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Cellular functionin tissue is dependent on the local environment, requiring new
methods for spatial mapping of biomolecules and cells in the tissue context’.

The emergence of spatial transcriptomics has enabled genome-scale gene expression
mapping??, but the ability to capture spatial epigenetic information of tissue at the
cellularlevel and genome scale is lacking. Here we describe a method for spatially
resolved chromatin accessibility profiling of tissue sections using next-generation
sequencing (spatial-ATAC-seq) by combining in situ Tn5 transposition chemistry® and
microfluidic deterministic barcoding®. Profiling mouse embryos using spatial-ATAC-
seq delineated tissue-region-specific epigenetic landscapes and identified gene
regulatorsinvolved in the development of the central nervous system. Mapping the
accessible genome in the mouse and human brain revealed the intricate arealization
of brainregions. Applying spatial-ATAC-seq to tonsil tissue resolved the spatially
distinct organization of immune cell types and states in lymphoid follicles and
extrafollicular zones. This technology progresses spatial biology by enabling spatially
resolved chromatin accessibility profiling to improve our understanding of cell
identity, cell state and cell fate decision in relation to epigenetic underpinnings in
development and disease.

Single-cell sequencing presents atangible way to define cell types and
states’, but the tissue dissociation process leads to the loss of spatial
context. Moreover, the method of isolation in single-cell technologies
may preferentially select certain cell types or perturb cellular states as
aresult of the dissociation or other environmental stresses®. Spatial
transcriptomics emerged to address these challenges and to trans-
form how we delineate cellular functions and states in the native tis-
sue environment' ., To investigate the mechanisms underlying the
spatial organization of different cell types and functions in the tissue
context, it is highly desired to examine not only gene expression but
also epigenetic underpinnings such as chromatin accessibility’ ina
spatially resolved manner. Spatial epigenetic mapping would help
us to uncover the causative relationship that determines what drives
tissue organization and function. To date, the ability to spatially map
epigenetic states, such as chromatin accessibility, directly in a tissue
section at the genome scale and cellular level is lacking.

Assay for transposase-accessible chromatin using sequencing
(ATAC-seq) was developed and was further applied to single cells**°.
Imaging chromatin accessibility in fixed cells using fluorescence-

labelled DNA oligomers assembled in Tn5 (ATACsee)" suggests that
itis feasible to profile chromatin accessibility in situ. Microdissect-
ing tissues from specific regions followed by scATAC-seq enables the
profiling of accessible chromatin fromaregion of interest’2. However,
spatially resolved chromatin accessibility mapping over a tissue section
at the cellular level has not been possible. Here we applied a spatial
barcoding scheme to DNA oligomers that were inserted into the acces-
sible genomic loci by TnS transposition to realize spatial-ATAC-seq:
high-spatial-resolution genome-wide mapping of chromatin acces-
sibility in tissue at the cellular level. The results from mouse embryos
delineated the region-specific epigenetic landscapes and gene regula-
torsinvolvedin the development of the central nervous system (CNS).
Wealso applied spatial epigenomics to humantissues, including tonsils
and the hippocampus. Spatial-ATAC-seq revealed a spatially distinct
organization of immune cell types and states in relation to [ymphoid
follicles and extrafollicular zones. This technology adds anew dimen-
sion to spatial biology by bringing spatial chromatin accessibility to the
field and may offer awide range of applications in the study of normal
development and pathogenesis.
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Spatial-ATAC-seq design and workflow

The workflow for spatial-ATAC-seq is shown in Fig. 1a,b and Extended
Data Fig. 1. Tn5 transposition was performed in a fixed tissue section
and adapters containing a ligation linker were inserted into acces-
sible genomic loci. Next, barcodes A (A1-A50) and B (B1-B50) with
linkers were introduced using microchannels and were ligated to the
5 end of the TnS5 oligo through successive rounds of ligation, result-
ing in distinct combinations. The tissue slides were imaged such that
spatially barcoded accessible chromatin can be correlated with the
tissue morphology. After forming a spatially barcoded tissue mosaic
(2,500tiles), reverse cross-linking was performed to release barcoded
DNA fragments, which were amplified by PCR for library preparation.
To evaluate the performance of in situ transposition and ligation, the
cellsstained with 4’,6-diamidino-2-phenylindole (DAPI) were fixed on
aglassslide, followed by Tn5 transposition and ligation of abarcode A
with fluoresceinisothiocyanate (FITC). The resulting images revealed
astrongoverlap between the nucleus (blue) and FITC (green) signals,
indicating the successful insertion of adapters into accessible chro-
matin lociwith ligated barcode A in nuclei only (Fig. 1c).

As we proceeded to develop spatial-ATAC-seq, we went through
several versions of chemistry to achieve a high yield and a high
signal-to-noise ratio (Supplementary Fig. 1a). We then applied the
optimized protocol to different tissue types and assessed the data
quality (Fig. 1d-k) (spatial-ATAC-seq pixels may contain more than
one nucleus, which is based on the tissue type and cell size; for the
embryonic day 10 (E10) mouse embryo, on average, there were1-2 cells
per 10 pm pixel and 25 cells per 50 pm pixel’). In a 50 pum E13 mouse
embryo experiment, aggregate profiles accurately reproduced the bulk
measurement. Furthermore, signals around Sic4al were specifically
enrichedintheliver region but notinthebrain (Fig.1d). Inother experi-
ments, we obtained amedian 0f 36,303 (E11) and 100,786 (E13) unique
fragments per pixel of which 15% (E11) and 14% (E13) of the fragments
overlapped with transcription start site (TSS) regions, and 10% (E11)
and 8% (E13) were in peaks. Moreover, the proportion of mitochondrial
fragments was low for both E11and E13 (1%). For the 20 pm experiment
with mouse postnatal day 21 (P21) brain and human tonsil, we obtained
amedianof 7,647 (brain) and 14,939 (tonsil) unique fragments per pixel
of which 18% of fragments fell within the TSS regions, and 24% (brain)
and14% (tonsil) were in peaks. The fraction of read pairs mappingto the
mitochondriawas 13% (brain) and 3% (tonsil), and the variability in the
percentage of mitochondrial fragments may come fromadifferent type
oftissue (Fig. 1e-h; as areference, 10x non-spatial scATAC-seq obtained
amedian of 17,321 unique fragments per cell, 23% TSS fragments and
0.4% mitochondrial reads). We also found that pixels that are not in
the tissue had significantly fewer unique fragments compared with
pixels in the tissue (Supplementary Fig. 1c,d). Moreover, the insert
size distribution was consistent with the capture of nucleosomal and
subnucleosomal fragments for all of the tissue types (Fig. 1li-k). We also
performed correlation analysis between replicates, which showed high
reproducibility (r= 0.95) (Supplementary Fig. 1b).

