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Abstract

Diffuse brain infiltration by glioma cells causes detrimental disease progression, however its
multicellular coordination is poorly understood. We here show that glioma cells infiltrate brain
collectively, as multicellular networks. Contacts between moving glioma cells were adaptive
epithelial-like or filamentous junctions stabilized by N-cadherin, B-catenin and p120-catenin,
which underwent kinetic turn-over, transmitted intercellular calcium transients and mediated
directional persistence. Downregulation of p120-catenin compromised cell-cell interaction and
communication, disrupted collective networks, and both the cadherin and RhoA binding domains
of p120-catenin were required for network formation and migration. Deregulating p120-catenin
further prevented diffuse glioma cell infiltration of the mouse brain with marginalized
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microlesions as outcome. Transcriptomics analysis identified p120-catenin as upstream regulator
of neurogenesis and cell cycle pathways and predictor of poor clinical outcome in glioma patients.
Collective glioma networks infiltrating the brain thus depend on adherens junctions dynamics the
targeting of which may offer an unanticipated strategy to halt glioma progression.

INTRODUCTION

RESULTS

Diffuse gliomas are invasive and fatal primary brain tumors, with astrocytic and
oligodendroglial molecular subtypes and glioblastoma as the most aggressive astrocytic
variant!. Driver mutations of gliomas include isocitrate dehydrogenase (IDH), RTK/RAS/
PI3K, p53 and RB pathways, and §2-catenin, causing cell reprogramming by deranging cell
cycle, metabolic programs, cell-cell interaction and migration?=. Diffuse gliomas develop
outstanding invasion and survival capability and continue to infiltrate brain even during
high-dose chemo- and radiation therapy®’. Glioma invasion, growth and resistance
programs cooperate with epithelial-to-mesenchymal transition (EMT)-like plasticity
programs®°. However, how glioma invasion and survival programs cooperate, and whether
they occur in a cell-autonomous manner or depend upon crosstalk between glioma cells
themselves or non-neoplastic glial or neuronal cells remains unclearZ.

Glioma cells infiltrate brain tissue as individually moving cells by at least two topographic
and likely interconvertible programs, including perivascular invasion, along the vascular
basement membrane, and diffuse infiltration of the brain parenchyma, along extracellular
matrix, nerve and astrocytic tracts1®:11, Besides single-cell dissemination, multicellular
networks with filamentous microtubes were recently identified to connect glioma cells in
developing and established glioma lesions in the human brain and glioma mouse models12.
Through gap junctions and propagating Ca* waves, glioma cells form a functional
syncytium, similarly to astrocytic networks, and thereby maintain resistance to experimental
radiation therapy2. Whether intercellular connections locally immobilize glioma cells or,
instead, favor brain invasion remains unresolved.

To address whether glioma networks hinder or rather support glioma cell migration and
brain infiltration, we here applied organotypic there-dimensional (3D) culture and in vivo
analyses and identified collective network invasion deployed by glioma cells. We further
identify p120-catenin dependent adherens junctions (AJs) as a central hub enabling dynamic
cell-cell interactions and network infiltration into brain parenchyma.

Network organization of glioma lesions in vivo

To revisit the network concept in invasive gliomal2, we mapped the 3D microanatomy of the
glioma invasion zone of clinical samples (Supplementary Table 1). Conventional single-slice
pathology reveals spatially dispersed cell bodies with small filamentous protrusions and little
sign of intercellular connectivity. 3D image reconstruction using immunofluorescent staining
for IDH1R132H and nestin allowed to discriminate glioma from non-neoplastic glial and
other brain cells!3, revealing extensive multicellular glioma cell networks in both tumor
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center and diffusely infiltrating margins (Extended Data Fig. 1a—f and Supplementary Video
1). Glioma networks were present in low-grade astrocytomas and glioblastomas with wild-
type and mutant IDH1 (R132H), indicating relevance across glioma subtypes. Two
morphological variants of cell-cell junctions were identified, (i) filamentous networks
between glioma cells reaching deeply into the brain parenchyma (Extended Data Fig. 1a, )
and (ii) compact linear junctions present in collective invasion strands extending along the
perivascular niche (Extended Data Fig. 1g, h).

We then implanted patient-derived glioma xenograft-(PDX-) E-98 and E-468 cells!* with
respective proneural and mesenchymal genetic signatures'® (Extended Data Fig. 2a) into the
mouse brain. Both PDXs diffusely infiltrated both grey and white matter of the mouse brain
as multicellular networks (Fig. 1a), consisting of dispersed cell bodies connected by an
average of 4-8 branched dendritic filaments (Fig. 1c; Supplementary Videos 2, 3). Filaments
retained anatomical contacts to an average of 4 to 6 (total range 1 to >10) neighboring
glioma cells in 3D space over distances between 10 up to 200 pm (Fig. 1b, d). Dendritic
protrusions between glioma cells contained microtubules and the intermediate filament
proteins vimentin and nestin (Extended Data Fig. 1i; Supplementary Video 4), in
morphological reminiscence of filamentous junctions between astrocytes or neuronal
networks during morphogenesisi8-17. Besides multicellular networks, perivascular invasion
zones comprised either directly adjacent cells bordered by epithelial-like AJs (E-98), or
sparsely distributed cells (E-468) connected with filamentous junctions (Fig. 1e-h). Thus,
both PDX models developed interstitial and perivascular brain invasion and for both routes
the majority of glioma cells retained cell-cell junctions, similar to multicellular networks in
other glioma models!2.

Collective invasion of glioma cell networks

The abundance of morphologically diverse cell-cell junctions between glioma cells during
brain infiltration is a morphological indication of collective invasionl8, which depends on
adhesive cell-cell junctions and mechanochemical cooperativity between moving cells18-20,
Using complementary 3D in vitro models mimicking brain invasion?!, we next tested
whether cell-cell junctions hinder or support tissue infiltration by glioma cells. Glioma cells
invaded as compact capillary-like strands along the interphase between two layers of
reconstituted basement membrane (rBM) (Fig. 2a), similar to 3D rBM invasion?2. Moving
glioma cells retained connections with 3 to 5 neighboring cells while generating speeds of
120-140 um/day (Extended Data Fig. 3a), as in sheet migration in monolayer culturel923,

To replicate diffuse infiltration into brain parenchyma in organotypic culture providing
structural brain-like complexity, we visualized glioma cell invasion along 40-50 um-thick
3D scaffolds consisting of immortalized mouse astrocytes and astrocyte-derived interstitial
matrix2L. Similar to neuropil infiltration, E-98 and E-468 cells glioma cells formed invading
networks by aligning along astrocyte processes with tip-like cell junctions to an average of 3
to 4 adjacent glioma cells, while complete detachment of individual cells occurred rarely
(Fig. 2b; Extended Data Fig. 3b). The cell-to-cell distance, number of connecting filaments
and the number of connected glioma cells across interstitial in vitro (Fig. 2c—f) were similar
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to glioma networks in vivo (Fig. 1b—c; Extended Data Fig. 1b—d and 12), indicating
multicellular organization as default state during glioma growth and invasion.

The filamentous interactions between glioma cells are reminiscent of dendritic protrusions
and interactions between neuronal cells and astrocytes?4:25, The connectivity between
neuronal cells is compromised by high actomyosin contractility under the control of RhoA/
ROCK signaling26:27, We therefore tested whether limiting Rho/ROCK further supports
glioma cell interactions and network dynamics. ROCK inhibition significantly enhanced
filamentous intercellular connectivity and invasion efficiency of E-468 cells into astrocyte
scaffolds (Fig. 2g, h). This indicates that the invasion activity of glioma cell networks is
enhanced by limiting actomyosin contractility, similar to developing neuronal networks24,
This differs from Rho functions in epithelial tumors where limiting RhoA/ROCK signaling
reduces invasion and metastasis?8:2°,

Epithelial collective invasion results from relatively long-lived AJs between cells!8, however
the organization and stability of AJs in moving glioma networks is unclear. During invasion
cell-cell junctions between glioma cells interconverted between epithelial-like and
filamentous junctions, dependent on cell density. Linear junctions were prominent when cell
density was high near the spheroid (Fig. 2a, b). Filamentous junctions formed when cell
density was low, dynamically connecting more sparsely distributed moving cells towards the
invasion front, revealed by 3D time-lapse microscopy (Fig. 2i, j; Supplementary Video 5).
We next analyzed how cell movement and junction stability are balanced. Anterior, lateral
and rear filaments formed, persisted for several (up to 10) hours and resolved while
interacting cells translocated (Fig. 2k). Because multiple junctions were engaged
simultaneously at any time point, with a steady-state number of 2 to 6 connections/cell (Fig.
2l), cell movement allowed the network to expand (Supplementary Video 5). Connected
cells leading the network maintained an oscillatory stop-go pattern with an average speed of
10 to 12 pm/h (Fig. 2k), similar to the speed of moving glioma cells in the mouse brain (5-
15 pm/h)30,

This variability of junction organization was consistent between in vitro models, glioma
cells in the mouse brain and in patient glioblastoma samples, with epithelial-like linear or
filament-based focal AJs between neighbor cells containing F-actin, B-catenin and p120
catenin (Fig. 2m, n)3%. Thus, dependent on cell density and environmental context, glioma
cells maintain cohesive or network-based junctions and anatomically adaptive collective
invasion, not unlike astrocyte precursors migrating collectively during retina development32
and reactive astrocytes after wounding6:17,

Synchronous Ca2+ oscillations between invading glioma cells

In morphogenesis and mature brain, astrocyte networks share calcium transients, which are
implicated in glial growth and neuronal signaling33. Moving individualized glioma cells
exhibit non-coordinated calcium transients8, but depend upon calcium channel activity for
invasion, whereas stable glioma networks exhibit calcium transients across multiple cells!2.
To test whether moving glioma cells coordinate intercellular signaling, intracellular calcium
([Ca?**]i) levels were recorded during emigration from spheroids. Connected E-98 and
E-468 cells produced [Ca?**]i oscillations originating in individual or multiple cells
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(Extended Data Fig. 3c, d) followed by signal spreading across fields of up to 20 cells
(Extended Data Fig. 3e; Supplementary Video 6, 7). As in astrocyte networks34,
multicellular calcium transients were compromised by the connexin channel inhibitor
carbenoxolone (CBX) (Extended Data Fig. 3f; Supplementary Video 8). Thus, collectively
migrating glioma cells retain adhesive cell-cell junctions and intercellular signaling, similar
to stable glioma cells networks?2,

