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Emerging spatial technologies, including spatial transcriptomics and spatial
epigenomics, are becoming powerful tools for profiling of cellular states in the tissue
context' . However, current methods capture only one layer of omics informationata
time, precluding the possibility of examining the mechanistic relationship across the
central dogma of molecular biology. Here, we present two technologies for spatially
resolved, genome-wide, joint profiling of the epigenome and transcriptome by
cosequencing chromatin accessibility and gene expression, or histone modifications
(H3K27me3, H3K27ac or H3K4me3) and gene expression on the same tissue section at
near-single-cell resolution. These were applied to embryonic and juvenile mouse brain,
as wellas adult human brain, to map how epigenetic mechanisms control transcriptional
phenotype and cell dynamicsin tissue. Although highly concordant tissue features were
identified by either spatial epigenome or spatial transcriptome we also observed distinct
patterns, suggesting their differential roles in defining cell states. Linking epigenome to
transcriptome pixel by pixel allows the uncovering of new insights in spatial epigenetic
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priming, differentiation and gene regulation within the tissue architecture. These
technologies are of great interest in life science and biomedical research.

Single-cell multiomics allows uncovering of the mechanisms of gene
regulationacross different omics layers®® but lacks spatial information,
which is crucial to understanding cellular function in tissue. Spatial
epigenomics, transcriptomics and proteomics emerged recently'®
but most of these can capture only one layer of the omicsinformation.
Although computational methods can integrate data from multiple
omics'®, they cannot readily uncover the mechanistic links between
different omics layers. Previously we developed deterministic bar-
coding in tissue for spatial omics sequencing for spatially resolved
comeasurement of the transcriptome and a panel of proteins’, and
recently it was also realized in the 10X Visium platform™. Herein,
to further investigate the epigenetic mechanisms underlying gene
expression regulation, we developed spatially resolved, genome-wide
comapping of the epigenome and transcriptome by simultaneous
profiling of chromatin accessibility and messenger RNA expression
(spatial assay for transposase-accessible chromatin and RNA using
sequencing (spatial ATAC-RNA-seq)), or histone modifications and

mRNA expression (spatial assay of cleavage under targets and tagmen-
tationand RNA using sequencing (spatial CUT&Tag-RNA-seq); applied
to H3K27me3, H3K27ac or H3K4me3 histone modifications) on the
same tissue section at the cellular level via deterministic cobarcoding,
to integrate the chemistry of spatial-ATAC-seq? or spatial-CUT&Tag?
with that for spatial transcriptomics. We applied these techniques
to embryonic and juvenile mouse brain, as well as adult human brain
hippocampus, to dissect epigenetic and transcriptional states and
their role in the regulation of cell types dynamics in tissue. This work
opens new frontiers in spatial omics and may provide unprecedented
opportunities to biological and biomedical research.

Technology workflow and data quality

Spatial ATAC-RNA-seq is shown schematically in Fig. 1aand Extended
Data Fig. 1a-c. A frozen tissue section was fixed with formaldehyde
and treated with TnS5 transposition complex preloaded with a DNA
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Fig.1|Design and evaluation of spatial epigenome-transcriptome
cosequencing withE13 mouse embryo. a, Schematic workflow. b, Comparison
of number of unique fragments and fraction of reads in peaks (FRiP) in spatial
ATAC-RNA-seq and spatial CUT&Tag-RNA-seq. ¢, Geneand UMI count
distributionin spatial ATAC-RNA-seq and spatial CUT&Tag-RNA-seq. Number
of pixelsinE13,2,187; in human brain, 2,500; in mouse brain (ATAC), 9,215; in
mouse brain (H3K27me3), 9,752; in mouse brain (H3K27ac), 9,370; in mouse
brain (H3K4me3), 9,548. Box plots show the median (centre line), the first and
third quartiles (box limits) and 1.5x interquartile range (whiskers). d, Spatial

adaptor containing a universal ligation linker that can be inserted
into transposase-accessible genomic DNA loci. The same tissue sec-
tion was then incubated with a biotinylated DNA adaptor containing
a universal ligation linker and a poly-T sequence that binds to the
poly-A trail of mRNAs to initiate reverse transcription (RT) in tissue.
Amicrofluidicchannel array chip was then placed on the tissue section
tointroduce spatial barcodes Ai (i = 1-50 or 100) that were covalently
conjugated to the universal ligation linker via templated ligation. Next,
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spatial level. g, Heatmaps delineating gene expression and GAS for marker
genes. h, Dynamic changesin GAS and gene expression across pseudotime.

another microchip with microchannels perpendicular to the first flow
direction was used to introduce spatial barcodes Bj (j =1-50 or 100)
that were then ligated to barcodes Ai (i =1-50 or 100), resulting in a
two-dimensional grid of spatially barcoded tissue pixels, each defined
by the unique combination of barcodes Aiand Bj (i=1-50 or 100, j = 1-50
or100; barcoded pixels, n=2,500 or10,000). Finally, barcoded comple-
mentary DNA and genomic DNA fragments were released after reverse
crosslinking. cDNAs were enriched with streptavidin beads and gDNA



fragments were retained in the supernatant. The libraries of gDNA
and cDNA were constructed separately for next-generation sequenc-
ing (NGS). Spatial CUT&Tag-RNA-seq was performed by applying an
antibody against aspecific histone modification (H3K27me3, H3K27ac
or H3K4me3) to the tissue section and then using a protein A-tethered
Tn5-DNA complex to perform CUT&Tag. The remaining steps were
similar to those for spatial ATAC-RNA-seq (Fig. 1a and Extended Data
Fig.1a,d,e), butresulted in spatial co-profiling of genome-wide histone
modification occupancy and transcriptome.

We performed spatial ATAC-RNA-seq experiments on embryonic
day 13 (E13) mouse embryo (pixel size, 50 pum), mouse postnatal
day 21/22 (P21/22) brains (pixel size, 20 pm) and adult human brain
hippocampus tissue (pixel size, 50 pm). For the 50-pum pixel size we
obtained an average of 25 cells for E10 mouse embryo' and between one
and nine cells for human hippocampus?. Most 20-pum pixels contained
one to three cells per pixel in juvenile mouse brain (Supplementary
Fig. 1b). Using a100 x 100 barcode scheme, the mapping area covers
nearly the entire hemisphere of a P22 mouse brain coronal section.
From this sample we obtained a median of 14,284 unique fragments
per pixel, of which 19% were enriched in the transcription start site
regions and 26% located in peaks (Fig. 1b and Supplementary Figs. 1a
and 2a). For the RNA portion a total of 22,914 genes were detected,
withanaverage of1,073 genes and 2,358 unique molecularidentifiers
(UMIs) per pixel (spatial ATAC-RNA-seq) (Fig.1c). We performed spatial
CUT&Tag-RNA-seq for H3K27me3, H3K27ac and H3K4me3 on mouse
P21/22 brains (pixel size, 20 pm). With the 100 x 100 barcode device we
obtained amedian of 10,644 (H3K27me3),10,002 (H3K27ac) and 2,507
(H3K4me3) unique fragments per pixel, of which 12% (H3K27me3),17%
(H3K27ac) and 67% (H3K4me3) overlapped with transcription start
siteregions and 12% (H3K27me3), 21% (H3K27ac) and 54% (H3K4me3)
werelocated in peaks, respectively (Fig.1b and Supplementary Figs. 1a
and 2a). For the RNA data, 25,881 (H3K27me3), 23,415 (H3K27ac) and
22,731 (H3K4me3) genes were detected with an average of 2,011
(H3K27me3), 1,513 (H3K27ac) and 1,329 (H3K4me3) genes per pixel
(4,734 (H3K27me3), 3,580 (H3K27ac) and 2,885 (H3K4me3) UMIs per
pixel, respectively (Fig. 1c)). Assessment of data quality for mouse
embryo, P21 mouse brain and human brain samples with 50 x 50 bar-
codesisalsoincludedinFig.1b,c, Supplementary Figs.1aand 2a-cand
Supplementary Tables 2 and 3.

Moreover, the insert size distributions of chromatin accessibility
(spatial ATAC-RNA-seq) and histone modification (spatial CUT&Tag-
RNA-seq, H3K27me3, H3K27ac or H3K4me3) fragments were consistent
with the captured nucleosomal fragmentsinall tissues (Supplementary
Fig.1c,d). Correlation analysis between replicates showed high repro-
ducibility (r=0.98 for ATAC, r = 0.98 for RNA in spatial ATAC-RNA-seq,
r=0.96 for CUT&Tag (H3K27ac), r= 0.89 for RNA in spatial CUT&Tag-
RNA-seq; r denotes Pearson correlation coefficient; Supplementary
Fig.2d,e). Tissue type, preparation and quality can all influence ana-
lytical metrics (Methods).

