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Divergent combinations of enhancers
encode spatial gene expression
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% Check for updates Spatial transcriptomics and epigenomics have enabled mapping gene regula-

tion in the tissue context. However, it remains poorly understood how spatial
gene expression patterns are orchestrated by enhancers. Here we build
eSpatial, a computational framework that deciphers spatially resolved
enhancer regulation of gene expression by integrating spatial profiles of gene
expression and chromatin accessibility. Applying eSpatial to diverse spatial
datasets, including mouse embryo and brain, as well as human melanoma and
breast cancer, we reveal a “spatial enhancer code”, in which divergent com-
binations of enhancers regulate the same gene in spatially segregated
domains. We validate the spatial enhancer code using public spatial datasets
such as VISTA, Allen in situ hybridization (ISH), and H3K27ac MERFISH.
Moreover, we conduct transgenic reporter assays and in vivo CRISPR/Cas9-
mediated perturbation experiments to confirm the Atohl spatial enhancer
code in determining Atohl spatial expression in mouse embryonic spinal cord
and brain. Our study establishes the spatial enhancer code concept, revealing
how combinations of enhancers dynamically shape gene expression across
diverse biological contexts, providing insights into tissue-specific regulatory
mechanisms and tumor heterogeneity.

Spatiotemporal regulation of gene expression is crucial for the devel-
opment and function of multicellular organisms. This process relies on
the selective activation or repression of gene expression, predominantly
governed by cis-regulatory elements like enhancers'. Accurate identifi-
cation and understanding of active enhancers hold paramount impor-
tance in this context. In a heroic effort, millions of epigenomic elements
have been identified through sequencing-based approaches that profile
chromatin accessibility and histone modifications at both ensemble and

single-cell levels* ™. Typically, enhancers undergo classification based on
chromatin accessibility, transcription factor occupancy, and the
enrichment of specific histone modifications, notably including
H3K4mel and H3K27ac. Generally, a single gene can be regulated by
multiple enhancers existing as a cluster in the genome. Some of these
dispersed enhancer clusters have been labeled as “super-enhancers™*,
“enhancer clusters”, “shadow enhancers”, or “redundant enhancers”,
providing redundancy to ensure robust transcriptional activity during
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development. However, deciphering how these enhancers precisely
govern gene transcription remains challenging'®. Furthermore, the
current methods result in the loss of spatial activity distribution of these
enhancers, which constrains our understanding of how the enhancers
shape cell identity in the native context of complex tissues.

The emergence of spatial omics technologies has enabled map-
ping of spatially resolved epigenome and transcriptome. Notably,
spatial-ATAC sequencing technologies allow the precise mapping of
spatially resolved chromatin accessibility within tissue sections".
Furthermore, novel approaches have emerged that enable joint pro-
filing of the epigenome and transcriptome by simultaneously
sequencing chromatin accessibility and gene expression within the
same tissue section. Examples include spatial epigenome-
transcriptome co-profiling', microfluidic indexing-based spatial-
ATAC and RNA-seq (MISAR-seq)"”, and multimodal Slide-tags'. These
technologies offer new insights into spatial epigenetic regulation
within tissues during development and diseases. However, the com-
plex regulatory logic in the context of tissue organization remains
largely unknown%, For instance, how combinations of enhancers
coordinate to regulate spatial gene expression within the same cell
type across different regions has yet to be systematically investigated.

Here, we developed eSpatial, a computational framework that
deciphers spatially resolved enhancer regulation by integrating spatial
epigenomics and transcriptomics data. By applying eSpatial across
diverse biological contexts and conducting extensive validations, we
demonstrate that distinct combinations of enhancers are utilized
within spatial domains. This phenomenon, which we term the “spatial
enhancer code,” highlights how divergent enhancer combinations
orchestrate spatially distinct gene expression patterns across tissues.
Our findings provide a perspective on enhancer regulation that goes
beyond traditional gene-centric approaches, uncovering a previously
uncharacterized layer of spatial regulatory complexity. Notably, the
spatial enhancer activities discussed throughout this manuscript refer
to their locations within a tissue, rather than the three-dimensional
positioning of cis-regulatory elements within a nucleus”.

