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Supplementary Note 1 - Neuronal Subtype Vignettes 

Methylome similarity between Indusium Griseum (IG) and Hippocampal region CA2          

neuron subtypes 

Nearly all hippocampal excitatory neurons formed their own clusters separately from cells in             

other brain regions (Extended Data Fig. 1g), except the IG-CA2 neurons (745 cells, three              

subtypes) (Extended Data Fig. 4a). Several markers of the hippocampal region CA2​1 (e.g.,             

Pcp4​2​, ​Cacng5​3​, ​Ntf3​4​) were marked by low gene body mCH (Extended Data Fig. 4c) in IG-CA2                

subtypes. However, one subtype “IG-CA2 Xpr1” (subtype 1 in Extended Data Fig. 2a, 152 cells)               

was located in ​ACA (72 cells) and Lateral Septal Complex (LSX, 71 cells), which are               

anatomically distinct from the hippocampus (Extended Data Fig. 1). In-situ hybridization (ISH)            

data from the Allen Brain Atlas (ABA) of ​Ntf3 (Extended Data Fig. 4e) indicates that those cells                 

potentially come from the IG region​5​, which is a thin layer of gray matter lying dorsal to the                  

corpus callosum at the base of the anterior half of the cingulate cortex, included in the ACA and                  

LSX dissection regions (Extended Data Fig. 4b). With the power of single-cell epigenomic             

profiling, we are able to classify cells from this region without additional dissection. Moreover,              

the similarity of their DNA methylomes indicates the possible functional and/or developmental            
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relationship between the CA2 and IG excitatory neurons. Finally, the hypo-mCG regions            

surrounding the marker genes like ​Ntf3 (Extended Data Fig. 4d) identify candidate            

cell-type-specific enhancers which may further our understanding of how specific gene           

expression programs are regulated in these structures. 

Methylation signatures of striatal medium spiny neurons located in patch compartments 

A major GABAergic inhibitory cell type in the striatum, the ​Drd1+ medium spiny neuron              

(MSN-D1) from the caudoputamen (CP, dorsal), and nucleus accumbens (ACB, ventral), is            

further separated into four subtypes (Extended Data Fig. 4f, k, n). Two subtypes “MSN-D1              

Plxnc1” (subtype 3 in Extended Data Fig. 4f) and “MSN-D1 Ntn1” (subtype 4 in Extended Data                

Fig. 4f), mainly (79%) from the ACB, are further separated by location along the              

anterior-posterior axis (Extended Data Fig. 4g, l, based on dissection), indicating spatial diversity             

may exist in addition to the canonical dorsal-ventral gradient of the striatum​6,7​. “MSN-D1             

Khdrbs3” and “MSN-D1 Hrh1” subtypes are mostly (94%) from CP dissections, one of them              

marked by gene ​Khdrbs3 and its potential regulatory elements (Extended Data Fig. 4h-j)             

corresponds to the neurochemically defined patch​8 compartments in CP. Here the methylome            

profiling data provides evidence of previously unseen spatial epigenetic diversity in the striatum             

D1 neurons, which is also observed in the other major type MSN-D2 (​Drd2​+​, Extended Data Fig.                

4m, o) of the striatum. 

 

Supplementary Note 2 - Estimate subtype CG-DMR false discovery rate 

To estimate the FDR for DMRs, we randomly partitioned the cells into the same number of                

groups as the number of clusters. We used methylpy DMRfind​9 (Methods) and the same filter as                

above to identify the DMRs between these random groups (shuffle-DMRs). 105,310           

shuffle-DMRs were identified, compared to 3,947,795 subtype-DMRs, so the average FDR is            

about 2.7%. For each DMR, the effect size was calculated by subtracting the minimum mCG               

fraction across samples from the samples’ robust mean. We then divided the DMRs into different               

groups based on the number of DMSs and the effect size of the DMR and computed the FDR                  

within each group (Extended Data Fig. 6a, b). Most (93%) of the shuffle-DMRs only have a                

single DMS (no other DMS within ± 250 bp), while this proportion decreases to 35% for                

subtype-DMRs. When the effect size is greater than 0.3, the FDR for DMS = 1 bins range from                  

2 



0.071 to 0.093. The FDR for remaining bins having DMS > 1 is close to or well below 0.01                   

(Extended Data Fig. 6c).  