Spatial comapping of mouse embryo

Spatial ATAC-RNA-seq on E13 mouse embryo identified eight major
ATAC clusters and 14 RNA clusters, suggesting that, at this stage of
development, chromatin accessibility may not allow discrimination
ofall celltypes defined by transcriptional profiles. Spatial distribution
of these clusters agrees with tissue histology (see haematoxylin and
eosin staining of an adjacent tissue section in Fig. 1d and Extended
Data Fig. 2a). In the ATAC data, cluster A3 represents the embryonic
eye field with open chromatin accessibility at the loci of genes includ-
ing Six6 (Fig. 1d (left) and Fig. 1e). Clusters A4-AS5 are associated with
several developing internal organs. Clusters A6-A7 cover the central
nervous system (CNS). To benchmark the ATAC result, we aggregated
the chromatin accessibility profilesin pixels within specific organs and
compared these with organ-specific ENCODE E13.5 ATAC-seq reference

data (Supplementary Fig.3b). Additionally, the peaks obtained from our
spatial ATAC data are also consistent with the ENCODE reference (Sup-
plementary Fig. 3c). We integrated spatial ATAC data with single-cell
RNA-seq”datafor cell type assignment in each cluster (Extended Data
Fig.2c,d). Asexpected, radial glia (neural stem/progenitor cells) were
observed predominantly in the ventricular layer, and differentiated cell
types such as postmitotic premature neurons and inhibitory interneu-
rons were enriched inthose regions distant from the ventricular layer
(Extended Data Fig. 2d).

Cell type-specific marker genes were identified for individual clus-
ters, and their expression was inferred from chromatin accessibility
(Fig. 1e and Extended Data Fig. 2b,e) and predicted by gene activity
score (GAS™; Methods). Sox2, which is involved in the development
of nervous tissue and optic nerve formation'*', showed high chro-
matin accessibility in the embryonic eye field and in the ventricular
layer containing neural stem/progenitor cells. Pax6 exhibited a similar
spatial pattern of chromatin accessibility. Myt1l, whichencodes myelin
transcription factor 1-like protein, presented a higher ATAC signal in
the embryonicbrain and neural tube®. Six6, akey gene involved in eye
development”, showed highest GAS in the eye region. Nrxn2, which
encodes Neurexin 2, a key gene in the vertebrate nervous system’s,
was extensively accessible in most neural cell regions. Accessibility at
Rbfox3, which encodes RNA binding protein fox-1 homolog 3 (a splic-
ing factor known as NeuN)", was observed in neurons® whereas Sox1
and Sox2presented enriched chromatin accessibility in the ventricular
layer (Fig. 1e and Extended Data Fig. 2b). Cell type-specific enrichment
oftranscriptionfactor (TF) regulators was also examined using Chrom-
VAR analysis of deviation in TF motifs (Sox2and Nfix), and identified
the positive TF regulators (Extended Data Fig. 2g,h). We observed that
the Sox2motif was enriched in cluster A7, consistent withits functionin
embryonicbrain development®. GREAT analysis* further verified the
strong concordance between gene regulatory pathways and anatomical
annotation (Extended DataFig. 2i,j).

For the RNA spatial data, 14 distinct clusters were identified and
characterized by specific marker genes (Fig.1d (middle) and Extended
Data Fig. 2f). For example, cluster R10 (Six6) was correlated with the
embryonic eye, clusters R2, R6 and R8 were related to the CNS and
cluster R7 was associated with the formation of cartilage. To evaluate
data quality we performed correlation analysis with organ-specific
ENCODE E13.5 RNA-seq reference data, which showed high concord-
ance (Supplementary Fig. 3a). Cell type-specific marker genes were
alsoidentified for individual RNA clusters—for example, Mapt (R2) may
function in establishing and maintaining neuronal polarity?. EphaS
(R6) isinvolved in axon guidance, whereas SlcIa3 (R8) is involved in
regulation of excitatory neurotransmission in the CNS'. Myh3 (R3) is
associated with muscle contraction®. Col2al (R7), which shows spe-
cificexpressionin cartilaginous tissues, has an essential role in normal
embryonic skeleton development®®. Pathway analysis® results agree
with anatomical annotation (Supplementary Fig. 4a).

Integration of spatial RNA data with scRNA-seq mouse organogen-
esis data' was performed to determine cell identities in each pixel
(Extended Data Fig. 2c,d). We observed that radial glia, postmitotic
premature neurons and inhibitory interneurons (clustersR8, R6 and R2)
were presentin the same major clusters as shown in the ATAC analysis
(clusters A7 and A6), which verified the use of multiple omics infor-
mation for more robust cell type identification. We attempted joint
clustering of spatial ATAC and RNA data to refine the spatial patterns.
Anew neuronal cluster (J10) was identified in the joint clustering analy-
sis, which was not readily resolved by single modalities alone (Fig. 1d,
right). This result highlights the value of using joint multiomics profiles
to improve spatial cell type mapping®.

Co-profiling of the epigenome and transcriptome facilitates inves-
tigation of the correlation between accessible peaks and expressed
genes pixel by pixelin the tissue context. We observed distinct signals
at predicted enhancers for some genes (Sox2, Pax6 and SoxI) (Extended
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Data Fig. 2e and Supplementary Fig. 4b). For example, enhancers for
Sox2and Pax6 had higher chromatin accessibility in clusters A7 and A3,
respectively, suggesting theirrolesin these tissue regionsin the regula-
tion of Sox2 and Pax6 expression. Although spatial RNA distribution
of these genes corresponded with their chromatin accessibility, the
expression level may differ significantly from the degree of accessibil-
ity (Fig.1le and Extended Data Fig. 2b). Some marker genes (Pax6, Sox2
and Myt1l) were highly accessible in some regions of the embryonic
brainbutshowed modest or low RNA expression (Fig.1e and Extended
DataFig. 2b), which may indicate lineage priming'®” of these genesin
embryonic brain development. Despite a strong correlation between
replicates (Supplementary Fig. 2d), this observation could be due in
part to the sequencing depth and RNA detection sensitivity. Never-
theless, these results still highlight the potential to link genome-wide
epigenetic regulation to transcription in the spatial tissue context.

Toinvestigate the spatiotemporal relationship between chromatin
accessibility and gene expressioninembryonic development, we ana-
lysed the differentiation trajectory from radial glia to various types
of neurons such as postmitotic premature neurons®. Pseudotime
analysis® was conducted under the ATAC pseudotime coordinate
system, and developmental trajectories were directly visualized in
the spatial tissue map (Fig. 1f). Chromatin accessibility GAS and gene
expressionalongthistrajectory showed dynamic changesin selected
marker genes (Fig. 1g,h). As expected, the expression levels of Sox2,
Paxé6 and other genes involved in progenitor maintenance and prolif-
eration (Gene Ontology (GO) Fabp7 to Pax6 in Extended Data Fig. 3a)
were downregulated during the transition to postmitotic neurons. The
loss of chromatin accessibility at the Paxé6 and radial gliamarker Fabp7
locipreceded downregulation of the corresponding RNAs (Fig.1h).In
turn, genes involved in neuronal identity, axonogenesis and synapse
organization (GO MytIlto Dnm3in Extended Data Fig.3a), such as Dcx
and Tubb3, showed increased expression in spatial pseudotime but
chromatin accessibility at their loci was already elevated at earlier
stages, suggesting lineage priming of these genes in expression'®?. We
alsofound a cohort of genes whose expressionrapidly declined during
spatial pseudotime but whose chromatin accessibility was maintained
throughout pseudotime or declined only at very late stages. Many
of these genes, such as Ptprz1, Bcan and Luzp2, are characteristic of
oligodendrocyte precursor cells, and the corresponding GO biologi-
cal processes are negative regulation of myelination and regulation
of gliogenesis (GO Cp to Sparcllin Extended Data Fig. 3a), suggesting
that the neuronal lineage might retain the potential to acquire an oli-
godendrocyte identity even when it has already migrated away from
the ventricular zone in the embryonic brain. Monocle2 pseudotime
analysis showed a bifurcationin chromatinaccessibility but notin RNA
expression; one pathled toregions close to the ventricular zone (green
pixels, Extended Data Fig. 3d,e) and the other terminated in regions
distal to the ventricular zone (blue pixels). In contrast to the green
path, the blue path presented an increase in chromatin accessibility
forgenesinvolvedin axonogenesis and dendrite formation (Extended
DataFig.3e (red box), 3f), suggesting that the chromatin state of neural
cells distal to the ventricle corresponds to a more differentiated neu-
ronal state. Thus, our spatial ATAC-RNA-seq can be used to decipher
the gene regulation mechanism and spatiotemporal dynamics during
tissue development.