Spatial mapping of the E13 mouse embryo

We next sought to identify cell types de novo from the E13 mouse
embryo. Unsupervised clustering identified eight main clusters, that
revealed distinct spatial patterns that agreed with the tissue histology
(Fig.2a-cand Extended DataFig. 2). For example, cluster 1 represents
the fetal liver and cluster 2 is specific to the spine region, including
dorsal root ganglia (DRG) with chromatin accessibility for Sox10
(Supplementary Fig. 2a,b,i,j). Cluster 3 to cluster 5 are associated
with the peripheral nervous system and CNS. Cluster 6 includes sev-
eral cell types that are present in the developing limbs and cluster
8 encompasses several developing internal organs. To benchmark
spatial-ATAC-seq data, we projected the ENCODE organ-specific
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ATAC-seq data onto our uniform manifold approximation and pro-
jection (UMAP) embedding®. In general, the cluster identification
matched well with the bulk ATAC-seq projection (Extended Data
Fig. 2d-g) and distinguished all of the major developing tissues and
organs (some inconsistency between bulk data and spatial-ATAC-seq
datais probably attributed to the pixels that may contain multiple cell
types). We further examined cell-type-specific marker genes, identi-
fied as differential between clusters (false-discovery rate (FDR) < 0.05,
log,-transformed fold change (FC) > 0.25) and estimated the expression
of these genes from our chromatin accessibility on the basis of the
overallsignal at agiven locus™ (Fig. 2c, Extended Data Fig. 2¢c,h and Sup-
plementary Table1). Sptb, which has arole in the stability of erythrocyte
membranes”, was activated extensively in the liver. Syt8—belonging to
the synaptotagmin family, whichisimportantin exocytosis during neu-
rotransmission'*—had a high level of gene activity in the spine and DRG
regions. Ascll, which encodes a transcription factor thatisinvolved in
the commitmentand differentiation of neuron and oligodendrocytes”,
showed strong enrichmentin the brain and also the dorsal spinal cord
(Fig. 2c and Supplementary Fig. 2e,f). SoxI10 marks oligodendroglia
and Schwann cells and presented high accessibility in the DRGs, but
also in the brain and spinal cord region (Supplementary Fig. 2a,b).
Olig2is a marker of neural progenitors and oligodendroglia’® and is
expressed in a limited region of the ventral spinal cord, in the ventral
domains of the forebrain and in some posterior regions (brain stem,
midbrain and hindbrain)—regions that also present high chromatin
accessibility at the Olig2 locus (Supplementary Fig. 2¢,d). Interest-
ingly, Olig2 chromatinaccessibility occursin the dorsal forebrain at E13
(Supplementary Fig. 2c), suggesting the possibility of epigenetic prim-
ing at this region and stage without the activation of gene expression®.
Ror2correlates with the early formation of the chondrocytes and carti-
lage, and it was highly expressed in the limb®. Pathway analysis revealed
that cluster 1was associated with erythrocyte differentiation, cluster
5corresponded to forebrain development and cluster 6 was involved
inlimb development, consistent with anatomical annotations (Sup-
plementary Fig. 3). Moreover, we further investigated the expression
patterns in the spine, and some genes showed epigenetic gradients
along the anterior-posterior axis (Supplementary Fig. 4).

In addition to the inference of cell-type-specific marker genes, our
approachalso enabled theidentification of cell-type-specific chromatin
regulatory elements (Extended Data Fig. 3), providing a resource for
defining regulatory elements as cell-type-specific reporters. We exam-
ined cell-type-specific transcription factor regulators using deviations
of transcription factor motifs (FDR < 0.05, log,[FC] = 0.1) and found
that the most enriched motifs in the peaks that are more accessible
inthe fetal liver correspond to GATA transcription factors, consistent
with their well-studied role in erythroid differentiation® (Extended
Data Fig. 3¢,d). Cluster 5 is enriched for the SOX6 motif, supporting
its role in CNS development. Hoxd11, which marks the posterior pat-
terningand hasaroleinlimb morphogenesis, was enriched inthelimb
(Extended Data Fig. 3d). We further conducted enrichment analysis
using GREAT, and the pathways matched well with the anatomical
annotation (Extended DataFig. 3e).

We then integrated the spatial-ATAC-seq data with single-cell
RNA-sequencing (scRNA-seq) data to assign cell types to each cluster?
(Fig.2d-fand Supplementary Fig. 5a). For example, the definitive eryth-
roid cells appeared predominantly in the liver. Intermediate mesoderm
wasidentified intheinternal organregion, and radial gliawere mainly
distributed in the CNS. A refined clustering process also enabled the
identification of subpopulations in excitatory neurons with distinct
spatial distributions, marker genes and chromatinregulatory elements
(Supplementary Fig. 5b-d). During embryonic development, dynamic
changesinchromatin accessibility across time and space help to regu-
late the formation of complex tissue architectures and terminally differ-
entiated cell types. In the embryonic CNS, radial glia function as primary
progenitors or neural stem cells, which give rise to various types of
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Fig.1|Spatial-ATAC-seq design, workflow and data quality. a, Schematic
workflow. Tn5 transposition was performed in tissue sections, followed by
insituligation of two sets of DNA barcodes (A1-AS50, B1-B50). b, Microfluidic
crossflow scheme. ¢, Validation of in situ transposition and ligation using
fluorescent DNA probes. Tn5 transposition was performedin3T3 cellsona
glass slide stained with DAPI (blue). Next, FITC-labelled barcode A was ligated
totheadapters onthe transposase-accessible genomic DNA. Scale bar, 50 pm.
d, Aggregate spatial chromatin accessibility profiles recapitulated published
profiles of ATAC-seqin theliver of E13 mouse embryos. e, Comparison ofthe
number of unique fragments between spatial-ATAC-seq and 10x scATAC-seq.
f, Comparison of the fraction of TSS fragments between spatial-ATAC-seq and

neuron?, We therefore sought to recover the developmental trajectory
and examine how the developmental processes proceed across the
tissue space. We focused on the course of differentiation from radial
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spatial-ATAC-seq and 10x scATAC-seq. j, Comparison of the enrichment of
ATAC-seqreads around TSSs between spatial-ATAC-seq and 10x scATAC-seq.
Colouringis consistentwithi.k, The TSS enrichmentscore versus unique
nuclear fragments per cellin human tonsils.

gliatowards excitatory neurons with postmitotic premature neurons

as theimmediate state. Spatial projection of each pixel’s pseudotime
revealed the spatially organized developmental trajectory in neurons
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Fig.2|Spatial chromatinaccessibility mapping of E13 mouse embryos.

a, Anunbiased clustering analysis was performed on the basis of the chromatin
accessibility of all tissue pixels (50 pm pixel size). An overlay of clusters with the
tissueimage reveals that the spatial chromatinaccessibility clusters precisely
match the anatomical regions. For better visualization, we scaled the size of the
pixels.b, UMAP embedding of the unsupervised clustering analysis for chromatin
accessibility. Clusteridentities and colouring of clusters are consistent with a.
¢, Thespatialmapping of gene scores for selected marker genes in different
clustersand the chromatin accessibility at selected genes are highly tissue
specific.d, Integration of scRNA-seq from E13.5 mouse embryos®® and
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spatial-ATAC-seq data. Unsupervised clustering of the combined datawas
coloured by different cell types. MOCA, Mouse Organogenesis Cell Atlas.

e, Anatomical annotation of major tissue regions based on the haematoxylin
andeosin (H&E)-stained image. f, Spatialmapping of selected cell typesidentified
by label transferring from scRNA-seq to spatial-ATAC-seq data. g, Pseudotemporal
reconstruction from the developmental process from radial glia, postmitotic
premature neurons, to excitatory neurons plottedinspace. h, The dynamics
ofthegenescores of selected genes along the pseudotime showning.i, The
dynamics of the chromatin accessibility of individual regulatory elements at
Pou3f2and Nova2 (highlighted in grey boxes). Scale bar, 20 kb.



(Fig.2g). We observed that cells early in differentiation clustered around
the ventriclesinthe developing brainstem, whereas those farther away
exhibited amore differentiated phenotype. We thenidentified changes
in gene score across this developmental process, and observed high
chromatin accessibility in radial glia at Sox2 and Pax6 loci, genes encod-
ingtranscription factors that are necessary for progenitor self-renewal
identity??. As expected, there was a clear reduction inaccessibility in the
transition to postmitotic premature neurons and excitatory neurons,
which instead presented chromatin opening at genes expressed in
mature neurons, such as NenglI and Carl10 (ref.?®) (Fig. 2h). We also
used the correlation of peak accessibility to predict the interactions
between regulatory regions and found dynamically regulated pro-
moter interactions with specific enhancers, such as Pou3f2 and Nova2
(Fig. 2i). Pou3f2 (also known as Brn2), encodes a transcription factor
thatis expressed in mice in late progenitors and postmitotic neurons?
andthathasbeenshowntobeinvolvedinneural development for the
production of specific neuronal populations?®. Our analysis shows a
reduction of chromatin accessibility at a specific Brn2enhancer during
the transition from radial glial to postmitotic premature neurons, but
not at other cis-regulatory regions, suggesting a role of this region
in Brn2 transcription. A similar decrease in chromatin accessibility
was observed in excitatory neurons for a specific intronic enhancer
of Nova2, which encodes an RNA-binding protein that is expressed
in neurons®. Thus, our data indicated that spatial-ATAC-seq enables
mapping at the spatial level of the chromatin accessibility dynamics
atimportant regulatory regions during neural lineage commitment.