Results

eSpatial, a computational framework to decipher spatial
enhancer code

To decipher spatially resolved enhancers regulation, we first collected
published spatial epigenome profiling from mouse embryonic develop-
ment and human disease, including embryonic day 11 (el1) and 13 (el3)
mouse embryos, postnatal day 22 (P22) mouse brain, human melanoma
and breast cancer (Fig. 1a). Then we built a bioinformatical framework
eSpatial to decipher spatially resolved enhancer regulation of gene
expression patterns based on spatial epigenome profiling (Fig. 1a),
including spatial gene expression and chromatin accessibility co-
profiling“® or spatial chromatin accessibility profiling>”. Briefly, eSpa-
tial identifies enhancer units within enhancer clusters based on spatial
patterns of enhancer activity and evaluates how different combinations
of these enhancer units contribute to gene expression across distinct
spatial domains within tissues. Through eSpatial, we uncover a phe-
nomenon where divergent combinations of enhancers regulate the same
gene, but in spatially distinct domains, which we termed “spatial enhan-
cer code” (Fig. 1a). Next, we validated spatial enhancer code using public
datasets such as VISTA, Allen in situ hybridization (ISH), and H3K27ac
MERFISH data. Finally, we utilized enhancer transgenic reporter assays
and CRISPR/Cas9-mediated perturbation to in vivo validate the role of
the spatial enhancer code of Atohl in controlling its expression in mouse
embryonic spinal cord and brain (Fig. 1a). In the following sections, we
will detail the discovery and validation of the spatial enhancer code.

Spatial domains in P22 mouse brain
To evaluate the performance of eSpatial, we first applied it to investi-
gate enhancer regulation in postnatal day 22 (P22) mouse brain

coronal sections (at bregma 1). The spatial epigenome-transcriptome
co-profiling was captured by Zhang et al."¥, containing 9215 spots with
260,032 accessible peaks and 22,914 expressed genes. We initially
annotated the cell types of spots by integrating spatial-RNA data with
the juvenile central nervous system (CNS) scRNA-seq atlas®®. We
observed distinct spatial distributions of major cell types and their
marker genes (Fig. 1b and Supplementary Fig. 1b). Then we performed
spatial clustering analysis on gene expression and chromatin accessi-
bility profiling were performed independently, and 11 RNA clusters
(RO-R10) and 15 ATAC clusters were identified (A0-A14) (Fig. 1c and
Supplementary Fig. 1c). Notably, the ATAC clusters exhibited clearer
spatial shape than RNA clusters. For example, ATAC clusters Al, A4,
and A6 presented layer distribution in the excitatory neurons (Fig. 1c,
left), which cannot be observed in RNA clusters R2, R3, RS, and R9
(Fig. 1c, right). This observation suggests the potential role of chro-
matin accessibility, alongside gene expression, in specifying the spatial
distribution of excitatory neurons. Motivated by these findings, we
combined spatial profiles of chromatin accessibility and gene expres-
sion, together with the spatial coordinates, unveiling 14 spatial
domains (DO-D13, Fig. 1d and “Methods”). Strikingly, chromatin
accessibility together with gene expression identified clearer distinc-
tions among excitatory neurons compared to those solely based on
chromatin accessibility or gene expression, as evidenced by domains
DO, D1, and D2 (Fig. 1d). This integration highlighted distinct spatial
distributions of major cell types.

To delineate the gene regulatory intricacies underlying each
spatial domain, we first quantified the spatial specificity of cis-reg-
ulatory elements (CREs) and genes. Interestingly, consistent with
the superior spatial specificity observed in spatial-ATAC data, we
noted that the chromatin accessibility of CREs showed significantly
higher spatial specificity than gene expression in each spatial
domain (Supplementary Fig. 2a, p-value <2.2e-16, two-sided Stu-
dent’s t-test). These results suggest the role of CREs in shaping
spatial patterns. Next, we identified spatial-specific cis-regulatory
elements (sCREs) for individual spatial domains based on the spatial
specificity of CREs (Methods). Most of the sCREs displayed highly
localized chromatin accessibility across diverse brain spatial
domains (Supplementary Fig. 2c). For example, sCREs associated
with excitatory neurons showed spatial specificity across distinct
layers, such as sCRE1 in DO, sCRE2 in D1, and sCRE3 in D3 (Supple-
mentary Fig. 2c-e). Furthermore, the GREAT analysis™ corroborated
a robust alignment between gene regulatory pathways and anato-
mical annotations (Supplementary Data 1 and “Methods”). Motif
enrichment analysis identified specific motifs enriched in each
spatial domain. Notably, motifs like Egrl and Egr2 were enriched in
sCREs exhibiting spatial specificity in DO, while Neurogl and Olig2
motifs were enriched in D1, Thri, and Fomes motifs in D4 (Supple-
mentary Fig. 2c, right and Supplementary Data 2). These results
suggest that the specification of spatial domains might involve dif-
ferent regulatory networks composed of spatial-domain-specific
transcription factors (TFs).