Spatial ATAC-RNA-seq of mouse brain

We developed a microchip with100 serpentine microchannels to bar-
code 100 x 100 or, in total, 10,000 pixels per tissue section and up to
five samples per chip (Fig. 2a, 20-pum pixel size). This was applied to
P22 mouse brain coronal sections (at bregma 1) for joint profiling of
chromatin accessibility with transcriptome. In contrast to E13 mouse
embryonicbrain, we found a higher number of ATAC clusters (14) com-
pared with RNA clusters (11), indicating terminal differentiation of most
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major cell types in the juvenile brain relative to thatin embryo, which
consists of many undifferentiated or multipotent cell states. Spatial
distribution of clusters agreed with the anatomical annotation defined
by Nissl staining, reflecting arealization of the juvenile brain (Fig. 2b).
Moreover, spatial clusters between ATAC and RNA showed concordance
in cluster assignment (Supplementary Fig. 5a). Chromatin accessibility
of marker genesidentified major regions such as striatum (PdeI0Oa and
Adcy5, markers of medium spiny neurons, cluster Al), corpus callosum
(S0x10,Mbp and Tspan2, markers of oligodendroglia, cluster A3), cortex
(Mef2c, Neurod6 and Nrnl, clusters AO and A4, markers of excitatory
neurons; Cux2, cluster A4) and lateral ventricle (DIx1, Pax6, Notchl
and Sox2, markers of ependymal/neural progenitor cells, cluster A11)
(Fig.2e and Extended DataFig.4a,b). GREAT analysis confirmed that the
major pathways correlated with tissue functionsin different anatomical
regions (Supplementary Fig. 5b,c). Spatial RNA clusters also showed
region-specific gene expression such as striatum (PdelOa, cluster R2,
medium spiny neurons), corpus callosum (Mbp and Tspan2, cluster
R5, oligodendroglia) and cortex (Mef2c, clusters RO and R1, excitatory
neurons) (Fig. 2e and Extended Data Fig. 4a).

Integration of single-cell ATAC-seq mouse brain atlas data® with
spatial ATAC-seq data facilitated identification of all major cell types,
and label transfer was then used to assign cell types to spatial locations
where the epigenetic state may control specific cell type formation
(Fig.2cand Extended DataFig. 4c). For example, we observed immature
oligodendrocytes and oligodendrocytesin cluster A3 corresponding to
corpus callosum. A thin layer of radial glia-like cells was found in the lat-
eralventricle, medium spiny neurons (DIMSN and D2MSN) in striatum
and inhibitory neurons in the lateral septal nucleus®® (Extended Data
Fig.4c)based on chromatin accessibility. Furthermore, the subclasses
of excitatory neurons in different layers of cortex (ITL23GL, Cortex
L2/3;ITL4GL, Cortex L4; ITL5GL, Cortex L5; PTGL, Cortex PT; NPGL,
Cortex NP; ITL6GL, Cortex L6; CTGL, Cortex CT; and L6bGL, Cortex
L6b) were clearly identified® (Extended Data Fig. 4¢). Integration of
spatial RNA data and the juvenile CNS scRNA-seq atlas® allowed for
visualization of dominant transcriptional cell types in tissue (Fig. 2d
and Extended DataFig. 4d). We observed a high degree of concordance
in spatial cell type distribution as determined by ATAC versus RNA,
suggesting a general congruence between chromatin accessibility and
transcriptome in defining cell identities in tissue. For instance, neu-
ronalintermediate progenitor cells (SZNBL, included in radial glial-like
cells from scATAC-seq*), mature oligodendrocytes (MOL, included
in oligodendrocytes from scATAC-seq), newly formed oligodendro-
cytes (included inimmature oligodendrocytes from scATAC-seq) and
medium spiny neurons (MSN) shown by the RNA data were enriched
in the same regions as identified by the ATAC data (Extended Data
Fig.4c,d). Furthermore, the detection of athin layer of SZNBL inthe lat-
eral ventricle and vascular leptomeningeal cells (VLMC) in the regions
with preserved meninges demonstrated a high spatial resolution for our
technology inidentifying low-abundance cells, even at near-single-cell
resolution (for VLMC) (Extended Data Fig. 4¢,d).

Joint profiling of ATAC and RNA facilitates inferring the gene reg-
ulatory landscape by searching correlated peak accessibility and
gene expression. We detected 21,417 significant peak-to-gene link-
ages between regulatory elements and target genes (Extended Data
Fig.5c,d). Some potential enhancers with dynamically regulated pro-
moter interactions were found to be enriched in specific clusters such
as DIx1and Sox2 (cluster All), Tspan2 (cluster A3) and AdcyS5 (cluster Al)
(Extended DataFig. 4b), indicating the ability of spatial ATAC-RNA-seq
toidentify the key regulatory regions for target genes. Spatial patterns
of TF motif enrichment (Dnajc21, Paxé, Sox2, Sox4 and Mef2c) provided
further insightsinto the TF regulators® visualized in tissue (Extended
Data Fig. 5a,b). For example, Sox2 was examined simultaneously for
chromatin accessibility, gene expression, putative enhancers and TF
motif enrichment, enabling a more comprehensive understanding of
generegulation dynamics. As observed inthe embryonic mouse brain,
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some marker genes with open chromatin accessibility (Sox10, Sox2,
Neurod6, Pax6 and Notchl) were either not or lowly expressed (Fig. 2e
and Extended Data Fig. 4a). A biological replicate experiment on P21
mouse brain was also performed (Extended Data Fig. 6; 20 um pixel
size, 50 x 50 barcodes). Many of these genes encode for transcription
factors involved in neural development, suggesting the possibility of
epigenetic—but not transcriptional-memory of these genes in brain
development.

Spatial CUT&Tag-RNA-seq of mouse brain

Inadditionto chromatinaccessibility, histone modifications arealso akey
aspect of epigeneticregulation. Spatial CUT&Tag-RNA-seqwas performed
to co-profile transcriptome and H3K27me3 (repressing loci), H3K27ac
(activating promoters and/or enhancers) or H3K4me3 (active promot-
ers) histone modifications, respectively, in P22 mouse brain (20-pm pixel
size, 100 x 100 barcodes). We identified 13 and 15 specific clusters for
H3K27me3 and RNA, 12 and 13 clusters for H3K27ac and RNA and 11 and
12 clusters for H3K4me3 and RNA, respectively (Fig. 3a-c). These clusters
agreed withthe anatomical annotationby Nissl staining and showed good
concordance between CUT&Tag and RNA in spatial patterns (Fig. 3a—c),
whichwas further confirmed by Belayer** analysis (Supplementary Fig. 7c).

Neurodé6 |

d, Integration of RNA data and scRNA-seq data® from mouse brain. e, Spatial
mapping of GAS and gene expression for selected marker genes in different
clusters for ATACand RNA in spatial ATAC-RNA-seq. A list of abbreviation
definitions canbe foundin Supplementary Table1.

For H3K27me3, gene expression was predicted by calculation of chro-
matinsilencing score (CSS>*’; Methods). High CSSindicates repressed
gene expression because of the transcriptional repression function
of H3K27me3. For H3K27ac and H3K4me3, active genes should cor-
respond to high GAS*"® (Methods). Clustering of CSS or GAS based on
different modifications resolved all major tissue regions (Fig. 3a—-c
and Supplementary Fig. 6) and identified region-specific marker gene
modifications. Cux2 showed high GAS in cluster C9 (H3K27ac) and
cluster C6 (H3K4me3), indicating enrichment of excitatory neurons®.
Cux2wasobservedin cortical layers 2/3, corresponding to superficial
layersin the cortex. By contrast, H3K27me3 was depleted at Cux2in the
same region (cluster C3) (Supplementary Fig. 6). GAS of Fezf2 (a marker
gene for cortical layer 5) was high in cluster C8 (H3K27ac) and cluster
C7 (H3K4me3), correspondingto the deeper layer of the cortex. Fezf2
was depleted for H3K27me3 (cluster C1) in this layer. Satb2 showed
the highest activity in clusters C8 and C9 (H3K27ac) and C6 and C7
(H3K4me3), but the lowest CSS in clusters C1 and C3 (H3K27me3) in
the cortical layer. Tspan2 was enriched in cluster C4 (H3K27ac) and
cluster C1 (H3K4me3) but depleted in cluster C5 (H3K27me3) in cor-
pus callosum, associated with oligodendrocyte lineage development
(Supplementary Fig. 6). The corresponding RNA clusters also showed
concordant region-specific signatures (Fig. 3a-cand Supplementary
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Fig.3|Spatial histone modification and transcriptome co-profiling of P22
mousebrain. a-c, Spatial distribution and UMAP of all clusters for H3K27me3
and RNA (a), H3K27ac and RNA (b) and H3K4me3 and RNA (¢) in mouse brain.
Pixel size,20 pm;scalebars,1 mm.d, Integration of H3K27me3 data with
scCUT&Tag (H3K27me3) data®” from mouse brain. e, Integration of H3K27ac

