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Extended Data Fig. 9 | Spatial proteomic validation of conserved intercellular
interactions within cellular communities on primary tumor sections.

a-f, Representative PhenoCycler fluorescence images of CC-1(a,b), CC-2

(c,d), and CC-3 (e,f). Top left, overviews of each cellular community. Scale

bars, 500 um. Top right and bottom left, magnified regions highlighting
cell-type markers and intercellular interactions. Bottomright, cell membrane

segmentation colored by cell clusters. Scale bars, 50 pum. g, Frequency
histograms showing TAMS5-GPNMB cells within 100 um of MES-Hyp cells

(left), blood vessel cells within 100 pm of MES-Ast cells (middle), and neurons
within 100 pm of OPC-like cells (right), under original cell-type labels and
averaged results from 1,000 iterations of random label permutation. Statistical
significance, two-sided paired ¢ test; exact Pvalues shown.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Gene expression profiles and electrophysiological
recordingsin GBM. a, Box plot showing spatial co-localization between neurons
and MES-like, AC-like, NPC-like and OPC-like tumor cellsin ISH data. Each dot
represents one neuron (n =152); boxes summarize neuron-wise co-localization.
Centre line, median; box, 25th-75th percentiles; whiskers, minima and maxima
within1.5 x IQR. Two-sided Wilcoxon rank-sum test; exact P values shown.

b, Box plots of synaptic vesicle and postsynaptic signaling gene expression
across CCs. Boxes summarize spots per CC. Centre line, median; box, 25th-75th
percentiles; whiskers, 1.5 x IQR. Two-sided ¢ test; exact Pvalues shown. ¢, Action
potentials in neurons (top) and cell 4 (bottom). d, Representative spontaneous
excitatory postsynaptic currents (SEPSCs) recorded from 8 cells in fresh GBM
slices. e, Number of RNA features in cells with (cells 1-10) and without (cells
11-21) sEPSCs. Dashed line, 1,000-feature cutoff. f, Heat map of canonical
marker genes in GBM cells with and without sSEPSCs and hybrid cells inlow-grade

glioma. OPC-like markers highlighted in red. g, UMAP of Patch-seq cells with
SEPSCs (stars) mapped to tumor cells using SCANVL. h, Inferred CNVs (100-gene
sliding windows). Rows, individual cells; non-malignant cells lacking CNVs (top)
followed by malignant cells (with CNVs) ordered asindicated. i, Correlation
between NRXN2, GDF11and postsynaptic signaling gene expression in OPC-like
tumor cells (scRNA-seq; n =5,660). Two-sided Pearson correlation; shaded
bands, 95% confidence intervals (Student’s t distribution, based on SEM).

Jj, Representative immunofluorescence images of primary rat neurons under
control and GDF11 treatment. Synaptophysin-mRuby-expressing neurons with
H2B-GFP-labeled nuclei were stained for PSD-95. Scale bars, 50 pm.

k, Quantification of synaptophysin and PSD-95 fluorescence intensity per cellin
control and GDF11-treated neurons (n = 7). Centre line, median; box, 25th-75th
percentiles; whiskers, 1.5xIQR. Two-sided Wilcoxon rank-sum test; exact P values
shown.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  No software was used for data collection.

Data analysis Software for performing PhenoCycler assay: Akoya PhenoCycler-Fusion software (v2.3.1).
Analysis of electrophysiological recordings: Clampfit 10.3 software.
Image processing: Image) (v2.1.0), Stardist (v0.8.3).
Preprocessing of sequencing data: CellRanger(v6.0.2), SpaceRanger(v1.2.1), APEC (v1.1.0), STAR (v2.5.3), and RSEM (v1.3.1).
scRNA-seq data processing: scDblFinder (v1.7.7), Harmony (v1.0.3), Seurat (v4.3.0), Demuxlet (v1.0), souporcell (v2.4), Scanpy (v1.9.3),
inferCNV (v1.6.0), Palantir (v1.3.3), and PHATE (v1.0.11).
Deep learning model predict cell types: scArches (v0.5.9).
Genomic data processing: BWA-MEM (c0.7.17), GATK (v4.1.3).
Spatial transcriptome related analysis: Cell2location (v0.6), SPACEL (v1.1.6), COMMOT (v0.0.3), Tangram (v1.0.2), and scVelo (v0.3.2).
ISH data processing: ASHLAR (v1.14.1), DeepCell (v0.11.0) and Starfish (v0.2.2).
SCATAC processing: Signac (v1.9.0) and ArchR (v1.0.1).
PhenoCycler analysis: QuPath (v0.5.1).
The analysis performed in this study primarily utilized publicly available software, as described in the Methods section. The custom code for
the main analysis can be accessed at https://github.com/QuKunLab/GBM.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Processed spatial transcriptomics, scRNA-seq, scATAC-seq, multiple rounds of ISH, PhenoCycler, and patch-seq data generated in this study are available at the
Zenodo data archive (https://doi.org/10.5281/zenodo.17117252).

