experiments. Statistical analysis
was performed using GraphPad Prism software. Statistical significance was determined
using unpaired two-tailed t-tests with Welch’s correction, paired t-tests, ordinary one-way
ANOVAs, or Mann-Whitney tests. Kaplan-Meier analysis was used to estimate survival and
a Log-rank test was performed to determine differences in survival between groups. Details
of statistical tests employed are stated in the figure legends and text. P-values <0.05 were
determined to be statistically significant (ns=not significant, *p <0.05; **p <0.01; ***p <
0.001; ****p < 0.0001).

2.20 Data Availability

The data presented is included in the article and can also be made available upon request.

3. Results

3.1 Wnt/PCP components Vangll and Fzd7 promote glioblastoma cell growth and

migration

The highly infiltrative and proliferative nature3 of GBM is most often attributed to growth
factor/receptor tyrosine kinase (GF/RTK) pathways3?, but other mechanisms have not been
excluded. We profiled the expression of Wnt/PCP components VANGL 1, FZD7, and
WNT5A and observed the presence of these transcripts across the conventional GBM

cell lines: U251 and LN229, and in the patient-derived xenograft (PDX) line GBM12
(Supplementary Fig. 1). Further analysis revealed that other Wnt/PCP pathway members
including VANGLZ2, NRDPI1, and PRICKLEI, are also detectable (Supplementary Fig.
1). These GBM cell models were used in the present study because they retain many of
the characteristics of human disease when orthotopically xenografted into mice35-38, and
can be manipulated in culture to study biological effects due to perturbation of Wnt/PCP
components.

To assess the role of Wnt/PCP signaling in promoting GBM malignancy, we first
investigated the contribution of dysregulated Wnt/PCP components Vangll and Fzd7 to
GBM cell proliferation /in vitro. Suppression of VANGL 1 or FZD7 exhibits a significant
decrease in cellular proliferation over 48-72 hours, an effect that was consistent across

both GBM cell lines stably expressing multiple short hairpin RNAs (shRNASs) sequences
(Fig. 1A-B, Supplementary Fig. S2A-B). Suppression of VANGL 1 or FZD7 expression was
confirmed by RT-gPCR (Supplementary Fig. 3A-B).

Wnt/PCP has been reported to mediate cellular motility in various tumor types39-41, leading
us to next interrogate the role of Wnt/PCP components Vangll and Fzd7 in promoting
GBM cell migration. We found that loss of VANGL 1 or FZD7 expression significantly
impairs the ability of GBM cells to migrate in a scratch assay (Fig. 1C-F). GBM tumor
cells can infiltrate out of the primary tumor as single cells*2 or semi-collectively, as
multicellular streams, and invade along chemoattractant secreting white matter tracts*°.
Thus, we employed transwell Boyden assays as a complementary method to assess the

role of Wnt/PCP components in GBM cell migration toward a growth factor gradient. We
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observed that depletion of VANGL1 or FZD7 expression significantly suppresses GBM

cell migration through the transwell filter (Fig. 1G-J). To exclude the possibility that
differences observed in migration were due to cell proliferation we carried out proliferation
assays on the same abbreviated timescales as the migration assays and observed no
significant differences in proliferation between control and VANGL 1 or FZD7 depleted
cells over 12 hours (Supplementary Fig. 3C-D). Combined, these data reveal a role for
Wnt/PCP components Vangll and Fzd7 in mediating key cellular behaviors that promote the
aggressive properties of GBM tumors.

3.2 Wnt/PCP components Vangll and Fzd7 drive glioblastoma cell invasiveness

GBM tumor cells characteristically invade through the perivascular space and brain
parenchyma, which requires GBM cells to invade through both extracellular matrix (ECM)
and normal brain tissue. To investigate the role of Wnt/PCP components Vangll and Fzd7 in
GBM invasion into a 3D ECM-like matrix, we first employed an /n vitro Collagen | invasion
assay. Here, U251-mCherry spheroids were embedded into a collagen | matrix and invasion
was assessed after 72 hours. We observed that depletion of VANGL 1 or FZD7 significantly
reduces the number of cells invading out of the spheroid, as well as the relative distance that
cells invade into the surrounding collagen I matrix (Supplementary Fig. S4A-F).

Because Wnt/PCP signaling has been previously reported to regulate cell-cell adhesions*6:47
we assessed expression of neural cell adhesion molecule 1 (NCAML), a cell surface
glycoprotein that mediates cell-cell and cell-ECM interactions in the brain®é, by
immunofluorescence and observed no significant differences in expression between control
and VANGL 1 or FZD7 knockdown spheroids (Supplementary Fig. S5A-C). Further,
spheroids were assessed for Vangll and Fzd7 expression, which are expressed throughout
the bulk of the spheroids (Supplementary Fig. S5D-E). Of interest, staining of invaded
spheroids in collagen I for Vangl1 and Fzd7 revealed that component expression is
maintained in invading cells (Supplementary Fig. S6A-B), highlighting their potential
importance in mediating GBM cell invasion.

