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Supplementary Fig. 1 Cell type annotation of snRNA-seq data. a Dot plots of expression 
values for neuronal and non-neuronal cell type-specific marker genes in Smart-seq2 and 
DNBelab C4 snRNA-seq data. b Integration of DNBelab C4 (top) and Smart-seq2 (bottom) 
snRNA-seq data of excitatory neurons from macaque with single-nucleus transcriptomes of 
human cortex1,2 (left) (Allen Cell Types Database-Human Multiple Cortical Areas,https://por-
tal.brain-map.org/atlases-and-data/rnaseq/human-multiple-cortical-areas-smart-seq), and 
cluster labels of human excitatory neurons were indicated (right). c Expression of marker 
genes for mouse excitatory cell classes3,4 in macaque excitatory neuron subtypes. d Dot 
plots showing layer marker of L2-4 (CUX2) and L3-5 (RORB) are co-expressed in L4/5 IT of 
M1.
Source data are provided as a Source Data file.
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Supplementary Fig 2 Quality assessment of snRNA-seq data. a Box plot of unique mo-
lecular identifiers counts (UMI) (left) and detected gene number (right) of DNBelab-C4 cells 
in each snRNA-seq cell type. Boxes extend from the 25th to 75th percentiles, line in the 
middle of the box is plotted at the median. Whiskers =min and max. b Box plot of reads count 
(left) and detected gene number (right) of Smart-seq2 cells in each snRNA-seq cell type. 
Boxes extend from the 25th to 75th percentiles, line in the middle of the box is plotted at the 
median. Whiskers =min and max. c Correlation between Smart-seq2 data and DNBelab C4 
snRNA-seq data, R value was calculated by Pearson correlation. d UMAP projections of all 
primary snRNA-seq cells before (left) and after (right) batch correction colored by individual 
donor (the library preparation methods are indicated). e Proportion of each major cell type in 
each cortical region of each individual donor from snRNA-seq cells. f Heatmap displaying the 
differentially expressed genes of major cell classes in snRNA-seq data. Specific genes relat-
ed to each cell type are highlighted with enriched gene ontology terms.
Source data are provided as a Source Data file.
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Supplementary Fig. 3 Quality assessment of snATAC-seq data. a Box plot of TSS enrich-
ment: average accessibility of the TSS +/- 50 bp region/ average accessibility of the TSS 
flanking positions (+/- 1900 – 2000 bp) (left), TSS ± 2 kb ratio: the proportion of peaks within 
2 kb from the gene TSS site (middle) and fragment counts (right) of snATAC-seq cells in 
each snATAC-seq cluster. Boxes extend from the 25th to 75th percentiles, line in the middle 
of the box is plotted at the median. Whiskers =min and max. b Correlation between sciA-
TAC-seq data and DNBelab C4 snATAC-seq data, R value was calculated by Pearson cor-
relation. c UMAP projections of all primary snATAC-seq cells before (left) and after (right) 
batch correction colored by individual donor (the library preparation methods are indicated). 
d Proportion of each major cell type in each cortical region of each individual donor from 
snATAC-seq cells. e Alluvial plot depicting mappings between cell type of snATAC-seq clus-
ters and cell type assigned by integration analysis with snRNA-seq. f Box plot of TSS enrich-
ment: average accessibility of the TSS +/- 50 bp region/ average accessibility of the TSS 
flanking positions (+/- 1900 – 2000 bp) (top), TSS ± 2 kb ratio: the proportion of peaks within 
2 kb from the gene TSS site (middle) and fragment counts (bottom) of snATAC-seq cells with 
consistent cell type identified by snATAC-seq and integration analysis. Boxes extend from 
the 25th to 75th percentiles, line in the middle of the box is plotted at the median. Whiskers 
=min and max.
Source data are provided as a Source Data file.