The corresponding raw sequencing data for spatial transcriptomics, scRNA-seq, and scATAC-seq have been deposited with NGDC GSA for Human under the
accession code HRA004942.

The sources of publicly available data used in this study are as follows:

(1) 12 samples of human GBM 10X Visium data from Ravi et al. (2022), https://datadryad.org/stash/dataset/doi:10.5061/dryad.h70rxwdmj;

(2) 1 sample of human GBM 10X Visium data from the 10X dataset, https://www.10xgenomics.com/datasets;

(3) 7 samples of human GBM 10X Visium data from Mei et al. (2023), https://doi.org/10.6084/m?9.figshare.22434341;

(4) 2 samples of human GBM 10X Visium data from Ren et al. (2023), available in the GEO database under the accession GSE194329;

(5) GBM scRNA-seq data from Couturier et al. (2020), https://github.com/mbourgey/scRNA_GBM;

(6) GBM snRNA-seq data from Wang et al. (2021), https://portal.gdc.cancer.gov/projects/CPTAC-3;

(7) scRNA-seq data of MES-like tumor cells from Ruiz-Moreno et al. (2022), https://cellxgene.cziscience.com/collections/999f2a15-3d7e-440b-96ae-2c806799c08c;
(8) 9 GBM scATAC-seq samples from Sundaram et al. (2024), https://gdc.cancer.gov/about-data/publications/TCGA-ATAC-Seq-2024;

(9) 5 human brain snRNA-seq samples from Jorstad et al. (2023), https://cellxgene.cziscience.com/collections/d17249d2-0e6e-4500-abb8-e6c93falachf;

(10) 4 human brain snRNA-seq samples from Siletti et al. (2023), https://cellxgene.cziscience.com/collections/283d65eb-dd53-496d-adb7-7570c7caad43;

(11

1
11) Patch-seq data of low-grade glioma (LGG) from Curry et al. (2024), available in the GEO database under the accession GSE271961.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Of the 33 patients whose data were newly generated for this study, 14 were female and 19 were male. Detailed information
regarding the patients can be found in Supplementary Table 1.

Reporting on race, ethnicity, or All the 33 patients whose data were newly generated for this study were of Han Chinese ethnicity.
other socially relevant

groupings

Population characteristics Clinical information of all patients used for scRNA-seq, scATAC-seq, WES, 10X Visium, ISH, Patch-seq, PhenoCycler, and
Patient-derived GBOs experiments can be found in Supplementary Table 1.

Recruitment All individuals donating surgical tissue provided informed consent prior to surgery, and all experiments were conducted in
accordance with approved guidelines. Patients were consecutively recurited from individuals undergoing surgical resection
for primary glioblastoma at The First Affilliated Hospital of USTC. No self-selection was involved. No additional selection
criteria were applied beyond clinical diagnosis and tissue availability. Major recruitment bias is unlikely.

Ethics oversight The collection of GBM specimens was approved by the ethics committee of the First Affiliated Hospital of the University of

Science and Technology of China (USTC) (No. 2022-KY-092).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample details for all experiments are provided in Supplementary Table 1. Regarding spatial transcriptomics, we obtained 32 spatial
transcriptome profiles from 27 patients, comprising 78,944 spots. For scRNA/snRNA-seq experiments, we collected 81,737 single-cell and
3,860 single-nucleus transcriptomics profiles from 30 and 10 patients, respectively. In scATAC-seq experiments, 6,736 single-cell chromatin
accessibility profiles were generated from 11 patients. To investigate GBM tumor cell transformation, an additional 13,914 scATAC-seq
profiles were collected from 9 individuals. For ISH experiments, we captured 340,568 ISH cells. In the spatial proteome assay, profiles from a
total of 6 patients were obtained. Finally, in patch-seq experiments, we simultaneously recorded electrophysiological information and single-
cell transcriptomes from 21 cells across 7 patients. No statistical methods were used to pre-detinate sample sizes. All available GBM samples
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that met the inclusion criteria were included during data collection. Sample sizes were sufficient to support reproducible and statistically
rebust analyses.

