Supplementary Materials for:
[bookmark: OLE_LINK33]Spatial Transcriptional Signatures Linked to Brain Activity Patterns in MECP2 Transgenic Monkeys and Human Autism Spectrum Disorder 
[bookmark: OLE_LINK38][bookmark: _Hlk212040706][bookmark: OLE_LINK9]Yafeng Zhan1,2, Cirong Liu2,3,4,5*, Zheng Wang6,7




The PDF file includes: 
Supplementary materials 
Figures S1 to S10 
Table S1 
Supplementary References


Supplementary materials
Human ASD cohort
[bookmark: _Hlk209431202][bookmark: OLE_LINK8]We analyzed human ASD data from the ABIDE-I/II repository [1, 2]. The ABIDE initiative now includes two large-scale collections: ABIDE-I and ABIDE-II. Each collection was created through the aggregation of datasets independently collected across more than 17 international brain imaging laboratories. In the present study, two cohorts of human ASD data were selected from ABIDE-I and ABIDE-II, separately. To reduce the heterogeneity within human ASD, we conducted screening based on basic demographic and diagnostic information provided in the ABIDE database. We screened human data based on the following two principles: (1) to make the data as homogenous as possible and (2) to make the human data as well matched with the monkey data as possible. We included all individuals with a diagnosis of either autism, Asperger syndrome, or pervasive developmental disorder not otherwise specified (PDD-NOS), collectively referred to as the ASD group according to the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, Text Revision (DSM-IV-TR), as well as demographically matched healthy control (HC) subjects. Participant inclusion criteria were as follows: (1) right-handedness; (2) age between 12 and 18 years; (3) a full-scale IQ (FIQ) score higher than 80; (4) ASD individuals with known current medication status; (5) a mean framewise displacement (FD) [3] of less than 0.2mm and the percent of frames or volumes with displacement greater than 0.2mm < 50%; (6) individuals with known eye status at scan (open/closed); (7) data with anatomical images providing near full brain coverage and successful registration; and (8) sites with at least 5 participants per group and matched number of participants between two groups after applying these inclusion criteria. This yielded data for 77 individuals with ASD and 110 typically developing controls.

Monkey and human MRI data acquisition and preprocessing
Monkey whole-brain resting-state fMRI data were collected using a gradient-echo echo-planar sequence, with key parameters as follows: repetition time [TR] = 2000 ms; echo time [TE] = 29 ms; flip angle = 77°; slices = 32; matrix = 64 × 64; field of view = 96 × 96 mm; 1.5 × 1.5 mm2 in plane resolution; slice thickness = 2.5 mm; GRAPPA factor = 2. High-resolution T1-weighted anatomical images were acquired using a magnetization prepared rapid gradient echo sequence with TR = 2500 ms; TE = 3.12 ms; inversion time = 1100 ms; flip angle = 9°; acquisition voxel size = 0.5 × 0.5 × 0.5 mm3; 144 sagittal slices.
	Functional imaging data were preprocessed following the same procedures as in our previous work [4, 5] using the SPM 12.0 toolbox (http://www.fil.ion.ucl.ac.uk/spm) and the FMRIB Software Library toolbox (FSL; https://fsl.fmrib.ox.ac.uk/fsl). Briefly, the first 10 volumes were discarded and field map images were applied to compensate for the geometric distortion of EPI images. After slice timing correction and motion correction, the corrected images were normalized to standard space of the monkey F99 atlas and then resampled to 1.5-mm cubic voxels. Spatial smoothing was applied using a 4 mm full-width at half-maximum (FWHM) isotropic Gaussian kernel. Six head motion parameters, ventricle and white matter signals were regressed out from the smoothed volumes using linear regression. Linear drift of the volumes was removed and a temporal filter was performed.
The human ASD cohort was collected from different sites, and imaging parameters varied between sites. Details for the parameters please refer to the original publications [1, 2]. The preprocessing of ABIDE-I was conducted by the Preprocessed Connectomes Project (PCP, http://preprocessed-connectomes-project.org/abide/index.html) using the Data Processing Assistant for Resting-State fMRI (DPARSF) Toolbox [6]. Preprocessing steps included slice timing correction, motion correction, spatial normalization into MNI space, reslicing to 3 × 3 × 3 mm voxels and smoothing with a Gaussian kernel (FWHM = 6 mm). Friston-24 parameters of head motion, white matter and ventricle signals were regressed out, followed by linear drift correction and temporal filtering (0.01 - 0.1 Hz). The same preprocessing streamline was applied to the ABIDE-II data set using DPARSF toolbox.