To better recapitulate the environment in which GBM cells invade /in vivo, we employed

an ex vivo organotypic brain slice assay23. This model more closely mimics the 3D
environment that GBM tumor cells encounter /n7 vivo by providing distinct anatomical
features of brain tissue and interactions with other cell types, both of which are challenging
to replicate using other /n7 vitro models and are critical factors that influence GBM cell
invasiveness®®. Here, U251-mCherry spheroids were implanted into mouse brain slices and
allowed to invade for 72 hours (Fig. 2A). We observed that depletion of VANGL1 or FZD7
expression significantly reduces GBM invasion into mouse brain slices, reducing both the
distance cells invade out of spheroids, as well as the number of cells that invade out of
spheroids (Fig. 2B-G).

Collectively, this comprehensive dataset provides substantive evidence that Wnt/PCP
components Vangll and Fzd7 promote GBM cell invasiveness.
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3.3 Vangll and Fzd7 mediate downstream Rho GTPase activity in migrating glioblastoma

cells

Cell migration is a tightly regulated and cyclic process whereby cells extend leading-edge
protrusions, adhere to the ECM, and disassemble and detach the rear-end of the cell to

drive forward movement4°. The extension of cellular protrusions and establishment of cell
polarity critical for cell migration are largely regulated by Rho family GTPases which are
central mediators of cytoskeletal reorganization®0. The Rho GTPases Racl and RhoA have
been previously implicated as important downstream effectors of Wnt/PCP in cell migratory
events in development®152, and in cancerl?:5354, Indeed, we previously established that
overexpression of the E3 ubiquitin ligase Nrdpl, a negative regulator of Wnt/PCP signaling,
significantly decreases the amounts of active RhoA in GBM cells using GST pull-down
assaysl’. However, both the kinetics and subcellular localization of Rho GTPase activities
downstream of Vangll and Fzd7 during GBM cell migration remain unclear.

To gain a deeper understanding of how Wnt/PCP components engage downstream Rho
GTPase activity in real time, we employed Racl and RhoA FRET biosensors to assess
temporal dynamics of GTPase activity upon perturbation of Vangll or Fzd7. Here, Racl
or RhoA intramolecular biosensors were stably introduced into U251 cells depleted of
VANGL 1 or FZD7, and their activities in migrating cells were monitored using live cell
FRET imaging (Fig. 3A). In control cells, we observed an increase in Racl activity

over ten hours of migration, whereas knockdown of VANGL 1 or FZD7 exhibited both
reduced basal Racl activity levels and diminished increase in Racl activity over time
(Fig. 3B-E, Supplementary Fig. S7TA-B). Importantly, we found that overall RhoA activity
decreased over time in migrating control cells, consistent with previous reports®®. However,
in line with our findings with Racl, RhoA activity was significantly lower for cells with
knockdown of VANGL 1 or FZD7compared to control cells throughout the time course,
including the basal activity levels (Supplementary Fig. S7C-F).

To further investigate the engagement of Rho GTPases during GBM cell migration, we
employed high-magnification spatial analysis to assess the subcellular localization of Racl
activity in migrating cells. We evaluated the spatial activity profile of Racl as a function
of the distance from the leading edge in migratory GBM cells?? and found that Rac1l
activity is highest at the protrusive cell front and steadily decreases towards the rear of the
cell (Fig. 3F-G, Supplementary Fig. 7G). Indeed, a comparison of Rac1 activity stratified
by cell region indicates that active Racl is significantly enriched in cellular protrusions
compared to the cell-wide average Racl activity, and it is significantly depleted in areas of
cell retraction (Fig. 3H). Together, these observations indicate that Racl activity is enriched
in cellular protrusions of migratory GBM cells, and that Wnt/PCP components Vangl1 and
Fzd7 regulate Racl and RhoA activity to drive GBM cell motility.

3.4 Vangll and Fzd7 regulate actin cytoskeletal rearrangements critical to cell motility

Our observations that Wnt/PCP components Vangll and Fzd7 regulate downstream
signaling through Rho GTPase activity led us to next examine their role in mediating
cytoskeletal rearrangements and actin dynamics. Here, we employed the LifeAct-GFP
system®® to assess actin dynamics in real-time in migrating U251 and LN229 cells in a
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scratch assay format. We observed that VANGL 1 or FZD7 depletion reduces the percentage
of cells at the edge of the scratch with F-actin-enriched cellular protrusions (Fig. 4A-D),

an indication that cells depleted of VANGL 1 or FZD7 are likely less motile®. These

data suggest that Wnt/PCP components Vangl1 and Fzd7 are responsible for regulating
cytoskeletal rearrangements and actin dynamics, which are critical drivers of cell motility in
GBM cells.