Taken together, eSpatial identifies spatial domains within cell
types and spatial-specific cis-regulatory elements, laying a foundation
for investigating the gene regulatory programs driving spatial patterns
of cell types.

Combinations of divergent spatial enhancer units encode gene
expression

Enhancer clusters regulate gene expression patterns during devel-
opment; however, it remains largely unexplored to what extent and
how multiple enhancers regulate spatial gene expression precisely.
We used eSpatial to identify putative enhancer clusters for each
gene by linking enhancers to the potential target gene based on the
correlation between gene expression and enhancer accessibility?
(Methods). In total, we identified 59,125 putative enhancer-gene
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pairs, involving 59,125 enhancers linked to 11,538 genes (Fig. le-g).
We compared the peak-to-gene links identified by eSpatial with
those from publicly available single-cell multiomic data of the same
tissue and developmental stage (e.g., mouse cortex)?. The results
showed substantial overlap, validating eSpatial’s ability to capture
core regulatory relationships (Supplementary Fig. 2f). Additionally,
eSpatial identified several links absent in single-cell data, suggesting

that spatial information enables the discovery of regulatory inter-
actions specific to tissue architecture and microenvironmental
context. Moreover, we benchmarked peak-to-gene links identified
by eSpatial and other single-cell methods, such as ArchR* and
Signac** (Supplementary Fig. 2f). We found the peak-to-gene links
identified by eSpatial exhibited slightly higher enrichment of the
reference gene-enhancer links compared with those from ArchR and
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Fig. 1| Spatial domains and spatial-specific cis-regulatory elements in the P22
mouse brain. a Schematic representation of the workflow in this study, including
data collection, spatial enhancer code, and in vivo validation. b Spatial distribution
of major cell types in spatial-ATAC-RNA-seq of the P22 mouse brain by integration
of RNA pixels and scRNA-seq data. Oligo, oligodendrocyte; OPC, Oligodendrocyte
precursor cell. Pixel size, 20 um; scale bars, 1 mm. ¢ Spatial distribution of RNA (c)
and ATAC (d) clusters in spatial-ATAC-RNA-seq of the P22 mouse brain. Pixel size,
20 um; scale bars, 1 mm. d Spatial distribution of identified spatial domains based
on combined spatial profiles of chromatin accessibility and gene expression.

Anatomical annotation defined from Nissl staining was obtained from ref. 14. Pixel
size, 20 um; scale bars, 1 mm. e Spatial mapping of denoised gene expression for
selected marker genes across different spatial domains. f Heatmap showing gene
expression (left) and enhancers chromatin accessibility (right) for 59,125 gene-
enhancer pairs, clustered into 9 modules (K1-K9) based on gene expression. The
relevant markers and representative enhancers were highlighted. The major cell
types across spatial domains are shown in Supplementary Fig. 2b. g Spatial map-
ping of denoised chromatin accessibility for representative enhancers across dif-
ferent spatial domains. Source data are provided as a Source Data file.

Signac, underscoring its superior performance in uncovering reg-
ulatory relationships from spatial data (Supplementary Fig. 2g).