Spatial mapping of the E11 mouse embryo

To further map chromatin accessibility during mouse fetal develop-
ment, we profiled mouse embryos at an earlier stage (E11) and identified
four clusters with distinct spatial patterns, which showed good agree-
ment with the anatomy (Extended Data Figs. 4a,b and 5a,b). Cluster
lislocated in the fetal liver and aorta-gonad-mesonephros (AGM),
which arerelated to embryonic haematopoiesis. Cluster 2 and cluster
3 consist of tissues associated with neuronal development, such as the
mouse brain and neural tube. Cluster 4 includes the embryonic facial
prominence, internal organs and limb. Furthermore, cluster identifi-
cation matched the ENCODE organ-specific bulk ATAC-seq projection
onto the UMAP (Extended Data Fig. 5d-g).

We further surveyed the chromatin accessibility that distinguished
each cluster (FDR < 0.05, log,[FC] = 0.25) (Extended Data Fig. 4c and
Extended DataFig. 5¢). For example, Slc4al, whichisrequired for nor-
mal flexibility and the stability of the erythrocyte membrane and for
normal erythrocyte shape®, was highly accessible in the liver and AGM.
Nova2, which is involved in RNA splicing or metabolism regulation in
aspecific subset of developing neurons?, was highly enriched in the
brain and neural tube. Rarg, which has an essential role in limb bud
development, skeletal growth and matrix homeostasis, was activated
extensively inthe embryonic facial prominence and limb®. Moreover,
aGene Ontology (GO) enrichment analysis identified the development
processes consistent with the anatomical annotation (Supplemen-
tary Fig. 6). To gain deeper insights into the regulatory factors, we
clustered chromatin regulatory elements and examined the enrich-
ment for transcription-factor-binding motifs (Extended Data Fig. 6).
We observed a strong enrichment of the motifs for Gata2 and Ascl2
(Extended Data Fig. 6c,d) in the clusters associated with embryonic
haematopoiesis and neuronal development®”, respectively (FDR < 0.05,
log,[FC] > 0.1). These master regulators further validated the unique
identity of each cluster. Furthermore, the pathways matched well with
the anatomical annotation in the enrichment analysis using GREAT
(Extended DataFig. 6e).

Toassign celltypestoeach cluster, weintegrated the spatial-ATAC-seq
data with the scRNA-seq® (Extended Data Fig. 4d-f and Supplemen-
tary Fig. 7). The primitive erythroid cells, which are crucial for early

embryonic erythroid development, were strongly enriched in the
liverand AGM. Radial glia, postmitotic premature neurons and inhibi-
tory neuron progenitors were found in the brain and neural tube. We
observed abundant chondrocytes and osteoblasts in the embryonic
facial prominence, and the limb mesenchyme was highly enrichedin the
limb region. Furthermore, compared with E13, hepatocytes and white
blood cells could not be identified in the E11 liver region, suggesting
that these cell types emerged at the later developmental time points.
Wealsoreconstructed the developmental trajectory fromradial gliato
excitatory neurons (Extended Data Fig. 4g-j) and identified the changes
inneuron-development-related genes, which recapitulated transcrip-
tion factor deviations across this developmental process, including
Notchl, whichis highly expressedin the radial gliaand regulates neural
stem cell number and function during development” (Extended Data
Fig.4h). Moreover, withincreased spatial resolution (20 um pixel size),
spatial-ATAC-seq was able to resolve more cell types, such as a thin
layer of notochord cells identified in cluster 3 (Extended Data Fig. 7).

To assess the temporal dynamics of chromatin accessibility more
directly during development, we identified dynamic peaks that exhibit
asignificant changein accessibility from the E11to E13 mouse embryo
within fetal liver and excitatory neurons. We observed significant dif-
ferences in the chromatin accessibility of fetal liver and excitatory
neurons between different developmental stages (Supplementary
Fig. 8). In particular, chromatin accessibility profiles of the fetal liver
at E13 were enriched for GATA motif sequences (Supplementary
Fig. 8d,f)—transcription factors that are known to be importantin
erythroid differentiation'. Moreover, the EGR1 motif was enriched
in the excitatory neurons at E13 (Supplementary Fig. 8g), which has
functional implications during brain development, particularly for
the specification of excitatory neurons?,

Spatial mapping of the mouse and human brain

Tofurtherbenchmarkandintegrate the spatial-ATAC-seq data with avail-
able scATAC-seq and scRNA-seq datasets, we applied spatial-ATAC-seq
profiling to the P21 mouse brain coronal section at bregma1 (Fig. 3a).
Although nuclear staining with 7-aminoactinomycin D (7-AAD) resolved
only the outline of the lateral ventricle (Fig. 3b), unsupervised cluster-
ingidentified seven clusters with aunique spatial distribution, revealing
theintricate arealization of this brain region (Fig.3c,d). These clusters
showed unique accessibility within marker gene regions (FDR < 0.05,
log,[FC] = 0.1) for excitatory neurons (Khdrbs3, cluster 1), medium
spiny neurons (PdelOa, cluster 2), lateral septal nucleus (Dgkg, clus-
ter 4), corpus-callosum-enriched oligodendrocytes (Mobp, cluster
6) and ventricular-zone-enriched astroependymal cells (Fgfr3, clus-
ter 7) (Fig. 3e). Integration and co-embedding the spatial-ATAC-seq
data with the scATAC-seq atlas® validated the identity of the clusters
(Fig.3f,gand Supplementary Table 2). Label transfer from scRNA-seq®
to spatial-ATAC-seq further confirmed the population assignments
and revealed precise spatial localizations of the inferred cell identi-
ties (Fig. 3h and Extended Data Fig. 8). Integration with sSCATAC-seq
and scRNA-seq data also helped to deconvolve additional cell types;
for example, astrocytes, ependymal cells and subventricular zone
neuroblasts within the C7 astroependymal cluster. A subpopulation
of cluster 5, acluster containing vascular cells, was assigned as arterial
vascular smooth muscle cells and, accordingly, might line a thin layer of
blood vessel, which could not be resolved at alower spatial resolution
(Fig. 3h, Extended Data Fig. 8b and Supplementary Fig. 9). Moreover,
cellswithinthe oligodendrocyte lineage could be assigned into distinct
populations within a continuum from oligodendrocyte progenitors
to mature, differentiated oligodendrocytes (Fig. 3f,g and Extended
DataFig. 8a,b). Although immature oligodendrocyte populations,
such as differentiation-committed oligodendrocyte precursors, did
not show clear spatial preferences for any of the analysed regions, we
observed an enrichment of myelin-forming oligodendrocytes and

Nature | Vol 609 | 8 September 2022 | 379



Article

Cortex —

Corpus -~
callosum

Caudoputamel
(striatum) —

~

Neuroepithelium
lateral ventricle

f SCATAC-seq g @ Spatial-ATAC-seq pixels ASC ® ITL5GL OLFGL
¥, — OGC CAIGL ® ITL6GL ® OPC

A CA3GL ® L6bGL PER

® ci CLAGL ® LAMGA ® PIRGL

¢ ” i ¢ o CNUGA ® LSXGA PTGL
Y CTGL CRC  ® MGL PVGA

® c3 CTGL e MSGA RGL
® ¢4 DIMSN ® MXD SSTGA
cs D2MSN ® NPGL STRGA

o6 DGNBL ® OBDOP ® VEC

GRC  ® OBGA1 ® VIPGA

c7 e 0L ® OBGA2 ® VLMC

® ITHGL ® OBGL VPIA

® ITL23GL ® OBNBL
LSXGA ® ITL4GL 0GC
TEGLU11 TEGLU3

MSN2

TEINH15

Single-nucleus pixels (n = 106) ] k
i P ) x=11,y=2 x=50,y=6 x=1
s s 0.5 1.0 15 2.0 25
x=11,y=2
x=50,y=6 N N n
x=1,y=5
x=12,y=8 [ |
x=12,y=8 x=18,y=26 x=32,y =44 X=18,y =26
x=32,y=44 .
ET O RSS S0 S P R o R RO
§EEORET SN ENIEER FogUuesaPesE
gedag=e% g “g 38 o I
E o