UMAP 1

U
M

AP
 2

a

b

UMAP 1

U
M

AP
 2

snRNA--seq

snATAC--seq

SLC17A7 GAD1 SLC1A2 PDGFRA

High

Low

High

Low

SLC17A7 GAD1 SLC1A2 PDGFRA

Expression
level

Gene
Score

RNA-seq

ATAC-seq

UMAP 1

U
M

AP
 2

UMAP 1

U
M

AP
 2

MOG LAMP5

High

Low

High

Low

MOG

RELN

RELN

APBB1IP

APBB1IP

FLT1

FLT1

LAMP5

Expression
level

Gene
Score

RNA-seq

ATAC-seq

UMAP 1

U
M

AP
 2

UMAP 1

U
M

AP
 2

VIP

High

Low

High

Low

PVALB

PVALB SST

SST

VIP

Expression
level

Gene
Score

RNA-seq

ATAC-seq

Supplementary Fig.4

Inhibitory neuron

Excitatory neuron

Non-neuron

Inhibitory neuron

Excitatory neuron

Non-neuron

Inhibitory neuron

Excitatory neuron

Non-neuron

Inhibitory neuron

Excitatory neuron

Non-neuron

Inhibitory neuron

Excitatory neuron

Non-neuron

Inhibitory neuron

Excitatory neuron

Non-neuron

Inhibitory neuron

Excitatory neuron

Non-neuron

Inhibitory neuron

Excitatory neuron

Non-neuron

Inhibitory neuron

Excitatory neuron

Non-neuron

Inhibitory neuron

Excitatory neuron

Non-neuron

Inhibitory neuron

Excitatory neuron

Non-neuron

OLIOPC

AST

PERI

ENDO

MIC

OLIOPC

AST

PERI

ENDO

MIC

OLIOPC

AST

PERI

ENDO

MIC

OLIOPC

AST

PERI

ENDO

MIC

OLIOPC

AST

PERI

ENDO

MIC

OLIOPC

AST

PERI

ENDO

MIC

OLIOPC

AST

PERI

ENDO

MIC

OLIOPC

AST

PERI

ENDO

MIC

OLIOPC

AST

PERI

ENDO

MIC

OLIOPC

AST

PERI

ENDO

MIC

OLIOPC

AST

PERI

ENDO

MIC

OLIOPC

AST

PERI

ENDO

MIC

Inhibitory neuron

Excitatory neuron

Non-neuron

Inhibitory neuron

Excitatory neuron

Non-neuron

Inhibitory neuron

Excitatory neuron

Non-neuron

Inhibitory neuron

Excitatory neuron

Non-neuron

OLIOPC

AST

PERI

ENDO

MIC

OLIOPC

AST

PERI

ENDO

MIC

OLIOPC

AST

PERI

ENDO

MIC

Inhibitory neuron

Excitatory neuron

Non-neuron

OLIOPC

AST

PERI

ENDO

MIC

Inhibitory neuron

Excitatory neuron

Non-neuron

OLIOPC

AST

PERI

ENDO

MIC

Inhibitory neuron

Excitatory neuron

Non-neuron

OLIOPC

AST

PERI

ENDO

MIC

Inhibitory neuron

Excitatory neuron

Non-neuron

OLIOPC

AST

PERI

ENDO

MIC

Inhibitory neuron

Excitatory neuron

Non-neuron

OLIOPC

AST

PERI

ENDO

MIC

Inhibitory neuron

Excitatory neuron

Non-neuron

OLIOPC

AST

PERI

ENDO

MIC

Inhibitory neuron

Excitatory neuron

Non-neuron

OLIOPC

AST

PERI

ENDO

MIC

Inhibitory neuron

Excitatory neuron

Non-neuron

OLIOPC

AST

PERI

ENDO

MIC

Inhibitory neuron

Excitatory neuron

Non-neuron

OLIOPC

AST

PERI

ENDO

MIC



Supplementary Fig. 4 Congruent cell type identifications in snRNA-seq cells and snA-
TAC-seq cells. a Expression levels of cell type-specific marker genes in snRNA-seq cells 
visualized by UMAP. b Gene activity score of cell type-specific marker genes in snATAC-seq 
cells visualized by UMAP.
Source data are provided as a Source Data file.
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Supplementary Fig. 5 Chromatin accessibility and gene expression of excitatory neu-
rons subtypes.a Dot plots showing expression of marker genes across macaque excitatory 
neuron subtypes of snRNA-seq. b Heatmap showing the differentially accessible peaks 
enriched across macaque excitatory neuron subtypes of snATAC-seq. c Heatmap showing 
the top 15 transcription factor (TF) binding motifs enriched at each snATAC-seq cell type of 
Fig. 1g. d Heatmap showing the transcription factors (TF) that binding motifs (left) and differ-
ential gene expression (right) are enriched in corresponding subtypes of excitatory neuron.
Source data are provided as a Source Data file.
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Supplementary Fig. 6 Areal differences within excitatory neurons. a Gene ontology 
terms enriched among differentially expressed genes in PFC, M1 and V1 of excitatory 
neuron subtypes. A one-sided hypergeometric test and Bonferroni correction was performed 
for gene set overlap significance. b Gene ontology terms enriched among differentially 
expressed genes in PFC, M1 and V1 of inhibitory neuron subtypes. A one-sided hypergeo-
metric test and Bonferroni correction was performed for gene set overlap significance.
c Gene ontology terms enriched among differentially expressed genes in PFC, M1 and V1 of 
non-neuronal cell types. A one-sided hypergeometric test and Bonferroni correction was 
performed for gene set overlap significance. d Histogram of areal DEGs appeared in one 
through nine EX subtypes. e Dot plots of selected differentially expressed genes in PFC, M1 
and V1 of excitatory neuron subtypes.
Source data are provided as a Source Data file.