Fig. 6), as exemplified by Cux2in cortical layer 2/3 excitatory neurons
(cluster RS (H3K27me3 paired), cluster RS (H3K27ac paired) and clus-
ter R6 (H3K4me3 paired)), Fezf2in cortical layer 5 excitatory neurons
(cluster R1 (H3K27me3 paired), cluster R1(H3K27ac paired), cluster R1
(H3K4me3 paired)), Tspan2inoligodendrocyte lineage cellsin corpus
callosum (cluster R4 (H3K27me3 paired), cluster R4 (H3K27ac paired)
and cluster R3 (H3K4me3 paired) Supplementary Fig. 6).

Integration and co-embedding of spatial CUT&Tag and scCUT&Tag
data®*¥ (Fig.3d,e and Extended Data Fig. 7a) showed that the epigenetic
states in our data for H3K27me3, H3K27ac and H3K4me3 agreed with
the corresponding projectionin scCUT&Tag. Integration with the cor-
responding juvenile CNS scRNA-seq atlas* allowed for label transfer
to assign transcriptional cell types to the spatial location of epigenetic
identities/states (Extended Data Fig. 7g,h, bottom). For example, we
observed an enrichment of MOL within the corpus callosum, a thin
layer of ependymal cells in the lateral ventricle, excitatory neurons
in cerebral cortex and MSN in the striatum. We also integrated paired
RNA data with the scRNA-seq atlas® to identify dominant transcrip-
tional cell types vialabel transfer (Fig. 3fand Extended Data Fig. 7b-h).
MOL, athinlayer of ependymal cells, MSN and excitatory neurons were
enrichedinthesame spatial regions identified by CUT&Tag (H3K27ac
and H3K4me3) (Extended Data Fig. 7g,h, top). In particular for spatial
H3K27me3, whereasintegration with scCUT&Tag could not clearly show
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datawith scCUT&Tag (H3K27ac) data® from mouse brain. f, Integration of RNA
datainspatial CUT&Tag (H3K27me3)-RNA-seq, spatial CUT&Tag (H3K27ac)-
RNA-seqand spatial CUT&Tag (H3K4me3)-RNA-seqwith scRNA-seq data®
frommousebrain.

theidentity of several clusters in the epigenomic modalities (clusters
CO0, Cland C3), label transfer of scRNA-seq data with paired RNA data
from the same tissue section clearly showed cell identities in these
clusters (Fig. 3a,d and Extended Data Fig. 7f), highlighting the power
of combining CUT&Tag and RNA-seq (spatial CUT&Tag-RNA-seq) in
the same tissue section to more accurately identify cell types or states.
To directly infer interactions between genome-wide gene expression
and the corresponding enhancers across all clusters, we identified a
total 0f 19,468 significant peak-to-gene linkages from spatial CUT&Tag
(H3K27ac)-RNA-seq (Supplementary Fig. 7a,b). Abiological replicate
was also performed on P21 mouse brain (Extended Data Fig. 8; 20-pm
pixel size, 50 x 50 barcodes).

Region-specific gene expression regulation

Tofurther understand the spatial epigenetic regulation of gene expres-
sion at the genome scale, we compared the GAS or CSS obtained from
ATAC and CUT&Tag (H3K27me3, H3K27ac and H3K4me3) with the cor-
responding RNA expression in all major tissue regions of P22 mouse
brain (Fig.4a-cand Supplementary Figs. 9a,10aand 11a). For example,
inoligodendrocyte-abundant corpus callosum we observed a robust
anticorrelation between H3K27me3 and RNA (Fig. 4a). Genes such as
Mal, Mag and Car2withlow CSS and high RNA expression correspond
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Fig.4|Region-specific epigeneticregulation of gene expression.

a-c, Correlation of H3K27me3 CSS and RNA gene expression (a), H3K27ac GAS
and RNA gene expression (b) and H3K4me3 GAS and RNA gene expression (c) in
corpuscallosum.d, Upset plot of H3K27me3 CSS and RNA gene expressionin

to GO biological processes such as myelination and regulation of
oligodendrocyte differentiation (Extended Data Fig. 9a—c and Sup-
plementary Fig. 8; GO for quadrant IV). By contrast, genes such as
Grin2b and Syt with high CSS and low RNA expression are related to
neuronal processes such as synaptic transmission and neurotransmit-
terrelease (Extended DataFig. 9d,e and Supplementary Fig. 8; GO for
quadrantII). These results are in accordance with ATAC/H3K27me3/
H3K27ac Nano-CUT&Tag analysis* of oligodendroglial differentiation
inthejuvenile brain, which showed two waves of H3K27me3 repression
during this process®. We also found a small subset of genes (Fig. 4a
and Supplementary Fig. 8; GO for quadrant I) with higher levels of
both H3K27me3 and RNA in the corpus callosum, such as Ptprz1, a
marker of oligodendrocyte precursor cells®®* (Extended DataFig. 9g),
which mightindicate transcriptional poising of some of these genes.
This could also be due in part to the presence in proximity of both
oligodendrocyte precursor cells (expressing PtprzI) and mature oli-
godendrocytes (Where Ptprz1 is repressed) in the corpus callosum.
We performed a similar correlation analysis for RNA and H3K27me3
in other regions of the juvenile brain, including the striatum and
superficial and deeper cortical layers (Supplementary Figs. 9a,10a
and 11a). We also observed strong anticorrelation with a cohort of
genes involved in neuronal processes being activated or repressed
in a region-specific manner. For instance, in the superficial cortical
layer, genes for GABAergic regulation of synaptic transmission were
enriched in H3K27me3 whereas glutamatergic synapse transmis-
sion genes had high expression and low H3K27me3 (Supplementary
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common RNA marker genes.

Figs. 9b, 10b and 11b; GOs for striatum, superficial and deeper corti-
cal layers). In contrast to corpus callosum, only a limited number
of genes positive for both H3K27me3 and RNA were found in these
regions. Despite a general anticorrelation between RNA expression
and H3K27me3 deposition, we also observed regional differences
(blue-shaded columns in Fig. 4d); Nav3 and Snch, with low levels of
H3K27me3 in both the cortex and striatum, were expressed in the
former but not the latter (Extended Data Fig. 9h). The opposite pat-
ternwas observed for genes such as Ablim2 and Gng7 (Extended Data
Fig.9h). Car2, amarker gene expressed in oligodendrocytes and abun-
dantinthe corpus callosum, presented H3K27me3 occupancy in the
cortical layers, in contrast to the corpus callosum and, surprisingly,
the striatum (Extended Data Fig. 9c). Thus, mechanisms other than
Polycomb-mediated H3K27me3 deposition might be involved in the
transcriptional repression of these genes in different areas of the CNS.

Incontrastto H3K27me3, we observed a robust correlation between
RNA and activating marks H3K4me3 or H3K27ac in the corpus cal-
losum, with genes highly expressed and with high depositionin these
two modalities regulating processesin oligodendroglia (Fig. 4b,c and
Supplementary Fig.12; GO for H3K27ac quadrant land H3K4me3 quad-
rantl). For instance, Mal showed the highest activity or expressionin
the corpus callosum for ATAC, H3K27ac, H3K4me3 and paired RNA
(Extended DataFig. 9a). Gpr88, amarker gene of MSN, was enriched in
striatum for ATAC, H3K27ac and H3K4me3 but with low CSSin striatum
for H3K27me3 (Extended Data Fig. 9f). Furthermore, we examined
collective regulation among different histone modifications in the
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Fig.5|Spatial chromatinaccessibility and transcriptome co-profiling of
human hippocampus. a, Brightfield image, spatial distributionand UMAP of
allclustersbased on ATACand RNA in the human hippocampus. ML, molecular
layer; Pyr, pyramidal neurons. Pixel size, 50 pm, scale bars,1 mm.b, Integration
of our ATAC data with scATAC-seq data*? from human hippocampus.

corpus callosum (Fig. 4e and Supplementary Figs.13 and 14). Ingeneral
H3K4me3 and H3K27ac showed high correlations, with their signals
anticorrelated with H3K27me3 (Fig. 4e). We also observed H3K4me3
or H3K27ac and H3K27me3 co-occupancy in several gene loci in this
tissue region (Fig.4e and Supplementary Figs.13 and 14). These genes
areinvolved in oligodendrocyte differentiation and myelination and
other processes such as protein catabolism and localization (Sup-
plementary Figs. 13 and 14). Some of these genes, such as PtprzI and
Fnbpl, also presented higher levels of H3K27me3 and RNA (Fig. 4a). As
mentioned above, this potential H3K4me3/H3K27me3 bivalency may
reflect transcriptional poising.