Fig.3|Spatial chromatin accessibility mapping and integrative analysis
of P21 mousebrainwitha20 pm pixelsize. a, Bright-fieldimage of amouse
brain tissue section and the region of interest for mapping (red dashed box).
Scalebar,1 mm.b, Fluorescence image of nuclear staining with7-AAD in the
region ofinterest for spatial-ATAC-seq mapping. Scale bar,200 pm.c,d,
Unsupervised clustering analysis (c) and the spatial distribution (d) of each
clusterinthe mouse brain. For better visualization, we scaled the size of the

mature oligodendrocytes within the white-matter region of the corpus
callosum (Extended Data Fig. 8b). Interestingly, integration of our
previously generated spatial H3K4me3 and H3K27me3 CUT&Tag data-
sets with single-cell CUT&Tag could not fully deconvolute the spatial
progenitor and mature oligodendrocyte identities®’, underscoring
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pixels. e, Spatial mapping of gene scores for selected marker genes in different
clusters.f,g, Integration of scATAC-seq from mouse brains? (f) and spatial-ATAC-
seq (g). h, Spatialmapping of selected cell types identified by label transfer
fromscRNA-seq to spatial-ATAC-seq. i, The spatial location of pixels containing
asinglenucleus. j, Fluorescence images of selected pixels containing asingle
nucleus. k, Heat map of the gene scores of selected pixels containing asingle
nucleus. Alist of abbreviation definitions canbe found in Supplementary Table 2.

the power of spatial-ATAC-seq to deconvolve cell types in the brain.
Finally, we used the spatial-ATAC-seq data to identify pixels with asin-
gle nucleus, which would be equivalent to scATAC-seq data (Fig. 3i,j).
We next visualized the gene scores in a heat map, demonstrating the
ability of spatial-ATAC-seq to generate scCATAC-seq profiles (Fig. 3k).



To further investigate the performance of our technology across
species, we next used spatial-ATAC-seq on adult archival human cor-
onal brain section, including the hippocampus and choroid plexus
(Extended DataFig.9a). We were able to identify six clusters that were
differentially distributed across the tissue section (Extended Data
Fig. 9b). To refine and validate their identities, we performed further
integration with ascATAC-seq dataset®, which revealed enriched chro-
matin accessibility within specific gene regions for neurons (vGLUT1,
VGAT, cluster1), oligodendrocytes (MAG, cluster 2), astrocytes (GFAP,
cluster 4) and microglia (/BA1, cluster 6) (Extended Data Fig. 9¢,d).
Spatial mapping of the identified clusters correlated well with their
expected tissue localization, with the granule cell layer mainly con-
sisting of neurons (Extended Data Fig. 9b,c). These results together
confirmed the ability of spatial-ATAC-seq to spatially resolve different
cellular populations within human brain tissue on the basis of their
chromatin accessibility patterns.

Spatial mapping of human tonsils

To further demonstrate the ability to profile spatial chromatin acces-
sibility in different species and tissue types, we applied spatial-ATAC-seq
to humantonsil tissue. Unsupervised clustering revealed distinct spa-
tial features with the germinal centres (GC) identified mainly in cluster1
(Fig. 4a-c and Extended Data Fig. 10a). We next examined the spatial
patterns of specific marker genes to distinguish cell types (FDR < 0.05,
log2[FC] = 0.1) (Fig.4d and Supplementary Fig.10) and compared these
data with the distribution of protein expression in tonsils (Supple-
mentary Fig. 11). For B-cell-related genes, the accessibility of CDIO,
amarker for mature GC B cells®?, was enriched in the GC regions. CD27,
amarker for memory B cells®, was active in the GC and the extrafol-
licular regions. CD38, which marks activated B cells**, was found to
be enriched in the GC. CXCR4, which is expressed in the centroblasts
in the GC dark zone*?¢, unexpectedly showed high accessibility in
only non-GC cells. This discordance between epigenetic state and
protein expression may suggest epigenetic priming of pre-GC B cells
before entering the GC. It could also be due to the presence of CXCR4*
T cells supporting extrafollicular B cell responses in the setting of
inflammation®. PAXS, a transcription factor for follicular and memory
B cells®®, was enriched in the GC but was also observed in the extra-
follicular zones in which the memory B cells migrated to. BHLHE40,
atranscription factor that can bind to the major regulatory regions of
thelgH locus, was observed to be highly enriched in the extrafollicular
regionbut completely depletedin the GC, suggesting a potential rolein
the regulation of class-switch recombinationin the pre-GC state®. This
supports amodel of epigenetic control for class-switch recombination
that occurs before the formation of the GC response. For T cell-related
genes, CD3 corresponded to T cell zones*® and was also found to be
activeinthe GC. Itis known that trafficking of follicular helper T cells
(T;,) into the GC requires downregulation of CCR7 and upregulation of
CXCRS (ref. ™). We observed significantly reduced CCR7 accessibility in
the GC and strong enrichment outside the GC, indicating that this T,
functionis indeed epigenetically regulated. CXCRS accessibility was
extensively detected in the GC but was also observed outside the GC,
indicating a possible early epigenetic priming of Ty, cells before GC
entry for B cell help. The accessibility of BCL6, a T, master transcription
factor*?, wasstrongly enriched in the GC as expected. FOXP3, amaster
transcription factor for follicular regulatory T cells®?, is mainly in the
extrafollicular zonebut atlow frequency according to human protein
atlas data (Supplementary Fig. 11). Interestingly, it showed extensive
open locus accessibility, suggesting extensive epigenetic priming of
pre-GCT cells to potentially develop follicular regulatory T cell function
asneeded tobalance GCactivity. CD25, a surface marker for regulatory
T cells**, was active in both the GC and the extrafollicular zone. For
non-lymphoid cells, CD11B,amacrophage marker*, was inactivein the
GC, in contrast to CDI1A, which was more active in GC lymphocytes.

CDI103 was enriched in GC follicular dendritic cells. CD144, which
encodes vascular endothelial cadherin (VE-cadherin)®, corresponded
to endothelial microvasculature near to the crypt or between follicles.
CD32,asurfacereceptor thatisinvolved in phagocytosis and clearing
ofimmune complexes*¢,and CD5S, acomplement decay-accelerating
factor, were both active in the same region such that the cells that are
not supposed to be cleared can be protected against phagocytosis by
blocking the formation of the membrane attack complex*. We also
examined cell-type-specific transcription factor regulators within
each cluster and our data revealed that KLF-family transcription
factors were highly enriched innon-GC cells, consistent with a previous
study*® (FDR < 0.05, log,[FC] = 0.1) (Supplementary Fig. 12).

Tomap celltypes onto each cluster, we integrated spatial-ATAC-seq
datawith scRNA-seqand scATAC-seq datasets*® (Fig. 4e and Extended
DataFig.10b). After label transfer from scRNA-seq, we found that cells
fromcluster O were widely distributed in the non-GC region, whereas
cells from cluster 4 were enriched in GC (Fig. 4e,f and Extended Data
Fig.10c). We also identified a small region with cells enriched from
cluster13 (Fig. 4f and Extended Data Fig.10c). To define the cell identi-
ties for scRNA-seq clusters, we examined the marker genes for each
cluster and found that cluster 0 comprised naive B cells, cluster 4
corresponded to GCB cells and cluster 13 was macrophages (Extended
Data Fig.10d), in agreement with the tissue histology (Fig. 4f).

