
Supplemental table 1. Demographic and cannabis exposure characteristics of the fetal 
brain cohorts 

 
 

 

 

 

 

 



 

Figure S1. Principal component analysis of fetal brain transcriptomic and proteomic data. 
(A) Normalized transcriptomic data segregated primarily by trimester, with PC1 and PC2 
explaining 19.5% and 13.8% of the variance, respectively. (B) Normalized proteomic data 
showed substantial overlap between trimesters though it remained a major source of variation, 
with PC1 and PC2 explaining 35.3% and 18.2% of the variance, respectively. 

 

 

 



 

Figure S2. Transcriptomic alterations in T2 male fetal brains associated with prenatal 
cannabis exposure. Transcriptomic comparison of T2 Cases vs. Controls showing genes 
associated with prenatal cannabis exposure. Volcano plot showing quantified genes plotted by 
log₂ fold ratio and Benjamini-Hochberg adjusted P value. Dashed vertical lines indicate the fold-
ratio threshold (|log₂FR| ≥ 0.58), and the horizontal dashed line indicates the adjusted P-value 
cutoff (adjusted P ≤ 0.05). A total of 481 DEGs were identified. Selected DEGs are labeled. 
Significantly downregulated and upregulated genes are shown in blue and red, respectively. 
 
 
 
 
 
 
 
 
 
 



 
 
Figure S3. Proteomic alterations in T2 male fetal brains associated with prenatal cannabis 
exposure. Proteomic comparison of T2 Cases vs. Controls showing proteins associated with 
prenatal cannabis exposure. Volcano plot showing quantified proteins plotted by log₂ fold ratio 
and Benjamini-Hochberg adjusted P value. Dashed vertical lines indicate the fold-ratio threshold 
(|log₂FR| ≥ 0.58), and the horizontal dashed line indicates the adjusted P-value cutoff (adjusted P 
≤ 0.05). A total of >1,400 DEPs were identified. Significantly downregulated (blue) and 
upregulated (red) proteins are highlighted, with selected proteins labeled. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Figure S4. Transcriptomic alterations in T2 fetal brains associated with prenatal cannabis 
exposure (males and females). Transcriptomic comparison of T2 Cases vs. Controls showing 
genes associated with prenatal cannabis exposure. Volcano plot showing quantified genes plotted 
by log₂ fold ratio and Benjamini-Hochberg adjusted P value. Dashed vertical lines indicate the 
fold-ratio threshold (|log₂FR| ≥ 0.58), and the horizontal dashed line indicates the adjusted P-
value cutoff (adjusted P ≤ 0.05). A total of 468 DEGs were identified. Significantly 
downregulated (blue) and upregulated (red) genes are highlighted, with selected genes labeled. 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Figure S5. Selected concordant transcriptomic and proteomic alterations in male T2 Cases 
vs. Controls. Transcriptomic and proteomic expression changes for selected concordantly 
regulated genes and proteins that met our differential expression criteria (adjusted P ≤ 0.05 and 



|log₂FR| ≥ 0.58) in both datasets. Blue indicates downregulation in T2 Cases, whereas red 
indicates upregulation in T2 Cases. Concordant reductions in T2 Cases were observed for 
synaptic scaffold and vesicle-associated components (NRXN1, RIMS1, RIMS3, DLGAP3, 
HOMER2, SCAMP1, AP3M2), neuronal adhesion systems (CNTN5, CNTNAP4, NECTIN1, 
NTM), excitatory signaling, glutamate/ascorbate transport, and membrane excitability regulators 
(GRID2, SLC1A6, SLC23A2, KCNMA1, ADCY1, PLCB4, GNAQ), lipid metabolism 
regulators (ACSL4, LPCAT1, SPTLC2), and intracellular trafficking proteins (HOOK1, 
PITPNM1). Concordant increases in T2 Cases were observed for cytoskeletal remodeling 
proteins (MICAL1, SORBS3) and developmental regulators (FOXG1, SOX5, NFIX, EML1, 
RBPJ, ZNF703). Lines connect the transcriptomics and proteomics data.  

 

 

 

 

 

 

 

 



 

Figure S6. STRING-based transcriptomic interaction networks in male T2 Cases vs. 
Controls. (A–F) STRING-derived transcriptomic interaction subnetworks constructed from 
significantly altered genes in male T2 Cases vs. Controls. Blue nodes indicate genes 
downregulated in T2 Cases, whereas red nodes indicate genes upregulated in T2 Cases. The table 
summarizes the major functional modules represented in each interaction cluster. 