To explore the spatial gene expression patterns across diverse
spatial domains, we utilized the k-means clustering algorithm and
identified 9 gene expression modules (K1-K9, Fig. 1f, left). Gene modules
exhibited cell-type-specific expression, such as K8 in oligodendroglia
and K9 in Neuroblast. Genes within each module were enriched for cell-
type-specific Gene Ontology (GO) terms, including “cerebral cortex
development” (K1), “oligodendrocyte development” (K8), and “cerebral
cortex radially oriented cell migration” (K9) (Supplementary Data 1). To
explore the phenomenon of different combinations of enhancers reg-
ulating the same gene across spatial domains within the same cell type
(Fig. 2a and Supplementary Fig. 1a), we focused on regulatory elements
of excitatory neurons across cortical layers (Fig. 1b, d-g). We found this
phenomenon occurs not only across tissues or cell types but also within
spatially distinct domains of the same cell type. For instance, SoxI0, a
marker of oligodendroglia®, resided in the K8 module expressed in D11
(Fig. 1e). Similarly, Nrn1, a marker of excitatory neurons, was in the K1
module expressed in excitatory neurons®. (Fig. 1e, f and Supplementary
Fig. 2h, i). Intriguingly, for these cell-type-specific genes, enhancers
within their enhancer clusters displayed domain-specific activity within
cell types (Fig. le-g), indicating that the spatial specificity of enhancer
activity extends beyond gene expression and reflects distinct regulatory
mechanisms across spatial domains.

To explore regulatory mechanisms across spatial domains, we
defined spatial enhancer units based on the spatial patterns of constitute
enhancers within enhancer clusters. This approach aimed to character-
ize their activity patterns in the spatial domains where their target genes
were expressed (Methods). For example, for the enhancers linked to
genes in the K1 module, we identified 17 spatial enhancer units
(M1-M17). Several enhancer units (e.g., M1, M2) exhibited activity across
multiple domains, while others displayed specific activity in individual
spatial domains (e.g., M15, M16, M17) (Fig. 2b). These observations
promoted us to explore whether different enhancer units collectively
encode gene expression patterns across different spatial domains. To
test this hypothesis, we quantified the diversity of spatial enhancer units
within individual enhancer clusters. The enhancer clusters were cate-
gorized into two groups based on the number of enhancer units: spa-
tially divergent and coherent regulation scenarios. Specifically, genes
expressed across multiple spatial domains with combinations of differ-
ent spatial enhancer units were classified as divergent regulation,
whereas those regulated by the same enhancer unit were termed
coherent regulation hereafter (Fig. 2c). Intriguingly, a majority of
enhancer clusters (6940, 60%) contained at least two enhancer units
(Fig. 2d). For example, the expression of NrnI in distinct spatial domains
(DO, D1, D2, D3) was regulated by enhancer combinations showcasing
three different spatial patterns. Enhancer unit M1 was accessible across
all NrnI-expressing spatial domains, while Enhancer unit M3 exhibited
relatively higher accessibility in DO and D1. In contrast, enhancer unit
MI2 exhibited higher accessibility in D2 and D3 (Fig. 2e). These findings
suggest that Nrnl expression in DO and D1 may be encoded by a com-
bination of enhancer units M1 and M3, while its expression in D2 and D3
might be driven by enhancer units M1 and M12.

To further elucidate the mechanisms underlying divergent
enhancer units combinations, we investigated the potential role of TFs

(Methods). By focusing on enhancers regulating genes expressed in
excitatory neurons, we observed differential enrichment of several TF
motifs across specific spatial domains (Supplementary Fig. 3a, b). For
instance, the Fral motif was enriched across all enhancers in excitatory
neurons. However, enhancers associated with specific spatial domains
exhibited unique TF enrichment patterns. Specifically, enhancers in
domains D1 and D3 showed significant enrichment for Mef2c and
Mef2a motifs, while enhancers in domains D4 exhibited notable
enrichment for Rfx5 motif. Moreover, enhancers with similar spatial
patterns tend to share a significantly higher number of TF binding sites
compared to enhancers with divergent spatial patterns (Supplemen-
tary Fig. 3c). These findings might underscore the pivotal role of dis-
tinct TFs binding in coordinating the combinatorial regulation of
enhancers driving excitatory neuron-specific gene expression. To
explore the relationship between super-enhancers and divergent
enhancer combinations, we obtained super-enhancer data from pub-
licly available databases” for three brain-related tissues: cortex, brain
(E14.5), and cerebellum. We then performed an enrichment analysis to
assess the overlap between divergent enhancers, coherent enhancers,
and super-enhancers across these tissues. Our analysis revealed a sig-
nificant enrichment of divergent enhancers within super-enhancer
regions (Supplementary Fig. 3d). This finding suggests that enhancers
within the same super-enhancer tend to exhibit coordinated, yet not
completely uniform, activity.

