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            Abstract
High-grade gliomas (HGG) are a devastating group of cancers, and represent the leading cause of brain tumour-related death in both children and adults. Therapies aimed at mechanisms intrinsic to glioma cells have translated to only limited success; effective therapeutic strategies will need also to target elements of the tumour microenvironment that promote glioma progression. Neuronal activity promotes the growth of a range of molecularly and clinically distinct HGG types, including adult and paediatric glioblastoma (GBM), anaplastic oligodendroglioma, and diffuse intrinsic pontine glioma (DIPG)1. An important mechanism that mediates this neural regulation of brain cancer is activity-dependent cleavage and secretion of the synaptic adhesion molecule neuroligin-3 (NLGN3), which promotes glioma proliferation through the PI3Kâ€“mTOR pathway1. However, the necessity of NLGN3 for glioma growth, the proteolytic mechanism of NLGN3 secretion, and the further molecular consequences of NLGN3 secretion in glioma cells remain unknown. Here we show that HGG growth depends on microenvironmental NLGN3, identify signalling cascades downstream of NLGN3 binding in glioma, and determine a therapeutically targetable mechanism of secretion. Patient-derived orthotopic xenografts of paediatric GBM, DIPG and adult GBM fail to grow in Nlgn3 knockout mice. NLGN3 stimulates several oncogenic pathways, such as early focal adhesion kinase activation upstream of PI3Kâ€“mTOR, and induces transcriptional changes that include upregulation of several synapse-related genes in glioma cells. NLGN3 is cleaved from both neurons and oligodendrocyte precursor cells via the ADAM10 sheddase. ADAM10 inhibitors prevent the release of NLGN3 into the tumour microenvironment and robustly block HGG xenograft growth. This work defines a promising strategy for targeting NLGN3 secretion, which could prove transformative for HGG therapy.
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                    Figure 1: Microenvironmental NLGN3 is necessary for HGG growth.[image: ]


Figure 2: Signalling consequences of NLGN3 in glioma.[image: ]


Figure 3: ADAM10 mediates activity-regulated neuroligin-3 shedding from both neurons and OPCs.[image: ]


Figure 4: ADAM10 inhibition blocks glioma growth.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Orthotopic xenografts of paediatric glioblastoma fail to grow in the NLGN3-deficient brain.
a, Engraftment is equivalent in Nlgn3 knockout and wild-type mice. In vivo bioluminescence imaging of SU-pcGBM2 xenografts 2 weeks after xenograft in WT;NSG (WT; left) or Nlgn3 KO;NSG mice (KO; right). The heat map superimposed over the mouse heads represents the degree of photon emission by cells expressing firefly luciferase. b, Absolute flux of pHGG cells in identically manipulated WT;NSG (nâ€‰=â€‰11) and Nlgn3 KO;NSG (nâ€‰=â€‰14) mice, measured by IVIS imaging 2 weeks after xenograft illustrates no significant difference (Pâ€‰>â€‰0.05) in tumour engraftment (two-sided Mannâ€“Whitney test). Data are mean Â± s.e.m. c, d, Data from Fig. 1 shown on the same axis (c) and with each independent cohort colour-coded for comparison of littermates (d). Data illustrate growth of pHGG (SU-pcGBM2) xenografts in identically manipulated WT;NSG (black dots, nâ€‰=â€‰11) and Nlgn3y/âˆ’;NSG (grey dots, nâ€‰=â€‰14) mice, measured by IVIS imaging (fold change in total photon flux) and shown at 6, 12, 18 and 24 weeks post-xenograft. Data were replicated in five independent cohorts (litters) of mice xenografted with different cell preparations on different days and the data from these five biological replicates are shown combined with each cohort colour-coded (that is, littermates are shown in the same colour). **Pâ€‰<â€‰0.01, ****Pâ€‰<â€‰0.0001, two-sided Mannâ€“Whitney test. Data are mean Â± s.e.m.