3.5 Wnt/PCP components Vangll and Fzd7 interact to regulate downstream signaling and
GBM cell motility

To begin to characterize the molecular underpinnings by which Wnt/PCP components
Vangl1 and Fzd7 engage downstream effectors to regulate cytoskeletal rearrangements and
actin dynamics critical to cell motility, we first aimed to assess the subcellular localization
of Wnt/PCP components in migrating GBM cells. During development, PCP is required

for the establishment and maintenance of planar polarity across epithelial tissues!®. In

this context it is well-established that PCP components localize asymmetrically, with
Vangl/Pk complexes at the proximal side of the cell and Fzd/Dvl complexes at the distal
side®8-61, This asymmetry is in turn propagated to neighboring cells through protein-protein
interactions to establish polarity across an epithelial sheet®2-65. However, it remains unclear
if the core component asymmetry required for tissue polarity is conserved in migrating cells.
Most published reports on PCP subcellular localization are in breast cancer cells3%40, where
the subcellular localization of complexes remains disputed, and the question has not been
addressed in GBM cells.

We assessed subcellular localization of endogenous Wnt/PCP components in migratory
GBM cells by fluorescence microscopy. In migrating U251 cells, we observed that a fraction
of both endogenous Vangll and Fzd7 localize sharply to F-actin-rich cellular protrusions
(Fig. 5A). Moreover, we detected partial overlap in Vangll and Fzd7 staining, resulting

in the formation of yellow puncta in merged images (white arrows), indicating that the

two proteins are very closely associated with one another and may physically interact.
U251 cells were also co-stained for Vangll and DvI2 (Supplementary Fig. S8). While DvI2
is predominantly localized in the cytosol, there is some enrichment of DvI2 at the cell
membrane co-localized with Vangl1, consistent with previous reports that Vangl is able to
recruit Dvl to the cell membrane®®. Further analysis revealed a positive correlation between
both Vangl1 and Fzd7 (Supplementary Fig. 9A-C), and Vangl1 and DvI2 (Supplementary
Fig. 9D-F) at the leading edge of migratory GBM cells.

The observed co-localization of Vangll and Fzd7 in migratory GBM cells led us to speculate
that Vangll and Fzd7 may form a complex at the leading edge of migrating cells to promote
downstream signaling events that regulate actin-dynamics and cytoskeletal rearrangements.
When co-transfected into HEK293T cells, we observed that Fzd7 co-immunoprecipitates
with Vangl1 (Fig. 5B), suggesting that the two proteins are able to physically interact and
consistent with other reports56. Next, to elucidate whether Vangl1 and Fzd7 can interact
endogenously and intracellularly, we performed a proximity ligation assay (PLA) /n situ.

In U251-LifeAct-GFP cells, we were able to detect endogenous protein-protein interactions
between Vangll and Fzd7 (Fig 5C). Notably, Vangl1-Fzd7 interactions were observed at
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the leading edge of migratory cells, suggesting that this interaction may be important

in recruiting and activating downstream effectors at sites of cellular protrusions to drive
motility. U251-LifeAct-GFP cells stained only with Vangl1 or Fzd7 alone resulted in

no detection of protein-protein interactions, similar to a secondary antibody only control
(Supplementary Fig. S10A-B), demonstrating that Vangl and Fzd7 interact endogenously in
single migratory GBM cells.

To investigate the contribution of Vangl1 and Fzd7 to downstream outcomes, we first
assessed their role in mediating pathway activation. Phosphorylation of Vangl has been
well-established as being required for both proper localization of Vangl and pathway
function®7-69, Studies have shown that Wnt5a can induce Vangl phosphorylation to yield
critical downstream outcomes during development®7:69.70 syggesting that phosphorylation
of Vangl is indicative of pathway activation. We stably co-overexpressed Vector/Vector,
Flag-Vangl1/\Vector, Vector/Fzd7-HA, or Flag-Vangl1/Fzd7-HA in the GBM cell lines U251
and LN229 and assessed Vangl phosphorylation. We found that overexpression of Vangl1
and Fzd7 induced phosphorylation of Vangl compared to vector control or individually
overexpressed proteins (Fig. 5D-E). This observation suggests a critical role for Vangl1 and
Fzd7 in mediating downstream pathway activation in GBM cells.

