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            Abstract
Glioblastoma is a universally lethal form of brain cancer that exhibits an array of pathophysiological phenotypes, many of which are mediated by interactions with the neuronal microenvironment1,2. Recent studies have shown that increases in neuronal activity have an important role in the proliferation and progression of glioblastoma3,4. Whether there is reciprocal crosstalk between glioblastoma and neurons remains poorly defined, as the mechanisms that underlie how these tumours remodel the neuronal milieu towards increased activity are unknown. Here, using a native mouse model of glioblastoma, we develop a high-throughput in vivo screening platform and discover several driver variants of PIK3CA. We show that tumours driven by these variants have divergent molecular properties that manifest in selective initiation of brain hyperexcitability and remodelling of the synaptic constituency. Furthermore, secreted members of the glypican (GPC) family are selectively expressed in these tumours, and GPC3 drives gliomagenesis and hyperexcitability. Together, our studies illustrate the importance of functionally interrogating diverse tumour phenotypes driven by individual, yet related, variants and reveal how glioblastoma alters the neuronal microenvironment.
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                    Fig. 1: In vivo screening identifies novel driver PIK3CA variants in glioma.[image: ]


Fig. 2: Tumours driven by PIK3CA variants exhibit diverse molecular properties.[image: ]


Fig. 3: C420R and H1047R tumours promote hyperexcitability and synaptic imbalance across tumour models.[image: ]


Fig. 4: C420R and H1047R differentially promote synaptic imbalance.[image: ]


Fig. 5: GPC3 promotes gliomagenesis and synaptic imbalance.[image: ]



                


                
                    
                
            

            
                Data availability

              
              The RNA-seq data of tumours driven by PIK3CA variants have been deposited in the NCBI Gene Expression Omnibus (GEO) under accession number GSE123519. All other data in this article are available from the corresponding author upon reasonable request.

            

Code availability

              
              No custom code was used. R package limma eBayes function was used to define differentially expressed genes. Bioconductor SVA/Combat package was used for batch correction.
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Extended data figures and tables

Extended Data Fig. 1 Differential tumour growth across PIK3CA variant tumours.
a, Whole-brain GFP fluorescence image overlaid on a brightfield image representing characteristic tumours at time of death. b, Representative bioluminescence intensity images taken at 1-month intervals starting at 2Â months of age, reflective of median survival trend. Scale bar for bioluminescence intensity quantifies photon counts over the 5 min of IVIS recording. Experiments were independently repeated three times with similar results for each variant. c, Longitudinal T2 MRI of variant tumours. Readings were taken at 1-week intervals from 4Â weeks of age. All images are spatially matched along the rostralâ€“caudal axis. Red dotted outline at P42 denotes the tumour boundary. Yellow scale bar,Â 2.5Â mm. nÂ =Â 4 mice for each variant. These experiments were not independently repeated. d, BrdU (red) antibody staining on 30-day-old mouse brains. White scale bar, 40Â Âµm. nÂ =Â 4 mice for each variant. n =Â 18 (R88Q), 19 (C420R) and 16 (H1047R) technical repeats. e, Associated quantification for relative tumour area from MRI and BrdU incorporation analysis. Box plots are as in Fig. 3b. *PÂ <Â 0.05, ***PÂ <Â 0.001, one-way ANOVA. f, Left, immunofluorescence analysis of BrdU (red) incorporation on PDX tumour sections. Human tissue was identified by staining for human HLA (green). Blue scale bar,Â 100Â Î¼m. Right, quantification of BrdU incorporation in a 2,000Â Î¼m2 area. nÂ =Â 4 mice; nÂ =Â 5 technical repeats. Box plots are as in Fig. 3b. ***PÂ <Â 0.001, one-way ANOVA. g, Schematic illustrating experimental approach and timeline. h, Representative image of control GFP IUE. Proliferative index was calculated by dividing the number of BrdU+ cells on the electroporated side (marked by GFP) by the number of BrdU+ cells on the non-electroporated, contralateral side. Purple scale bar,Â 100Â Î¼m. i, Quantification of proliferative index for activating variants C420R and H1047R along with control (GFP), demonstrating no significant difference in proliferation. n =Â 3 mice; nÂ =Â 5 technicalÂ repeats. Box plots are as in Fig. 3b. PÂ values were not significant (PÂ >Â 0.05, one-way ANOVA).