Glioma cell coupling by adherens junctions

To test whether glioma-cell connections are critical for tissue invasion, we mapped and
disrupted mechanisms of cell-cell cooperation. In epithelial, mesenchymal and neuronal
cells, AJs depend upon E- and N-cadherin-mediated mechanical and functional
coupling31:35, E-98 and E-468 cells expressed multiple classical cadherins (Extended Data
Fig. 2c) and additional homophilic adhesion molecules, including ALCAM and NCAM
(Extended Data Fig. 4a). Downregulation of N-cadherin, p-catenin and p120-catenin by
transient RNA interference (RNAI) disrupted cell-cell junctions and facilitated cell
individualization, with negligible impact by additional downregulation of ALCAM and
NCAM (Extended Data Fig. 5a—d). This identifies classical cadherins in maintaining AJs
between glioma cells.

p120-catenin as gatekeeper of glioma cell cooperation

As non-redundant intracellular regulator of AJs formed by classical cadherins, p120-catenin
(p120) is essential in sustaining cell-cell interaction36. p120 promotes and stabilizes
dendritic intercellular junctions in neuronal cells36:37 and supports cohesive sheet migration
in astrocytes in vitrol9. p120 is upregulated in clinical glioma samples (Extended Data Fig.
4b), present along filamentous structures and cell bodies of glioma cells in the diffuse
invasion zone (Extended Data Fig. 4c), and the phosphorylation status of Y228 of p120 is
positively correlated with the invasiveness of patient-derived glioblastoma cells in the mouse
brain38. In addition, cadherin-associated protein/&2-catenin, an endogenous p120 antagonist
primarily expressed in cells with neuronal differentiation, is target of inactivating driver
mutations in glioblastoma3. These correlative data point towards a role for AJs and p120 in
glioma progression, yet with unclear mechanism. To test its role in glioma network
organization and function, we stably downregulated p120 by shRNA. In both PDX cells,
p120 downregulation using 4 independent RNA sequences (70-80% efficacy verified by
immunofluorescence analysis, gPCR and Western blot analysis) impaired cell-cell
interactions followed by cell individualization, limited cell cycle progression with
diminished mitosis rate and geminin expression, and caused an either de-novo (E-98) or
persisting severe growth deficit (E-468) (Extended Data Fig. 5e—l). Moreover,
downregulation of p120 compromised the formation of multicellular glioma networks (Fig.
3a) and prevented cells from participating in multicellular calcium wave propagation (Fig.
3b; Supplementary Video 9).

To address how cell-cell junctions deregulation affected moving glioma networks, we
recorded their migration in the 3D astrocyte scaffold assay. After p120 downregulation,
filament-like cell-cell junctions were lost and poorly polarized single cells, albeit mobile,
failed to persistently migrate outward (Fig. 3d-h; Supplementary Video 10). Whereas
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migration speed was undiminished after p120 silencing (Fig. 3g), the persistence and
propagation of cells away from the spheroid were impaired (Fig. 3e). This reveals a critical
role of p120 in securing collective polarity and migration persistence in glioma networks,
similar to astrocyte sheet migration1®,

We next tested whether p120 initiates dendritic contacts or rather stabilizes existing
junctions to coordinate glioma networks. P120 catenin controls the RhoA/ROCK pathway
and limits RhoA-dependent actomyosin contractility including the light chain of myosin 2
(MLC2)3940_ Limiting p120 expression increased intracellular phospho-MLC2 (pMLC2),
and ROCK inhibitor Y-27632 reverted pMLC2 levels in shP120 cells to near-control level
(Extended Data Fig. 5m, n). As in control cells, Y-27632 further increased the number of
filamentous connections in shP120 cells (Fig. 4a, b; compare Fig. 2g, h); however, in
p120!°W cells, ROCK inhibition failed to restore both network organization and invasion into
astrocyte scaffolds (Fig. 4b).

To identify the p120 domains required for glioma network formation, we reconstituted cells
with stably downregulated human p120 with lentivirally encoded mouse p120 catenin
sequences, which are functional in human cells*!: (1) wild type (wt)*1, (2) p120 with
K401M substitution in armadillo 11 domain decreasing p120 binding to cadherins3641, and
(3) p120 with 622-628 deletion in the RhoA binding site, which reduces p120 mediated
inhibition of RhoA activity?%4! (Fig. 4c, d). Consistent with their predicted functions,
p120wt and p120A622-628, but not p120K401M, increased N-cadherin expression on the
glioma cell surface (Fig. 4e), as described36:40,

Restitution of p120wt and p120K401M containing the Rho-binding domain normalized
excess pMLC2 levels together with gain of filamentous protrusions, whereas p120A622-628
lacking the Rho-binding domain retained increased pMLC levels, together with defective
filamentous protrusions to neighboring cells (Extended Data Fig. 6a, b). Moreover,
expression of p120wt and p120A622-628 but not p120K401M increased p-catenin levels in
E-468/shP120 cells (Extended Data Fig. 6¢, d), consistent with p120 inhibiting RhoA and
stabilizing cadherins and B-catenin at the plasma membrane3®.

Multicellular network formation was rescued by expression of p120wt, which restituted the
ability of glioma cells to protrude filaments of equal number and length, compared to non-
targeted control cells, formed extensive multicellular invasive networks in both 2D and 3D
rBM culture (Fig. 4f, h, arrowheads, g, i; Extended Data Fig. 6e), and increased invasion
ability compared to shRNA cells in 3D rBM (Fig. 4j). p120K401M reinstalled protrusive
filaments but failed to support cell-cell connections between adjacent cells, resulting in
protrusively moving cells with increased invasion distance in 3D rBM culture (Fig. 4f, h,
asterisks; g, i, j; Extended Data Fig. 6€). Reconstituting p120A622-628 supported neither
filamentous protrusions nor filamentous cell-cell interactions, resulting in persistent collapse
of the network and impaired ability to migrate collectively (Fig. 4f—j; Extended Data Fig.
6e). Thus, both actomyosin contractility and cell-cell adhesion are required to form and
stabilize filamentous cell-cell interactions and secure effective collective migration of
glioma cells.
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Moving networks thus reflect a previously unappreciated, neuronal/astrocytic type of
collective cell migration in complex environments which depends upon adaptive AJs of
variable morphology and contact duration, which differ from more cohesively moving
epithelia or co-attraction coordinating collectively moving neural crest cells#2:43,

P120-catenin dependent networks mediate diffuse brain infiltration

We next aimed to delineate whether glioma cell networks are indeed required for diffuse
brain infiltration. Luciferase-expressing E-98 cells as well as non-luminescent E-468 cells
were implanted into the mouse brain and the effect of p120 downregulation on tumor growth
and brain infiltration was monitored for up to 4 weeks (Fig. 5a) and/or whole-brain
reconstruction and volumetric analysis post mortem after 4 weeks (Fig. 5b; Supplementary
Video 11). Multifocal control tumors developed reliably over weeks (Fig. 5a), however
p120-deficient cells failed to establish large or multifocal lesions and lacked diffuse brain
infiltration (Fig. 5¢; Extended Data Fig. 7a). Both, diffuse interstitial and perivascular
invasion were compromised (Fig. 5¢c, d; Extended Data Fig. 7a), indicating a general
migration defect in vivo. Overall, the reduction of diseased brain parenchyma after p120
targeting in glioma cells was reduced by 90-98% (Fig. 5c). To detect whether networks were
disrupted by p120 downregulation in vivo, we performed 3D high-resolution morphometry
of large-field sections capturing both tumor center and invasion front of E-468 PDX tumors
(Fig. 5d). In control lesions, both tumor center and invasion front were composed of glioma
cell networks with filamentous cell-cell junctions at an average of 3—4 cell-cell contacts
(Fig. 5e) and gradual decrease of connection density towards the outward edge (Fig. 5f).
After p120 downregulation, individualized and poorly polarized cells were retained, which
failed to form interstitially invasive networks (Fig. 5d—f; Extended Data Fig. 7a). Residual
microlesions contained few clustered cells lacking p120-positive intercellular junctions
(Extended Data Fig. 7b) or individualized cells with shortened filaments positioned along
interstitial tracks (Fig. 5d, Extended Data Fig. 7a; Supplementary Video 12), as well as
compromised cell cycle progression detected by low frequency of geminin-positive cells
(Extended Data Fig. 7c). In line with defective brain infiltration, colonization of the spinal
cord was lacking in E-98 cells upon follow-up for up to 4 weeks (Fig. 5a). Thus, diffuse
glioma cell invasion in brain tissue depends on p120 availability, resulting in poorly invasive,
marginalized microlesions.

P120 regulates neuronal morphogenesis and cell proliferation pathways in glioma cells

To map the putative signaling mechanisms by which AJs may support glioma progression,
we performed next-generation RNA sequencing and gene ontology (GO) analysis.
Differential response patterns in glioma cells expressing non-targeting or p120 shRNA were
largely cell-type specific with unique sets of down- or up-regulated genes, however with a
significant cluster common to both E-98 and E-468 cells (Extended Data Fig. 2b and
Extended Data Fig. 8a). GO-term analysis of downregulated gene sets identified perturbation
of neuronal development, differentiation and axonogenesis in both cell lines (Fig. 6a,
Extended Data Fig. 8b, Supplementary Table 2). Deregulated ephrins, netrins, neurofascin
and contactin-2, among other targets (Fig. 6a), are critically involved in cell-cell interactions,
neuronal development and synaptic transmission*, and GAP43 mediates radiation
resistance response of glioma networks!? (Fig. 6a, Supplementary Table 2). Moreover, cell
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cycle related pathways were significantly deregulated in E-468 after p120 knock-down
(Extended Data Fig. 8b, Supplementary Table 2). Thus, p120 is a critical upstream regulator
of signaling pathways required for neuronal-like network features in glioma cells.