To assess whether Vangl1/Fzd7 interactions are critical in mediating GBM cell motility,
we employed the iDimerize Inducible Heterodimer System32, to induce a constitutive
interaction between Vangll and Fzd7 with the small molecule A/C Heterodimerizer (A/C).
We stably co-overexpressed DmrC-Flag-Vangll and Fzd7-HA-DmrA (iDimer-VF) via
lentiviral transduction into GBM cell lines to yield iDimer-VF-expressing U251 and LN229
cells and treated with A/C to induce dimerization (Fig. 5F). Increased cell migration was
observed in GBMiDimer-VF cell lines upon treatment with A/C in a scratch migration
assay (Fig. 5G-H). Notably, treatment with A/C in GBMiDimer cell lines (expressing
DmrC-empty vector/empty vector-DmrA), GBMiDimer-V cell lines (expressing DmrC-
Flag-Vangll/empty vector-DmrA), or GBMiDimer-F cell lines (expressing DmrC-empty
vector/Fzd7-HA-DmrA), did not result in an increase in cell motility (Supplementary Fig.
11A-F). Together, our data support a model where Vangll and Fzd7 interact endogenously
and within cellular protrusions in migratory GBM cells, and this interaction may be critical
to driving downstream outcomes in GBM tumors including cell migration.

3.6 Loss of Fzd7 impacts GBM growth in vivo and extends overall survival

Our /n vitro and ex vivo findings suggest a mechanism by which Wnt/PCP components
Vangll and Fzd7 contribute to the aggressive properties of GBM tumors. To assess if these
observations are recapitulated /7 vivo, we asked whether perturbation of Wnt/PCP signaling
impacts tumor growth and aggressiveness /n vivo. To test this, we employed an intracranial
xenograft model of GBM where we engrafted 10,000 luciferase-GFP-tagged U251 cells
stably expressing shControl, shFzd7-1, or shFzd7-2 into NOD SCID mice. Tumor initiation
and growth were monitored throughout the study via /n vivo bioluminescence imaging.
Mice were sacrificed upon display of moribund behavior or at 120 days after first tumor
observation, and tissues were taken for histopathological analysis (Fig. 6A). Suppression

of FZD7 results in a significantly slower tumor growth rate, as observed by differences

Cancer Lett. Author manuscript; available in PMC 2024 July 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dreyer et al.

Page 15

in bioluminescence signal over time (Fig. 6B-C, Supplementary Fig. S12A). Differences
in tumor size were also observed by MRI (Fig. 6D). Importantly, suppression of FZD7
has a significant impact on tumor latency, where initiation of ~£.ZD7knockdown tumors
occurs much later than control tumors (Fig. 6E), ultimately extending overall survival for
mice bearing tumors with depleted FZD~7 expression (Fig. 6F). Decreased expression of
FZD7in knockdown tumors was confirmed by immunohistochemical staining of Fzd7
(Supplementary Fig. S12B).

By histological analysis, U251-luciferase-GFP tumors displayed similar characteristics

to that of human glioblastomas, including pleiomorphic morphology, pseudo-palisading
necrosis, vascular proliferation, and mitosis’-"4. Tumors depleted of FZD7 displayed much
slower growth than control tumors. However, because mice were not sacrificed at the

same timepoint the tumor sizes at endpoint were comparable, with £ZD7 knockdown
tumors occasionally being slightly smaller (Fig. 6G). Because transplanted cells express
GFP, brain sections were stained with GFP to allow for more contrast between tumor

and normal tissue (Fig. 6H) and to assess differences in invasion between the control

and Fzd7 knockdown tumors. Unfortunately, the large tumor sizes at endpoint made it
difficult to accurately assess differences in invasion because clear tumor borders were
lacking. Additionally, loss of FZD7 appeared to reduce cell proliferation as observed by
differences in Ki67-positivity but did not completely pass our threshold for statistical
significance for both sShRNA knockdowns (Supplementary Fig. S12C-D). Because Fzd7

is a shared component with canonical Wnt signaling’®, we sought to rule out whether

the effects on GBM proliferation were canonical Wnt signaling-dependent by assessing

the phosphorylation status of B-catenin, a core component of the pathway’6. We observed
no appreciable differences in B-catenin phosphorylation in U251 cells depleted of £F.ZD7
by western blotting (Supplementary Fig. S12E-F), suggesting that the observed effects on
proliferation upon FZD7 loss are likely noncanonical Wnt signaling-specific. Together, these
results indicate that Fzd7 is an important driver of the aggressive properties of GBM tumors
in vivo.

4. Discussion

Increasing evidence supports a role for Wnt/PCP signaling in mediating malignant behavior
across diverse solid tumor typesi3:14, We previously reported that Wnt/PCP components
WNT5A, VANGL 1, and FZD7transcripts are elevated in GBM tumors regardless of
subtype, and correlate with poorer patient survivall’. Further, we identified the E3 ubiquitin
ligase Nrdp1 as a novel negative regulator of Wnt/PCP signaling and found that restoration
of NRDP1 expression significantly reduced GBM cell motilityl”. We demonstrated that core
Wnt/PCP components are necessary for Nrdpl to impact GBM malignancy, but their role

in GBM malignancy and the underlying mechanisms remain poorly defined, creating an
opportunity to identify targetable contributors. Therefore, we aimed to characterize the role
of key Wnt/PCP components in GBM hyperproliferation and invasiveness /n vitroand in
Vivo.