Extended Data Fig. 2 In vivo competition assay identified PIK3CA driver variants.
a, Results of next-generation barcode sequencing from 2xCr tumour tissue co-electroporated with all tested alleles pooled together. Pool includes listed variants along with wild-type (WT), 4 silent mutants (E542E, E545E, T1025T and H1047H) and 18 uniquely barcoded Cherry constructs as controls. nÂ =Â 3 tumours. Data are mean and s.e.m. b, Barcode sequencing for 2xCr tumours co-electroporated with the H1047R allele (tagged with barcode sequence 27), demonstrating single amplification when diluted with 50 different passenger barcodes (uniquely barcoded Cherry constructs). nÂ =Â 2 tumours with 2â€“3 replicates; red bars denote tumour samples; grey bars denote input. Data are mean and s.e.m.


Extended Data Fig. 3 PIK3CA variants did not alter tumour histopathology.
H&E staining of brains containing hypercellular and infiltrative high-grade gliomas with pleomorphic tumour cells. All tumours are histologically graded as high-grade glioma, either WHOÂ (World Health Organization) grade III anaplastic astrocytoma or grade IV glioblastoma. Black scale bars,Â 1Â mm; yellow scale bars,Â 100Â Î¼m; green scale bars,Â 50Â Î¼m. Representative images of each variant-driven tumour are from nÂ =Â 6 brains.


Extended Data Fig. 4 PIK3CA variant differentially promote both tumour-associated and unassociated seizures.
Longitudinal EEG recordings from PIK3CA variant tumour brain (2xCr) and non-tumour brains, starting at P30. Red boxes outline interictal spike activity. Red asterisks denote generalized seizures confirmed with simultaneous videos. Traces plot from top to bottom are recordings from the left frontal, left parietal, right frontal and right parietal brain regions. Traces are representative of four mice per variant. Vertical scale bars,Â 300Â Î¼V; horizontal scale bars,Â 0.5Â s.


Extended Data Fig. 5 PIK3CA variants differentially alter the local synaptic constituency at the peritumoral margins.
a, b, Immunofluorescence analysis of tumour brains, stained for excitatory (a) and inhibitory (b) synapses by the colocalization of pre- and postsynaptic markers. Analyses were focused within 200Â Î¼m of the tumour margin (dotted line), as marked by GFP (pseudo-coloured in blue). Higher magnification images from the red and blue boxes are displayed. White scale bars,Â 200Â Î¼m; blue scale bars,Â 50Â Î¼m; yellow scale bars,Â 12.5Â Î¼m. Experiments were independently repeated 15 times.


Extended Data Fig. 6 Expression of GPC family members across mouse and human glioblastoma models.
a, RNA-seq analysis for astrocyte-secreted factors that promote synaptogenesis. Each column represents an average of biological replicates. nÂ =Â 2 (wild-type), nÂ =Â 4 (C420R), andÂ nÂ =Â 3 (H1047R) mice. P values were determined by two-sided t-test on log-transformed expression values. b, RNA-seq data from the TCGA comparing the same set of genes across glioblastoma (GBM) and low-grade glioma (LGG). Asterisks denote significant difference between glioblastoma and low-grade glioma, determined by two-sided t-test on log-transformed expression values. c, Immunofluorescence analyses of P30 variant tumour brains stained for GPC3 (red) and GPF (green), demonstrating GPC3 staining at the tumour core (left) and tumour margin (right). nÂ =Â 4 mice for each variant. White scale bars,Â 100Â Î¼m. Experiments were independently repeated four times.