Lymphocyte activation, maturation and differentiation are regu-
lated by the gene networks under the control of transcription factors*®,
To understand the dynamic regulation process, we implemented a
pseudotemporal reconstruction of B cell activation tothe GCreaction
(Fig.4g-i). Meanwhile, the projection of each pixel’s pseudotime onto
spatial coordinates revealed spatially distinct regions in this dynamic
process. Interestingly, we found that the enriched macrophage popula-
tion colocalized with inactivated B cells, consistent with the fact that
Bcellsareactivatedthroughacquiring antigens fromantigen-presenting
macrophages before GC entry or formation* (Fig. 4g). Moreover, pseu-
dotemporal ordering of B cell activation revealed dynamic expression
and chromatin activity before commitment to the GC state (Fig. 4h),
including anearly activity of BCL2 and reduced accessibility within GC
B cells as compared to naive populations, suggesting that this antia-
poptotic molecule may be actively repressed to ensure that GCB cells
are eliminated by apoptosis if they are not selected and rescued by
survival signals. By contrast, LMO2 exhibited increased accessibility
atthe target sites within GCB cells (Extended Data Fig.10e), consistent
with the previous finding that LMO2 s specifically upregulated in the
GC>. Wealsoidentified putative target genes of fine-mapped autoim-
mune genome-wide association study (GWAS) genetic variants, and
revealed GC-specific regulatory potential, including at loci of major
GCregulators such as BCL6 (Fig. 4i).

Discussion

We developed spatial-ATAC-seq for spatially resolved profiling of chro-
matin accessibility in intact tissue sections with spatial information
retained at the cellular level (20 pm pixel size). Single-cell chromatin
accessibility canalso be derived without tissue dissociation by identi-
fying pixels containing only one nucleus using immunofluorescence
imaging. Spatial-ATAC-seq was applied to mouse embryos (E11 and
E13) to delineate the epigenetic landscape of organogenesis; we identi-
fied allmajor tissue types with a distinct chromatin accessibility state,
and revealed the spatiotemporal changes in development. Mapping
the accessible genome in the mouse and human brain revealed the
intricate arealization of brain region. We also used spatial-ATAC-seq
to map the epigenetic state of different immune cells in human ton-
sils and revealed the dynamics of B cell activation to GC reaction and
putative target genes of fine-mapped autoimmune GWAS genetic
variants. Compared with spatial-CUT&Tag for the targeted profiling
of histone modifications, spatial-ATAC-seq provided agenome-wide
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Fig.4|Spatial chromatinaccessibility mapping of ahuman tonsil witha

20 pmpixelsize.a, H&E image of ahuman tonsil from anadjacent tissue
sectionand aregion of interest for spatial chromatin accessibility mapping.
Scalebar,1 mm.b, Unsupervised clustering analysis and spatial distribution
ofeachcluster. For better visualization, we scaled the size of the pixels.

¢, Anatomical annotation of major tonsillar regions. d, Spatial mapping of the
genescores for selected genes. e, Integration of scRNA-seq data*® and spatial-
ATAC-seqdata. Unsupervised clustering of the combined data was coloured by
different cell types. f, Spatial mapping of selected cell types identified by label

chromatin accessibility landscape, for which it is challenging to
obtain a high signal-to-noise ratio, especially in fresh frozen tissue
sections.
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transferring from scRNA-seq to spatial-ATAC-seq data. Scale bar, 500 pum.

g, Pseudotemporal reconstruction from the developmental process from
naive Bcellsto GCB cells plotted in space. h, Dynamics of the gene scores of
selected genesalongthe pseudotime showning.i, Dynamics of the chromatin
accessibility of individual regulatory elements along pseudotime (highlighted
ingrey boxes). Fine-mapped autoimmune-associated GWAS variants and
high-resolutionindividual single-nucleotide polymorphismlocilocalizing to
accessible chromatinare shown. Scale bar, 25 kb.

The areas for further development include the following. First, the
number of mapping pixels could be further increased by increasing
the number of barcodes (for example, 100 x 100) or using serpentine



microfluidic channels for tissue array. Second, different fromssingle-cell
technologies, the pixels in spatial-ATAC-seq may contain partial nuclei
or multiple nuclei and could lead to cell mixtures that may comprise
multiple cell types, complicating data interpretation. This challenge
could be addressed by using cell-type deconvolution approaches or
seamlessintegration with high-resolution tissue images, that is, multi-
colourimmunofluorescence images, toidentify the cellsin each pixel.
We observed that a significant number of pixels (20 um) contained
single nuclei, which cangive rise to spatially defined scATAC-seq data.
Third, integration with other spatial omics measurements such as tran-
scriptomics and proteomics, can provide acomprehensive picture of
cell types and cell states. We may combine reagents for DBiT-seq’ and
spatial-ATAC-seq in the same microfluidic barcoding step to achieve
spatial multi-omics profiling, which should work in theory but does
require further optimization for tissue fixation and reaction condi-
tions to make these assays compatible. Finally, spatial-ATAC-seq s yet
to be further extended to tissue samples from human patients with a
diseasetorealizeits full potentialin clinical research. We anticipate that
spatial-ATAC-seqwill add anew dimension to spatial biology, enabling
the profiling of regulatory elements in a spatially resolved manner,
which cannot be achieved by spatial transcriptomics or proteomics.
Spatial-ATAC-seq may transform multiple biomedical research fields
including developmental biology, neuroscience,immunology, oncol-
ogy and clinical pathology, therefore empowering scientific discovery
and translational medicine in human health and disease.
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Methods

Juvenile mouse brain and sample preparation

Experimental procedures on juvenile (P21) mice were conducted in
accordance with the European directive 2010/63/EU, local Swedish
directive L150/SJVFS/2019:9, Saknr L150 and the Karolinska Institutet
complementary guidelines for procurement and use of laboratory ani-
mals, Dnr1937/03-640. The procedures described here were approved
by Stockholms Norra Djurforsoksetiska ndmnd, the local committee
for ethical experiments on laboratory animals in Sweden, 1995/2019
and 7029/2020.

The mouse line Sox10:cre-RCE:LoxP (eGFP), on aC57BL/6xCD1 mixed
geneticbackground, was used for experiments on P21 mice. It was gen-
erated by crossing SoxI0:cre animals® (Jackson Laboratory, 025807)
on a C57BL/6j genetic background with RCE:loxP (enhanced green
fluorescent protein (eGFP)) animals®? (Jackson Laboratory, 32037-JAX)
ona C57BL/6xCD1 mixed genetic background. Breeding of female mice
with ahemizygous creallele with male mice lacking the creallele (while
the reporter allele was kept in hemizygosity or homozygosity in both
female and male mice) resulted in labelling of the oligodendrocyte
lineage with eGFP. Mice, free of common viral pathogens, ectopara-
sites, endoparasites and mouse bacterial pathogens, were housed to
amaximum of five mice per cage in individually ventilated cages (IVC
Sealsafe GM500, Tecniplast). The cages were equipped with hardwood
bedding (TAPVEI), nesting material, shredded paper, gnawing sticks
and a cardboard box shelter (Scanbur). Mice received regular chew
diet and water using a water bottle that was changed weekly. Cages
were changed every other week in a laminar air-flow cabinet. General
housing parameters, such as relative humidity, temperature and ventila-
tion, were used according to the European convention for the protec-
tion of vertebrate animals used for experimental and other scientific
purposes treaty ETS 123. Specifically, consistent relative air humidity
and temperature were set to 50% and 22 °C, and the air quality was
controlled with the use of stand-alone air handling units supplemented
with a HEPA filter. Husbandry parameters were monitored using the
ScanClime (Scanbur) units. The following light-dark cycle was used:
dawn, 6:00-7:00; daylight, 7:00-18:00; dusk, 18:00-19:00; night,
19:00-6:00.