To better distinguish subtle spatial differences from cell-type
variations, we annotated the spatial distribution of cell types by inte-
grating spatial-ATAC-seq data from P22 mouse brain with a previously
established single-cell ATAC-seq atlas of the adult mouse cerebrum?
(Fig. 2f, Supplementary Fig. 3e). We then investigated the spatial
accessibility of putative enhancers within individual cell types, fol-
lowing the approach in a recent study?. Specifically, we quantified the
spatial distribution of enhancers accessibility by correlating chromatin
accessibility along either dorsal-ventral (D-V) or deep-superficial (D-S)
spatial axes (Fig. 2f, g and “Methods”). Strikingly, we found -20% of
putative enhancers showed directional bias in chromatin accessibility
along these spatial axes (Supplementary Fig. 3f, top). Of note, putative
enhancers within the same enhancer cluster targeting the same gene
can exhibit distinct spatial accessibility patterns with different direc-
tionality preference (Supplementary Fig. 3f, bottom). For example, HIf
expressed within the ITL23GL excitatory neuron subtype, contains
putative enhancers located at +83 kb, +58 kb, and —29 kb relative to the
transcription start site. These enhancers exhibited distinct spatially
accessibility along the D-V axis: the +83kb and -29 kb enhancers
showed dorsal- and ventral-specific accessibility, respectively (Fig. 2h).
Similarly, in the CTGL subtype, putative enhancers of Beanl displayed
spatially variable accessibility along the D-S axis (Fig. 2i). These results
indicate the spatially divergent regulation of enhancer cluster exists
not only across different neuron subtypes located in various cortical
layers, but also within individual neuron subtypes.

Combinations of divergent enhancer units encode gene
expression in human tumors

After demonstrating the spatial enhancer code in normal tissues, we
wondered whether it also encoded gene expression in the disease
samples. Therefore, we employed eSpatial to investigate epigenetic
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regulation in the establishment of microenvironments in human
tumors. We first applied eSpatial to a multimodal Slide-tags dataset of
a metastatic melanoma sample'® (Fig. 3a). The original study analyzed
the spatial data and reported that the metastatic sample contained two
distinct tumor compartments, denoted as Compartment 1 (C1) and
Compartment 2 (C2), where compartment 1 representing a
mesenchymal-like cell state and compartment 2 comprising a

melanocytic-like population’ (Fig. 3b). We asked the role of enhancers
in regulating gene expression in these two distinct spatial compart-
ments, with a specific focus on the well-annotated tumor cells and
T cells from the original study. We identified 15,641 enhancers asso-
ciated with 7457 genes and clustered them into gene modules based
on their gene expression patterns (Fig. 3¢, left). Notably, nearly half of
the genes (49.8%) exhibited expression in both compartments
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Fig. 2 | Spatial enhancer code in the P22 mouse brain. a Bar plot illustrating the
number of spatial domains in which genes are expressed. Pie chart showing the
proportion of genes expressed across multiple spatial domains (>2) versus those
specific to a single domain. b Heatmap displaying the spatial enhancer units reg-
ulating K1 genes in Fig. 1f. These enhancers were clustered into 17 patterns
(M1-M17, columns) based on their spatial specificity across K1 genes expressed
domains (DO, D1, D2, D3, D13, and D4). ¢ Schematic representation of divergent
regulation and coherent regulation by enhancer clusters. d Bar plot showing the
number of enhancer clusters (y-axis) containing enhancers from various numbers
of enhancer units (x-axis). Pie chart showing the proportion of divergent regulation
(>2 enhancer units within a cluster) versus coherent regulation (only 1 enhancer
pattern). e The combination of enhancers encodes NrnI spatial expression. Gen-
ome tracks presenting chromatin accessibility, peak site (marked by open regions,
enhancer clusters, and enhancer units), gene tracks (left), and gene expression
(right) for the NrnI locus in cortex regions (DO, D1, D2, and D3). Spatial mapping of
denoised chromatin accessibility of representative enhancers from three distinct
enhancer units (M12, M3, and M1) and gene expression (top). f Spatial distribution
of cell types in spatial-ATAC-RNA-seq of the P22 mouse brain by integration of
ATAC pixels and scATAC-seq data?. Arrows indicate the dorsal-ventral (D-V) and

deep-superficial (D-S) axes in the coronal section. Pixel size, 20 um; scale bars,