Monkey spatial transcriptome data
[bookmark: OLE_LINK31]A total of 119 10-um coronal sections at different coronal coordinates covering the entire left hemisphere cortex were collected from monkey #1. Cells were annotated with molecularlly-defined cell types using snRNA-seq data. The snRNA-seq data broadly defined 23 subclasses, including 10 excitatory neuron (ExN) subclasses annotated by layer preferences (L for layer: L2, L2/3, L2/3/4, L3/4, L3/4/5, L4, L4/5, L4/5/6, L5/6 and L6); 7 inhibitory neuron (Inh) subclasses: lysosome-associated membrane protein 5 (LAMP5), vasoactive intestinal peptide (VIP), reelin (RELN), VIP_RELN, chandelier cell (CHC), parvalbumin (PV), and somatostatin (SST); 6 non-neuronal (NonNeu) subclasses: astrocytes (ASC), endothelial cells (EC), microglia (MC), oligodendrocytes (OLG), oligodendrocyte progenitor cells (OPC) and vascular leptomeningeal cells (VLMC). These 23 subclasses were further clustered into 264 cell types.
These coronal sections were first visually examined based on their total mRNA expression levels. Upon review, two sections with inhomogeneous total mRNA expression were excluded (Fig. S1). Five sections at the posterior end of the brain were excluded because coronal sections were incomplete and would bias gene expression (Fig. S1). To further evaluate the potential for batch effects in our region-section combined gene expression dataset, we utilized Uniform Manifold Approximation and Projection (UMAP) to visualize the gene expression patterns across different sections at the regional level. Specifically, 1,090 highly variable genes (HVGs) were identified by modeling the gene mean expression and variance with the function “modelGeneVar” and “getTopHVGs” of scran. Using the subset of HVGs, we computed principal components (PCs) with the function “runPCA” of scater to produce 20 components. The 20 top PCs were then used in the UMAP computations using the function “runUMAP” (15 neighbors) of scater. This analysis revealed that the region gene expression data from one particular section was significantly affected by batch variation, leading to its exclusion from subsequent analyses. This resulted in a total of 111 sections used to generate a regional gene expression matrix.