Post-mortem human brain and sample preparation

One human hippocampus sample was obtained from the Brain Collec-
tion of the New York State Psychiatric Institute (NYSPI) and Columbia
University*. This brain sample was a fresh frozen unfixed specimen.
All procedures of brain collection and autopsy were conducted with
Institutional Review Board approval and informed consent from the
next of kin. The participant selected was free of neuropsychiatric
illness on the basis of our validated psychological autopsy interview of
the next ofkin**, died of sudden death (industrial accident) with short
agonal state (that can affect brain oxygenationif prolonged), had short
post-morteminterval (6.5 h), clear neuropathological exam, negative
braintoxicology for psychoactive drugs, medication and alcohol, and
good RNA quality (RNA integrity number 8.50).

The anterior hippocampus was dissected from a2-cm-thick coronal
block of the right hemisphere, and sectioned at a thickness of 10 pm
using acryostat (Leica3050S). Each of the serial sections of the dentate
gyrusregion (around1cm x 1cm) were placed onto anultracleanglass
slide (Electron Microscopy Sciences, 63478-AS). We took one slide for
sequencing and performed H&E and Nissl staining on two adjacent
slides. All of the samples were stored at -80 °C before use.

Fabrication and assembly of the microfluidic device

The moulds for microfluidic devices were fabricated in the cleanroom
using standard photolithography. We followed the manufacturer’s
guidelines to spin-coat SU-8-negative photoresist (SU-2010, SU-2025,
Microchem) onto a silicon wafer (C04004, WaferPro). The feature

heights of the 50-pum-wide and 20-pm-wide microfluidic channel
device were about 50 pm and 23 pm, respectively. During exposure
to ultraviolet light, chrome photomasks (Front Range Photomasks)
were used. Soft lithography was used for the fabrication of polydi-
methylsiloxane (PDMS) microfluidic devices. We mixed base and
curing agent at a 10:1 ratio and added it over the SU-8 masters. The
PDMS was cured (at 65 °C for 2 h) after degassing ina vacuum (30 min).
After solidification, the PDMS slab was cut out. The outlet and inlet
holes were punched for further use. We have published a protocolin
terms of device fabrication and operation®.

Preparation of tissue slides

Mouse C57 Embryo Sagittal Frozen Sections (MF-104-11-C57) and
Human Tonsil Frozen Sections (HF-707) were purchased from
Zyagen. Tissues were snap-frozen in optimal cutting temperature
compounds, sectioned (thickness of 7-10 um) and put at the centre
of poly-L-lysine-covered glass slides (63478-AS, Electron Microscopy
Sciences).

H&E staining

The frozen slide was warmed at room temperature for 10 min and
fixed with 1 ml 4% formaldehyde (10 min). After being washed once
with 1x DPBS, the slide was quickly dipped in water and dried with
air. Isopropanol (500 pl) was then added to the slide and incubated
for 1 min before being removed. After completely dry in the air, the
tissue section was stained with 1 ml haematoxylin (Sigma-Aldrich) for
7 min and cleaned in deionized water. The slide was then incubated
in1ml bluing reagent (0.3% acid alcohol, Sigma-Aldrich) for 2 min
and rinsed in deionized water. Finally, the tissue slide was stained
with 1 ml eosin (Sigma-Aldrich) for 2 min and cleaned in deionized
water.

Preparation of the transposome

Unloaded TnS5 transposase (C01070010) was purchased from Diagen-
ode, and the transposome was assembled according to the manu-
facturer’s guidelines. The oligos used for transposome assembly
were as follows: Tn5MErev, 5’-/5Phos/CTGTCTCTTATACACATCT-3’;
TnSME-A, 5’-/5Phos/CATCGGCGTACGACTAGATGTGTATAAGAGACAG
-3/; TnSME-B, 5-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-3'.

DNA oligos, DNA barcode sequences and other key reagents
Lists of the DNA oligos that were used for sequencing library con-
struction and PCR (Supplementary Table 3), DNA barcode sequences
(Supplementary Table 3) and all other key reagents (Supplementary
Table 4) are provided.

Spatial-ATAC-seq profiling

Aswe proceeded to develop spatial-ATAC-seq, we went through several
versions of chemistry to optimize the protocol to achieve a high yield
and a high signal-to-noise ratio for the mapping of tissue sections
(Supplementary Fig. 2a). First, a set of 50 DNA oligomers containing
both barcode A and adapter were introduced in microchannels to a
tissue section for insitu transposition, but the efficiency was low due
in part to limited amounts of Tn5 DNA in the microchannels. To address
thisissue, we conducted bulk transposition followed by two ligation
steps to introduce spatial barcodes A and B. We also optimized the
fixation condition by reducing the formaldehyde concentration from
4% in chemistry V1to 0.2%. Furthermore, we tested the sensitivity of
different Tn5 transposase enzymes (Diagenode (C01070010) versus
Lucigen (TNP92110)).

In the optimized spatial-ATAC-seq protocol, the frozen slide was
warmed at room temperature for 10 min. The tissue was then fixed
withformaldehyde (0.2% for 5 min) and quenched with glycine (1.25M
for 5 min) at room temperature. After fixation, the tissue was washed
twice with 1 ml 1x DPBS and cleaned in deionized water. The tissue



sectionwas then permeabilized with 500 pllysis buffer (10 mM Tris-HClI,
pH 7.4,10 mM NacCl,3 mM MgCl,, 0.01% Tween-20, 0.01% NP-40, 0.001%
digitonin, 1% BSA) for 15 min and was washed with 500 pl wash buffer
(10 mMTris-HCIpH 7.4,10 mMNacCl,3 mMMgCl,, 1% BSA, 0.1% Tween-20)
for 5 min. Then, 100 pl transposition mix (50 pl 2x tagmentation buffer,
33 ul1x DPBS, 1 11 10% Tween-20, 1 pl 1% digitonin, 5 pl transposome,
10 plnuclease-free H,0) was added followed by incubation at 37 °C for
30 min. After removing the transposition mix, 500 pl 40 mM EDTA was
added forincubationat roomtemperature for 5 minto stop transposi-
tion. Finally, the EDTA was removed, and the tissue section was washed
with 500 pl 1x NEBuffer 3.1 for 5 min.

For barcode A in situ ligation, the first PDMS slab was used to
cover the region of interest, the bright-field image was taken using a
x10 objective (Thermo Fisher Scientific, EVOS FL Auto microscope
(AMAFD1000), EVOS FL Auto Software (REV 32044)) for further align-
ment. The tissue slide and PDMS device were then clamped with an
acrylic clamp. First, DNA barcode A was annealed with ligation linker 1:
10 pl of each DNA barcode A (100 pM), 10 pl of ligation linker (100 uM)
and 20 pl of 2x annealing buffer (20 mM Tris, pH 7.5-8.0,100 mM NaCl,
2 mM EDTA) were added together and mixed well. Then, 5 pl ligation
reaction solution (50 tubes) was prepared by adding 2 pl of ligation
mix (72.4 pl of RNase-free water, 27 pl of T4 DNA ligase buffer, 11 pl T4
DNA ligase, 5.4 pl of 5% Triton X-100), 2 pl of 1x NEBuffer 3.1and 1 pl of
each annealed DNA barcode A (A1-A50, 25 uM) and loaded into each
of the 50 channels under a vacuum. The chip was keptin a wet box for
incubation (37 °C, 30 min). After flowing through 1x NEBuffer 3.1 for
washing (5 min), the clamp and PDMS were removed. The slide was
quickly dipped in water and dried with air.

For barcode B in situ ligation, the second PDMS slab with channels
perpendicular to the first PDMS was attached to the dried slide care-
fully. A bright-field image was taken and the acrylic clamp was used
to press the PDMS against the tissue. The annealing of DNA barcode
B with ligation linker 2 was performed the same as described above
for the annealing of DNA barcode A and ligation linker 1. The prepara-
tion and addition of the ligation reaction solution for DNA barcode B
(B1-B50, 25 pM) were also the same as described for DNA barcode A
(A1-A50, 25 uM). The chip was kept in a wet box for incubation (37 °C
for 30 min). After flowing through 1x DPBS for washing (5 min), the
clamp and PDMS were removed, the tissue section was dipped in water
and dried with air. The final bright-field image of the tissue was taken.