Extended Data Fig. 7 Context-specific requirement for GPC3 in glioma tumorigenesis.
a, H&E staining of 2xCr; C420R; GPC3Cr (top) and 3xCr; GPC3 (bottom) tumour brains histologically graded as high-grade glioma (either WHO grade III anaplastic astrocytoma or grade IV glioblastoma). Black scale bars,Â 1Â mm; yellow scale bars,Â 100Â Î¼m; green scale bars,Â 50Â Î¼m. Representative images of each variant driven tumour are from nÂ =Â 6 brains. b, Survival statistics for in vivo modelling of GPC3 loss and gain in various tumour models. PÂ values were determined by log-rank test. c, SURVEYOR assay analysis of genomic DNA from 2xCr; C420R; GPC3Cr tumour tissue. Representative DNA gel electrophoresis of PCR products after SURVEYOR enzyme treatment. After the ladder (1-kb Plus, ThermoFisher, 10787018), which ranges from 100 to 1,500Â bp, lanes from left to right contain on-target (ON) and top five off-target (OT1â€“OT5) sites with and without SURVEYOR nuclease (SN) treatment. OT3 rests in an AT-rich region and was not amplifiable. This experiment was independently repeated three times with similar results.


Extended Data Fig. 8 GPC3 promotes gliomagenesis and synaptic imbalance.
a, Immunofluorescence staining of 3xCr control and Gpc3 overexpression tumours for BrdU, PSD95, VGLUT1 and VGAT. White scale bar,Â 50Â Âµm; blue scale bar,Â 5Â Âµm. b, Quantification of BrdU immunofluorescence analysis (left) and excitatory (middle) and inhibitory (right) synapses. nÂ =Â 4 (BrdU) and nÂ = 3 (synapse) mice for each condition; nÂ =Â 18 (BrdU-3xCr), n =Â 16 (BrdU-GPC3) and n =Â 15 (synapse) technical repeats for each condition and synapse type. Field for BrdU incorporationÂ =Â 1,600Â Âµm2; field for synapse analysisÂ =Â 34,000Â Âµm2. Box plots are as in Fig. 3b. *PÂ <Â 0.05, **PÂ <Â 0.01, ***PÂ <Â 0.001, one-way ANOVA.


Extended Data Fig. 9 GPC3 promotes synaptogenesis.
a, Immunofluorescence staining of co-cultures of astrocytes and neurons for PSD95, synapsin1 and MAP2 (Fig. 3b), with astrocytes overexpressing GPC3 via virus. Non-infected astrocytes were used as a control. White scale bar,Â 50Â Î¼m. b, Quantification of PSD95 (top) and synapsin1 (bottom) staining. nÂ =Â 32 technical repeats for each condition. Data are mean and s.e.m. ***PÂ <Â 0.001, one-tailed independent t-test; Tukeyâ€™s test was used to compare individual mean values. c, Representative traces of from whole-cell recording of neurons co-cultured on astrocytes virally overexpressing GFP (control) or GPC3, with associated scale bar. d, Quantification of EPSC and IPSC amplitude and frequency from co-cultures. nÂ =Â 54 (GPC3, EPSC); nÂ =Â 48 (control, EPSC); nÂ =Â 60 (GPC3, IPSC); nÂ =Â 46 (control, IPSC). Data are mean and s.e.m. ***PÂ <Â 0.001, one-tailed independent t-test; Tukeyâ€™s test was used to compare individual mean values. e, Immunofluorescence staining of neuron cultures for PSD95, synapsin1 and MAP2. Wild-type astrocyteâ€“neuron co-cultures served as a positive control. Cortical neuron cultures were grown in GPC3 condition medium (CM) or GFP control conditioned medium. White scale bar,Â 50Â Î¼m. f, Quantification of PSD95 and synapsin1 staining. nÂ =Â 12 technicalÂ replicates for each condition. Data are mean and s.e.m. ***PÂ <Â 0.001, one-tailed independent t-test; Tukeyâ€™s test was used to compare individual mean values. g, Representative traces of spontaneous postsynaptic current (SPSC) analysis of neurons co-cultured with astrocytes, GPC3 conditioned medium or GFP control medium, with associated scale bar.


Extended Data Table 1 PIK3CA variant modelling survival statisticsFull size table





Supplementary information
Reporting Summary

Supplementary Table 1:
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