While Vangll and Fzd7 have been reported to mediate cell motility and proliferation in
several other cancer types33-4154.77 their contribution to GBM malignancy remain largely
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unexplored despite their elevated expression levelsl”:"8, Here, our data point to a novel
molecular model whereby core Wnt/PCP components Vangll and Fzd7 localize and interact
at the leading edge of migratory GBM cells to engage downstream effectors, such as Dvl
and Racl, to regulate actin cytoskeletal rearrangements critical to the aggressive properties
of GBM tumors (Fig. 7). Using a diverse panel of GBM cell lines, we found that cellular
proliferation and motility are reduced upon loss of VANGL 1 or FZD7 in vitro. Further, we
employed both a 3D collagen matrix assay and an ex vivo brain slice assay and observed

a significant reduction in GBM cell invasion when VANGL 1 or FZD7 are knocked down,
indicating a critical role for Wnt/PCP components in regulating GBM aggressiveness.

Rho GTPases are important master regulators of cytoskeletal rearrangements and actin
dynamics, mediating biological processes such as cell motility and proliferation®?, and

have long been implicated as downstream regulators of Wnt/PCP-mediated polarity and
motilityl7:51:52.79 Rac1 and RhoA have been previously reported to regulate GBM
invasiveness. In one report, invading GBM cells displayed elevated Racl and Cdc42
activity, but lower RhoA activity®®, consistent with reports that Rac1 and RhoA can

be antagonistic. In our study, we employed intramolecular FRET biosensors to assess
temporal and spatial changes in GTPase activity?” upon perturbation of Wnt/PCP
components. We demonstrate that Racl activity increases over ten hours of migration in
control cells, and that loss of VANGL 1 or FZD7 significantly dampens this effect and
reduces basal Racl activity levels. In contrast, while loss of VANGL1 or FZD7 reduces
RhoA activity, we observed a general decrease in RhoA GTPase activity with motility over
time. We also found that Rac1 activity is localized at the leading edge of migratory GBM
cells, suggesting that recruitment of Rac1 to cellular protrusions is critical for GBM cell
motility. Further, our findings that loss of VANGL I or FZD7impair leading-edge actin
dynamics strongly suggests that impaired cell motility in GBM cells with ablated VANGL 1
or FZD7 expression results from dysregulated cytoskeletal rearrangements. Collectively, our
observations that Vangll and Fzd7 influence both Racl and RhoA activity and mediate actin
dynamics indicate that Wnt/PCP is an important regulator of both cellular protrusion and
retraction to drive cell motility.

Proper localization of Wnt/PCP components is critical for pathway function, yet information
on component localization in migratory cells comes primarily from studies in breast cancer
cells where the model remains disputed3%:49, This stems largely from conflicting reports

on the localization pattern of Vangl in migrating breast cancer cells, where one study
reported Vangl to be localized at the leading edge of lamellipodia3®, while another reported
Vang| localization at base of the cellular protrusions but absent from the protrusive front40.
Here, our studies reveal that Vangll and Fzd7 co-localize within actin-rich protrusions in
migratory GBM cells, and that DvI2 is localized both within the cytoplasm and at the
plasma membrane, consistent with reports that both Vangl and Fzd are able to recruit

Dvl to the membrane®%:61, Further, we demonstrate through co-immunoprecipitation and
proximity ligation assays that Vangl and Fzd7 interact endogenously within protrusions
from single migratory GBM cells. Finally, our experiments using the iDimerize Inducible
Heterodimer System32 demonstrate that interaction of Vangl1 with Fzd7 increases GBM cell
migration. Together, these observations suggest that asymmetric localization of opposing
complexes is not necessary in migratory GBM cells and suggest that the release of these
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components from constraints imposed by epithelial planar polarity mechanisms could be
important in the engagement of downstream effectors that drive cell motility. Moreover, an
intramembrane Vangl1/Fzd7 complex may be imperative for the recruitment and activation
of downstream effectors such as Dvl and Rho GTPases, creating a functional signalosome
critical to mediating biological outcomes.

Finally, we report a critical role for Fzd7 in mediating GBM malignancy /n vivo using an
intracranial xenograft model of GBM. Loss of F.ZD7expression in U251 cells engrafted
into mouse brains significantly affected tumor growth and latency and extended overall
survival. These findings are consistent with, and significantly improve upon, previous
reports that overexpression of F.ZD7 increases GBM proliferation and decreases survival
when xenografted into flanks of immunocompromised mice81. The multifaceted contribution
of Fzd7 to GBM malignancy /n vivo suggests that this receptor could be a viable target

for successful clinical intervention. Indeed, in recent years Fzd7 antagonists have been
developed for use as anticancer therapeutics in other tumor types®2, and have shown

some therapeutic efficacy in preclinical models and early phase clinical trials83:84. Of note,
several studies investigating microRNAs whose targets include Fzd7 have shown significant
reduction of GBM cellular proliferation, motility, and tumor growth85-87, suggesting that
targeting of Fzd7 could be beneficial in GBM tumors.