For tissue digestion, the region of interest of the tissue was cov-
ered with asquare PDMS well gasket, and 100 pl reverse cross-linking
solution (50 mM Tris-HCI, pH 8.0,1mM EDTA, 1% SDS, 200 mM NacCl,
0.4 mg ml™ proteinase K) was loaded intoit. The lysis was conductedin
awetbox (58 °C, 2 h). Thefinal tissue lysate was collected intoa 200 pl
PCR tube for incubation with rotation (65 °C, overnight).

For library construction, the lysate was first purified using the Zymo
DNA Clean & Concentrator-5 kit and eluted into 20 pl of DNA elution
buffer, followed by mixing with the PCR solution (2.5 pl 25 M new P5
PCR primer, 2.5 pl 25 uM Ad2 primer, 25 pl 2x NEBNext Master Mix).
Then, PCRwas performed using the following program: 72 °C for 5 min;
98 °Cfor30s;andthencycled5timesat 98 °Cfor10s, 63 °Cfor10sand
72 °Cfor1min. To determine additional cycles, 5 pl of the pre-amplified
mixture was first mixed with the qPCR solution (0.5 pl 25 uM new P5
PCR primer, 0.5 pl 25 uM Ad2 primer, 0.24 pl 25x SYBR Green, 5 pl
2x NEBNext Master Mix, 3.76 pl nuclease-free H,0). Then, the qPCR
reaction was performed under the following conditions: 98 °Cfor30's;
and then 20 cycles of 98 °C for 10 s, 63 °C for 10 s and 72 °C for 1 min.
Finally, the remaining 45 pl of the pre-amplified DNA was amplified by
running the required number of additional cycles of PCR (the cycles
needed toreach1/3 of the saturated signal in qPCR).

To remove PCR primer residues, the final PCR product was puri-
fied using 1x Ampure XP beads (45 pl) according to the standard
protocoland elutedinto 20 plnuclease-free H,0. Before sequencing,
an Agilent Bioanalyzer High Sensitivity Chip was used to quantify the

concentration and size distribution of the library. Next-generation
sequencing was performed using the llluminaHiSeq 4000 or NovaSeq
6000 sequencer (paired-end 150 bp mode with custom read 1
primer).

Data preprocessing

Two constant linker sequences (linker 1and linker 2) were used tofilter
read1,andthefiltered sequences were transformed to Cell Ranger ATAC
format (10x Genomics). The genome sequences were included in the
newreadl, barcodes Aand barcodes Bwereincludedinthenewread 2.
Theresulting fastq files were aligned to the mouse reference (mm10) or
humanreference (GRCh38) genome, filtered to remove duplicates and
counted using Cell Ranger ATACv.1.2. The BED-like fragments files were
generated for downstream analysis. The fragments file contains frag-
ments of information on the genome and tissue location (barcode A x
barcodeB). A preprocessing pipeline we developed using Snakemake
workflow management system (v5.28.0) isavailable at GitHub (https://
github.com/dyxmvp/Spatial_ ATAC-seq).

Data visualization
We first identified pixels on tissue samples by manual selection from
microscopy images using Adobe Illustrator (v.25.4.3) (https://github.
com/rongfan8/DBiT-seq), and acustom Python script was used to gen-
erate metadata files that were compatible with the Seurat workflow
for spatial datasets.

The fragment file wasread into ArchR as atile matrix withagenome
binningsize of 5 kb, and pixels that were not on the tissue were removed
on the basis of the metadata file generated in the previous step. Data
normalization and dimensionality reduction was conducted using
iterative latent semantic indexing (iterations = 2, resolution = 0.2,
varFeatures =25000, dimsToUse =1:30, n.start = 10), followed by graph
clustering and UMAP embedding (nNeighbors = 30, metric = cosine,
minDist = 0.5)".

The Gene Score model in ArchR was used to generate the gene
accessibility score. A gene score matrix was generated for down-
stream analysis. The getMarkerFeatures and getMarkers functionin
ArchR (testMethod = “wilcoxon”, cutOff = “FDR < = 0.05”) was used
to identify the marker regions/genes for each cluster, and the marker
genes were discussed in the manuscript because they were identified
as one of the top differential genes between clusters, and they were
alsoknownintheliterature. Gene-score imputation was implemented
with addImputeWeights for data visualization. The enrichGO function
in the clusterProfiler package was used for GO enrichment analysis
(qvalueCutoff = 0.05)%. For spatial data visualization, results obtained
in ArchR were loaded into Seurat v.3.2.3 to map the data back to the
tissue section®”8, For better visualization, we scaled the size of the pixels
using the ‘pt.size.factor’ parameter in the Seurat package (Extended
DataFig. 8c).

Genome browser tracks were plotted using the plotBrowserTrack
functionin ArchR. Spatial-ATAC-seq data were normalized to the rec-
ommended and default value (normMethod = “ReadsInTSS”), which
simultaneously normalizes tracks based on sequencing depth and
sample data quality. Blue-coloured genes are on the minus strand
andred-coloured genes are on the plus strand. The loops are the links
between a peak and agene, and the colour shows the Pearson correla-
tionbetween peak accessibility and gene expression. Peaks were called
with macs2 using addReproduciblePeakSet functionin ArchR.

Toproject bulk ATAC-seq data, we downloaded raw sequencing data
aligned to the mm10 genome (BAM files) from ENCODE. After count-
ing the reads in 5 kb tiled genomes using the getCounts function in
chromVAR®’, the ENCODE ATAC-seq data were subsampled in pseudo
single cells (n =250) and were projected onto spatial-ATAC UMAPs
using the projectBulkATAC functionin ArchR.

Cell type identification and pseudo-scRNA-seq profiles were
added through integration with scRNA-seq reference data®. The
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FindTransferAnchors function (Seurat v.3.2 package) was used to align
pixels from spatial-ATAC-seq with cells from scRNA-seq by comparing
the spatial-ATAC-seq gene score matrix with the scCRNA-seq gene expres-
sion matrix. The GenelntegrationMatrix functionin ArchRwas used to
add cellidentities and pseudo-scRNA-seq profiles.

Pseudobulk group coverages based on cluster identities were gener-
ated using the addGroupCoverages functionand used for peak calling
with macs2 using the addReproduciblePeakSet function in ArchR. To
compute per-cell motif activity, chromVAR>® was run with addDevia-
tionsMatrix using the cisbp motif set after abackground peak set was
generated using addBgdPeaks. Cell-type-specific marker peaks were
identified using the getMarkerFeatures (bias = c(“TSSEnrichment”,
“loglO(nFrags)”, testMethod = “wilcoxon”) and getMarkers (cutOff =
“FDR <=0.05 & Log2FC >=0.1") functions.

Pseudotemporal reconstruction was implemented by trajectory
analysis using ArchR. We used the cell-type definitions from label
transfer as described above. A trajectory backbone was first created
inthe form of an ordered vector of cell group labels. We then used the
addTrajectory function to create a trajectory, and added the pseudo-
time to Seurat spatial object to map the databack to the tissue section.
Dynamics for selected gene score along the pseudotime were plotted
with the plotTrajectory function using the default values.

