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Supplementary Figure 1 

(A-B) Correlation analysis of BrainSpan prenatal and postnatal cortices. The heatmaps show the correlation 

coefficient calculated by Spearman correlation across stages, for prenatal (A) and postnatal (B) timepoints, 

respectively. (C-D) Top-35 genes according to positive and negative loading values for the first (C) and second 

(D) components from PCA analysis. Results of gene ontology enrichment analysis performed for the Biological 

Process domain on the top genes selected on the basis of their loading value are visualized in the bar plots.  

 

Supplementary Figure 2 

(A) Gene dendrogram generated on the Topological Overlap Dissimilarity matrix for BS cortex samples; each 

branch of the dendrogram corresponds to a module of highly interconnected genes, for a total of 17 modules. 

The row below the dendrogram depicts the module assignment, each identified by a different colour. (B) 

Sample dendrogram showing the clustering of Brainspan samples included in WGCNA analyses. The rows 

below the dendrogram depict post-conceptional week associated to each sample, either as continuous or 

categorical variable (first and other rows respectively). (C) Brainspan WGCNA diagnostic plots for the 

selection of beta parameter (set to 18) according to mean connectivity and scale independence values. (D) 

Ribbon plot, GO enrichment analysis and network reconstruction for BS_Midnightblue module.  

 

Supplementary Figure 3 

(A) Widefield images showing the expression of apical progenitor (PAX6) and neural stem cell (SOX2) markers 

in day 25 CBO of a representative control line. (B) Widefield images showing the expression of cell cycle 

(KI67), neural stem cell (SOX2), apical progenitor (PAX6), intermediate progenitor (EOMES) and low layer 

neuron (BCl11B) markers in day 50 CBO of representative control lines.  

Supplementary Figure 4 

(A) Widefield images showing the expression of apical progenitor (PAX6), neural stem cell (SOX2), low layer 

neuron (BCL11B), up layer neuron (SATB2) and astrocyte (GFAP) markers in day 100 CBO of representative 

control lines. 



 

Supplementary Figure 5 

(A) PCA on the CBO cohort, with differentiation stage shown as dot color. (B-C) Top-35 genes according to 

positive and negative loading values for the first (B) and second (C) components from PCA analysis and 

barplots showing functional enrichment results for the Biological Process domain on the top genes. (D-E) 

Functional analysis of up-regulated (D) and down-regulated (E) genes for Day150 vs Day100 and Day200 vs 

Day150 stage-wise differential expression analysis on CBO. (F) Scatterplots representing the relationship of 

the fold-change across successive time windows. Genes resulting differentially expressed (FDR < 5% and 

absolute log2FC > 1) in both the two examined comparisons are reported in yellow, while the ones specific 

for one of the two comparisons are in blue or purple. Gene symbols are reported for the top 10 protein-

coding genes for each quadrant according to fold-change. 

  

Supplementary Figure 6  

(A) Gene dendrogram generated on the Topological Overlap Dissimilarity matrix for CBO samples; each 

branch of the dendrogram corresponds to a module of highly interconnected genes, for a total of 14 modules. 

The row below the dendrogram depicts the module assignment, each identified by a different colour. (B) 

Sample dendrogram showing the clustering of CBO samples. The rows below the dendrogram depict the 

differentiation day associated to each sample, either as continuous or categorical variable (first and other 

rows respectively). (C) CBO WGCNA diagnostic plots for the selection of beta parameter (set to 15) according 

to mean connectivity and scale independence values. (D-E) Ribbon chart, bubble plot and network 

reconstruction for the green (D) and red (E) modules. 

 

Supplementary Figure 7 

(A) Schematic representation of the differentiation steps of the four BO protocols analyzed. (B-D) PCA of the 

MGO (B), FO (C) and TA (D) datasets.  

  



Supplementary Figure 8 

Overlap between genes retrieved as differentially expressed by stage-wise differential expression analysis in 

cortical brain organoids (CBO) compared to external brain organoid dataset (Minimally Guided Organoids in 

panel A; Forebrain Organoids in panel B: Telencephalic Aggregates in panel C). P-value and Odds Ratio are 

reported for the overlap with P-value < 0.01 and Odds Ratio > 3. Cell color is assigned according to Odds Ratio 

values. (D) Heatmap depicting the results of the whole-transcriptome correlation analysis between CBO data 

and external BO protocols. 