1 mm. g Directionality analysis of chromatin accessibility along D-V or D-S axes for
the top 1500 cell-type-specific accessible peaks (ranked by log,[fold change])
across individual cell types. Each point represents a putative enhancer, positioned
by Spearman’s correlation coefficient (R) between peak accessibility and spatial
coordinates (n = cell-type-specific counts, coordinates normalized to 0-1 scale),
with color indicating statistical significance (-logl0 P-value) of correlation. Positive
or negative R values denote ventral/superficial or dorsal/deep directional biases,
respectively. The top 5 enhancers with the highest absolute R values were explicitly
labeled. h Spatial mapping of denoised HIf gene expression and denoised chro-
matin accessibility of representative directional enhancers (from g) associated with
Hlf showing ITL23GL-specific chromatin accessibility and directionality preference.
Schematic representation of the location of Hif gene and Hif putative enhancers.
i Spatial mapping of denoised BeanI gene expression and denoised chromatin
accessibility of representative directional enhancers (from g) associated with Beanl
showing CTGL-specific chromatin accessibility and directionality preference.
Schematic representation of the location of Beanl gene and Beanl putative
enhancers. Source data are provided as a Source Data file.

(Fig. 3d), including genes in module K1 expressed in tumor cells, and
genes in K4 expressed in T cells. As tumor cells are intrinsically very
different from T cells, we investigated the spatial enhancer regulation
for tumor cells and T cells separately. Intriguingly, enhancers asso-
ciated with those genes expressed in tumor cells in both compart-
ments showed distinct spatial activity (Fig. 3c, right), which were
categorized into three spatial enhancer units (M1-M3). Enhancer unit
M1, active in both compartments; enhancer unit M2, specifically active
in compartment 1; and enhancer unit M3, specifically active in com-
partment 2 (Fig. 3f). Further exploration into the potential mechanism
underlying compartment-specific enhancers revealed enriched acces-
sible motifs within these enhancer units (Fig. 3g and Supplementary
Fig. 4a). Notably, motifs corresponding to FOS/JUN-family members
were enriched in M2 enhancer unit, specifically accessible in Com-
partment 1 (Fig. 3g, left). This enrichment aligns with findings that the
FOS/JUN-family plays a key role in the mesenchymal-like melanoma
state”?°. Conversely, the motif corresponding to MITF was enriched in
M3 enhancer unit specifically accessible in Compartment 2 (Fig. 3g,
right), consistent with MITF’s role in maintaining the melanocytic
lineage”*°. These findings suggest that the spatial-specific transcrip-
tion factors regulate tumor development through their spatial
enhancer activation, further confirming the power of our eSpatial
analysis in dissecting the epigenetic regulatory mechanisms under-
lying spatial-specific regulation of tumors.

Moreover, we observed a significant prevalence (26.3%) of diver-
gent combinations of enhancer units in controlling gene expression in
human melanomas (Fig. 3e). For example, a cluster of enhancers dis-
playing three distinct patterns (Cl-specific, C2-specific, and active in
both) regulated the spatial expression of DNMT3A in tumor cells across
the two compartments (Fig. 3h). Similarly, the expression of CD8Ain T
cells across the two compartments was regulated by a combination of
two enhancer units (Cl-specific and active in both) (Supplementary
Fig. 4b, c).

To further evaluate the versatility of eSpatial across diverse dis-
ease contexts, we applied eSpatial analysis to a spatial-ATAC dataset of
human breast cancer”. This allowed us to delineate the enhancer
regulation of spatial regions of tumor, myeloid, immune-rich, and
normal tissue, as defined by the original study (Fig. 3i, j). Once again,
we identified genes with shared gene expression across the different
regions, while their associated enhancers showed distinct spatial pat-
terns (Fig. 3k and Supplementary Fig. 4d, f). Moreover, we noted a
significant prevalence (22.6%) of divergent combinations of enhancer
units, controlling spatial gene expression (Supplementary Fig. 4e). For
example, the gene NOTCHI was expressed in both tumor and myeloid
regions, yet its associated enhancer clusters exhibited distinct

combinations of three enhancer units (Fig. 31). Similarly, RUNX3 was
expressed in both myeloid and normal/immune-rich regions, while its
enhancer clusters contained three different enhancer units (Supple-
mentary Fig. 4g).

