Classification of brain tumors using pseudobulk spatial transcriptomics
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Supplementary Methods
1  Visium HD 3’ Library Preparation and Sequencing
Fresh-frozen tissue samples were embedded in optimal cutting temperature (OCT) compound and stored at −80°C. Serial cryosections were collected onto blank slides. Adjacent sections were stained with hematoxylin and eosin (H&E) to assess tissue morphology and RNA quality. Sections designated for spatial profiling were stained with H&E on the day of the experiment and imaged by brightfield microscopy prior to the CytAssist instrument run, following the Visium HD Spatial Applications Imaging Guidelines (CG000688).
Spatially barcoded cDNA libraries were generated using the 10x Genomics Visium HD 3’ Spatial Gene Expression platform with Visium HD 3’ Reagents Kit A (PN-1000854) and Kit B (PN-1000855), and the Visium HD Slide 6.5 mm (PN-2000970). Tissue slides and the Visium HD slide were co-loaded into the CytAssist instrument, which transferred poly(A) RNA from permeabilized tissue onto the spatially barcoded capture area (6.5 × 6.5 mm; 2 × 2 µm barcoded squares) at 37°C for 30 min. Captured RNA was reverse-transcribed on-slide in two sequential reactions (53°C for 45 min, then 42°C for 30 min) incorporating template switching, followed by KOH denaturation to release the cDNA strand. Second-strand synthesis was performed at 53°C for 45 min, and cDNA was eluted with 0.08 M KOH. Amplification was performed by PCR (15 cycles; 98°C/63°C/72°C), and amplified cDNA was purified by SPRIselect bead cleanup (0.6×). cDNA quality and yield were assessed on an Agilent (Santa Clara, CA, USA) TapeStation (D5000 reagents).
Short-read libraries were constructed from the purified cDNA according to the Visium HD 3’ User Guide (Step 6). cDNA was enzymatically fragmented, end-repaired, and A-tailed (32°C for 5 min, then 65°C for 30 min), followed by double-sided SPRIselect size selection (0.6×/0.8×). TruSeq-compatible adaptors were ligated at 20°C for 15 min, and sample indices (Dual Index Kit TT Set A, PN-1000215) were added by sample index PCR. Final libraries were size-selected by double-sided SPRIselect (0.6×/0.8×) and quality-controlled on an Agilent TapeStation (expected average fragment size ~450 bp). Library molarity was determined by KAPA qPCR (Roche [Basel, Switzerland], KK4824).
Libraries were sequenced on an Illumina NextSeq X using paired-end, dual-indexed sequencing: Read 1, 75 cycles (UMI + spatial barcode); i7 index, 10 cycles; i5 index, 10 cycles; Read 2, 75 cycles (cDNA insert). Sequencing depth was targeted at a minimum of 550 million read pairs per fully covered capture area, scaled by the estimated fraction of tissue coverage.
2  Space Ranger Processing
Short-read FASTQ files were demultiplexed with spaceranger mkfastq and processed with Space Ranger count (10x Genomics, v4.0.1) using the human reference genome GRCh38 (2024-A). Gene expression matrices were generated at 8 × 8 µm bin resolution. Tissue segmentation and H&E image alignment were performed within the Space Ranger pipeline. The 2 × 2 µm resolution matrices were not used in this study.
3  Classifier Information
3.1  Correlation-based kNN classifier (Atlas reference)
A correlation-based k-nearest neighbors (kNN) classifier was implemented using the nervous system transcriptomic atlas published by Le et al. (2025) as the reference dataset.(4) This atlas comprises 7,375 tumor and non-tumor samples profiled on the Affymetrix GeneChip Human Genome U133 Plus 2.0 array. Gene symbols in each pseudobulk expression profile were converted to Entrez Gene identifiers using the NCBI Homo sapiens gene_info database. The Entrez-indexed query profile was matched to the atlas expression matrix and analysis was restricted to the intersection of genes present in both datasets. Pearson correlation coefficients were computed between the query pseudobulk and every sample in the atlas. The k = 10 atlas samples with the highest Pearson correlation were selected, and the query was assigned the diagnosis represented by the plurality of these neighbors. The proportion of neighbors supporting the predicted diagnosis (votes/k) was recorded as the classifier confidence score.

3.2  M&M classifier
Transcriptomic classification using the Minority and Majority (M&M) RNA-seq classifier was performed using the M&M R package.(3)  Raw pseudobulk counts were library-size normalized by scaling each gene’s count to the total counts per sample and multiplying by 10⁶ to generate counts-per-million–equivalent expression values. No gene-length correction was applied. The normalized expression vector was aligned to the ordered gene feature space expected by the classifier using the example input matrix supplied with the M&M software; genes absent from the query vector were assigned a value of zero. Classification was performed using the pre-trained Minority and Majority models, and the integrated probability score returned by the classifier was used as the prediction confidence. Control tissue cases (n = 6) were excluded from M&M analysis as no non-neoplastic category exists within the M&M reference.