 

 

 

 

 

 

 

 

 

 

 

 



 



 



 



 

Figure S7. STRING-based proteomics interaction networks in male T2 Cases vs. Controls. 
(A–RR) STRING-derived proteomic interaction subnetworks constructed from significantly 
altered proteins in male T2 Cases vs. Controls. Blue nodes indicate proteins downregulated in T2 
Cases, whereas red nodes indicate proteins upregulated in T2 Cases. The table summarizes the 
major functional modules represented in each interaction cluster. 



 



Figure S8. Coordinated transporter dysregulation in T2 cannabis-exposed male fetal 
brains. Transcriptomic and proteomic log₂ fold ratios (T2 Cases vs. Controls) are shown for all 
significantly altered solute carrier (SLC) and ATP-binding cassette (ABC) transporters identified 
(adjusted P ≤ 0.05, |log₂FR| ≥ 0.58). Each gene is displayed across molecular layers when 
detected, with lines connecting transcriptomic and proteomic measurements where both were 
observed. Proteomic data reveal a broad and consistent reduction in transporter abundance, 
whereas transcriptomic changes were fewer and more heterogeneous. Together, these data 
indicate a global decrease in membrane transport capacity at the protein level in T2 cannabis-
exposed male fetal brains. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S9. Disruption of cholesterol turnover and endocannabinoid-related lipid 
metabolism in second-trimester male fetal brains. Transcriptomic and proteomic log₂ fold 
ratios (T2 Cases vs. Controls) are shown for CYP46A1 and CYP4X1 in male samples. Points 
represent log₂ fold ratios, with color indicating the magnitude of the ratio. Opaque points denote 
statistically significant ratios (adjusted P ≤ 0.05), whereas semi-transparent points indicate non-
significant ratios. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure S10. Activation of developmental transcriptional programs in T2 male fetal brains, 
T2 Cases vs. Controls. RNA and protein abundance changes for FOXG1, FOXG1-AS1, 
BCL11B, and SATB2 in T2 Cases vs. Controls. Points represent log₂ fold ratio, with color 
indicating magnitude of the ratio. Opaque points denote statistically significant ratios (adjusted P 
≤ 0.05), whereas semi-transparent points indicate non-significant ratios. FOXG1-AS1 is 
represented at the RNA level only. Genes are grouped by functional category (FOXG1 locus and 
lineage transcription factors, TFs). 

 

 

 

 

 

 

 

 



 



Figure S11. Zinc finger transcription factor expression in male fetal brains, T2 Cases vs. 
Controls. (A) Transcriptomic and (B) proteomic changes in zinc finger transcription factors in 
T2 Cases versus Controls. Nodes represent individual genes or proteins, colored by direction of 
ratio (red, upregulated; blue, downregulated) based on log₂ fold ratio. Only statistically 
significant features (adjusted P ≤ 0.05) are shown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S12. Gene set enrichment analysis (GSEA) of transcriptomic changes in fetal brains 
across multiple comparisons. Dot plot showing enriched pathways across multiple 
transcriptomic contrasts, with pathways ranked on the y-axis and comparisons on the x-axis. 
Point size reflects enrichment significance (−log10 FDR), and color indicates direction of 
enrichment (red, upregulated; blue, downregulated). Neuronal signaling pathways are 
consistently downregulated in cannabis exposure comparisons, whereas ribosomal, translational, 
and SRP-dependent targeting pathways, along with amino acid stress response programs, are 
enriched, indicating global reweighting of the transcriptome. 

 

 

 

 

 

 

 

 



 

Figure S13. GO Biological Process enrichment analysis of transcriptomic changes in male 
T2 Cases vs. Controls. Gene Ontology (Biological Process) enrichment analysis of 
downregulated (A) and upregulated (B) genes. Dot plots show enriched terms ranked by gene 
ratio, with point size indicating gene count and color representing adjusted P value. 
Downregulated genes were enriched for axonogenesis, cell-cell adhesion, and phospholipid 
metabolic processes, whereas upregulated genes were enriched for cytoplasmic translation.  