Overall, this study defines a critical role for core Wnt/PCP components Vangll and Fzd7
in driving the aggressive properties of GBM tumors. We propose a mechanism by which
Vangll and Fzd7 interact at the leading edge of cellular protrusions where they can engage
downstream effectors including Dvl and Rho GTPases to yield alterations in cytoskeletal
rearrangements and actin dynamics to drive GBM cell motility. Further, our findings
implicate Fzd7 as a significant contributor to GBM malignancy /n vivo and suggest that
targeting of Fzd7 could provide improved clinical benefit for patients diagnosed with the
disease.
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Fzd Frizzled
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AIC A/C Heterodimerizer
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Figure 1. Vangll and Fzd7 promote GBM growth and aggressiveness.
A-B Relative proliferation of U251 cells stably expressing shControl, shVangl1-1,

shVangl1-2, or shVangl1-3 at 24, 48, and 72 hours (t-test: 24 hours (7=9): p=0.4418,
p=0.0887, and p=0.4551, 48 hours (/7=9): p=0.0003, p=0.0065, and p=0.0403, 72 hours
(rm=6): p=4.99E-05, p=0.0011, and p=0.0175; ANOVA: 24 hours (r7=9): p=0.7471, p=0.2439,
and £=0.7396, 48 hours (/7=9): p<0.0001, p=0.0015, and p=0.0235, 72 hours (/7=6): p<0001,
p=0.0002, and p=0.0059) (A) or shControl, shFzd7-1, or shFzd7-2 at 24, 48, and 72 hours
(t-test: 24 hours (7=6): p=0.1370, and p=0.3600, 48 hours (/7=6): p=0.0011, and 0.0376, 72
hours (77=6): p=0.0188, and p=0.0269; ANOVA: 24 hours (/=9): p=0.2450, and p=0.5780,
48 hours (7=9): p=0.0008, and p=0.0371, 72 hours (7=6): p=0.0001, and p=0.0120) (B). C-
D Representative images of migrating U251 cells stably expressing shControl, shVangl1-1,
shVangl1-2, or shVangl1-3 (C) or shControl, shFzd7-1, or shFzd7-2 (D) at 0 and 12 hours in
a scratch migration assay. Scale bar=200um. E-F Quantification of the relative migration of
U251 and LN229 cells stably expressing shControl, shVangl1-1, shVangl1-2, or shVangl1-3
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(U251: =4 or 5, t-test: p=0.0020, p=0.0115, and p=0.0223, ANOVA: p=0.0040, p=0.0003,
and p=0.0072; LN229: =4, t-test: p=0.0379, p=0.0016, and p=0.0005, ANOVA: p=0.0020,
p<0.0001, and p=0.0465) (E) or shControl, shFzd7-1, or shFzd7-2 (U251: =5 or 6, t-test:
p=0.0335, and p=0.0057, ANOVA: p=0.0013, and p=0.0421; LN229: n=5, t-test: p=0.0118,
and p=0.0017, ANOVA: p=0.0005, and p=0.0251) (F) in a 12-hour scratch migration

assay. G-H Representative images of migrated U251 cells stably expressing shControl,
shVangl1-1, shVangl1-2, or shVangl1-3 (G) or shControl, shFzd7-1, or shFzd7-2 (H) stained
with Diff Stain in Boyden chambers. Scale bar=200um. 1-J Quantification of the relative
migration of U251, LN229 and GBM12 cells stably expressing shControl, shVangl1-1,
shVangl1-2, or shVangl1-3 (U251: =5, t-test: p=0.0088, p=0.0145, and p=0.0004, ANOVA:
p=0.0257, p=0.0007, and p<0.0001; LN229: =4, t-test: p=0.0075, p=0.0019, and p=0.0013,
ANOVA: p=0.0003, p<0.0001, and p<0.0001; GBM12: =4, t-test: p=0.0209, p=0.0259,
and p=0.0095, ANOVA: p=0.0031, p=0.0264, and p=0.0021) (I) or shControl, shFzd7-1, or
shFzd7-2 (U251: n=4, t-test: p=0.0127, and p=0.0205, ANOVA: p=0.0012, and p=0.0136;
LN229: n=5, t-test; p=0.0107, and p=0.0063, ANOVA: p=0.0407, and p=0.0002; GBM12:
m=4; t-test: p=0.0051, and p=0.0111, ANOVA: p=0.0004, and p=0.0012) (J) in a Boyden
chamber assay. Errors bars depict SEM. Statistical significance was calculated using an
unpaired two-tailed t-test with Welch’s correction or one-way ANOVA with multiple
comparisons. * denotes statistical significance for shl, # denotes statistical significance for
sh2, and $ denotes statistical significance for sh3 (A-B).
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Figure 2. Vangl1 and Fzd7 promote GBM spheroid invasion ex vivo.
A Schematic depiction of the organotypic brain slice assay employed to assess GBM