High p120-catenin expression correlates with poor clinical outcome

To validate the role of p120 in glioma progression in human disease, we generated a p120
downstream gene signature using two independent datasets from human gliomas*>46. Genes
that were up- and down-regulated after p120 downregulation in E-98 cells were directionally
weighed-matched with gene expression data of clinical samples. The p120 signature
significantly matched with signatures of genes involved in cell migration and extracellular
matrix remodeling (Extended Data Fig. 8c), using the list of scanned 3875 Broad curated
gene signatures. When stratified for p120 expression, overall survival of glioma patients was
significantly prolonged in the subgroup with low p120 level (Fig. 6b), and a trend to
accelerated progression was confirmed in the mesenchymal and classical, but not the
proneural glioblastoma subtypes (Extended Data Fig. 8d). This result was in line with
preferential upregulation of p120 mRNA in mesenchymal and classical, but not proneural,
glioma subtypes (Extended Data Fig. 8e). Thus, in PDX models and clinical glioma samples,
p120 regulated genes are associated with neuronal network, cell proliferation and migration
functions and associated with glioma progression.

DISCUSSION

Multicellular networks which depend on filamentous protrusions connecting individual
glioma cells have recently been identified as a major mechanism of glioma pathogenesis in
the brain tissuel247. Our findings identify p120 catenin as dynamic integrator of neuronal-
like functions in invasive glioma cell networks. Rather than individualized, glioma cells
migrate as a group, retain mechanocoupling, intercellular signaling and infiltrate the brain,
similar to dynamic astrocytic or neuronal networks2448. Glioma networks are adaptive,
become cohesive when reaching the perivascular space, transiently cells individualize in
outward regions (Extended Data Fig. 8f). The extensive intercellular connections imply that
diffuse gliomas should be considered as a single functional operon, which as a whole
sustains aggressive growth and survival ability!247 as well as brain infiltration.

AJs provide cell-cell adhesion and signaling for both neuronal-like network function in
collective migration programs and growth, in potential reminiscence of certain epithelial
tumors which rely upon p120 signaling for anchorage-independent growth, anoikis
resistance and metastasis*®-51. Qur data establish p120 as a central gatekeeper of AJs36 with
oncogene-like functions in glioma, and deregulating p120-dependent signaling disables
glioma aggressiveness. Similar to cell-cell cooperation drives epithelial tumor
progression®2:53 targeting of AJs in glioma may dampen neoplastic growth and tissue
infiltration programs congruently.

In contrast to epithelial collective invasion which depends upon continuous, cohesive cell-
cell junctions in 2D and 3D environments®*, collective migration in glioma cells is
remarkably adaptive and tissue-context dependent. While epithelial-like collective migration
with linear cell-cell junctions, as used by glioma cells in the perivascular niche, is well-
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established in epithelial embryonic and cancer models!8:5%, glioma multicellular network
migration combines neuronal network plasticity with transient cell-cell interactions in
dynamic crest cells during morphogenesis®®->7. Thus, despite their morphological
adaptability, moving glioma networks retain mechanical and chemical coupling between
cells and fulfill key criteria of collective invasion?®.

Molecular profiling after p120 downregulation indicates its role upstream of neurofascin,
contactin 2, ankyrin G, MAP1B, doublecortin, GAP43 and other molecules (Fig. 7a;
Supplementary Table 2), which regulate neuronal network formation?4:58:59, AJs further
mediate collective durotaxis of epithelial monolayers by mechanical coupling across
multiple cell bodies, which strongly improves collective persistence towards stiffer substrate,
compared to individually-moving cells20. AJs thus mediate morphogenesis-like multicellular
front-rear polarity in glioma cell networks. P120 modulates the activity of Rho GTPases,
which control the polarity of collective invasion and axonal growth26.27.39.60.61 By
diminishing RhoA and engaging Rac1, p120 promotes extension of protrusions in neuronal
cells37:62, phosphorylation of p120 at Y228, which correlates with the invasiveness of
glioblastoma cells in mouse brain38, is required to limit RhoA83. However, in 3D invasion
culture ROCK inhibition or expressing p120 with defective catenin-binding domain failed to
rescue network invasion after p120 downregulation. This indicates that both, intact filament
formation and adhesive strengthening of AJs are required for collective behaviors.
Additional functions of p120 reside in its translocation to the nucleus and transcription
regulation of genes implicated in neuronal differentiation via the transcriptional regulators
KAISO, REST and GL1S254. These effectors, which antagonize p-catenin/TCF/LEF
transcriptional activity and modulate Wnt signaling pathways in axonal guidance and cell
proliferation39.64.65 may support glioma networks.

In conclusion, mechanical and signaling functions of p120-catenin are indispensable for
maintaining neurogenesis programs in glioma cell networks, implicating AJs as key
regulators of collective brain infiltration in glioma. Targeting of AJs or their downstream
effectors may offer yet unappreciated strategies to overcome diffuse brain infiltration and
fatal outcome.

Antibodies and reagents

The following antibodies were used for immunolabeling: anti-human IDH1 R132H (DIA-
H09, mouse monoclonal, clone HO9, Dianova; 1:20); anti-bovine GFAP (ab4674, chicken
polyclonal, Abcam; 1:1000); anti-human myelin basic protein (M3821, rabbit polyclonal,
Sigma-Aldrich; 1:200); anti-human nestin (MAB5326, mouse monoclonal, clone 10C2,
human specific, Millipore; 1:200); anti-human nestin (ABD69, rabbit polyclonal, human
specific, Millipore; 1:500); anti-human vimentin (ab24525, chicken polyclonal, Abcam;
1:400); anti-human vimentin (MA5-16409, rabbit monoclonal, SP20 clone, human specific,
ThermoFisher Scientific; 1:300); anti-human tubulin (ab6046, rabbit polyclonal, Abcam;
1:200); anti-mouse p120 catenin (610134, mouse monoclonal, clone 98/pp120, BD
Biosciences; 1:200); anti-human p120 catenin (ab32095, rabbit, clone YE372, human
specific, Abcam; 1:200); anti mouse pB-catenin (610153, mouse monoclonal, clone 14/beta-
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catenin, BD Biosciences; 1:100); anti-human p-catenin (ab6302, rabbit polyclonal, Abcam;
1:1000); anti-mouse N-cadherin (C3865, mouse monoclonal, clone GC-4, Sigma-Aldrich;
1:200); anti-human ALCAM (559260, mouse monoclonal, clone 3A6, BD Biosciences;
1:50); anti-human NCAM (559043, mouse monoclonal, clone NCAM16.2, BD Biosciences;
1:100); anti-human geminin (PA5-30612, rabbit polyclonal, ThermoFisher Scientific;
1:500); anti-human phospho-(Ser 19)-myosin light chain 2 (3671, rabbit polyclonal, Cell
Signaling Technologies; 1:100); anti-human phospho-(Ser 19)-myosin light chain 2 (3675,
mouse polyclonal, Cell Signaling Technologies; 1:200); anti-mouse CD31 (DIA-310, rat
monoclonal, clone SZ31, Dianova; 1:20); anti-mouse laminin (MA5-14657, rat monoclonal,
clone LT3, ThermoFisher Scientific; 1:100); anti-human GAPDH 442 (2118, rabbit
monoclonal, 14C10 clone, Cell Signaling Technologies; 1:10000).

Cell lines and culture

Human glioblastoma U-251MG cells (kind gift from Dr Joost Schalkwijk, Dept. of
Dermatology, Radboudumc, Nijmegen, The Netherlands). Human glioblastoma E-98 and
E-468 cells were maintained as patient-derived xenografts by serial intradermal (E-98) and
intracerebral (E-468) inoculation without in vitro culturel®. The study is compliant with all
relevant ethical regulations regarding research involving human participants. The identity of
U-251 cells was verified by short tandem repeat (STR) DNA profiling (IDEXX
BioResearch). The STR DNA profile of E-98 cells, as published earlier®®, was confirmed
and the profile of E-468 cells was generated for the first time (IDEXX BioResearch), as
follows: AMEL, X; CSF1PO, 11, 12; D13S317, 10, 11; D16S539, 11, 12; D5S818, 12;
D7S820, 8, 11; THO1, 9, 9.3; TPOX, 8, 10; VWA, 14, 17. The STR DNA profiles of E-98
and E-468 cells did not match any other reported profile in the DSMZ STR database
(Leibniz Institute DSMZ, German Collection of Microorganisms and Cell Cultures GmbH).
No mammalian interspecies or mycoplasma contamination was detected. E-468 cells were
freshly isolated from mouse brain 8-10 days prior each transduction to minimize adaptation
to in vitro culture, underwent showed very low baseline proliferation. A subline of E-98
cells was propagated in vitro in flasks for up to passage 35. For in vivo monitoring, E-98-
Fluc-mCherry was generated by lentiviral transduction using firefly luciferase (Fluc) and
mCherry construct (CSCW-Fluc-mCherry), as described®7:68, To generate Lifeact-eGFP
cells, pLentiCMV-MCS-L.ifeact-eGFP vector (kind gift of Dr. Olivier Destaing, Institute
Albert Bonniot, Grenoble, France) was introduced in E-98 and E-468 cells. Glioma cells
were maintained in neurobasal medium (Invitrogen) supplemented with human EGF (20 ng/
ml), human bFGF (20 ng/ml), B27 Supplement (1:50), L-glutamine (2 mM) (all from
Invitrogen), heparin (2 ug/ml, Sigma), penicillin (100 U/ml) and streptomycin (100 pg/ml;
both PAA). Cells were cultured either as 2D culture on flasks coated with growth factor-
reduced reconstituted basement membrane (rBM) (Matrigel, Corning; 30 pg/ml in PBS,
overnight at 4°C) or as neurobasal spheroids. Accutase digestion (10 min, 400-600 units/ml;
Sigma) was used for cell detachment and dissociation of the spheroids. E-98 cells were
cultured at a minimum for 1 month in neurobasal media with regular change of media before
their use for migration assays, lentiviral transduction or brain implantation. Primary mouse
astrocytes immortalized with SV40 large T-antigen and additionally transformed with
retrovirus pBabe puro H-Ras V126970 were kindly provided by Amparo Acker-Palmer (Max
Planck Institute for Brain Research Frankfurt, Germany). Murine astrocytes and, for selected
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experiments, E-98 glioma cells were maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM; Invitrogen) supplemented with 10% fetal bovine serum (Sigma-Aldrich), penicillin
(100 U/ml) and streptomycin (100 pg/ml; both PAA), L-glutamine (2 mM, Invitrogen) and
sodium pyruvate (ImM, Invitrogen).