 

 

 

 

 



 

Figure S14. KEGG and Reactome pathway enrichment analysis of transcriptomic changes 
in male T2 Cases vs. Controls. KEGG pathway enrichment of downregulated (A) and 
upregulated (B) genes. Downregulated genes were enriched for neuronal and membrane-
associated pathways, including glutamatergic synapse, long-term potentiation, 
phosphatidylinositol signaling, and lipid metabolism. In contrast, upregulated genes showed 
enrichment primarily for the ribosome pathway. Reactome pathway enrichment of 
downregulated (C) and upregulated (D) genes. Downregulated genes were enriched for neuronal 
system and G protein–mediated signaling pathways, whereas upregulated genes were enriched 
for eukaryotic translation, including initiation and elongation processes.  Dot plots show enriched 
terms ranked by gene ratio, with point size indicating gene count and color representing adjusted 
P value. 

 

 

 

 



 

Figure S15. Proteomic comparison of prenatal cannabis exposure of female T1 Cases vs. 
Controls. Proteomic comparison of T1 Cases vs. Controls showing proteins associated with 
prenatal cannabis exposure. Volcano plot showing quantified proteins plotted by log₂ fold ratio 
and Benjamini-Hochberg adjusted P value. Dashed vertical lines indicate the fold-ratio threshold 
(|log₂FR| ≥ 0.58), and the horizontal dashed line indicates the adjusted P-value cutoff (adjusted P 
≤ 0.05). A single DEP, NLRP2, met the predefined significance criteria and was downregulated 
in T1 Cases relative to T1 Controls. 



 

Figure S16. Transcriptomic comparison of prenatal cannabis exposure in T1 fetal brains 
Cases vs. Controls (males and females). Transcriptomic comparison of T1 Cases vs. Controls 
showing genes associated with prenatal cannabis exposure. Volcano plot showing quantified 
genes plotted by log₂ fold ratio and Benjamini-Hochberg adjusted P value. Dashed vertical lines 
indicate the fold-ratio threshold (|log₂FR| ≥ 0.58), and the horizontal dashed line indicates the 
adjusted P-value cutoff (adjusted P ≤ 0.05). A total of 30 DEGs met the predefined significance 
criteria, with both upregulated and downregulated genes observed in T1 Cases relative to T1 
Controls. 

 

 

 

 

 

 

 

 

 



 

Figure S17. Transcriptomic enrichment associated with development of control female fetal 
brains (T2 vs. T1 Controls). (A) Gene Ontology (Biological Process) enrichment analysis of 
upregulated genes. Dot plot shows enriched terms ranked by gene ratio, with point size 
indicating gene count and color representing adjusted P value. Upregulated genes were enriched 
for processes related to cognition, learning and memory, ion transport regulation, and neuronal 
differentiation. (B) KEGG pathway enrichment analysis of upregulated genes. The cholinergic 
synapse pathway was enriched, indicating increased neurotransmission-related signaling during 
development.  Dot plots show enriched terms ranked by gene ratio, with point size indicating 
gene count and color representing adjusted P value. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S18. Proteomic remodeling associated with control female fetal brain development 
(T2 vs. T1 Controls). (A) Selected synaptic and excitability-related proteins showing reduced 
abundance in T2 relative to T1. Points represent log₂ fold ratio for individual proteins. Gene 
Ontology (Biological Process) enrichment analysis of downregulated (B) and upregulated (C) 



proteins. Dot plots show enriched terms ranked by gene ratio, with point size indicating protein 
count and color representing adjusted P value. Downregulated proteins were enriched for 
synapse-related processes, whereas upregulated proteins were enriched for RNA processing, 
transcriptional regulation, and cell cycle activity. KEGG pathway enrichment analysis of 
downregulated (D) and upregulated (E) proteins. Downregulated pathways include neuronal 
signaling and synaptic transmission, whereas upregulated pathways were enriched for 
spliceosome, chromatin remodeling, and cell cycle–associated programs. 

 

 

 

 

 

 

 

 

 

 



 



Figure S19. Transcriptomic and proteomic association with brain development in male 
fetuses (T2 vs. T1 Cases). Transcriptomic (A) and proteomic (B) comparisons of T2 versus T1 
case fetal brains showing gene products associated with development. Volcano plots showing 
quantified genes or proteins plotted by log₂ fold ratio and Benjamini-Hochberg adjusted P value. 
Dashed vertical lines indicate the fold-ratio threshold (|log₂FR| ≥ 0.58), and the horizontal dashed 
line indicates the adjusted P-value cutoff (adjusted P ≤ 0.05). In A, 667 DEGs were identified, 
with prominent upregulation of neurodevelopmental regulators including TBR1, EOMES, and 
FOXG1 in T2 relative to T1. In B, 2,439 DEPs were identified, indicating extensive proteomic 
remodeling during development in Cases. 