Data exclusions  Please refer to the Methods section for detailed information. In the case of scRNA-seq/snRNA-seq data, we excluded low-quality cells base on
three criteria: (1) the number of detected genes, (2) mitochondrial transcript content and (3) doublet scores. For scATAC-seq data, low-quality
cells were excluded based on two criteria: (1) unique fragments mapped to the genome, (2) cells with a fraction of detected fragments in
peaks. For ISH data, cells with less than 5 detected genes were considered low-quality and removed. Similarly, in patch-seq data, cells with
fewer than 1,000 detected genes were deemed low-quality and excluded.

Replication Reproducibility was assessed using independent biological samples and orthogonal validation assays. For instance, we identified four distinct
cellular communities with consistent and well-defined cell type co-occurrence patterns across 32 GBM slices, and a meta-module analysis of
MES-like cells was performed using data from 19 patients across 8 datasets. The predicted intercellular communications were validated in
multiple PhenoCycler sections. Functional assays were repeated in independent patient-derived organoids with similar outcomes. No finding
failed replication.

Randomization  For the sequencing data analysis in this study, all available GBM samples were included during the data collection phase; therefore,
randomization was not applicable to the sequencing analyses. For experiments involving group allocation, such as organoid perturbation
assays, organoids were randomly assigned to three groups. Within each group, three to five organoids were randomly allocated.
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Blinding Blinding of group allocation was not feasible in this study. Analyses were conducted by comparing distinct groups across different cellular
communities.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
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XI|[ ] clinical data

|Z| |:| Dual use research of concern
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Antibodies

Antibodies used For 21 antibodies used in PhenoCycler assays.
Antibody, Company, Catalog number, Clone number:
Anti-human CD44, Akoya Biosciences, 4450041, 156-3C11;
Anti-human CD31, Akoya Biosciences, 4450017, EP3095;
Anti-human SMA, Akoya Biosciences, 4450049, 1A4;
Anti-GFAP, Abcam, ab218309, EPR1034Y;
Anti-lbal, Abcam, ab283342, EPR16589;
Anti-human CD163, Akoya Biosciences, 4250079, EPR19518;
Anti-human Collagen IV, Akoya Biosciences, 4550122, N/A;
Anti-Olig2, Abcam, ab220796, EPR2673;
Anti-NeuN, Invitrogen, 702022, 14H6L24;
Anti-human CD45, Akoya Biosciences, 4450042, AKYP0O74;
Anti-Doublecortin, Abcam, ab222921, EPR19997;
Anti-Lysozyme, Abcam, ab185129, EPR2994(2);
Anti-GPNMB, R&D, AF2550, Polyclonal;
Anti-Integrin alpha 1 antibody, Abcam, ab243032, CL7207;
Anti-COL1A2 antibody, Abcam, ab308456, EPR27415-30;
Anti-VEGFA antibody, Abcam, ab185238, EP1176Y;
Anti-NDRG1 antibody, Abcam, ab226082, EPR5593;
Anti-Neuroligin 3, R&D, MAB6088, 566209;
Anti-Neurexin-1, Invitrogen, 703650, 22H29L23;
Anti-human GDF-11, R&D, MAB19581, 743833;
Anti-Collagen VI alpha 2, Abcam, ab250255, EPR7889(N).
For flow cytometry:
APC/Cyanine7 anti-human CD45, BiolLegend, 368516, 2D1.
All antibodies were used at the concentrations recommended by the manufactures.
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Validation Antibodies used in this study are commercially available. The vendors conducted verification experiments for the antibodies. All




Validation

primary antibodies were independently validated in-house by immunostaining on tissue sections prior to use in this study.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research
Laboratory animals
Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

Embryonic Day 18 (E18) Sprague-Dawley rat embryos.
No wild animals were used in this study.

This experiment involved hippocampal neurons from embryonic day 18 (E18) Sprague-Dawley rat embryos; sex information was not
collected.

No samples were collected from the field for this study.

All experimental procedures involving animals were conducted in accordance with protocols approved by the University of Science
and Technology of China Animal Care and Use Committee (Approval No. USTCACUC1902024).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks

Novel plant genotypes

Authentication

Flow Cytometry
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Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

The cells were co-stained with anti-human CD45-APC/Cyanine7 (clone 2D1, BioLegend), 1 umol/L calcein AM (Life
Technologies), and 0.1 umol/L TO-PRO-3 iodide (Life Technologies) for a 30-minute incubation at 4 °C. Subsequently, the cells
were washed and resuspended in 1 ml of DMEM/F12 medium (Gibco).

Instrument SH800S Cell Sorter (Sony Biotechnology)
Software SONY Sorter software
Cell population abundance The post-sort fractions achieved a purity exceeding 98%

Gating strategy

Standard forward scatter height versus area criteria were applied to discriminate doublets, allowing only singleton cells to be
gated. Viable single cells were identified as positive for calcein AM and negative for TO-PRO-3.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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