Confocal microscopy and quantitative image analysis

Confocal imaging was performed on an Olympus FVV1000 microscope, using long working
distance 20x NA 0.50 and 40x NA 0.80 objectives at step size of 2-3 um. Large-field
microscopy of tissue sections from murine and patient glioma lesions as well as multi-well
in vitro culture of E-98 and E-468 cells on rBM was performed by automated high-content
microscopy and image stitching (Leica DMI6000B). Imaris V.6.1.5 software (Bitplane) was
used for 3D reconstruction of Z-stacks. For quantitative image analysis, operator-assisted
image segmentation of 3D stacks and analysis were performed using Fiji analysis software
(\V.1.499) for the following parameters: number of nestin-, vimentin- or IDH1 R132H-
positive filaments extending per cell with connections to neighboring glioma cells; number
of connected cells, as the number of neighboring glioma cells engaged with each glioma cell
by IDH1 R132H, nestin- or vimentin-positive connecting filaments; the length of
filamentous protrusions accounting for protrusions with a length >10 um and width <7 um;
number of neighbors by epithelial-like junctions; distance between connecting glioma cell
bodies as the direct line between 4’,6-diamidino-2-phenylindole-(DAPI); organization of
cell-cell junctions as the fluorescence intensity of cell-cell junction and filament markers
along the intercellular junction line; migration speed, as the distance of either leading
invasion edge or all cells from the spheroid margin.

Time-lapse confocal microscopy of Lifeact/eGFP expressing E-98 and E-468 cells was
performed on a Leica-SP8 SMD confocal scanner equipped with high-sensitivity HyD
detectors using 0.05 mW for excitation (488nm). Multicellular glioma cell spheroids were
overlaid on non-fluorescent astrocyte scaffolds (day 2) and 3D stacks comprising the entire
volume of the invasion zone were recorded every 20-25 min. The position of the cell body
(centroid) for each cell was recorded manually for every frame using the maximum intensity
projection to calculate speed for each step and confinement ratio (distance from start to end-
point divided by total length of the path for an observation period of 10 to 13 hours). The
number of cell-cell connections/cell during migration was obtained from individual slices to
exclude false-positive projections.

Transient and stable downregulation of protein expression

Transient downregulation of adherens junction proteins and adhesion receptors was obtained
for monolayer cultures on growth factor-reduced rBM using specific or matched non-
targeting SMART-pool siRNAs (Dharmacon). For stable downregulation of p120 with
lentiviral particles pLKO.1 (MISSION shRNA, Sigma-Aldrich), the following sequences
were used:

Non-target sShRNA, non- human or mouse sShRNA
(CCGGCAACAAGATGAAGAGCACCAACTCGAGTTGGTGCTCTTCATCTTGTTG
TTTTTG);
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CTNND1 shRNA, TRCN0000122988
(CCGGCTCCCAATGTTGCCAACAATACTCGAGTATTGTTGGCAACATTGGGAG
TTTTTG);

CTNND1 shRNA, TRCN0000344830
(CCGGACTACCCTCCTGATGGTTATACTCGAGTATAACCATCAGGAGGGTAGTT
TTTTG);

CTNND1 shRNA, TRCN0000344770
(CCGGGCTTCGAAAGGCTCGTGATATCTCGAGATATCACGAGCCTTTCGAAGC
TTTTTG);

CTNND1 shRNA, TRCN0000333514
(CCGGCGCCACTATGAAGATGGTTATCTCGAGATAACCATCTTCATAGTGGCGT
TTTTG).

After lentiviral transduction E-98 cells were propagated in neurobasal media using flasks
coated with growth factor reduced rBM. The stability of p120 downregulation over
consecutive cell passaging was verified by Western blot and PCR analysis. For transduction
of patient-derived E-468 xenograft cells, intracranial tumors were isolated from mice,
suspended, cultured (8—-10 days) in neurobasal media on growth factor reduced rBM-coated
flasks and transfected with lentiviruses. For in vitro and in vivo assays, cells were used after
8 day-culture after transduction in neurobasal media without subculturing. Efficiency of
downregulation was verified by quantitative PCR and Western blot.

P120 catenin constructs

Three eGFP-tagged p120 catenin (mouse isoform 1A) pLV.CMV.IRES.puro constructs were
a kind gift from Patrick Derksen (University Medical Center Utrecht, the Netherlands), and
were functional in human cells as previously described*!. The constructs encode the
following p120 amino acid sequences: (1) wild type p120, (2) with K401M substitution
decreasing p120 binding to cadherins®6, and (3) with 622-628 deletion in RhoA binding
domain, which reduces p120 catenin mediated inhibition of RhoA activity*C. Lentiviral
particles were prepared for p120 constructs using ViraPower (Lentiviral Packaging Mix;
Thermo Fisher Scientific). E-468 cells were transduced with lentiviral particles encoding
murine p120 variants, selected with puromycin (3 pug/ml) after 3 days, and 1 day later
transduced with human p120 shRNA lentiviral particles (MISSION shRNA, Sigma-Aldrich;
sequence TRCN0000122988). The human specific p120 shRNA sequence does not match
any sequences in mouse p120 catenin constructs based on RNA alignments (BLAST,
NCBI). After secondary transduction, cells were maintained in a 96-well plate (Greiner Bio
One, PS, F-bottom, pClear, Black, CELLSTAR) coated with growth factor-reduced rBM
(Matrigel, Corning; 30 pug/ml in PBS, overnight at 4°C) for 5 days, followed by fixation (4%
PFA). This sequence of lentiviral transductions in E-468 cells, in which overexpression of
mouse p120 constructs preceded the downregulation of endogenous p120 by human-specific
shRNA was required to minimize a consistently high rate of cell loss, including by adhesion
deficiency and cell death after p120 downregulation under non-rescue conditions.
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3D reconstruction of glioma lesions

Paraffinized clinical samples from glioma patients were obtained from the archives of the
Department of Pathology, Radboud University Medical Center, Nijmegen. Samples included
lower grade astrocytomas (LGA), anaplastic oligodendroglioma (with the characteristic
complete deletion of chromosome arms 1p and 19q) and glioblastomas with wild-type and
mutant isocitrate dehydrogenase 1 (IDH1R132H) (Supplementary Table 1). The study is
compliant with all relevant ethical regulations regarding research involving human
participants. Informed patient consent and ethical committee approval for the use of
(archival) brain tissue was obtained and the material was used in a manner compliant with
the Declaration of Helsinki. Slices of 100 pm thickness were obtained by microtome slicing
(HM 340E, Thermo Scientific Microm), deparaffinized (100% xylene), gradually
rehydratated (sequential 100, 96, 70, 50% v/v ethanol/water), heated for antigen retrieval
(98°C, 15 min in Tris-EDTA, pH 9.0 ), incubated with blocking solution (0.05% Tween-20
and 1% bovine serum albumin in PBS) and stained with antibodies. Likewise, 200 pm thick
sections from glioblastoma xenografts in mouse brain were obtained after fixation (4 %
PFA, 20h) using vibratome slicing (Leica, VT1000s). To reach saturated antibody conditions
and efficient washing in the 3D sample, incubation periods with primary and secondary
antibodies and each washing step (0.05% tween-20/PBS; 0.05% NaN3) were 8-24h at room
temperature. Glioma cell populations in LGA and in glioblastoma with mutant IDH1 were
identified by positivity for the IDH1 R132H mutation colocalized with nestin in the majority
of cells. In glioblastoma with wild type IDH1 R132H, the presence of nestin in the absence
of neuronal marker MBP was used to identify glioma cells’L.

Generation of glioma cell spheroids

Spheroids from E-98 and E-468 cells used in short-term migration assays were generated
using the hanging drop method”2. Cells were cultured in neurobasal media (Invitrogen)
supplemented with human EGF (20 ng/ml), human bFGF (20 ng/ml), B27 Supplement
(1:50), L-glutamine (2 mM) (all from Invitrogen), heparin (2 pg/ml, Sigma), penicillin (100
U/ml) and streptomycin (100 pg/ml; both PAA), to subconfluency, detached with accutase
(400-600 units/ml; Sigma-Aldrich) washed with PBS, suspended in medium/
methylcellulose (0.12 — 0.24 %; Sigma-Aldrich) and maintained as hanging droplets (25 uL)
containing 2000 (E-98) or 1000 (E-468) cells for 24 or 48 h.

Reconstituted basement membrane interface invasion assay

Glioma cell spheroids were placed on 96-well plates (Greiner Bio One, PS, F-bottom,
uClear, Black, CELLSTAR) coated with growth factor-reduced rBM and, after initial
attachment (3h), overlaid with 3D rBM (Matrigel, Corning; 5 mg/ml) as described?!. After
matrix polymerization, cultures were overlaid with neurobasal media, incubated for radial
emigration (1-3d), fixed and stained for 3D confocal reconstruction and quantitative image
analysis as described?!.