cell invasion ex vivo. B-C Representative images of U251-mCherry spheroids stably
expressing shControl, shVangl1-1, shVangl1-2, or shVangl1-3 (B) or shControl, shFzd7-1, or
shFzd7-2 (C), 72 hours after implantation into mouse brain slices. Scale bar=100um. D-E
Invaded U251-mCherry spheroids stably expressing shControl, shVangl1-1, shVangl1-2, or
shVangl1-3 (r=4) were assessed for the relative distance (t-test: p=0.0129, p=0.0101, and
p=0.0099; ANOVA: p=0.0107, p=0.0002, and p=0.0007). (D), and the relative number of
(t-test: p=0.0178, p=0.0151, and p=0.0165; ANOVA: £=0.0039, £=0.0099, and p=0.0066)
(E) cells invaded out of the spheroids into the surrounding brain tissue. F-G Invaded
U251-mCherry spheroids stably expressing shControl, shFzd7-1, or shFzd7-2 were assessed
for the relative distance (/=3 or 4, t-test: p=0.0384, and p=0.0335; ANOVA: p=0.0861,

and £=0.0064) (F), and the relative number of (/=3 or 4, t-test: p/=0.0262, and £=0.0019;
ANOVA: p=0.0001, and p=0.0004) (G) cells invaded out of the spheroids into the
surrounding brain tissue. Errors bars depict SEM. Statistical significance was calculated
using an unpaired two-tailed t-test with Welch’s correction or one-way ANOVA with
multiple comparisons.
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Figure 3. Racl activity islocalized to the leading edge of migratory GBM cells and is regulated
by Vangl1 and Fzd7.

A Schematic representation of the experimental design employed to assess Racl and RhoA
activity and spatial patterning. B Average Racl activity in migrating U251 cells stably
expressing shControl, shVangl1-2, or shVangl1-3 normalized to O hour. Shaded error bars
indicate + sem of 7=7. C Average Racl activity of U251 cells stably expressing shControl,
shVangl1-2, or shVangl1-3 at 3 hours, 6 hours, and 9 hours of migration (7=7) (3 hours:
p=0.0030, and p=0.0284; 6 hours: p=0.0060, and p=0.0116; 9 hours: p=0.0030, and 0.0127).
D Average Rac1 activity in migrating U251 cells stably expressing shControl, shFzd7-1,

or shFzd7-2 normalized to 0 hour. Shaded error bars indicate + sem of 7=11. E Average
Racl activity of U251 cells stably expressing shControl, shFzd7-1, or shFzd7-2 at 3 hours,
6 hours, and 9 hours of migration (/7=11) (3 hours: £=0.0008, and £=0.0485; 6 hours:
p=3.286E-05, and p=0.0083; 9 hours: p=1.225E-05, and 0.0175). F Representative high
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magnification images of U251 cells stably expressing the Racl FRET biosensor depicting
active cellular protrusions (orange) and retractions (purple) (left panel), grey scale of
fluorescent intensity (middle panel), and spatial activity profiles of Racl activity (left panel).
Color bars indicate range of Racl FRET activity ratios. Scale bar=25um. G Average Racl
activity in migratory U251 cells as a function of distance from the leading edge of the

cell. Shaded error bars indicate + sem of /7=12 cells. H Box plots comparing the average
Racl FRET ratios cell-wide and within protrusions or retractions in migratory U251 cells
(cell-wide vs protrusion p=0.002, cell-wide vs retraction p=0.0003, protrusion vs retraction
p=0.000037). Statistical significance was calculated using a paired t-test (B,D), or Mann-
Whitney (H).
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Figure 4. Vangl1l and Fzd7 mediate actin dynamicsin migrating GBM cells.
A-B Representative images of migrating U251 cells stably expressing LifeAct-GFP

and shControl, shVangl1-1, shVangl1-2, or shVangl1-3 (A) or shControl, shFzd7-1, or
shFzd7-2 (B), LifeAct: green, DAPI: blue. White arrows: cells with F-actin-enriched
migratory protrusions. Scale bar=50um. C-D Quantification of the percentage of F-actin-
enriched protrusions at the leading edge of a scratch in U251- or LN229-LifeAct-GFP
cells stably expressing shControl, shVangl1-1, shVangl1-2, or shVangl1-3 (U251, r=5:
t-test: p=2.054E-07, p=1.366E-06, and p=2.798E-05, ANOVA: p<0.0001, p<0.0001, and
p<0.0001; LN229, n=4 or 5: t-test: p=1.479E-05, p=0.0033, and £p=0.0012, ANOVA:
p<0.0001, p<0.0001, and p=0.0001 ) (C) or shControl, shFzd7-1, or shFzd7-2 (U251, =5:
t-test: p=0.0027, and p=2.310E-05, ANOVA: p<0.0001, and p=0.0014; LN229, 1=3: t-test:
£~=0.0086, and p=0.0013, ANOVA: p=0.0001, and p=0.0007) (D). Errors bars depict SEM.
Statistical significance was calculated using an unpaired two-tailed t-test with Welch’s
correction or ordinary one-way ANOVA with multiple comparisons.
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Figure5. Vangl1 and Fzd7 form a complex at the leading edge of migratory GBM cellsto

mediate downstream cellular outcomes.