In summary, these results confirm that the divergent combina-
torial use of enhancer units within enhancer cluster is a widespread
mechanism in tumors, mirroring the patterns initially observed in
normal tissues.

Functional validations of spatial-specific enhancers in mouse
embryos at ell using VISTA enhancer activity data

Next, we sought to assess the functional relevance of spatial-specific
enhancers. Given the fact that VISTA houses abundant enhancer
activity experimental data from transgenic report assays in mouse
embryos at embryonic day 11.5 (ell.5), we applied eSpatial on the
spatial-ATAC profile of mouse embryos at el1'>. Of note, this dataset
provided spatial chromatin accessibility data without matched spatial
transcriptome information. Given this absence, we derived gene
activity scores based on chromatin accessibility within their gene
bodies, aligning with the approach commonly employed in scATAC-
seq and spatial-ATAC studies”™”** (Methods). Subsequently, we
conducted eSpatial analysis utilizing the gene activity score matrix,
chromatin accessibility matrix, and spot coordinate matrix. It led to
7 spatial domains (DO-D6), each spatial domain exhibiting strong
agreement with anatomical regions, such as DO in the brain, D1 in the
spinal cord, D2 in the notochord, D5 and D6 in the heart/limb regions
(Fig. 4a and Supplementary Fig. 5a, b). As anticipated, well-known
markers of the central neural systems, such as Sox2 and Pax6”, dis-
played high gene activity scores in DO and D1 (Fig. 4b and Supple-
mentary Fig. 5¢, d). Conversely, markers associated with the heart, like
Tcf21 and Ror2* exhibited the highest gene activity scores in D5 and
Dé6. (Fig. 4b and Supplementary Fig. 5c, d). Importantly, these gene
activity scores showed consistent spatial expression with in situ
hybridization (ISH) images at el1.5 mouse embryos obtained from the
Allen Brain Atlas (Fig. 4b).

Next, to understand the spatial gene expression patterns across
diverse tissues, we utilized eSpatial to cluster spatial gene activity and
found the majority of genes (7039, 82%) exhibited expression across
multiple spatial domains (Fig. 4c, left, 4g, top, and Supplementary
Fig. 5h, left). Notably, several neuron-related markers, including Rbfox3,
Notchl, Pax6, and Sox2, demonstrated expression in the central nervous
system (CNS) regions (DO, D1, and D2) (Fig. 4c, left). To delineate the
underlying gene regulatory intricacies, we identified 29,485 putative
enhancer-gene pairs, involving 29,485 putative enhancers linked to 8584
genes (Fig. 4c). Impressively, the enhancers controlling those genes
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expressed in CNS regions showed distinct spatial activity. For instance,
the enhancers in the brain and spinal cord (E1 in DO, E2 in DO and D1)
displayed significant agreement between the observed chromatin
accessibility in spatial-ATAC data and the LacZ signals in VISTA enhancer
reporter data (Fig. 4c, right, 4d and Supplementary Fig. 5e-g).

We next evaluated the enhancer activity of all constituted
enhancers within enhancer clusters by leveraging the enhancer activity

M2 M1 M3

denoised gene expression

0 1
denoised accessibility

Enhancer spatial specificity

0 1
-3 0 3

data sourced from VISTA®. Overall, our observations indicated a
notably higher VISTA enrichment (3.6-fold) among the constitute
enhancers in comparison to CREs (Fig. 4e), which suggested that the
enhancers identified above may be indeed active enhancers. In addi-
tion, we further distinguished the experimentally validated enhancer
activity in different tissues. We observed that 79.7% (295/370) of VISTA
elements in brain regions, 79.4% (170/214) in the spinal cord region,