Astrocyte invasion assay

To generate 3D scaffolds, immortalized murine astrocytes were detached from subconfluent
culture (1 mM EDTA /0.075% trypsin), transferred to 96-well plates (Greiner Bio One, PS,
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F-bottom, uClear, Black, CELLSTAR) (20,000 cells/well) coated with growth factor-
reduced rBM as described?L. For invasion culture, 2-3 glioma cell spheroids/well were
placed on top of consolidated astrocyte scaffolds (2 days), incubated for 2 additional days,
fixed (4% PFA), stained and quantified for invasion efficacy and patterns by 3D confocal
microscopy.

Live-cell calcium imaging

Glioma cell spheroids after growth in neurobasal media were placed on high-grade 96-well
imaging plates (Greiner Bio One, PS, F-bottom, pClear, Black, CELLSTAR) coated with
growth factor-reduced rBM (Matrigel, Corning; 30 pg/ml in PBS, overnight at 4°C). After
3-5 days of emigration from spheroids, cells were loaded with Fura-2AM (2.5 pM, 40 min;
Invitrogen), washed once with neurobasal medium (20 min) followed by washing twice with
Krebs solution (5.5 mM KCI, 147 mM NacCl, 1.2 mM MgCl,, 1.5 mM CaCl,, 10 mM
glucose, and 10 mM HEPES/NaOH, pH 7.4) prior to imaging. Gap junctional
communication was inhibited by carbenoxolone (CBX) (50 uM; Sigma-Aldrich) in Krebs
solution at least 30 min before imaging. Imaging was performed by automated
epifluorescence microscopy (BD Pathway 855, BD Biosciences; 37°C, 5% CO5) using
excitation at 340/26 nm and 387/11 nm and emission detection at 435LP nm with a 1.75s
sampling interval. Ratiometric 340/380 analysis was performed using Attovision software
1.6/855 (BD Bioscience) and post-processed for spatiotemporal mapping using Fiji. For
visualization of calcium waves, the cell fraction was masked in the 380 nm channel
(thresholding followed by median filtering, radius 2.0 pixels) to define the cell regions for
340/380 ratiometric analysis. Cell boundaries were manually defined.

Flow cytometry

For surface protein expression analysis cells were detached with EDTA (2 mM), washed
with PBS, incubated with primary antibody (10 ug/mL in PBS), washed, incubated with
secondary Alexa488 or 647 conjugated antibody (Thermo Fisher Scientific, 1:400) and
analyzed by flow cytometry (FACSCalibur, BD Biosciences). The cells were gated based on
forward scatter and propidium iodide negativity (Extended Data Fig. 4a and Extended Data
Fig. 5a) to exclude unspecific fluorescence from the final signal intensities or based on
forward scatter and GFP positivity for cells transduced with p120 constructs (Fig. 5e) using
software FCS Express (version 3 Research Edition; De Novo Software, Los Angeles, CA)
and FlowJo (version 9.7.6; FlowJo LLC).

Reverse transcription and real-time quantitative PCR (RT-gPCR)

p120 mRNA levels after shRNA knock-down were analyzed by RT-gPCR. cDNA was
prepared from 500 ng RNA with the SuperScript Reverse Transcriptase Il kit (Invitrogen)
using random hexamer primers. RNases were inhibited using RNaseOUT (Invitrogen). Pre-
designed KiCqgStart primers that were pre-validated according to the Minimal Information
for Publication of Quantitative Real-Time PCR Experiments (MIQE) guidelines (Sigma-
Aldrich) and the following three p120 primer pairs were used:
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Primer pair Seguence

P120-1 | Forward | AGCAATATGGGATCAAACAC

Reverse | TAAATCTTCTGCATCAAGGG

P120-2 | Forward | GGAGCTATGAAGACATGATTG

Reverse | CAAGCTTGCTAAACTTCCTC

P120-3 | Forward | TGTGGAGCTCTCAAGAATATC

Reverse | CCGGTAATAACTTCAGTAAGG

RT-gPCR was performed using CFX96 Real-Time PCR Detection System on a C1000
Thermocycler (Bio-Rad) and analyzed using the Bio-Rad CFX Manager software (version
2.0). For RT-qPCR, forward and reverse primers were used at a final concentration of 400
nM in 1x iQ SYBR Green Supermix (BioRad). The thermocycling program was: 10 min at
95°C to denature the cDNA, followed by 40 cycles of 15 s at 95°C and 50 s at 60°C, and
another 95°C denaturing step for 15 s prior to a melting curve sequence from 65°C to 95°C
at 0.5°C increments. The threshold cycles (Ct) were normalized on a pool of 5 reference
genes (GAPDH, B-actin, PSMB3, CANX, HMBS). The identity of the amplicon was
confirmed by melting curve data. Appropriate no-template and no-reverse transcriptase
negative controls included in each RT-qPCR run confirmed negativity in all cases.

Next-generation RNA sequencing

The RNA expression profile of glioma cells after stable transfection with NT or p120
shRNA were analyzed by RNA sequencing. Cells were maintained in culture with
neurobasal medium for at least 4 weeks (E-98) or for 8 days (E-468) after lentiviral
transduction. Total RNA was extracted using the column-based RNeasy micro kit (Qiagen)
and the integrity and quality of obtained RNA was evaluated using the Experion RNA
HighSens Analysis Kit (Biorad; #7007105) on a 2100 Bioanalyzer platform (Agilent). For
cDNA synthesis starting from 1-10 ng total RNA, SMARTer Ultra low Input RNA kit
(Clontech) was used and processed according to the manufacture protocol. The transcribed
cDNA was sheared into fragments of 200-600 bp using Diagenode Pico sonicater.
Subsequently the library preparation for Next Generation Sequencing has been carried out
according to the Illumina standard protocol using the KAPA Hyper prep kit (KAPA
Biosystems).

Raw data was aligned to the human genome using GSNAP aligner’ and aligned reads
annotation and counting was performed using HTSeg-count’4. Differential expression
analysis was performed using the DESeq package in R7°. The log2 of fold changes +-1.5
with p value < 0.05 and FDR < 0.05 were used as criteria to determine the significant
deregulated genes in p120-knock down samples compared to their matched NT-shRNA
samples. Gene ontology analysis was performed using DAVID (https://david.ncifcrf.gov)
and the KEGG database (http://www.genome.jp/kegg/) was used for pathway analysis.
Clustering analysis of datasets was performed using GENE-E (http://
www.broadinstitute.org/cancer/software/GENE-E/). Gene set enrichment analysis was
performed using GSEA’6.77. Non-supervised clustering was performed using normalized
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read counts table as input and the one minus Pearson correlation was used as metrics
distance. RNA-seq data that support the findings of this study have been deposited in the
Gene Expression Omnibus (GEO) under accession codes GSE73999.

Bio-informatic analysis of human samples

Human samples were analyzed using the online platform R2 (r2.amc.nl). For gene ontology
(GO) analysis, p120 shRNA knockdown experiments in E-98 glioblastoma cells resulted in a
list of up and downregulated genes from which a directional gene signature was generated,
taking the amount of genes into account (i.e. a directional and weighed signature). Using this
signature, samples present in the glioblastomas (Verhaak, TCGA 540 samples, ID2000—
01-01)*> and low- to high-grade glioma (French dataset, 284 samples including normal
controls, GEO ID: gse16011)*6 datasets were scanned for their match to the signature as
based on the expression values of these genes and displayed as z-value with positive match
displayed in red and inverse match in blue color. Kaplan-Meier analysis was done using
p120 expression levels as a determinant of disease outcome, using the significance scanner
option to identify the most optimal expression cut-off level to provide the highest,
Bonferroni corrected statistical significance. Reactive and dynamic GO term analysis was
performed by correlating the E-98 derived p120 signature with 3875 curated gene sets as
provided by the Broad Institute (www.broadinstitute.org/gsea), using the TCGA 540
glioblastoma dataset. Results were top-ranked according to the correlation coefficient.

Glioma growth and invasion in mouse brain

Female athymic Balb/C nu/nu mice (6—8 weeks old), were obtained from Charles River
Laboratories, maintained under specific pathogen-free conditions at the central animal
facility, Radboudumc, Nijmegen. The study is compliant with all relevant ethical regulations
regarding animal research. Animal procedures were approved by the Animal Ethics
Committee of the Radboud University, Nijmegen (RU-DEC 2013-251) and performed
according to the guidelines of the Dutch Act on Animal Experimentation and the European
FELASA protocol. E-98-Fluc-mCherry and unlabeled E-468 parental cells were cultured as
spheroids in neurobasal media, enzymatically dissociated by accutase digestion, and
intracranially implanted (5 x 10° cells in 20 pL PBS) by guided injection into the right
parieto-occipital hemisphere of isofluorane-anesthetized mice 2 mm from the midline. E-98-
Fluc-mCherry and unlabeled E-468 cells with control and p120 shRNA (sequence
TRCNO0000122988) were cultured for more than 4 weeks (E-98) or 8 days (E-468) after
lentiviral transduction in neurobasal media on growth factor reduced rBM-coated flasks and
intracranially implanted in 20 pL PBS per mouse — 0.4 or 0.8 x 10° of E-98 and 0.4 or 1.0 x
10° of E-468 cells. The extent of tumor growth and diffuse brain infiltration was quantified
by whole-brain vibratome sectioning (200 um thickness) followed by counterstaining to
detect murine astrocytes by anti-GFAP pAb and glioma cells by human-specific anti-
vimentin pAb. The extent of glioma infiltration was obtained by automated high-content
microscopy (Leica DMI6000B) from whole-brain vibratome slices (200 pm thickness)
followed by manual segmentation using the vimentin channel (Fiji). Quantitative image
analysis from 3D confocal stacks (40x, NA 0.8) was performed to extract the frequency of
geminin-positive cells, the number of cell-cell contacts per cell and the subcellular location
of p120 in glioma cells using anti-human p120 mAb.
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In vivo bioluminescence imaging

Fluc-E98/NTshRNA and Fluc-E98/p120 shRNA in mouse brain and spinal cord was
monitored with IVIS Lumina imaging system (Caliber). Luciferine (200 pL; 15 mg/ml in
PBS) was injected intraperitoneally in isofluorane-anesthetized mice and bioluminescence
was detected in 10 min. Photon emission was normalized to photons per second per
centimeter squared per steradian (p/s/cm2/sr).