Extended Data Figure 2 Neuroligin-3 is the only neuroligin family member that promotes glioma proliferation.
a, Schematic representation of active conditioned medium generation (left). Proliferation index (EdU+ and DAPI co-positive nuclei/total DAPI+ nuclei) of pHGG cells (SU-pcGBM2) exposed to plain medium (aCSF), optogenetically stimulated Nlgn3 wild-type cortical slice conditioned medium, or optogenetically stimulated Nlgn3 knockout cortical slice conditioned medium (Fâ€‰=â€‰30.8, Pâ€‰<â€‰0.001). b, c, Proliferation index of patient-derived paediatric cortical glioblastoma (SU-pcGBM2) cells as measured by EdU incorporation 24â€‰h after in vitro exposure to recombinant human NLGN1 at concentrations ranging from 0 to 100â€‰nM (b) or recombinant human NLGN4X or NLGN4Y at 100â€‰nM (c). nâ€‰=â€‰3 wells per condition. All data are mean Â± s.e.m. *Pâ€‰<â€‰0.05, ***Pâ€‰<â€‰0.001, one-way ANOVA with Tukeyâ€™s post hoc test for multiple comparisons. n.s. indicates Pâ€‰>â€‰0.05.


Extended Data Figure 3 Gene expression changes induced by neuroligin-3 in glioma.
a, Scatterplot showing SU-pcGBM2 (nâ€‰=â€‰2) gene expression changes after 16â€‰h of treatment with vehicle (~1% DMSO) or NLGN3 (100â€‰nM). The x axis shows mean fragments per kilobase of transcript per million mapped reads (FPKM) value in vehicle-treated cells, and the y axis shows log2(fold change) of NLGN3 compared to vehicle. Points shown in red represent genes showing statistically significant change (adjusted Pâ€‰<â€‰0.1, Benjamininâ€“Hochberg for multiple comparison testing). b, Gene Ontology (GO) biological processes enriched in significantly upregulated genes with NLGN3 treatment, as identified by DAVID with P values shown with Benjaminiâ€“Hochberg adjustment for multiple comparison testing. c, Genes associated with each GO biological processes terms shown in b.


Extended Data Figure 4 Neuroligin-3 expression data and efficiency of Cre driver mice.
a, Nlgn3 RNA expression (FPKM values) in various cell types (data from brain RNA-seq dataset of Barres and colleagues13). b, c, Recombination rate of inducible Cre driver models 7 days after treatment with tamoxifen (100â€‰mg kgâˆ’1 for 5 days) in Rosa26::tdTomatolox-stop-lox reporter mice. b, To assess the neuron-specific CamKIIÎ±â€“CreER Cre driver, recombination efficiency was quantified as a percentage of NeuN+ neurons that co-express tdTomato+ in the cortex of either CamKIIÎ±â€“CreERâˆ’ or CamKIIÎ±â€“CreER+ mice 7 days after completion of tamoxifen administration. c, To assess the OPC-specific Cre driver PDGFRÎ±â€“CreER, recombination efficiency was quantified as the number of PDGFRÎ±+ OPCs that co-express tdTomato in the cortex of either PDGFRÎ±â€“CreERâˆ’ or PDGFRÎ±â€“CreER+ mice. nâ€‰=â€‰3 mice per group.


Extended Data Figure 5 NLGN3 shedding from glioma cells is regulated by NLGN3 exposure and is mediated by ADAM10.
a, NLGN3 western blot illustrating NLGN3 secreted into conditioned medium from optogenetically stimulated Thy1::ChR2; NSG cortical slices (ChR2 stim slice) or SU-DIPG-XIII xenograft-bearing Thy1::ChR2; NSG cortical slices (ChR2 stim slice with xenograft). Performed in biological duplicate. b, NLGN3 western blot illustrating NLGN3 secreted into conditioned medium from wild-type brain slices, wild-type brain slices bearing xenografts of adult GBM SU-GBM035 (WT + xeno), or from Nlgn3 knockout brains bearing SU-GBM035 xenografts (Nlgn3 KO + xeno) in the absence (left three lanes) or presence (right three lanes) of 200â€‰nM ADAM10 inhibitor GI254023X (+ADAM10i). Performed in biological triplicate. c, NLGN3 western blot illustrating glioma cell secretion of NLGN3 in vitro at baseline medium conditions (aCSF), following exposure to recombinant NLGN3 with subsequent washing (NLGN3), at baseline medium conditions in the presence of ADAM10 inhibitor GI254023X (aCSF + ADAM10i) or after NLGN3 exposure in the presence of ADAM10 inhibitor (NLGN3 + ADAM10i). Performed in biological triplicate. d, mRNA expression levels of ADAM10 in primary tumour and cultures of DIPG by RNA-seq with values reported as FPKM12,42 (left; nâ€‰=â€‰8 primary samples, nâ€‰=â€‰7 culture samples) and in 493 individual adult glioblastoma samples from TCGA43 (right). Values are reported as robust multi-array averages (RMA; right). Boxes show the median, 25th and 75th percentiles, error bars show the minima and maxima.