Spatial comapping of human brain

We performed spatial ATAC-RNA-seq on adult (31-year-old male) human
brain hippocampal formation, whichisacomplexbrainregioninvolved
in cognitive functions and diseases such as major depression disease*
and Alzheimer’s disease*. We identified seven and eight major clus-
ters for ATAC and RNA, respectively, and the spatial pattern agreed
with major anatomical landmarks (Fig. 5a)?, including specific marker
genes (Fig. 5d). The ATAC cluster A4 represents the granule cell layer
(GCL) (THY1,BCL11B) and cluster A6 corresponds to the choroid plexus
(Fig. 5a,d). TF motifs (VEURODI and SNAII) and their spatial patterns
were visualized in different tissue regions, and positive TF regulators
were identified (Extended Data Fig. 10b,c). For the RNA data, we also
detected distinct clusters with unique marker genes (Fig. 5a,d) such
as PROX1 and BCL11B enriched in cluster R4 (GCL).

We also conducted integration of our ATAC data and scATAC-seq
datafrom human brain samples* (Fig. 5b), and our RNA data with adult
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Spatial ATAC-RNA-seq (RNA)
i

THY1

¢, Integration of our RNA datawith snRNA-seq data from human brain®.

d, Spatial mapping of GAS and gene expression for selected marker genes in
different clusters for ATAC and RNA. Oligo, oligodendrocytes; astro,
astrocytes; DG, dentate gyrus.

human brain snRNA-seq data*?, to show the dominant cell identities
and states. Cell typesidentified by snRNA-seq* were assigned to each
cluster vialabel transfer (Fig. 5c and Extended Data Fig.10a). Granule
cells (GC) were detected in the GCL, cornu ammonis (CA) neurons were
enriched in CA3-4 regions and VLMC were strongly distinguished in
choroid plexus as opposed to other regions.

In general, both ATAC and RNA can readily resolve all major tissue
features in this region, but spatial cosequencing of epigenome and
transcriptome may provide new insights into the dynamic gene regu-
lation mechanism that cannot be realized by single modalities. For
example, PROXI, a signature gene defining granule neuron identity
during pyramidal neuron fate selection*, is indeed highly expressedin
GCL but showed modest chromatin accessibility (Fig. 5d). This might be
attributed to aminimal demand for synthesis of new PROXI transcripts
in postmitotic mature granule cells, andis thus not required to maintain
anactive open chromatin state.

Discussion

Spatial omics technologies (spatial epigenomics, transcriptomics
and proteomics), based on either NGS* **™* or imaging>*®, offer an
unprecedented opportunity to generate new and rich insights into
generegulationinthe spatial tissue context. However, tocomprehen-
sively understand the mechanism of gene regulation, different layers
of omics information need to be profiled simultaneously. This was
first demonstrated in dissociated single cells®® but is yet to be real-
ized directly in tissue. Imaging-based DNA sequential fluorescence
insitu hybridization combined with RNA sequential fluorescence in situ
hybridization detected spatial chromatin and gene expression for



target genes and selected genomicloci®. As of today, current technolo-
gies have not been able to perform unbiased genome-wide comap-
ping of epigenome and transcriptome on the same tissue section at
the cellular level. We developed spatial ATAC-RNA-seq and spatial
CUT&Tag-RNA-seq (applied to H3K27me3, H3K27ac and H3K4me3) for
co-profiling of genome-wide chromatin accessibility or histone modi-
fications in conjunction with whole transcriptome on the same tissue
section at near-single-cell resolution (available for spatial browsing,
see ‘Data availability’). These techniques were applied to comapping
of embryonic and juvenile mouse brain, as well as adult human brain.
Spatial epigenome-transcriptome cosequencing yielded two layers of
spatial omics information directly in tissue, with data quality similar
to that previously obtained by single modalities. These technologies
allow us to examine spatiotemporal dynamics and genome-wide gene
regulation mechanisms in the tissue context.

We have demonstrated either ATAC or CUT&Tagin conjunctionwith
RNA for spatial multiomics mapping. It might be possible to combine
allthree—chromatin accessibility, histone modifications and transcrip-
tome—to delineate amore comprehensive landscape of gene regulation
networkintissue. It might be also possible to simultaneously measure
multiple histone modifications to assess the multivalency effect on
spatial gene expression regulation. Previously we demonstrated spatial
profiling of transcriptome and a large panel of proteins’. We envision
thatitis possible and highly valuable to further combine epigenome,
transcriptome and proteome®® to dissect spatial patterns of cell type,
state and gene regulation. Finally, spatial multiomics as reported
herein may find widespread applications beyond neuroscience and
developmental biology. For example, multiple modalities for spatial
mapping of human disease tissues not only cross-validate one another
butalso better elucidate the mechanisms driving abnormal cell states
that could not be readily discerned using single-modality methods.
In addition, spatial information may further show how the local tis-
sue environment affects cell state, dynamics and function across all
layers of the central dogma. In this work, we developed a device with
alarger mapping area and higher throughput that allows the map-
ping of a fourfold larger tissue area, using 100 x 100 barcodes (total
10,000 pixels, 20-pum pixel size) to cover almost the entire hemisphere
ofajuvenile P22 mouse brain coronal section. The serpentine channel
design allows simultaneous processing of five tissue samples, each
mapped for 10,000 pixels. It is feasible to further increase the map-
ping area by increasing the number of barcodes and further enhance
throughput using automated liquid handling.

In summary, spatially resolved, genome-wide cosequencing of epi-
genome and transcriptome at the cellular level represents one of the
most informative tools in spatial biology and can be applied to awide
range of biological and biomedical research.
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Methods

Preparation of tissue slides

Mouse C57 embryo sagittal frozen sections (no. MF-104-13-C57)
were purchased from Zyagen. Freshly harvested E13 mouse embryos
were snap-frozen in optimal cutting temperature compounds and
sectioned at 7-10 pum thickness. Tissue sections were collected on
poly-L-lysine-coated glass slides (Electron Microscopy Sciences, no.
63478-AS).

Juvenile mouse brain tissue (P21-P22) was obtained from the
Sox10:Cre-RCE:LoxP enhanced green fluorescent protein (eGFP) line
ona C57BL/6xCD1 mixed genetic background maintained at Karolinska
Institutet. The line was first generated by crossing Sox10:Cre animals
(The Jackson Laboratory, no. 025807) with RCE:loxP (eGFP) animals
(The Jackson Laboratory, no. 032037-JAX). This was established and
maintained by breeding males lacking the Cre allele with females car-
rying a hemizygous Cre allele; the reporter allele was maintained in
homozygosity or hemizygosity inboth males and females. This resulted
inspecificlabelling of oligodendrocyte lineage with eGFP. Allanimals
were free from mouse bacterial and viral pathogens, ectoparasites and
endoparasites. The following light/dark cycle was maintained for the
mice:dawn, 06:00-07:00; daylight, 07:00-18:00; dusk, 18:00-19:00;
night,19:00-06:00. Mice were housed inindividually ventilated cages
atamaximumnumber of five per cage (IVC sealsafe GM500, tecniplast).
General housing parameters including temperature, ventilation and
relative humidity followed the European Convention for the Protec-
tion of Vertebrate Animals used for experimental and other scientific
purposes. Air quality was controlled using stand-alone air-handling
units equipped with a high-efficiency particulate air filter. Relative
air humidity was consistently 55 + 10%, at atemperature of 22 °C. Hus-
bandry parameters were monitored with ScanClime (Scanbur) units.
The cages contained a card box shelter, gnawing sticks and nesting
material (Scanbur), placed on hardwood bedding (TAPVEI). Mice were
provided with a regular chow diet, and water was supplied by water
bottle and changed weekly. Cages were changed every 2 weeksina
laminar air-flow cabinet.