Statistics and Reproducibility

Unless stated otherwise, all experiments were reproduced by at least 3 independent
experiments. P-values were obtained using two-tailed Mann-Whitney test or one-way
ANOVA Dunnett’s multiple comparison test. The significance of the GO terms (RNA
sequencing data) was calculated using one-tail Fisher Exact Probability test implemented in
DAVID online database. Further details about the statistics are stated in the Figure legends.

Data availability

RNA-seq data that support the findings of this study have been deposited in the Gene
Expression Omnibus (GEO) under accession codes GSE73999. RNA expression data that
support the findings of this study are available in the cBioportal (TCGA) and the GEO data
repositories. The human glioblastoma analysis was first performed on the TCGA dataset,
available as “Tumor Glioblastoma - TCGA- 540 - MAS 5.0 - u133a”2 in the R2 database
(R2.amc.nl), source data available at https://www.chioportal.org/. The next analysis was
performed on human glioblastomas data of the French dataset (gse16011), available as
“Tumor Glioma - French - 284 — 540 - MAS 5.0 - u133p2”46 in the R2 database
[R2.amc.nl].

All other data supporting the findings of this study are available from the corresponding
author on reasonable request.

Extended Data
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Extended Data Fig. 1. Identification of glioma cell networ ks and cohesive perivascular invasion
zonesin patient samples.

a-d, Morphological pattern and quantitative cell-cell junction analysis of glioma cell
networks detected in 30 or 100 um thick tissue slices. Samples included lower-grade
astrocytoma with mutant IDH1 (LGA, grade Il and I11), glioblastoma with mutant
(GBR132H) and wild type IDH1 (GB"Y). Detailed information in Supplementary Table 1.
Images represent the peritumor region of the lesions. Identification of glioma cells in LGA
and GBR132H via colocalization of IDH1R132H and nestin. In IDH1R132H negative
glioblastoma, glioma cells are identified as nestin-positive but Myelin Basic Protein-(MBP)
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negative networks. Similar results as in (a) were observed in brain samples from 8 (LGA)
and 4 (GB™Y) patients. Data represent 28-58 (b), 7-28 (c) or 14-34 (d) cells per sample from
6 (LGA), 1 (GBR132H) and 4 (GB™) patients. e, Tumor-free human brain cortex and
adjacent white matter region lacking IDH1R132H and interstitial nestin signal, but contain
GFAP-positive astrocytes in the parenchyma. f, Representative large-field overview used for
selecting region for high-resolution imaging. Nestin-positive but myelin basic protein-
(MBP-) negative glioma cell network in glioblastoma multiforme (GBM) sample
intercalating with astrocyte (GFAP) and myelinated axonal (MBP) networks in tumor
margin. g, Perivascular cohesive glioma cell layers aligning along large vessel, identified by
longitudinal or cross-section lumen (V) in LGA sample. Inset, B-catenin-positive cell-cell
junctions. h, Cell-cell proximity and number of directly neighboring cells during
perivascular invasion (3D image analysis of LGA samples). Data represent 20 cells per
sample from 2 LGA patients. i, Molecular topography of filamentous protrusions connecting
glioma cells in patient-derived orthotopic E-468 xenograft. Identification of glioma cells
using human-specific anti-nestin mAb. Arrowhead, nestin- and vimentin-positive filament,
also containing microtubules. Similar results were observed in 3 mice. Scatter dot plots show
the medians (red line) and values representing individual cells (b, c, h); in (d, h) values
display relative fractions of connected glioma cells interacting with 0 up to 10 connected
cells (boxes), median (red square), 25/75 percentiles (whiskers). Scale bars, 50 pm (a), 100
um (e, f), 20 um (i, g).
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Extended Data Fig. 2. Subtype analysis and differential gene expression of E-98 and E-468
glioma cells.

a, Gene set enrichment analysis on non-targeting shRNA samples (from two independent
RNA isolations per cell line) of E-98 (NT shRNA) and E-468 (NT shRNA) cell datasets
using 3 glioblastoma subtype gene sets1. b, Hierarchical clustering and heatmap of mMRNA
expression of genes found to be deregulated after p120 knock-down (compare
Supplementary Figure 8). Data represent the gene expression in cells after lentiviral
transduction with non-targeting ShRNA (from two independent RNA isolations per cell line).
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¢, Hierarchical clustering and heatmap of cadherin and protocadherin genes detected in at
least one of the replicates. The Euclidean distance was used as metrics and the normalized
expression level of genes used as input values and z-score values were used for
visualizations.

Nat Cell Biol. Author manuscript; available in PMC 2020 July 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Gritsenko et al.

2D on rBM

Page 22
a b E-98in 3D astrocyte scaffolds
——— E-98, rBM interface
E 150- 200+ 1004 mm>10
~ . D o\o m 9
a o
g1201 | o Z1s01 L 80| =8
& 8= “ B a7
5 904 oo 2= D3 3 60 (=
8 S 91001 5 =g
= 60{am 9Ff 2 404l = 4
9] . 9] 3]
2 © 2 50 3 /| 3
& 301 S & € 20 = 2
5 P S 1
o] 0+— 0+— o 0 m 0 5 = .
O H2BeGFP Fr——
_____,JL/
o 1 2
5
<
il
©
$ 005 1
N
©
5
L
0o 1 2
Fures et = o IR
o - 0.0001
d| Travelling waves ] © [_E9e | [ _E468 | f g~ —
3
5 instantaneous < 54 *CBX
< |_,— sequential r sequential 8
o 12.73um/s ; &
w | A3 1um/s | AT __33.58ums +
c _/\/\ 7 8107222
E T~ =
g 2 POC TR 1
T ~ 0 6785 o U7
_ B E-98  E-468
Time (s)

Extended Data Fig. 3. Variability of cell-cell interactions and functional coupling of glioma cells
during migration.

a, Quantification of next-neighbor proximity, migration speed and cell-cell interactions in
E-98 glioma cell invasion in reconstituted basement membrane (rBM) assay after 48 h of
invasion culture. Data represent 272 cells (left panel), 8 spheroids (middle panel) or 73 cells
(right panel) from two representative from 3 independent experiments. Scatter dot plots
show the medians (red line) and values representing individual cells (left plot) or spheroids
(middle plot); in the right graph values display relative fractions of connected glioma cells
interacting with 0 up to 10 connected cells (boxes), median (red square), 25/75 percentiles
(whiskers). b, Cell pattern of E-98 glioma invasion (48 h) from multicellular spheroid (Sph)
into 3D astrocyte scaffolds. Arrowheads indicate filamentous cell contacts. Similar results
were observed in 3 independent experiments. ¢, Functional cell-cell coupling in E-98 and
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E-468 cells measured as intracellular calcium transients and inhibition of multicellular
calcium transients in E-98 cells in the presence of carbenoxolone (CBX, 50 uM). Cell
identification for ratiometric time-series (left panels) and derived calcium transients in
neighboring cells (right panel). Dots, cells assessed for calcium transients displayed in the
graphs. Sph, spheroid. Similar results were observed in 3 independent experiments. d, Near-
instantaneous and sequential calcium transients in E-98 and E-468 cell clusters and
networks. Example micrograph highlighting neighboring cells participating in calcium wave
(left panel) and fields of connected cells recorded over 2 min (right image). e, Calcium
waves and propagation speed (in brackets). The propagation speed in E-98 is consistent with
the velocity of calcium waves between astrocytes (approx. 6 um/s)’8.

Similar results were observed in 3 independent experiments. f, The number of cells in
synchronized clusters of E-98 and E-468 cells. Data represent 22 (E-98), 11 (E-98, CBX)
and 18 (E-468) cell clusters from 3 independent experiments. Scatter dot plot shows the
medians (red line) and values representing individual cell clusters (dots). P values were
obtained using two-tailed Mann-Whitney test. Scale bars, 50 um.
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Extended Data Fig. 4. Expression and subcellular distribution of p120 and other cell-cell
adhesion moleculesin human glioma cells.

a, Surface expression of receptors implicated in cell-cell interactions in E-98 cells (FACS
data). Similar results were observed in 2 independent experiments. b, Increased expression
of p120 catenin in human gliomas of different grade. Data are derived from French dataset
(MAS5.0-u133p2) comprising grade I-1V gliomas (n=284 patients)*6. Expression reflects
log level. Box plots display the median (black line), 25/75 percentiles (boxes) and
maximum/minimum (whiskers) from 8 (normal brain), 8 (grade 1), 13 (grade I1), 16 (grade
I11) and 159 (grade V) glioma patients. ¢, p120 (brown label in large panels) and
IDH1R132H (jnsets) immunohistochemistry in glioblastomas and low grade astrocytoma
(LGA) samples. P120 positivity in both tumor core and diffuse brain infiltration region.
IDH1R132H positivity in grade 111 glioma sample was used to confirm glioma cell origin.
Similar results were observed in 2 independent immunohistochemistry staining of samples
from 2 (LGA), 1 (GBR132H) and 2 (GBWY) patients. Scale bars, 500 pm (overviews) and 20
um (details).
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Extended Data Fig. 5. Molecular targeting of glioma cell-cell interaction and collective invasion

in vitro.

a-d, Transient downregulation of candidate proteins involved in cell-cell junction stability of