 

 

 

 

 

 

 

 

 



 

Figure S20. Transcriptomic association with brain development in male fetuses (T2 vs. T1 
Cases) with female control development overlaid. Transcriptomic comparison of T2 versus T1 
case brains showing genes associated with developmental progression. Volcano plot showing 
quantified genes plotted by log₂ fold ratio and Benjamini-Hochberg adjusted P value. Dashed 
vertical lines indicate the fold-ratio threshold (|log₂FR| ≥ 0.58), and the horizontal dashed line 
indicates the adjusted P-value cutoff (adjusted P ≤ 0.05). Genes defining female control 
development (T2 Controls versus T1 Controls) are overlaid and highlighted by black circles. Red 
and blue points indicate genes significantly upregulated in T2 and T1 case samples, respectively. 

 

 

 

 

 

 

 



 



Figure S21. Cross-development concordance of transcriptomic and proteomic data between 
control females and case males. (A) Transcriptomic concordance plot comparing log₂ fold ratio 
between control female development (T2 versus T1) and case male development (T2 versus T1). 
Each point represents a gene quantified in both datasets and is classified as significant in both 
conditions, control-only, case-only, or non-significant. A positive correlation (Pearson r = 0.69) 
indicates shared directionality of transcriptional changes across conditions. (B) Proteomic 
concordance plot comparing log₂ fold ratios between control female development (T2 versus T1) 
and case male development (T2 versus T1). Each point represents a protein quantified in both 
datasets and is classified as above. A stronger positive correlation (Pearson r = 0.90) indicated 
highly consistent directional change at the proteome level. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S22. Transcriptomic enrichment associated with development in male T2 Cases vs. 
T1 Cases.  Gene Ontology (Biological Process) enrichment analysis of downregulated (A) and 
upregulated (B) genes. Dot plots show enriched terms ranked by gene ratio, with point size 
indicating gene count and color representing adjusted P value. Downregulated genes were 
enriched for synaptic vesicle cycling, synaptic transmission, and lipid metabolic processes, 



whereas upregulated genes were enriched for cell cycle progression, DNA replication, and 
nuclear division. KEGG pathway enrichment analysis of downregulated (C) and upregulated (D) 
genes. Downregulated pathways were limited and do not form a coherent program, whereas 
upregulated pathways were dominated by cell cycle and DNA replication processes. Reactome 
pathway enrichment analysis of upregulated (E) genes. Upregulated pathways were enriched for 
mitotic cell cycle, DNA repair, and homologous recombination processes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 



 



 



 



 



 

Figure S23. STRING interaction network modules identified from proteomic analysis of 
female fetal brain development in the absence of prenatal cannabis exposure (Controls T2 
vs. T1). (A–NN) STRING-derived proteomic interaction subnetworks constructed from 
significantly altered proteins identified in female Controls T2 vs. T1. Blue nodes indicate 
proteins downregulated in T2 Controls, whereas red nodes indicate proteins upregulated in T2 
Controls. The table summarizes the major functional modules represented within each interaction 
cluster. 

 

 

 



 

Figure S24. Proteomic enrichment associated with development in male T2 Cases vs. T1 
Cases. Gene Ontology (Biological Process) enrichment analysis of downregulated (A) and 
upregulated (B) proteins. Dot plots show enriched terms ranked by gene ratio, with point size 
indicating protein count and color representing adjusted P value. Downregulated proteins were 



enriched for synaptic vesicle cycling, neurotransmitter transport, and synapse organization, 
whereas upregulated proteins were enriched for RNA splicing, transcriptional regulation, and 
DNA metabolic processes. KEGG pathway enrichment analysis of downregulated (C) and 
upregulated (D) proteins. Downregulated pathways include oxidative phosphorylation, 
retrograde endocannabinoid signaling, and synaptic transmission pathways, whereas upregulated 
pathways were enriched for spliceosome, chromatin remodeling, and cell cycle processes. 
Reactome pathway enrichment analysis of downregulated (E) and upregulated (F) proteins. 
Downregulated pathways were enriched for neuronal system, synaptic transmission, and 
respiratory electron transport, whereas upregulated pathways were enriched for cell cycle 
progression, RNA processing, and DNA repair pathways. Dot plots show enriched terms ranked 
by gene ratio, with point size indicating gene count and color representing adjusted P value. 

 