3.3  OTTER classifier
OTTER (Oncologic TranscripTome Expression Recognition; Comitani et al., 2023) employs an ensemble of convolutional neural networks targeting a hierarchical atlas of 455 tumor and normal tissue classes derived from RACCOON clustering of 13313 RNA-seq samples.(2) Raw pseudobulk count vectors were prepared by converting to an RSEM-like gene-level output format. Gene lengths were calculated from GENCODE v38 GTF annotation as exon-union lengths (overlapping exon intervals merged), and effective lengths were derived as:
Lᵉᶠᶠ = max(L − (μᶠ − lᵣ), 1)
where L is the exon-union length, μᶠ = 200 bp is the assumed mean fragment length, and lᵣ = 100 bp is the read length. TPM and FPKM values were derived from reads per kilobase using standard formulae. The resulting file was uploaded to the OTTER web interface (https://otter.ccm.sickkids.ca/app/inference) for classification. The top-level prediction and its associated probability score were recorded. Eight glioma cases for which OTTER could not assign a grade label were excluded from concordance analysis.
4  Institutional Visium HD Case Processing
Five institutional cases were multiplexed onto a single 10x Genomics Visium HD slide. Because the Visium HD platform captures expression at a finer spatial resolution (8 µm bins) than standard Visium (55 µm spots), a modified workflow was used for tumor region identification and pseudobulk generation.
To isolate each tumor region from the multiplexed slide, spatial clusters were identified using 10x Genomics Loupe Browser (v9.0.0). Barcodes corresponding to each tumor were extracted from the Loupe Browser cluster export files. Pseudobulk profiles were generated using the standardized pipeline with QC thresholds adjusted for the lower per-bin UMI capture of 8 µm Visium HD bins (minimum 40 UMI and 40 genes per bin; all other thresholds unchanged). The resulting pseudobulk profiles were classified through all three classifiers using the same adapter scripts and orchestration pipeline described for the public Visium cohort.
4.1  Pseudobulk Generation with Adjusted Quality Control Thresholds
The extracted tumor-cluster barcodes were passed to the same standardized pseudobulk pipeline used for the public cohort (standardized_pseudobulk.py), with two QC threshold modifications to accommodate the lower per-bin UMI capture of the 8 µm Visium HD bins: the minimum UMI count per spot was reduced from 500 to 40, and the minimum number of genes per spot was reduced from 200 to 40. All other QC parameters were unchanged (mitochondrial transcript threshold ≤20%, minimum 3 spots per gene). After QC filtering, raw counts from the retained barcodes were summed into a single pseudobulk profile per case.
4.2  Classifier Execution
The resulting pseudobulk profiles were classified through all three classifiers (correlation-based kNN, M&M, and OTTER) using the same orchestration pipeline and classifier adapter scripts described in the main Methods. The pseudobulk count vector for each case was provided as gene-symbol-indexed input, and the pipeline sequentially executed the M&M adapter (with simple CPM normalization and gene-universe alignment), the offline Entrez gene ID conversion and kNN atlas correlation, and the OTTER gene-length-corrected TPM/FPKM conversion. OTTER upload files were submitted to the OTTER web interface as for the public cohort. Classifier predictions and confidence scores were compared against the known clinical diagnoses for each case.
5  Tumor-cluster Enrichment: Clustering Parameters
For each of the 25 sub-threshold cases, graph-based clustering was performed on the filtered feature–barcode expression matrix using the Leiden algorithm implemented in Scanpy.(8, 9) Counts were normalized per spot and log-transformed, highly variable genes were selected, the data were scaled, and principal components were computed before construction of the neighbourhood graph. Leiden clustering was then applied at a resolution of 0.8 to resolve spatially distinct tissue compartments.
Spatial cluster maps were reviewed by S.J.A. to identify clusters corresponding to tumor-enriched regions on the basis of spatial concordance with the expected histological features. Barcodes from the selected clusters were then passed to the standardized pseudobulk pipeline using the same quality control thresholds applied in the whole-slide analysis (≥200 genes, ≥500 UMI, ≤20% mitochondrial transcripts, ≥3 spots per gene), and the retained counts were summed into a single enriched pseudobulk profile per case.
6  Independence of query and reference data
The three classifiers were developed on data modalities entirely distinct from spatial transcriptomics. The kNN reference atlas comprises microarray profiles generated on a single platform, the Affymetrix GeneChip Human Genome U133 Plus 2.0 array (GPL570). M&M was trained on 1256 bulk RNA-seq samples from the Princess Máxima Center diagnostic biobank collected between December 2018 and June 2022. OTTER was trained on more than 13,000 bulk RNA-seq samples drawn from the Treehouse Childhood Cancer Initiative Compendium, the St. Jude Pediatric Cancer Genome Project, GTEx, and the KiCS and ZERO cohorts, all quantified through a STAR+RSEM pipeline. No spatial transcriptomic dataset contributed to any of these references, and no query dataset used here appears among the source datasets of the kNN atlas. Data leakage at the level of the dataset can therefore be excluded.
Patient-level independence cannot be formally verified, as publicly deposited spatial transcriptomic datasets do not carry identifiers that would permit matching against the constituent samples of the reference cohorts, two of which are held under institutional or controlled access. Given the differing geographical origin and accrual periods of the query and reference cohorts, incidental patient-level overlap is considered unlikely; were it to occur, the query and reference measurements would still derive from different assay modalities applied to different tissue sections.