A Representative confocal images of migratory U251 cells stained for Actin: blue, Vangl1:
green, Fzd7: Red, and DAPI: blue. White arrows: yellow puncta indicative of overlapping
staining of Vangll and Fzd7. Scale bar=10um. B HEK293T cells were transfected with
Fzd7-HA alone or Flag-Vangll and Fzd7-HA, and anti-Flag precipitates were blotted for
Flag and HA. C Representative images of /n situ Vangl1:Fzd7 interactions using PLA in
migratory U251-LifeAct cells. LifeAct: white, Vangl1:Fzd7 PLA: green, DAPI: blue. Scale
bar=20pm. D-E U251 and LN229 cells stably overexpressing Vector/Vector, Flag-Vangl1/
Vector, Vector/Fzd7-HA, or Flag-Vangl1/Fzd7-HA immunoblotted for phosphorylated
Vangl (lower band=endogenous, upper band=ectopic) (D) and quantification of Vangl
phosphorylation levels (r7=4) (U251: Vector/\ector vs Flag-Vangl1/Vector p=0.0102, Vector/
Vector vs Vector/Fzd7-HA p=0.9749, Vector/Vector vs Flag-Vangl1/Fzd7-HA p=0.0007,
Flag-Vangl1/\Vector vs Vector/Fzd7-HA p=0.0211, Flag-Vangl1/Vector vs Flag-Vangll/
Fzd7-HA p=0.4097, and Vector/Fzd7-HA vs Flag-Vangl1/Vector p=0.0013; LN229: Vector/
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Vector vs Flag-Vangl1/Vector p=0.0500, Vector/\Vector vs Vector/Fzd7-HA p=0.8594,
Vector/Vector vs Flag-Vangl1l/Fzd7-HA £=0.0025, Flag-Vangl1/Vector vs Vector/Fzd7-HA
p=0.1830, Flag-Vangl1/Vector vs Flag-Vangl1/Fzd7-HA p=0.3458, and Vector/Fzd7-HA vs
Flag-Vangl1/Vector p=0.0094) (E). F Schematic representation of the iDimerize inducible
heterodimer system used to force a constitutive interaction between Vangll and Fzd7.

G Representative images of migrating LN229iDimer-VF cells treated with Control or

AJC at 0 and 12 hours. H Quantification of relative migration of U251iDimer-VF and
LN229iDimer-VF cells treated with Control or A/C (U251iDimer-VF: n=7, p=0.0387;
LN229iDimer-VF: =6, p=0.0263). Errors bars depict SEM. Statistical significance was
calculated using an unpaired two-tailed t-test with Welch’s correction or ordinary one-way
ANOVA with multiple comparisons. Images and immunoblots are representative from at
least 4 independent experiments.
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Figure 6. Fzd7 depletion suppresses GBM growth and aggressiveness and extends overall
survival in vivo.

A Study design depiction of the /n vivo study employed to assess the role of Fzd7

in mediating GBM progression. B-F Representative images and plots depicting tumor
growth characteristics of NOD SCID mice bearing intracranial U251-luciferase-GFP tumors
stably expressing shControl (7=7), shFzd7-1 (/7=5), or shFzd7-2 (/7=6). Representative
bioluminescence images at 91 days post-engraftment (B), average signal intensity
(flux=photons per second) at 91 days post-engraftment (p=0.0025 and p=0.0082) (C),
representative images of T2-weighted MRI scans at 60 days post-engraftment, average
tumor latency (p=0.0170 and p=0.0002) (E), and Kaplan-Meier survival curves (p=0.0005
and p=0.0326) (F). G-H Representative images of U251-luciferase-GFP tumors stably
expressing shControl, shFzd7-1, or shFzd7-2 stained for hematoxylin and eosin (H&E)

(G), and GFP (H). High magnification images depict tumor borders. Scale bar=100um.
Errors bars depict SEM. Statistical significance was determined by Mann-Whitney (C, E), or
Log-rank (F).
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Figure 7. Model of Wnt/PCP components Vangl1 and Fzd7 coordinating downstream signaling
and actin cytoskeletal dynamicsto drive GBM aggressiveness.

Vangl1 and Fzd7 localize to and interact at the leading edge of migratory GBM cells
where they engage and recruit downstream components DvI2 and Racl to drive cytoskeletal
rearrangements necessary for successful cellular proliferation, migration, and invasion.
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