E-98 cells. (a) Relative protein levels detected by Western blot (total proteins) or flow

cytometry (surface receptors) after transient downregulation using SMARTpool siRNA.
Similar results were observed in 2 independent siRNA transfections. Unmodified scan of the
Western-blot is provided in Source data. (b) Numbers in the table express the ratio between
p120 and non-targeting (NT) siRNA. (c) Morphology and (d) quantification of single-cell
fraction during radial migration of E-98 glioma cells from spheroids on rBM-coated surface
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after single- or triple interference with cell-cell junction proteins. Similar results were
observed in 3 independent siRNA transfections. Data in (d) represent 9-15 spheroids per
condition from 3 independent siRNA transfections. Scatter dot plots show individual
spheroids and medians (red line). e-l, Quality control and functional consequences of stable
downregulation of p120 in glioma cells. e-g, Extent of downregulation of p120 protein (e, f)
and p120 mRNA (f) and persistence of vimentin expression in E-468 cells (g). Similar
results were observed in 2 (e, f) or 3 (g) independent ShRNA lentiviral transductions.
Unmodified scan of the Western-blot (e) is provided in Source data. Immunostaining of
human vimentin was used for the detection of glioma cells in the mouse brain. h-j, Effect of
four independent shRNA sequences on p120 catenin protein levels detected by
immunofluorescence (h), the number of cell-contacts between neighboring cells (i) and cell
density as measure for growth (j). Data represent 313-2353 (h), 196-228 cells (i) and 669—
3153 (j) cells per shRNA sequence per cell line from 3 independent shRNA lentiviral
transductions. Values in (h) show the means. Values in (j) represent the means of cell
number per area (650x486 um). Box plots in (i, j) display the median (black line), 25/75
percentiles (boxes) and maximum/minimum (whiskers). P values, two-tailed Mann-Whitney
test. Based on efficacy of p120 downregulation and representativity, sequence
TRCNO0000122988 was used for further in vitro and in vivo experiments. k, Cells in S/G2/M
phase detected by geminin staining >30 (E-98) or 8 days (E-468) after transduction with
p120 shRNA. Data represent 238-475 cells in 5-6 areas (650x486 pm) per condition in one
representative of 3 independent ShRNA transductions. P values, two-tailed Mann-Whitney
test. In contrast to E-98 cells which grew well in liquid culture before p120 downregulation,
E-468 cells were derived directly from mouse brains and failed to grow in vitro. |, Reduced
growth of E-98 cells in neurobasal spheroids after p120 downregulation. Data represent 18
(NT shRNA) and 53 (p120 shRNA) spheroids from one representative of 3 independent
shRNA transductions. P values, two-tailed Mann-Whitney test. m, n, Myosin light-chain
phosphorylation (ROCK target) after p120 downregulation in E-468 cells in the absence or
presence of ROCK inhibitor Y-27632 (10 uM) detected by cell-based immunofluorescence.
Data represent 84-171 cells from one representative of 3 independent shRNA transductions.
P values, two-tailed Mann-Whitney test. Scatter dot plots show the medians (red line) and
values representing individual spheroids (d, I) or areas (650x486 um) in 96 well plates (k, n).
Scale bars, 100 um (c, g, k, m), 200 um (1).
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Extended Data Fig. 6. Myosin light-chain 2 phosphorylation and p-catenin expression in E-468
cellsand radial invasion from spheroids after p120 downregulation and reexpression of p120
mutants.

a-d, Myosin light-chain 2 (Ser 19) phosphorylation (a, b) and B-catenin expression (c, d)
during E-468 cell culture on rBM after transduction with non-targeting shRNA, human p120
shRNA or human p120 shRNA with additional transduction with mouse p120-eGFP
constructs (indicated in Fig. 4c) encoding wild-type p120 catenin, p120 with K401M
substitution and p120 with 622—-628 deletion. Similar results as in (a, ¢) were observed in 3
independent shRNA lentiviral transductions. Mean intensity of phospho-Ser19-MLC2 (b) or
B-catenin (d) immunofluorescence in p120 shRNA cells after re-expression of p120 catenin
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constructs. Data in (b, d) represent the fluorescence intensity per imaging field (650x486
um) covered by multiple cells from 20-34 (b) or 26-33 (d) fields per condition from 3
independent lentiviral transductions. Scatter dot plots in (b, d) show the normalized
fluorescence intensity per area (650x486 um) and medians (red line). P values, one-way
ANOVA Dunnett’s multiple comparison test. ***, P<0.0001. e, Overviews of migration and
intercellular organization of E-468 cells invading from multicellular spheroids along 3D
rBM interface after 3-day culture (described in Figure 2a). Similar results were observed in
2 independent shRNA transfections. E-468 cells were transduced with non-targeting or
human p120 shRNA and additionally mouse p120-eGFP constructs encoding wild-type p120
catenin, p120 with K401M substitution and p120 with 622—-628 deletion. Arrowheads
indicate filamentous cell-cell contacts. Scale bars, 20 um (a, ¢); 200 um (e).
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Extended Data Fig. 7. Inhibition of multicellular networks and diffuse infiltration into mouse
brain after p120 downregulation.

a, Impaired tumor growth, loss of network formation and diffuse brain infiltration of E-98
cells after p120 downregulation. Overviews (upper panels) and zoom images (lower panels)
from 200 um thick brain slices. Arrowheads, filaments in multicellular networks of human
vimentin-positive E-98 cells diffusely infiltrating the brain. Data represent 9 (NT shRNA) or
10 (p120 shRNA) mice from 2 independent experimental series (al) and 49 cells (NT
shRNA) or 89 (p120 shRNA) cells from two mice per condition (a2). P values, two-tailed
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Mann-Whitney test. b, Persistent deficiency of p120 signal in vivo in p120 shRNA knock-
down E-98 cells in 4 weeks after intracranial tumor implantation. Similar results were
observed in two mice per condition. ¢, Sustained glioma growth deficit in vivo after p120
downregulation. Frequency of geminin-positive glioma cells after the indicated time of post-
implantation in mouse brain. Data represent 42-201 (E-98) and 108-574 (E-478) cells from
4-5 (E-98) or 5-21 (E-468) imaging fields from two mice per condition. P values, two-tailed
Mann-Whitney test. Scatter dot plots show the medians (red line) and values representing
individual mice (al), individual cells (a2) or imaged areas in brain slices (c). Scale bars, 2
mm (a, upper panels), 50 um (a, lower panels; b, c).
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Extended Data Fig. 8. Gene expression regulation in glioma cellsin response to downregulation
of p120 and clinical relevance of p120 catenin in glioma patients.

a. Proportional Venn diagrams of total number of down- (n=1,148 and n=1,242) or
upregulated (n=785 and n=403) genes in E-98 and E-468 cells respectively after p120
downregulation (p values are obtained using hypergeometric test). b, Ranked list heatmap of
all relevant GO term biological functions resulting from gene ontology analysis of
deregulated genes in each p120 knock-down cell lines. Absolute Log?2 transformed
Benjamini-Hochberg FDR values per each GO term were used as input in which the
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upregulated terms were converted to a positive and the downregulated terms to a negative
number in the color scale scoring. The annotation was carried out using the DAVID server
and GO database and the FDR <= 1073 was determined as cut off for selecting the relevance
of the GO terms. To determine the significance of deregulation, log2-fold change of >1.5 for
upregulation and < -1.5 for downregulation and two-sided test p value < 0.05 and FDR <
0.05 were used as cut offs. The gene ontology analysis was performed based on data
obtained from two independent RNA isolations per condition (n=2). ¢, Gene enrichment
analysis of the p120 signature in human glioma. Expression levels of p120 correlate to
migration/ECM gene signatures. Ranked expression panels of p120 RNA expression as
determined by MAS5.0 normalized u133a or u133p2 RNA expression arrays (Verhaak,
TCGA 540 tumors, 1D2000-01-01)*° and low- to high-grade glioma (French 284 samples
including normal controls, GEO ID: gse16011)46, correlated to z-values of a migration
signature’®; n=540 and n=284 patients, respectively. (http://www.broadinstitute.org/gsea/
msigdb/cards/WU_CELL_MIGRATION.html) and an ECM signature (Segal Stanford
cancer modules, http://ai.stanford.edu/~erans/cancer/modules/module_47.html). d. Kaplan
Meier survival curves of p120 mRNA expression within glioma subtypes. Trends show
decreased survival in the p120Mi9h subgroup, but do not reach statistical significance due to
low case numbers (proneural: n=24; mesenchymal: n=27; classical: n=17). P-values, two-
tailed Mann Whitney test (raw, non-Bonferroni corrected). e, Expression of p120 mRNA in
the three subtypes of glioblastoma, as defined by Verhaak et al*> (TCGA dataset, MAS5.0 -
u133a, 540 patients of which n=68 subtype classified patients are shown). The time to
progressive disease is indicated as a heatmap value for each patient (red indicates immediate
progressive disease; blue indicates delayed progressive disease). This shows that p120 is
highly expressed in the classical and mesenchymal subgroups which have a rapid
progressive disease, compared to the proneural subtype. P-value, ANOVA-test (one-way
analysis of variance). f, Types of collective glioma cell invasion in response to different
microanatomy of brain subregions. Perivascular cohesive strands move through aligned
confined space forming epithelial-like AJs whereas multicellular networks with dynamic and
relatively short-lived neuronal-like filaments support intercellular connections during
interstitial invasion of brain stroma. Black arrows, kinetics of cell-cell interactions. Blue
arrows, direction of migration.
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Figure 1. Multicellular glioma cell networks and perivascular invasion in mouse brain.
Morphological pattern and quantitative cell-cell junction analysis of interstitial networks (a-

d) and perivascular invasion (e-h) in human glioblastoma xenografts. E-98 and E-468 cell
lines were implanted into mouse brain and after 28 days peritumor regions were assessed by
confocal microscopy (in 200 um-thick brain slices). Identification of glioma cells by human
nestin/vimentin staining. Brain stroma was detected by GFAP (astrocytes) and blood vessels
by laminin or CD31 staining. Arrowheads indicate filamentous (a) or linear (e) contacts
between glioma cells. Numbers in (a) indicate glioma cell bodies connected with
filamentous cell protrusions. Tu, tumor. Example images in (a, ) represent tumors from 3
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mice per PDX line. Data represent 63-79 (b), 42 (c, d), 36-48 (f) and 18-33 cells (g, h) from
2 representative mice from three independent implantation series. Scatter dot plots show the
medians (red line) and values representing individual cells (b, c, f, g); in (d, h) values display
relative fractions of connected glioma cells interacting with 0 up to =10 connected cells
(boxes), median (red square), 25/75 percentiles (whiskers). Relative fractions of glioma cells
connected with linear (E-98) or filamentous (E-468) junctions (h). Scale bars, 50 um.
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Figure 2. Collective glioma cell invasion in 3D assays and organization of cell-cell junctions
during glioma network invasion.