Mice were sacrificed at P21/P22 (both sexes were used) by anaesthesia
withketamine (120 mg kg body weight) and xylazine (14 mg kg 'body
weight), followed by transcranial perfusion with cold oxygenated arti-
ficial cerebrospinal fluid (87 mM NacCl, 2.5 mMKCl, 1.25 mM NaH,PO,,
26 mM NaHCO;, 75 mM sucrose, 20 mM glucose, 1 mM CaCl,*2H,0
and 2 mM MgS0,*7H,0 in distilled H,0). Following isolation, brains
were maintained for a minimal time period in artificial cerebrospinal
fluid until embedding in Tissue-Tek O.C.T. compound (Sakura) and
snap-freezing using amixture of dry ice and ethanol. Coronal cryosec-
tions of 10 um were mounted on poly-L-lysine-coated glass slides (no.
63478-AS, Electron Microscopy Sciences) or 2 x 3 square inch glass
slides (AtlasXomics).

All experimental procedures were conducted following European
directive no.2010/63/EU, local Swedish directive no.L150/SJVFS/2019:9,
Saknrno. L150 and Karolinska Institutet complementary guidelines for
procurement and use of laboratory animals, no. Dnr.1937/03-640. All
procedures described were approved by the local committee for ethi-
cal experiments on laboratory animals in Sweden (Stockholms Norra
Djurforsoksetiska namnd, nos.1995/2019 and 7029/2020).

Human braintissue was obtained from the brain collection of the New
York State Psychiatric Institute at Columbia University, whichincludes
brainsamples from the Republic of Macedonia. Brain tissue collection
was conducted with New York State Psychiatric Institute Institutional
Review Board approval, and informed consent obtained from next of
kin who agreed to donate the brains and participate in psychological
autopsy interviews.

We analysed brain hippocampus tissue from a31-year-old Caucasian
maleindividual, with no psychiatric or neurological diagnosis, who had
died of atraumatic accident and had a high level of global functioning

before death as measured by global assessment scale™ score, which was
90 (scoring1-100, with 100 the highest function), and with toxicology
negative for psychotropic medications and drugs. Postmortem interval
(time from demise to brain collection) was 6.5 h.

The anterior hippocampal region was dissected froma fresh-frozen
coronal section (20-mm thickness) of the right brain hemisphere. The
dentate gyrus region (around 10 x 10 mm?) of the anterior hippocam-
pal region was selected. Cryosections of 10 pm were collected on
poly-L-lysine-coated glass slides (no. 63478-AS, Electron Microscopy
Sciences). Samples were stored at -80 °C until further use.

Preparation of transposome
Unloaded Tn5 transposase (no. C01070010) and pA-Tn5 (no.
C01070002) were purchased from Diagenode, and the transposome
was assembled following the manufacturer’s guidelines. The oligos
applied for transposome assembly were:

Tn5SME-A, 5-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-3’,

Tn5MEreyv, 5’-/5Phos/CTGTCTCTTATACACATCT-3’ and

Tn5ME-B, 5’-/5Phos/CATCGGCGTACGACTAGATGTGTATAAGAGA
CAG-3

DNA barcode sequences, DNA oligos and other key reagents
DNA oligos used for PCR and library construction are shown in Sup-
plementary Table 4. All DNA barcode sequences are provided in Sup-
plementary Tables 5 and 6 and all other chemicals and reagents in
Supplementary Table 7.

Fabrication of PDMS microfluidic device

Chrome photomasks were purchased from Front Range Photomasks,
with a channel width of either 20 or 50 um. The moulds for polydi-
methylsiloxane (PDMS) microfluidic devices were fabricated using
standard photolithography. The manufacturer’s guidelines were
followed to spin-coat SU-8-negative photoresist (nos. SU-2025 and
SU-2010, Microchem) onto asilicon wafer (no. C04004, WaferPro). The
heights of the features were about 20 and 50 pm for 20- and 50-pm-wide
devices, respectively. PDMS microfluidic devices were fabricated using
the SU-8 moulds. We mixed the curing and base agentsin a1:10 ratio
and poured the mixture into the moulds. After degassing for 30 min the
mixture was cured at 70 °C for 2 h. Solidified PDMS was extracted for
further use. We have published a detailed protocol for the fabrication
and preparation of the PDMS device®.

Spatial ATAC-RNA-seq
Frozentissue slides were thawed for 10 minatroom temperature. Tissue
was fixed with formaldehyde (0.2%, with 0.05 U pl™ RNase Inhibitor)
for 5 min and quenched with 1.25 M glycine for a further 5 min. After
fixation, tissue was washed twice with 1 ml of 0.5x DPBS-RIand cleaned
with deionized (DI) H,O.

Tissue permeabilization was carried out with 200 pl of lysis buffer
(3 mM MgCl,, 0.01% Tween-20, 10 mM Tris-HCI pH 7.4, 0.01% NP40,
10 mM NaCl, 1% bovine serum albumin (BSA), 0.001% digitonin,
0.05U pl™'RNase inhibitor) for 15 min and washed twice with 200 pl
of wash buffer (10 mM Tris-HCI pH 7.4, 10 mM NacCl, 3 mM MgCl,, 1%
BSA, 0.1% Tween-20) for 5 min. Transposition mix (5 pl of home-made
transposome, 33 pl of 1x DPBS, 50 pl of 2x Tagmentation buffer, 1 pl
of 1% digitonin, 1 nl of 10% Tween-20, 0.05 U pl™* RNase Inhibitor, 10 pl
of nuclease-free H,0) was added with incubation at 37 °C for 30 min.
Next, 200 plof 40 mM EDTA with 0.05 U pl™ RNase inhibitor was added
withincubation for 5 minatroom temperature, to stop transposition.
Finally, tissue sections were washed twice with 200 pl of 0.5% PBS-RI
for 5 min and cleaned with DI water.

For RT, the following mixture was used: 12.5 pl of 5x RT buffer, 4.5 pl of
RNase-free water, 0.4 pl of RNase inhibitor, 0.8 pl of Superase InRNase
inhibitor, 3.1 ul of 10 mM deoxynucleotide triphosphate each, 6.2 pl of
Maxima H Minus Reverse Transcriptase, 25 pl of 0.5x PBS-RlIand 10 pl
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of RT primer. Tissues were incubated for 30 min at room temperature,
thenat42°Cfor 90 mininawetbox. After the RT reaction, tissues were
washed with 1x NEBuffer 3.1and 1% RNase inhibitor for 5 min.

For first barcode (barcode A) in situ ligation, the first PDMS chip
was covered to the tissue region of interest. For alignment purposes,
al0x objective (Thermo Fisher Scientific, EVOS FL Auto microscope
no.AMF7000, EVOS FL Auto 2 Software Revision 2.0.2094.0) was used
to take a brightfield image. The PDMS device and tissue slide were
clamped tightly with ahome-made acrylic clamp. Barcode A was first
annealed with ligation linker 1,10 pl of 100 pM ligation linker, 10 pl of
100 pM each barcode A and 20 pl of 2x annealing buffer (20 mM Tris
pH 7.5-8.0,100 mM NaCl, 2 mM EDTA) and mixed well. For each chan-
nel, 5 pl of ligation master mixture was prepared with 2 pl of ligation
mix (27 pl of T4 DNA ligase buffer, 72.4 pul of RNase-free water, 5.4 pl of
5% Triton X-100, 11 pl of T4 DNA ligase), 2 pl of 1x NEBuffer 3.1and 1 pl
of each annealed DNA barcode A (A1-A50/A100, 25 pM). Vacuum was
used toload the ligation master mixture into 50 channels of the device,
followed by incubation at 37 °C for 30 minin awet box. The PDMS chip
and clamp were removed after washing with 1x NEBuffer 3.1for 5 min.
The slide was washed with water and dried in air.

For second barcode (barcode B) in situ ligation, the second PDMS
chip was covered to the slide and a further brightfield image taken
with the 10x objective. An acrylic clamp was applied to clamp the
PDMS and tissue slide together. Annealing of barcodes B (B1-B50/
B100, 25 pM) and preparation of the ligation master mix were carried
out as for barcodes A. The device was incubated at 37 °C for 30 min
in awet box. The PDMS chip and clamp were removed after washing
with1x DPBS with SUPERase In RNase inhibitor for 5 min. The slide was
washed withwater and dried in air. Abrightfield image was then taken
for further alignment.