Supplementary figures
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Fig S1. Spatial transcriptomics data quality control. (A) Total mRNA captured from excluded sections. (B) UMAP plot showing regional gene expression data from different sections. Colors indicate different sections. The dashed black circle denotes the section with a distinct gene expression profile compared to the others.
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Fig S2. Case-control resting-state functional amplitude (RSFA) differences. Differences (Cohen’s d) for RSFA in MECP2 monkeys, and statistically significant regions (p < 0.05, FDR corrected).
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Fig S3. Null distribution of variance explained by PLS component 1 under spatial autocorrelation-preserving permutation. The histogram shows the null distribution of variance explained by the first PLS component generated from spatial autocorrelation-preserving permutations (10,000 repetitions). The red line indicates the observed variance explained from the original (non-permuted) PLS model.
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[bookmark: OLE_LINK14]Fig S4. Validation results in monkey #3. (A) The estimated PLS1 gene scores, obtained using gene weights derived from the monkey #1 PLS model, showed a significant correlation with the monkey Cohen’s d map. (B) The averaged expression of the PLS+ and PLS- gene sets is shown across four representative coronal sections of monkey #3.
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Fig S5. The disease enrichment results and layer-enriched patterns of monkey-derived PLS gene sets are consistent across alternative weight cutoffs (∣weight∣ > 4.5 and ∣weight∣ > 5.5). (A) Heatmaps showing the gene set enrichment of PLS gene sets for curated ASD risk gene lists (left), region-specific ASD DEGs (middle) and other psychiatric disorder-related gene sets (right). (B) Heatmaps showing the log2 fold change of PLS+ and PLS- gene expression between a given layer and all other layers. Asterisk indicates log2 fold change > 0 and FDR corrected p < 0.05.
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Fig S6. Null distribution of spatial correlation between Cohen’s d and cell ratio of the two PV groups under spatial autocorrelation-preserving permutation. Histograms show the null distributions of correlation coefficients between PV cell ratios and Cohen’s d generated by spatial autocorrelation-preserving permutations. Red lines indicate the observed correlation coefficients.
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Fig S7. Spatial correlation between PV cell types and RSFA Cohen’s d map in monkey. The spatial distribution of each PV cell type across cortex in the left hemisphere. The scatter plot on the right shows the correlation between cell ratio and the RSFA Cohen’s d map across cortical parcels.
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Fig S8. Demographic and clinical comparisons between two autism subgroups (A) The Calinski-Harabasz criterion values were used to determine the optimal number of clusters for subject stratification, and two subgroup solution was found as the best choice here. (B) Comparisons of demographic information between subgroup 1 and subgroup 2. (C) Comparisons of clinical scores between individuals with ASD in subgroup 1 and subgroup 2. FIQ, full IQ; VIQ, verbal IQ; PIQ, performance IQ; Social, Reciprocal social interaction subscore (Domain A) for ADI-R; Verbal, Abnormalities in communication subscore (Domain B) for ADI-R; RRB, Restricted, repetitive and stereotyped patterns of behavior subscore (Domain C) for ADI-R; COMM, Communication total subscore of the classic ADOS; SOCIAL, social total score of the classic ADOS; STEREO, stereotypic behaviors and restricted interests total subscore of the classic ADOS.
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[bookmark: OLE_LINK12]Fig S9. Case-control resting-state functional amplitude (RSFA) differences. Differences (Cohen’s d) for RSFA in two ASD subgroups, and statistically significant regions (p < 0.05, uncorrected).
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Fig S10. Spatial correspondence of gene expression patterns between human and macaque. (A) Histogram showing the distribution of correlation coefficients between human and macaque. Red vertical line indicates the correlation threshold for statistically significant cross-species correlation. (B-C) Scatter plots showing the spatial correlation of PVALB (B) and SCN1B expression between human and macaque.



Supplementary tables
Table S1. Characteristics of human ABIDE-I and ABIDE-II cohorts 
	Dataset
	Site
	Number
	Gender (M/F)

	
	
	HC
	ASD
	HC
	ASD

	ABIDE-I
	PITT
	10
	9
	8/2
	6/3

	
	SDSU
	15
	7
	10/5
	7/0

	
	TRINITY
	12
	13
	12/0
	13/0

	
	UCLA_1
	20
	16
	17/3
	15/1

	
	UM_1
	18
	11
	10/8
	9/2

	
	UM_2
	14
	10
	13/1
	9/1

	ABIDE-II
	GU_1
	10
	6
	5/1
	6/0

	
	TCD_1
	11
	5
	11/0
	5/0

	Total
	
	110
	77
	86/24
	70/7


ABIDE-I dataset: PITT, University of Pittsburgh School of Medicine; SDSU, San Diego State University; TRINITY, Trinity Centre for Health Sciences; UCLA_1, University of California Los Angeles: Sample 1; UM_1, University of Michigan: Sample 1; UM_2, University of Michigan: Sample 2.
ABIDE-II dataset: GU_1, Georgetown University; TCD_1, Trinity Centre for Health Sciences. 
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