Glioma spheroids in 3D environments including (a) the interface between two layers of
reconstituted basement membranes (rBM) and (b) 3D astrocyte scaffolds after 48 h of
invasion culture. Example images from 3 independent experiments. Arrowheads,
filamentous cell-cell junctions. Quantification of next-neighbor proximity (c), number of
cell-cell connecting filaments (d) or connected cells (€), and invasion speed (f) in astrocyte
scaffold culture. Data represent 63-110 (c), 66—69 (d, ) cells and 10-24 spheroids (f) from
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3 independent experiments. g, h. Glioma network invasion and ROCK inhibition. E-468 cell
invasion in 3D astrocyte scaffolds in the absence (H,0) or presence of ROCK inhibitor
(Y-27632, 10 uM) after 48 h of culture. Data represent 34-52 (left) and 35-36 spheroids
(right) per condition from 3 independent experiments. P values, two-tailed Mann-Whitney
test. Scatter dot plots show individual cells (c, d; h, left) or spheroids (f; h, right) and
medians (red line). Data in () display relative fractions of connected glioma cells interacting
with 0 up to 10 connected cells (boxes), median (red square), 25/75 percentiles (whiskers). i,
Time-sequence of actin dynamics. LifeAct/GFP-expressing E-468 spheroid culture on 3D
astrocyte scaffolds. Formation (arrowheads) and resolution (asterisk) of cell-cell junctions. j,
Intensity fluctuation of LifeAct/GFP in 3 representative filamentous cell-cell junctions over
time (in Fig. 2i). k, Migration speed (blue line) while cell-cell junctions in single cell form
and turn over. |, Steady-state number of intercellular connections in three moving cells
(paths in Supplementary Video 5), represented as color bars. Data in (i-1) represent one out
of 3 independent experiments. m, Heterogeneity of linear, focal and filamentous cell-cell
interactions between glioma cells in vitro (m) and ex vivo (n). Samples were E-98 cells in
rBM culture, n=3, E-468 xenografts in mouse brain, n=3 and clinical glioblastoma (top
panels; 4 clinical IDH1t glioblastoma samples). Arrowheads, B- and p120 catenin
accumulation. n, p-catenin and p120 catenin fluorescence intensity (rFl) in linear-continuous
or focal-filamentous cell-cell junctions. Scale bars, 200 um (g), 50 um (a-c; i; m, left panels)
and 10 pm (m, right panels).
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Figure 3. p120-dependent cell-cell cooperation and migration persistence of collective invasion of
glioma cells.

a, Morphology (1), number of filamentous cell-contacts between neighboring cells (2) and
cell growth (3) in response to stable expression of non-targeting (NT) and p120 shRNA in
E-98 and E-468 cells on a culture plate coated with rBM. Data represent 196 to 226 cells
(a2) and 12-18 cell areas (650x486 um) from duplicate wells per condition from three
independent shRNA lentiviral transductions. P values, two-tailed Mann-Whitney test.
Efficiency, stability of downregulation and validation using independent shRNA probes are
shown in Extended Data Fig. 5h—j. b-h, Impact of p120 downregulation on glioma cell
network functions. b, ¢, Morphology and effect of p120 downregulation on calcium wave
propagation between neighbor cells radially migrating from spheroids after 48h culture on
rBM. Data in (b) show one out of 2 independent ShRNA transductions. Data in (c) represent
10-19 spheroids per condition from 2 independent shRNA lentiviral transductions. P values,
two-tailed Mann-Whitney test. d, Network kinetics (6- and 12- hours time-points) of E-468
cells expressing NT or p120 shRNA invading from spheroids into 3D astrocyte scaffolds.
Arrowheads, non-polar cells deficient of protrusions and intercellular connections. Data
represent 3 independent shRNA lentiviral transductions. e-g, Cell migration persistence,
measured as confinement ratio (distance start-end point / total length of path) over a period
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of 10-13 h (e); image-sequence based quantification of the median number of cell
connections (f) and cell migration speed (g) on 3D astrocyte scaffolds after p120
downregulation, obtained by single cell tracking. Data represent 10-20 (e), 296-387 (f),
286-980 (g) cells from 6-8 movies each capturing 3 spheroids per condition from 3
independent shRNA transductions. P values, two-tailed Mann-Whitney test. h, Time-
dependent cell-cell interactions in moving cells during 10-15h of migration. Scatter dot
plots in (a2; e-g) show individual cells and median (red line). Scale bars, 100 um (a), 50 pm
(b, d).
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Figure 4. Multicellular network restitution after p120 downregulation and rescue with p120

domain mutants.

a, b, Filamentous connectivity and invasion efficiency of E-468 cells after 48h in 3D
astrocyte culture. Conditions as described in Fig. 2g. Data represent 115-145 cells (left) and
16-32 spheroids (right) from 3 independent lentiviral transductions. P values, two-tailed
Mann-Whitney test. ¢, Constructs encoding mouse p120 isoform 1A fused with eGFP. d,
Expression of murine wild-type p120 (1), p120 K401M (2) or p120 A622-628 (3) in human
glioma cells followed by transduction with p120 shRNA downregulating human p120. e.
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Surface expression of N-cadherin in U-251 glioma cells transduced with constructs specified
in (c). Gating strategy (left) and histograms of surface N-cadherin (right). Data show one of
2 independent experiments. f, Morphology of E-468 cells during 2D culture on rBM after
transduction with p120 constructs indicated in (c). Arrowheads, filamentous cell-cell
contacts. Asterisks, protrusions between neighbor cells without contact. Data show one of 3
independent experiments. g, Number and length of filamentous contacts between
neighboring cells in p120 shRNA cells after re-expression of p120 catenin constructs
indicated in (c), compared to non-targeting ShRNA. Data represent 85-250 cells in duplicate
wells per condition from 3 independent lentiviral transductions. P values, one-way ANOVA
Dunnett’s multiple comparison test; ***, P<0.0001. h, Morphology of E-468 cells
expressing human p120 shRNA and transduction with human p120 constructs specified in
(c) or non-targeting shRNA after 3 days of radial invasion from spheroids in 3D rBM
interface culture. Arrowheads, filamentous cell-cell contacts. Asterisks, regions with
protrusions between neighbor cells without contact. S, spheroids. i, Number of cells
connected with filamentous protrusions. j, Average distance of the invasion edge from the
spheroid center. Conditions in (i, j) as described in (h). Data represent 144-175 cells from 6—
8 spheroids (i) or 8-12 spheroids (j) per condition from 2 independent transductions. P
values, one-way ANOVA Dunnett’s multiple comparison test; ***, P<0.0001, **, P <0.01.
Scatter plots show individual cells (b, left graph; g, j) or the means from individual spheroids
(b, right graph; j) and medians (red line). Scale bars, 200 um (a), 100 um (f, h).
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Figure5. p120isindispensable for glioma growth, network formation and diffuse brain
infiltration.

a, Bioluminescence distribution and intensity after implantation into the mouse brain. Data
represent the means and +SEM from 5 mice/group. P value (day 28), two-tailed Mann-
Whitney test. b, Ex-vivo technique to quantify the mouse brain volume infiltrated with
glioma cells. c1, Impaired tumor growth and diffuse brain infiltration of E-468 cells after
p120 downregulation. Overviews and detail (insets) from 200 um thick brain slices. c2,
Extent of brain volume consumption by E-468 and E-68 glioma cell lines, expressed as
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cumulative percent of brain section area containing vimentin-positive glioma cells 4 weeks
post-implantation. Scatter dot plots show the medians (red line) and data from individual
brains from 19 (E-98) and 16 (E-468) mice from two independent implantation series. P
values, two-tailed Mann-Whitney test. d, Diffuse brain infiltration of E-468 cells as
multicellular networks and perturbation after p120 downregulation 30 days post-
implantation (3D confocal microscopy from 200 pum thick brain slices). Mouse astrocytes
are visualized with GFAP staining. Arrowheads, vimentin-positive filamentous protrusions
in multicellular glioma networks. Asterisks, single glioma cells. Similar results were
observed in 8 mice per condition from two independent implantation series. e, Perturbation
of cell-cell interactions in two glioma models in 4 weeks post-implantation. Data represent
49-108 cells from two mice per condition from two independent implantation series.
Relative fractions of connected glioma cells interacting with 0 up to 10 connected cells
(boxes), median (red square), 25/75 percentiles (whiskers). f, Frequency of cell-cell
junctions from the region of maximum cell density (“0”) to the front of the diffuse
infiltration zone covering 1200 um in E-468 cells expressing NT or p120 shRNA. Scale bars,
2 mm (c1), 100 um (d, overview), 25 um (d, detail).
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Figure 6. Neuronal related pathwaysregulated by p120 catenin in glioma cells and clinical
relevancein glioma patients.

a, Deregulated cell adhesion and axon guidance after downregulation of p120 catenin in
glioma cells, based on Gene Ontology term analysis and the KEGG network maps “Cell-cell
adhesion” and “Axonogenesis” biological functions. Pathway-related genes significantly
down-regulated in E-98 or E-468 cell lines upon p120 shRNA targeting are annotated in
respective green or blue fillings. The underlying RNA expression analysis and clustering are
shown in Extended Data Fig. 8a, b and Supplementary Table 2. b, Overall survival of glioma
patients (grade | — IV) with high or low p120 mRNA expression (French dataset*6, n=284
patients). P values, two-tailed Mann-Whitney test, Bonferroni corrected.
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