For tissue lysis, the region of interest was digested with 100 pl of
reverse crosslinking mixture (0.4 mg ml? proteinase K,1mM EDTA,
50 mM Tris-HCI pH 8.0,200 mM NacCl, 1% SDS) at 58 °C for 2 hina wet
box. The lysate was collected in a 1.5 m tube and incubated at 65 °C
overnight.

For DNA and cDNA separation, the lysate was purified with Zymo DNA
Clean & Concentrator-5 and eluted to 100 pl of RNase-free water. The
1x B&W buffer with 0.05% Tween-20 was used to wash 40 pl of Dyna-
beads MyOne Streptavidin C1beads three times. Then, 100 plof 2x B&W
buffer with 2.5 pl of SUPERase In RNase inhibitor was used to resuspend
the beads, whichwere then mixed with the lysate and allowed to bind at
roomtemperature for 1 hwith agitation. Amagnet was used to separate
beads and supernatantin the lysate.

The supernatant was removed for ATAC library construction, then
purified with Zymo DNA Clean & Concentrator-5 and eluted to 20 pl
of RNase-free water. PCR solution (25 pl of 2x NEBNext Master Mix,
2.5 ul of 25 uM indexed i7 primer, 2.5 pl of 25 UM P5 PCR primer) was
added and mixed well. PCR was first performed with the following
programme: 72 °Cfor 5 min, 98 °Cfor30 sand cyclingat 98 °Cfor10ss,
63 °C for 30 s and 72 °C for 1 min, five times. To determine additional
cycles, the pre-amplified mixture (5 pl) was mixed with quantitative
PCR (qPCR) solution (5 pl of 2x NEBNext Master Mix, 0.24 pl of 25x SYBR
Green, 0.5 plof 25 uM new P5 PCR primer, 3.76 pl of nuclease-free H,O,
0.5 plof25 uMindexedi7 primer). The qPCR reaction was then carried
outwith the following programme: 98 °C for 30 s with cycling at 98 °C
for10s, 63 °C for 30 s and 72 °C for 1 min, 20 times. The remaining
pre-amplified DNA (45 pl) was amplified by running additional cycles as
determined by qPCR (toreach one-third of saturated signal). The final
PCR product was purified by 1x Ampure XP beads (45 pl) and eluted in
20 pl of nuclease-free H,0.

Thebeads were used for cDNA library construction. They were first
washed twice with 400 pl of 1x B&W buffer with 0.05% Tween-20 and
once with 10 mM Tris pH 8.0 containing 0.1% Tween-20. Streptavidin
beadswith bound cDNA molecules were resuspendedinaTSO solution
(22 pl of 10 mM deoxynucleotide triphosphate each, 44 pl of 5x Maxima

RTbuffer, 44 pl of 20% Ficoll PM-400 solution, 88 pl of RNase-free water,
5.5 ul of 100 uM template switch primer (AAGCAGTGGTATCAACGCA
GAGTGAATrGrG+G), 11 pl of Maxima H Minus Reverse Transcriptase,
5.5 plof RNase Inhibitor). The beads were incubated at room tempera-
ture for30 minand thenat42 °Cfor 90 min, with gentle shaking. After
washing beads once with400 pl of 10 mM Tris and 0.1% Tween-20 and
once with water, they were resuspended in a PCR solution (110 pl of
2x Kapa HiFiHotStart Master Mix, 8.8 plof 10 uyM primers1and2,92.4 pl
of RNase-free water). PCR thermocycling was carried out using the
following programme: 95 °C for 3 min and cycling at 98 °C for 20's,
65 °C for 45 s and 72 °C for 3 min, five times. After five cycles, beads
were removed from the PCR solution and 25x SYBR Green was added
at 1x concentration. Samples were again placed in a qPCR machine
with the following thermocycling conditions: 95 °C for 3 min, cycling
at98°Cfor20s, 65 °Cfor20sand72 °Cfor3 min, 15 times, followed by
5minat 72 °C. The reaction was removed once the qPCR signal began
to plateau. The PCR product was purified with 0.8x Ampure XP beads
and eluted in 20 pl of nuclease-free H,0.

ANextera XT Library Prep Kit was used for library preparation. Puri-
fied cDNA (1 ng) was diluted in RNase-free water to a total volume of
5ul, then 10 pl of Tagment DNA buffer and 5 pl of Amplicon Tagment
mix were added with incubation at 55 °C for 5 min; 5 pl of NT buffer
was then added, with incubation at room temperature for 5 min. PCR
master solution (15 pl of PCR master mix, 1 pul of 10 uM P5 primer, 1 pl
of 10 pM indexed P7 primer, 8 pl of RNase-free water) was added and
the PCRreaction performed with the following programme: 95 °C for
305, cyclingat95°Cfor10s,55°Cfor30s,72°Cfor30sand72°Cfor
5min, for 12 cycles. The PCR product was purified with 0.7x Ampure
XP beads to obtain the library.

An Agilent Bioanalyzer High Sensitivity Chip was used to determine
size distribution and concentration of the library before sequenc-
ing. NGS was conducted on an Illumina NovaSeq 6000 sequencer
(paired-end, 150-base-pair mode).

Spatial CUT&Tag-RNA-seq
Thefrozentissue slide was thawed for 10 min at room temperature. Tis-
sue was fixed with formaldehyde (0.2%, with 0.05 U pl " RNase inhibitor)
for 5 min and quenched with 1.25 M glycine for a further 5 min. After
fixation, the tissue was washed twice with1 ml of wash buffer (150 mM
NaCl, 20 mM HEPES pH 7.5, one tablet of protease inhibitor cocktail,
0.5 mM Spermidine) and dipped in DI water. The tissue section was
permeabilized with NP40-digitonin wash buffer (0.01% digitonin, 0.01%
NP40 in wash buffer) for 5 min. The primary antibody (1:50 dilution
withantibody buffer (0.001% BSA,2 mM EDTA in NP40-digitonin wash
buffer) was added with incubation at 4 °C overnight. The secondary
antibody (guinea pig anti-rabbit IgG, 1:50 dilution with NP40-digitonin
wash buffer) was added with incubation for 30 min at room tempera-
ture. The tissue was then washed with wash buffer for 5 min. A1:100
dilution of pA-Tn5 adaptor complex in 300-wash buffer (one tablet of
Protease inhibitor cocktail, 300 mM NaCl, 0.5 mM Spermidine, 20 mM
HEPES pH 7.5) was added withincubationat room temperaturefor1h,
followed by a 5 min wash with 300-wash buffer. Tagmentation buffer
(10 mM MgCl, in 300-wash buffer) was added with incuation at 37 °C
for1h. Next, 40 mM EDTA with 0.05 U pl™ RNase inhibitor was added
withincubationat room temperature for 5 min to stop tagmentation.
Tissue was washed twice with 0.5x DPBS-RI for 5 min for further use.
For RT, two ligations and bead separation the protocols were as for
spatial ATAC-RNA-seq. For construction of the CUT&Tag library, the
supernatant was purified with Zymo DNA Clean & Concentrator-5and
eluted to 20 pl of RNase-free water. PCR solution (2 pl each of 10 uM
P5 PCR primer and indexed i7 primer, 25 pl of NEBNext Master Mix)
wasadded and mixed well. PCR was performed with the following pro-
gramme: 58 °Cfor 5 min, incubationat 72 °Cfor 5 minand 98 °Cfor30 s
thencyclingat98 °Cfor10 s, withincubationat 60 °C for 10 s12 times
and afinalincubation at 72 °C for1 min. The PCR product was purified



by 1.3x Ampure XP beads using the standard protocol and eluted in
20 pl of nuclease-free H,0. cDNA library construction followed the
spatial ATAC-RNA-seq protocol.

An Agilent Bioanalyzer High Sensitivity Chip was used to determine
size distribution and concentration of the library before sequenc-
ing. NGS was conducted on an Illumina NovaSeq 6000 sequencer
(paired-end, 150-base-pair mode).

Data preprocessing
For ATAC and CUT&Tag data, linkers 1and 2 were used to filter read 2
and sequences were converted to Cell Ranger ATAC v.1.2 format
(10X Genomics). Genome sequences were inthe newly formedread 1,
and barcodes A and B were included in newly formed read 2. Human
reference (GRCh38) or mouse reference (GRCm38) was used to align
fastqfiles. The BED-like fragments thus obtained were used to conduct
downstream analysis. The fragments file includes fragments of infor-
mation on spatial locations (barcode A x barcode B) and the genome.
For RNA data, read 2 was refined to extract barcode A, barcode Band
UML. ST pipeline v.1.7.2 (ref. **) was used to map the processed read 1
against the mouse genome (GRCm38) or human genome (GRCh38),
which created the gene matrix for downstream analysis that contains
information on genes and spatial locations (barcode A x barcode B).