AST

P = 7.68 × 10-68

DEG

cCRE-linked gene

23294 4060

P = 9.58 × 10-17 P = 7.68 × 10-23 P = 2.93 × 10-42

DEG

cCRE-linked gene

DEG

cCRE-linked gene

DEG

cCRE-linked gene

ENDO

12221 8692

OPC

12066 4870

OLI

91 3533151

MIC

P = 2.55 × 10-50

DEG

cCRE-linked gene

20724 7031

P = 3.76 × 10-26 P = 3.41 × 10-17 P = 2.80 × 10-14

DEG

cCRE-linked gene

DEG

cCRE-linked gene

DEG

cCRE-linked gene

PERI

21042 8472

SST

31108 7056

VIP

85 600136

LAMP5

P = 4.70 × 10-24

DEG

cCRE-linked gene

51168 7100

P = 4.44 × 10-30 P = 2.25 × 10-18 P = 4.17 × 10-51

DEG

cCRE-linked gene

DEG

cCRE-linked gene

DEG

cCRE-linked gene

PVALB

14645 5923

RELN

11436 6762

L2/3 IT

32 4851154

L4/5 IT

P = 2.08 × 10-44

DEG

cCRE-linked gene

13113 5825

P = 4.61 × 10-44 P = 4.74 × 10-7 P = 1.55 × 10-38

DEG

cCRE-linked gene

DEG

cCRE-linked gene

DEG

cCRE-linked gene

L5/6 IT Car3

17945 5655

L5/6 NP

16155 9634

L5 ET

17 6873149

L5 IT

P = 8.23 × 10-20

DEG

cCRE-linked gene

7338 4087

P = 5.70 × 10-29 P = 3.12 × 10-21

DEG

cCRE-linked gene

DEG

cCRE-linked gene

L6 CT

14119 7610

L6 IT

6710 5786

Supplementary Fig.7

Supplementary Fig. 7 Linking cis-regulatory elements to cell type specific genes. 
Venn diagrams showing the overlaps between CRE-targeted genes and differentially 
expressed genes (DEGs) in that cell type/subtype. A one-sided hypergeometric test was 
performed for gene set overlap significance.
Source data are provided as a Source Data file.
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Supplementary Fig. 8 Regulatory network of region-specific genes. a TF regulatory 
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Source data are provided as a Source Data file.
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Supplementary Fig. 10. Gradient gene expression pattern of excitatory neurons.
a Gradient genes expression patterns across L2/3 IT, L4/5 IT, L5 IT and L6 IT by Mfuzz in 
PFC, M1 and V1 (probability of genes matching the pattern > 0.5). b Heatmap showing the 
genes from a) and filtered by maximum expression > 1. c Gene ontology terms enriched 
among genes with distinct expression pattern between PFC, M1 and V1. d Gradient gene 
expression patterns across PFC, M1 and V1 by Mfuzz in excitatory neuron subtypes (proba-
bility of genes matching the pattern > 0.5). e Heatmap showing the genes from d) and filtered 
by maximum expression > 1. f Gene ontology terms enriched among genes in pattern 1 of 
L2/3 IT, L5 IT and L6 IT types. A one-sided hypergeometric test and Bonferroni correction 
was performed for gene set overlap significance.
Source data are provided as a Source Data file.
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Supplementary Fig.11