 

Supplementary Figure 9   

Lollipops showing the expression levels of gene signatures related to brain areas, off-target tissues and cell 

stress in BS (A), CBO (B), MGO (C), FO (D) and TA (E). Expression levels (Log2Fpkm or Log2Rpm) along 

timepoints are reported in each dataset as the mean value across replicates. Each bar colour corresponds to 

a specific signature, as reported in the plot legend. For brain organoids (B-E), asterisks identify genes that are 

retrieved as significantly changed in stage-wise differential expression analyses (comparison of each 

differentiation stage with the previous) reported in Figure 2 for CBO and Figure 4 for the other protocols. **: 

FDR < 0.05; *: Conventional pvalue < 0.05. 

 

Supplementary Figure 10  

Lollipops showing the expression levels of gene signatures related to neurotransmission systems in BS (A), 

CBO (B), MGO (C), FO (D) and TA (E). Expression levels (Log2Fpkm or Log2Rpm) along time-points are 

reported in each dataset as the mean value across replicates. Each bar colour corresponds to a specific 

signature, as reported in the plot legend. For brain organoids (B-E), asterisks identify genes that are retrieved 

as significantly changed in stage-wise differential expression analyses (comparison of each differentiation 

stage with the previous) reported in Figure 2 for CBO and Figure 4 for the other protocols. **: FDR < 0.05; *: 

Conventional P-value < 0.05. 

  



Supplementary Figure 11   

Overlap between BrainSpan and Cortical Brain Organoid gene modules identified by WGCNA. Dot plot 

displaying the overlap between BS (y-axis) and CBO (x-axis) gene modules identified by WGCNA. Numbers 

represent shared genes and are shown for overlaps with odds ratio (OR) > 1, while dots are reported for 

those having also P-value < 0.05. Dot colour is assigned according to OR values and dot size according to P-

value. 

 

Supplementary Figure 12 

Overlap between BrainSpan (A, C) or Cortical Brain Organoid (B, D) WGCNA relevant gene modules and gene-

disorder knowledge bases. Panels A and B show the overlap with SFARI genes (SFARI) and Development 

Disorder Genotype - Phenotype Database (DD), either for all organs or selectively for brain (DD_B). Panels C-

D represent the overlap with risk genes retrieved from GWAS catalogue for the following disorders: Attention 

Deficit Hyperactive Disorder (ADHD), Autism Spectrum Disorder (ASD), Diabetes Mellitus (DM), Inflammatory 

Bowel Disease (IBD), Schizophrenia (SCZ), Unipolar Depression (UD). In each dot plot WGNA gene sets are 

reported on the x-axis and disorder gene sets on the y-axis. Numbers represent shared genes and are shown 

for overlaps with odds ratio (OR) > 1, while dots are reported for those having also P-value < 0.01. Dot colour 

is assigned according to OR values and dot size according to P-value as shown by each legend. 

 

Supplementary Figure 13 

Behaviour of the module eigengene for Cortical Brain Organoids gene co-expression modules in fetal cortex 

and brain organoids datasets. (A) Visualization of CBO_Turquoise and CBO_Black eigengene module in 

prenatal fetal cortex as well as in the brain organoids’ datasets. PCA was performed to calculate the module 

eigengene on the CBO dataset and then applied to BS prenatal cortex, as well as each of the other brain 

organoid datasets. Each dot represents a data point, while the line connects the median value for each 

postconceptional week (BS) or differentiation day (BO). The same analysis and visualization are applied to 

CBO_Brown and CBO_Blue (B, decreasing during differentiation) and CBO_Green and CBO_Red (C, 

nonmonotonic behaviour). 



Supplementary Table 1 

Differentially expressed genes with FDR < 0.05 and abs(logFC) > 1 from differential expression analyses. 

Supplementary Table 2 

Neurotransmission signature genes with the specification of their role in the relative neurotransmission 

system (Enzyme, receptor or transporter). 

Supplementary Table 3 

Results of Gene Ontology analyses. 
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Brainspan: Fetal Cortex Cortical brain organoids Minimally-guided organoids Forebrain organoids Telencephalic aggregates

Turquoise module 
Neuronal

di�erentiation,
glutamate secretion 
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Brown module
Cell cycle
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Protein translation

CBO: monotonic behaviour with increased expression over devlopmental time

Figure S13

Green module
Extracellular matrix,

cell adhesion

Red module
Extracellular matrix,

cell adhesion 

CBO: non-monotonic behaviour
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