Extended Data Figure 6 Functional consequences for glioma of protease inhibition in situ and in vitro.
a, SU-pcGBM2 cells (EdU, red; DAPI, blue) exposed to conditioned medium generated in the presence or absence of ADAM10 inhibitor. Scale bar, 50â€‰Î¼m. bâ€“d, Proliferation indices of SU-pcGBM2 cells exposed to plain medium (aCSF) or active conditioned medium generated in the presence or absence of pan-MMP inhibitor (BAT) (b), ADAM10 inhibitor (c) or ADAM10 inhibitor with or without NLGN3 rescue (d). nâ€‰=â€‰3 wells per condition. e, Cell viability of SU-pcGBM2 cells exposed to ADAM10 inhibitor (GI254023X, 10â€‰nMâ€“2â€‰Î¼M) at 24, 48 and 72â€‰h (nâ€‰=â€‰3 wells per condition). f, Proliferation index of SU-pcGBM2 cells exposed to GI254023X (0â€“2â€‰Î¼M) (nâ€‰=â€‰3 wells per condition). g, Spheroid invasion index of SU-DIPG-VI cells exposed to ADAM10i (0â€“5â€‰Î¼M) at 24, 48 and 72â€‰h expressed as the diameter of the sphere of glioma cells relative to the initial diameter at time 0â€‰h. h, Neurosphere formation assay in SU-pcGBM2 cells in the presence of GI254023X (0â€“2â€‰Î¼M; nâ€‰=â€‰10 wells per condition. i, Extreme limiting dilution assay (ELDA) data presented in h re-plotted here as a log fraction plot with the slope of the solid line representing the log-active cell fraction and confidence intervals shown as dotted lines. SU-pcGBM2 cells treated with ADAM10 inhibitor GI254023X at 0.5â€‰Î¼M (black), 1â€‰Î¼M (red) or 2â€‰Î¼M (green), with vehicle (DMSO) control (royal blue) or no DMSO (cyan) and analysed for neurosphere formation at 2 weeks. In bâ€“d and f, P values as indicated; one-way ANOVA with Tukeyâ€™s post hoc test for multiple comparisons. Data are mean Â± s.e.m. In h, Ï‡2 test; data are mean Â± confidence intervals. n.s. indicates Pâ€‰>â€‰0.05.


Extended Data Figure 7 Glioma xenograft proliferation after ADAM10 inhibition and pharmacokinetics of XL-784.
a, Representative confocal images (Ki67, green; human nuclear antigen, red; MBP, white) of vehicle-treated or ADAM10i-treated mice bearing frontal cortex SU-pcGBM2 xenografts; images similar to but lower magnification than those shown in Fig. 4e; nâ€‰=â€‰4 vehicle, nâ€‰=â€‰4 ADAM10i-treated mice. Scale bar, 100â€‰Î¼m. b, Brain tissue and plasma levels of XL-784 at various time points following a single 50 mg kgâˆ’1 intraperitoneal dose in NSG mice as assessed by LCâ€“MS/MS. nâ€‰=â€‰3 mice at each data point. Data are mean Â± s.d.


Extended Data Figure 8 Lack of detectable neurotoxicity after treatment with INCB7839.
Histological assessment of neuronal integrity was performed in mice treated with INCB7839 or vehicle control. The cortex, CA1 region of the hippocampus and dentate gyrus of the hippocampus were examined immunohistologically in the hemisphere contralateral to glioma xenografts in mice treated with INCB7839 or vehicle control. Brain sections were immunostained with NeuN (green) to mark neuronal nuclei and cleaved caspase-3 (red) to mark apoptotic cells and counterstained with DAPI (blue). Representative sections from nâ€‰=â€‰4 INCB7839-treated mice and nâ€‰=â€‰4 vehicle control mice were examined. Neuronal nuclei appeared morphologically normal and non-pyknotic. Extremely few cleaved caspase-3+ cells were identified in either group; a total of one cleaved caspase-3+ cell was found in each group across all mice examined (white arrows). Scale bar, 200â€‰Î¼m.


Extended Data Table 1 Phospho-antibody array analysis in glioma cells following NLGN3 exposureFull size table


Extended Data Table 2 Brain penetration of ADAM10 inhibitor GI254023XFull size table
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