Supplementary Fig. 11. Detected gene number and UMI counts of Stereo-seq sections. 
Spatial distribution of detected genes number and UMI counts per 37.5 μm bin in Stereo-seq 
sections from PFC, M1 and V1. Section numbers used for representative micrographs in 
Figure 4 and Supplementary Figure 12 were red color coded.
Source data are provided as a Source Data file.
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Supplementary Fig. 12. Unsupervised clustering and cell type annotation of Ste-
reo-seq sections. a Nissl staining of adjacent section to stereo-seq section and unsuper-
vised clustering of Stereo-seq spots (37.5 μm bins) of PFC, M1 and V1. b Nissl staining of 
adjacent section to stereo-seq section of PFC (top left) or M1 (bottom left), cell type annota-
tion of stereo-seq spots (37.5 μm bins) by snRNA-seq data (middle), and layer enrichment of 
known layer-marker genes in the same stereo-seq section (right). Experiments have been 
performed independently in 3 slices for PFC, 4 slices for M1 and 2 slices for V1.
Source data are provided as a Source Data file.
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Supplementary Fig. 13. Gradient expressed genes in excitatory neuron of Stereo-seq 
sections.
Genes showed congruent gradient expression pattern between PFC, M1 and V1 of snR-
NA-seq cells also exert consensus expression pattern in PFC, M1 and V1 of Stereo-seq. a-e 
corresponding to pattern 1-5 in Supplementary Fig. 9a,b. The grey shaded error bands in a-e 
shows the mean ± S.E.M. 
Source data are provided as a Source Data file.
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Supplementary Fig. 14 Well-concordance gene expression-gene activity score pairs 
along macaque OLI lineage trajectory. a Well-concordance gene expression (left)-gene 
activity scores (middle) pairs and ontologies terms (right) along macaque OLI pseudotime 
trajectory (Two-sided Pearson correlation coefficient R > 0.2, P < 0.01). b Well-concordance 
gene expression (left)-gene activity score (right) pairs of genes involved in Wnt signaling 
pathway along macaque OLI pseudotime trajectory.
Source data are provided as a Source Data file.
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Supplementary Fig. 15 TF motif enrichment along macaque OLI lineage trajectory.
Heatmap ordering of average TF binding motif bias-corrected deviations for 129 most vari-
able TFs along macaque OLI pseudotime.
Source data are provided as a Source Data file.



Supplementary Fig.16
H

O
XD

8

TF motif
OLI up-regulated

OLI

OPC
TF motif

OPC up-regulated

SN
AI

2
SO

X1
2

SO
X9

AS
C

L1
M

YO
D

1
M

YO
G

N
H

LH
2

OPC OLI

OPC OLI

−10

0

10

20

−10

0

10

−5

0

5

10

−10

−5

0

5

10

−5

0

5

−5

0

5

10

−5

0

5

−5

0

5

a b

TF motif up-regulated in OLI
TF motif up-regulated in OPC
TF
DEGs up-regulated in OLI

Promoter link
CRE link

DEGs up-regulated in OPC

POLR2F

MEF2A

NFIC

MICAL3

NFASC

ASCL1

SOX9
RICTOR

MBP

ARID1A

SNAI2

MYOD1

SPOCK3

HOXD8

PITX2

MYOG

PIP4K2A

DEPTOR

NHLH1

BIN1

OPALIN

PTGDS

PREX1

SNAI2

PTPRN2 TLN2

XYLT1

FER

HOXD8

AGFG1

KLF15

SULF2

ZC3H7A

UNC80

MMD2

SUSD5

INTS10

PITX2

TNK2

CACNG4

KAZN

ZBTB7A

MYOD1

RGCC

ASCL1

HNF4G

EYA1

SPIDR

MEF2A

MEGF11

USP24

NFIC

SOX9

NHLH1

NT5E

MYOG

Supplementary Fig. 16 TF regulatory networks of OPC and OLI. a Violin plots of motif 
enrichment of selected TFs that had significant upregulated in snATAC-seq cells of OPC 
(top) and OLI (bottom). b TF regulatory networks of OPC (top) and OLI (bottom) showing the 
predicted candidate target genes for transcription factors in a).
Source data are provided as a Source Data file.
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Supplementary Fig. 17 Well-concordance gene expression-gene activity score pairs 
along human OLI lineage trajectory. a Well-concordance gene expression (left)-gene activ-
ity scores (middle) pairs and ontologies terms (right) along human OLI5 pseudotime trajectory 
(Two-sided Pearson correlation coefficient R > 0.2, P < 0.01). b Gene expression (left), gene 
activity score (middle) and motif enrichment (right) of 5 TFs across human OLI5 pseudotime 
trajectory.
Source data are provided as a Source Data file.
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Supplementary Fig. 18 Cell type enrichment of heritability in macaque and human 
cortex.
Heatmap showing the enrichments of heritability for human traits among the neuronal and 
non-neuronal cell types from snATAC-seq data of macaque and human5 prefrontal cortex. P 
values were derived from LDSC enrichment tests. AD, Alzheimer’s disease; ADHD, attention 
deficit hyperactivity disorder; ASD, autism spectrum disorder; BD, bipolar disorder; ALS, 
amyotrophic lateral sclerosis; MDD, major depression disorders; SCZ, schizophrenia, T2D, 
type 2 diabetes.
Source data are provided as a Source Data file.
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