Correlation analysis was conducted by calculating the Pearson
correlation coefficient in R. P values were calculated using the cor.
test function and were adjusted for multiple comparisons using the
Benjamini-Hochberg method®.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Raw and processed data reported in this paper are deposited in the
Gene Expression Omnibus (GEO) with accession code GSE171943.
The resulting fastq files were aligned to the mouse reference genome
(mm10) or human reference genome (GRCh38). Published data for
data quality comparison and integrative data analysis are available
online: flash frozen cortex, hippocampus and ventricular zone from
embryonic mouse brain (E18) (https://www.10xgenomics.com/
resources/datasets/flash-frozen-cortex-hippocampus-and-ventricular-
zone-from-embryonic-mouse-brain-e-18-1-standard-1-2-0), ENCODE
mouse embryo ATAC-seq (11.5 days) (https://www.encodeproject.org/
search/?type=Experiment&status=released&related_series.@type=
OrganismDevelopmentSeries&replicates.library.biosample.organism.
scientific_.name=Mus+musculus&assay_title=ATAC-seq&life_stage age=
embryonic%2011.5%20days), ENCODE mouse embryo ATAC-seq
(13.5 days) (https://www.encodeproject.org/search/?type=Experiment&
status=released&related_series.@type=0OrganismDevelopmentSeries
&replicates.library.biosample.organism.scientific_name=Mus+musculus
&assay title=ATAC-seq&life_stage_age=embryonic%2013.5%20days),
Mouse Organogenesis Cell Atlas (MOCA) (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),
human hippocampus scATAC-seq data (GSE147672), human ton-
sil scATAC-seq data (GSE165860), human tonsil scRNA-seq data
(GSE165860), and the Allen Developing Mouse Brain Atlas (https://
developingmouse.brain-map.org/). A list of published data for data

quality comparison and integrative data analysis is provided in in
Supplementary Table 5.

Code availability

Code for sequencing data analysis is available at GitHub (https://github.
com/dyxmvp/Spatial ATAC-seq) and archived at Zenodo (https://
doi.org/10.5281/zen0do.6565118).
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Extended DataFig.1|Chemistry workflow of spatial-ATAC-seq. A tissue

sectiononastandard aminated glass slide was lightly fixed with formaldehyde.

Then, TnStransposition was performed at 37 °C, and the adapters containing
ligation linker 1were inserted to the cleaved genomic DNA at transposase
accessiblesites. Afterwards, aset of DNA barcode A solutions were introduced
by microchannel-guided flow delivery to performinsitu ligation reaction for
appendingadistinct spatial barcode Ai (i = 1-50) and ligation linker 2. Then,

Ligation linker 1
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[

Ligation linker 1

Barcodes A gDNA S7 7 P7
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asecondsetofbarcodesBj (j=1-50) were introduced using another set of
microfluidic channels perpendicularly to thosein the first flow barcoding step,
which were subsequently ligated at the intersections, resulting in amosaic of
tissue pixels, each containing adistinct combination of barcodes Ai and Bj
(i=1-50,j=1-50). After DNA fragments were collected by reversing cross-
linking, the library construction was completed during PCR amplification.
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Extended DataFig.2 | Further analysis of spatial chromatin accessibility consistent with (b). e, LSIprojection of ENCODE bulk ATAC-seq datafrom

mapping of E13 mouse embryo and validation withENCODE referencedata.  diversecell types of the E13.5mouse embryo dataset onto the spatial ATAC-seq
a,H&Eimage fromanadjacent tissue section and aregion of interest for spatial embedding.f, UMAPembedding of unsupervised clustering analysis for ENCODE
chromatin accessibility mapping (50 pm pixel size). b, Unsupervised clustering  bulk ATAC-seq datafromdiverse celltypes ofthe E13.5mouse embryo dataset.

analysis and spatial distribution of each cluster. For better visualization, we g, LSIprojection of spatial-ATAC-seq data onto ENCODE bulk ATAC-seq
scaled the size of the pixels. c, Genome browser tracks of selected marker embedding. h, Spatial mapping of gene scores for selected marker genesin
genesindifferent clusters.d, UMAP embedding of unsupervised clustering different clusters.

analysis for spatial-ATAC-seq. Cluster identities and colouring of clusters are
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Extended DataFig. 3 |Motifenrichment analysis of the E13 mouse embryo
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Extended DataFig. 4 |Spatial chromatinaccessibility mapping of E11 mouse
embryo and spatiotemporal analysis (50 pm pixelsize). a, Unsupervised
clustering analysis and spatial distribution of each cluster. Overlay with the
tissue image reveals that the spatial chromatin accessibility clusters precisely
match the anatomicregions. For better visualization, we scaled the size of the
pixels.b, UMAP embedding of unsupervised clustering analysis for chromatin
accessibility. Clusteridentities and colouring of clusters are consistent with (a).
¢, Spatial mapping of gene scores for selected marker genes in different clusters
and the chromatin accessibility at select genes are highly tissue specific.

d, Integration of scRNA-seq from E11.5 mouse embryos?® and spatial ATAC-seq
data. Unsupervised clustering of the combined datawas coloured by different
celltypes. e, Anatomic annotation of major tissue regions based on the H&E
image. f, Spatial mapping of selected cell types identified by label transferring
fromscRNA-seq tospatial ATAC-seq data. g, Pseudotemporal reconstruction
from the developmental process from radial glia to excitatory neurons plotted
inspace. h, Spatial mapping of gene scores for Notch1.i, dynamics for selected
genescore along the pseudo-time shownin (g).j, Pseudo-time heatmap of TF
motifs changes fromradial glia to excitatory neurons.
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clustersare consistent with (b). e, LSI projection of ENCODE bulk ATAC-seq data
fromdiverse celltypes of the E11.5 mouse embryo dataset onto the spatial-
ATAC-seqembedding. f, UMAP embedding of unsupervised clustering analysis
for ENCODE bulk ATAC-seq datafromdiverse cell types of the E11.5mouse
embryo dataset. g, LSIprojection of spatial ATAC-seq dataonto ENCODE bulk
ATAC-seqembedding. h, Spatial mapping of gene scores for selected marker
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Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data
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Dual use research of concern

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) NIH/3T3 cells were from ATCC.
Authentication None of the cell lines were authenticated.
Mycoplasma contamination Cell lines were not tested for Mycoplasma contamination.

Commonly misidentified lines  No commonly misidentified cell lines were used.
(See ICLAC register)
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Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals The mouse line Sox10:Cre-RCE:LoxP (EGFP), on a C57BL/6xCD1 mixed genetic background, female was used for experiments on P21
mice.

Mice were kept in individually ventilated cages (IVC sealsafe GM500, Tecniplast) with hardwood bedding, nesting material, shredded
paper, gnawing sticks and card box shelter. Cages were changed every other week. Mice received regular chew diet (either R70 diet
or R34, Lantméannen Lantbruk, Sweden) and water using a water bottle that was changed weekly. Housing parameters including
relative humidity, temperature, and ventilation were established following the European convention for the protection of vertebrate
animals used for experimental and other scientific purposes treaty ETS 123. Specifically, consistent relative air humidity and
temperature were set to 50% and 22°C, and the air quality was controlled with the use of stand-alone air handling units
supplemented with HEPA filter. Monitoring of husbandry parameters is done using ScanClime (Scanbur) units. The following light/
dark cycle was used: dawn 6:00-7:00, daylight 7:00-18:00, dusk 18:00-19:00, night 19:00-6:00.

Wild animals No wild animals were used in the study.
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Field-collected samples  No field collected samples were used in the study.

Ethics oversight Experimental procedures on juvenile (P21) mice were conducted in accordance with the European directive 2010/63/EU, local
Swedish directive L150/SJVFS/2019:9, Saknr L150 and Karolinska Institutet complementary guidelines for procurement and use of
laboratory animals, Dnr 1937/03-640. The procedures described here were approved by Stockholms Norra Djurférsoksetiska namnd,
the local committee for ethical experiments on laboratory animals in Sweden, lic.nr. 1995/2019 and 7029/2020.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics Age: 31, Gender: Male. The subject was free of neuropsychiatric iliness, had clear neuropathological exam, negative brain
toxicology for psychoactive drugs, medication and alcohol.

Recruitment The subject selected was free of neuropsychiatric illness based on our validated psychological autopsy interview of the next
of kin, died of sudden death (industrial accident) with short agonal state (that can affect brain oxygenation if prolonged), had
short post-mortem interval (6.5 Hour), clear neuropathological exam, negative brain toxicology for psychoactive drugs,
medication and alcohol, and good RNA quality (RNA integrity number 8.50). Biases were not applicable because the focus of
this paper is the development of a new method for profiling spatially resolved chromatin accessibility and each sample serves
as a proof-of-concept for the new technology.

Ethics oversight All procedures of brain collection and autopsy were conducted with Institutional Review Board approvals and informed
consent from the next of kin.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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