Data clustering and visualization

We firstidentified the location of pixels on tissue from the brightfield
image using MATLAB 2020b (https://github.com/edicliuyang/Hip-
lex_proteome).

Signac v.1.8 (ref. >*) was loaded in R v.4.1. ATAC, CUT&Tag and RNA
matrices were read into Signac v.1.8 (ref. **). The ‘DefaultAssay’ func-
tion was used for the RNA assay. For RNA data visualization, the fea-
ture was set to 3,000 with the ‘FindVariableFeatures’ function, then
data were normalized using the ‘SCTransform’ function. Normalized
RNA data were clustered and RNA UMAP was built. The DefaultAssay
functionwas applied to the ATAC/CUT&Tag assay. For ATAC/CUT&Tag
data visualization, minimum cutoff was set with the ‘FindTopFeatures’
function. Datawere normalized and dimensionally reduced using latent
semanticindexing, then ATAC/CUT&Tag data were clustered and ATAC/
CUT&Tag UMAP was built.

The DefaultAssay function was used for the joint ATAC/CUT&Tag and
RNA assay. For visualization of joint ATAC/CUT&Tag and RNA data™,
the ‘FindMultiModalNeighbors’ function was used. The reduction list
was set to (‘pca’, ‘Isi’), the dimensions list was set to that for RNA and
ATAC/CUT&Tag, the modality weight.name was set to RNA weight and
the joint UMAP was built.

Toplot the above-generated UMAPs together, DefaultAssay was set
to RNA and the UMAPs for ATAC/CUT&Tag, RNA or joint ATAC/CUT&Tag
and RNA were visualized separately using ‘DimPlot’.

Inregard to RNA spatial data visualization, the gene matrix obtained
from RNA was loaded into Seurat v.4.1 (ref. >®) as a Seurat object, and
RNA metadataobtained from Signac were read into the Seurat object.
All spatial maps were then plotted with the ‘SpatialPlot’ function.

Inregard to ATAC/CUT&Tag spatial data visualization, the fragment
file obtained from ATAC/CUT&Tag was read into ArchR v.1.0.1 (ref. %)
as an ArchRProject and the ATAC/CUT&Tag metadata obtained from
Signac were read into the ArchRProject. The data from ArchRProject
were normalized and dimensionally reduced using iterative latent
semanticindexing. For GAS and CSS calculation we used the Gene Score
modelin ArchR. A gene score matrix was obtained for downstream
analysis. The ‘getMarkerFeatures’ and ‘getMarkers’ functionsin ArchR
(testMethod = “Wilcoxon”, cutOff = “FDR <=0.05", groupBy = “seurat_
cluster”) were used to find the marker genes/regions for each cluster.
To visualize spatial data, results obtained from ArchR were input to
Seurat v.4.1to map the data back to the tissue. Pixel size was scaled
using the ‘pt.size.factor’ parameter in the Seurat package for better
visualization.

For peak-to-gene links we input RNA Seurat object using the ‘addGe-
nelntegrationMatrix’ functionin ArchR, then peak-to-gene links were
drawnwith the ‘addPeak2GeneLinks’ function. Co-accessibility of peaks
was calculated using the ‘addCoAccessibility’ functionin ArchR.

Integrative data analysis and cell type identification

Seurat v.4.1 (ref. *) was used for RNA data integration and cell type
identification, and the ‘SCTransform’ function to normalize our spatial
RNA and scRNA-seq data. The ‘SelectIntegrationFeatures’ function
was used to obtain features common to the two datasets. The ‘Find-
IntegrationAnchors’ function was applied to find anchors, and the
‘IntegrateData’ function to create an integrated dataset through the
identified anchors. The obtained integrated dataset was clustered,
showing a good match between our spatial RNA and scRNA-seq data.
The ‘FindTransferAnchors’ function was used to find transfer anchors,
which were thenused to conduct label transfer with the ‘TransferData’
function (if more than one cell type was presented in one pixel, the
major cell type was assigned).

Signac v.1.8 and Seurat v.4.1 were used for integration of our
ATAC/CUT&Tag and scATAC-seq/scCUT&Tag data. The scATAC-seq/
scCUT&Tag data were quantified according to our ATAC/CUT&Tag
datatoensurethatthere were features common across both datasets.
The FindIntegrationAnchors function (reduction = “rlsi”) was used to
identify anchors between the two datasets. The ‘IntegrateEmbeddings’
function was used to obtain an integrated dataset through the identi-
fied anchors. The obtained integrated dataset was clustered, showing
agood match between our spatial ATAC/CUT&Tag and scATAC-seq/
scCUT&Tag data. For ATAC data, the FindTransferAnchors function was
used to find transfer anchors, which were then used to map scATAC-seq
to our spatial ATAC data with the ‘MapQuery’ function.

ArchR v.1.0.1 was used for cell type identification for our ATAC/
CUT&Tag data from scRNA-seq data. The gene score matrix of our
ATAC/CUT&Tag was compared with the gene expression matrix from
scRNA-seq, and aligned pixels from our ATAC/CUT&Tag datawith cells
fromscRNA-seq. The function ‘GenelntegrationMatrix’ was used to add
pseudo-scRNA-seq profiles and cell identities.

Correlation of CSS/GAS and gene expression

Correlation analysis was performed for different tissue regions. The
mouse brain hemisphere was separated into seven clusters (corpus
callosum, striatum, superficial cortical layer, deeper cortical layer,
lateral ventricle, lateral septal nucleus and others) according to RNA
clusters and anatomical annotation, and named ‘tissue_clusters’. For
Fig. 4a-c, the ‘FindMarkers’ function (settings: min.pct = 0.25, logfc.
threshold = 0.25) was used to calculate our RNA data, and genes with
adjusted P<107 selected as marker genes. The getMarkerFeatures func-
tion (settings: groupBy = “tissue_clusters”) was applied to calculate the
GAS or CSS of genes from the marker gene list (cutOff = “FDR<=0.05" &
(cutOff = “Log2FC>=0.1" or cutOff = “Log2FC <=-0.1")).If avg_log2FC
>0 (RNA) and Log2FC > 0 (CUT&Tag) for a specific gene, it showed in
quadrant I. GO enrichment analysis was conducted with the ‘enrichGO’
function (qvalueCutoff=0.05) in the clusterProfiler v.4.2 package®.

Reporting summary
Furtherinformation onresearch designisavailable in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Rawand processed datareportedinthis paper are depositedinthe Gene
Expression Omnibus with accession code GSE205055. These datasets
are available as web resources and can be browsed within the tissue
spatial coordinates in the UCSC Cell and Genome Browser (https://
brain-spatial-omics.cells.ucsc.edu), and in our own data portal gener-
ated with AtlasXplore (https://web.atlasxomics.com/visualization/
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Fan).Dataarealsoavailable at https://ki.se/en/mbb/oligointernode. The
resulting fastq files were aligned to either the humanreference genome
(GRCh38) (https://hgdownload.soe.ucsc.edu/goldenPath/hg38/chro-
mosomes/) or mouse reference genome (GRCm38) (https://hgdown-
load.soe.ucsc.edu/goldenPath/mm10/chromosomes/). Published data
for integration and quality comparison are available online: ENCODE
ATAC-seq (E13.5 mouse embryo) (https://www.encodeproject.org/sea
rch/?type=Experiment&status=released&related_series.@type=0Orga
nismDevelopmentSeries&replicates.library.biosample.organism.sci-
entific_.name=Mus+musculus&assay_title=ATAC-seq&life_stage_age=
embryonic%2013.5%20days); ENCODE RNA-seq (E13.5 mouse
embryo): forebrain (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE78493); midbrain (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE78456); hindbrain (https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE78481); mouse organogenesis cell
atlas (https://oncoscape.v3.sttrcancer.org/atlas.gs.washington.edu.
mouse.rna/downloads); atlas of gene regulatory elements in adult
mouse cerebrum (http://catlas.org/mousebrain/#!/downloads); atlas
of the adolescent mouse brain (http://mousebrain.org/adolescent/
downloads.html); mouse brain scCUT&Tag H3K27ac data (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM5949207); mouse
brain scCUT&Tag H3K27me3 data (https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSM5949205); mouse brain scCUT&Tag
H3K4me3 data (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE163532); human hippocampus (snRNA-seq) (https:/www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186538; and human hip-
pocampus (scATAC-seq) (https://www.ncbi.nlm.nih.gov/geo/query/a
cc.cgi?acc=GSE147672). Source data are provided with this paper.
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