To test whether the 1,645,355 (35%) single-DMS subtype-DMRs (sDMRs) are biologically           

meaningful, we used the shuffle-DMR as background regions and performed motif enrichment            

analysis on sDMRs and multi-DMS subtype-DMRs (mDMRs) respectively. We found 108 / 174             

motifs enriched in mDMRs are also enriched in sDMRs, and the odds ratio of all               

mDMR-enriched motifs are highly correlated (Extended Data Fig. 6d, Pearson’s r=0.86, ​P =             

1e-53). These results indicate that although single-DMS DMRs are noisier than multi-DMS            

DMRs, they are likely biologically relevant. Removing single-DMS DMRs would improve the            

overall FDR from 3.0% to 0.3%, with the cost of reducing the power to identify true positives.                 

We provided the number of DMRs or each subtype using different filtering criteria in              

Supplementary Table 12. 

 

Supplementary Note 3 - Total Impact score summarizes variation of each gene or motif 

Beyond identifying specific cell subtype characteristics, we hypothesized that ranking of genes            

or motifs by methylation variation may provide a route toward understanding their relative             

importance in cell type diversification and/or function. Thus, for each gene or motif, we              

calculated a total impact (TI) score to summarize their variation among the subtypes, using all               

the branch-specific impact scores (Extended Data Fig. 7e bottom right, Methods). Genes            

(Excitatory: Extended Data Fig. 7f, g; Inhibitory: Extended Data Fig. 7i, j) or motifs (Excitatory:               

Extended Data Fig. 7h; Inhibitory: Extended Data Fig. 7k) with higher TI scores impact more               

branches of the phylogeny, thus are predicted to have a higher importance in distinguishing              

multiple subtypes. 

Intriguingly, by comparing the TI scores of genes and motifs calculated from the inhibitory and               

excitatory phylogenies, we found more TF genes and motifs having large TI scores in both cell                

classes than specific to either one (Extended Data Fig. 7l). For instance, ​Bcl11b distinguishes              

“OLF-Exc” and Isocortex IT neurons in the excitatory lineage and distinguishes “CGE-Lamp5”            

and “CGE-Vip” in the inhibitory lineage. Similarly, ​Satb1 separates IT-L4 from IT-L2/3, and             

MGE from CGE in excitatory and inhibitory cells, respectively. These findings indicate broad             

repurposing of TFs for cell-type specification among distinct developmental lineages. 
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In contrast, we also find TF genes and motifs only having large TI scores in one cell class                  

(Extended Data Fig. 7l, left panel). For example, the ​Tshz1 gene body mCH shows a striking                

difference of diversity between excitatory and inhibitory cells (Extended Data Fig. 7m),            

suggesting that it may function in shaping inhibitory subtypes, but not excitatory subtypes.             

Similarly, bHLH DNA binding motifs show much higher TI scores for excitatory subtypes             

compared with inhibitory (Extended Data Fig. 6l, right panel). While genes in this TF family               

such as ​Neurod1/2 have long been known to participate in excitatory neuron development, they              

have not been reported to regulate GABAergic neuron differentiation​10​. 

 

Supplementary Note 4 - Spatial axis of DG granule cells 

Neurogenesis is differentially distributed across the dorsal-ventral axis of the DG, with newborn             

neurons enriched in the dorsal pole of the DG​11,12​. Bulk tissue samples dissected from the dorsal                

DG had ~2-fold lower global mCH compared to the ventral DG, suggesting that the gradient in                

global mCH we observed could be related to their dorsal-ventral location​13​. Consistent with this,              

dorsal-hypo-DMRs from the bulk tissue samples​13 overlapped more with +DMRs (15% overlap,            

P < 0.001, two-sided permutation test) than -DMRs (4%, ​P < 0.001) (Extended Data Fig. 10e).                

Similarly, ventral-hypo-DMRs overlapped more with -DMRs (13%, ​P < 0.001) than +DMRs            

(1.7%, ​P = 0.004). These moderate overlaps suggest that the axis of the global mCH gradient can                 

be partially explained by the traditionally defined dorsal-ventral axis. Further understanding of            

the relationship between these two axes will require spatially resolved transcriptome/epigenome           

data from cells with defined birthdates​14​. 

 

Supplementary Note 5 - Artificial Neuron Network trained for predicting non-neuronal           

cells. 

Using the same network structure and features, we achieved 42% accuracy to predict the cell               

body location of non-neuronal cells. The accuracy of the model was highly cell types dependent,               

with stronger predictability in astrocytes (ASC, 62%) and oligodendrocytes (ODC, 52%) that are             

comparable to cortical inhibitory neurons (Extended Data Fig. 11d). These findings are            

supported by evidence that astrocytes are derived from regionally patterned radial glia​15​, while             

the signature of oligodendrocytes depends on the local environment​16​. It is worth noting that              
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unsupervised clustering did not separate non-neuronal cells from different regions into different            

clusters, which further emphasizes the utility of supervised analyses to study the regional             

specificity of these cell types. 
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