Nature Communications | (2025)16:5091


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60482-1

Fig. 3 | Spatial enhancer code in human tumors. a Schematic representation (top)
and spatial distribution (bottom) of two distinct spatial compartments defined by
Slide-tags multiome which was adapted from the original literature'. b Spatial
distribution of tumor cells and T cells in the human melanoma sample. ¢ Heatmap
showing gene expression (left) and enhancer chromatin accessibility (right) for
15,641 gene-enhancer pairs, clustered into 6 modules (K1-K6) based on gene
expression in tumor cells and T cells from two compartments. d Bar plotillustrating
the number of compartments in which genes are expressed. Pie chart showing the
proportion of genes expressed in two compartments versus those specific to one
compartment. e Bar plot showing the number of enhancer clusters (y-axis) com-
posed of enhancers displaying various numbers of enhancer units (x-axis). Pie chart
depicting the proportion of divergent regulation (=2 enhancer units within a
cluster) versus coherent regulation (only 1 enhancer pattern). f Heatmap displaying
the spatial enhancer units regulating module K1 genes in (c). These enhancers were
clustered into 3 enhancer units (M1-M3, rows) based on their binarized spatial
specificity in two compartments. g Motif enrichment rank of enhancers with spatial
patterns (M2 and M3) from (f). Top 10 motifs are highlighted. P values calculated by

a one-sided hypergeometric test. h Spatial mapping of denoised DNMT3A gene
expression and denoised chromatin accessibility of three DNMT3A enhancers from
different enhancer units (M1, M2, and M3). Schematic representation of the loca-
tion of DNMT3A gene and DNMT3A enhancers. i Spatial distribution of tumor,
immune-rich, myeloid, and normal tissue regions in a human breast cancer sample.
Schematic representation of spatial-ATAC was from a published study®. j A zoom-in
window of spatial distribution of tumor, immune-rich, myeloid, and normal tissue
regions in the human breast cancer sample from (i). k Left: Heatmap showing gene
scores clustered into 9 modules (K1-K9). Right: Heatmap displaying the spatial
enhancer units regulating K1 genes in (k). These enhancers were clustered into 3
enhancer units (M1-M3, rows) based on their binarized spatial specificity. I Spatial
mapping of denoised NOTCHI gene expression and denoised chromatin accessi-
bility of three NOTCHI enhancers from different enhancer units (M1, M2, and M3) in
the tumor and myeloid regions. Schematic representation of the location of
NOTCHI gene and NOTCHI enhancers. Source data are provided as a Source

Data file.

and 79.2% (163/206) in the heart region exhibited spatial chromatin
accessibility corresponding to their respective domains, as observed in
the spatial-ATAC data of mouse embryos at ell (Fig. 4f).

Similar to the observations in the P22 mouse brain (Fig. 2), we
noted a prevalent presence of divergent combinations of enhancer
units within enhancer clusters in controlling spatial gene expression in
ell mouse embryos (Fig. 4g, bottom and Supplementary Fig. 5h, right).
For example, a cluster of enhancers comprising three different
enhancer units regulated the expression of Cmtm8. Enhancer unit M2
was accessible in both DO and D1, while enhancer units M4 and M6
patterns exhibited accessibility exclusively in DO and D1, respectively.
It suggested that Cmtm8 expression in DO was encoded by the com-
bination of enhancer units M2 and M4, while in D1, it was governed by
the combination of enhancer units M2 and M6 (Fig. 4h, i).

Taken together, these data demonstrate the capability of eSpatial
in identifying functionally relevant, spatial-specific enhancers, further
substantiating the concept of the spatial enhancer code. Notably,
eSpatial showcases adaptability even in datasets with only spatial
chromatin accessibility, extending its utility beyond datasets com-
posed of spatial epigenomic-transcriptomic co-profiling.

Validations of enhancer spatial activity in the mouse brain at
€13.5 by ISH and H3K27ac MERFISH data

To further validate the efficacy of eSpatial analysis, we applied it to the
joint profiling of chromatin accessibility and transcriptome in the e13
mouse embryo™. This analysis identified 12 spatial domains (DO-D11,
Fig. 5a and Supplementary Fig. 6a, b), aligning well with the anatomical
annotation in the mouse embryo. For example, DO and D1 corre-
sponded to the forebrain region, D2 and D3 to the hindbrain region,
and D4 specifically to the eye region (Fig. 5a, b). Spatial domains
exhibited distinct patterns of spatial-specific gene expression (Sup-
plementary Fig. 6c). For instance, Rbfox3, a CNS maker playing a pro-
minent role in neural tissue development®, showed specific gene
expression in the forebrain and hindbrain regions (DO and D2) (Sup-
plementary Fig. 6d). Conversely, Six6, an essential gene involved in eye
development®, exhibited specific gene expression in the eye region
(D4, Supplementary Fig. 6d).

H3K27ac peaks distal from transcription start sites often denote
active enhancers®. A recent study reported a spatially resolved
H3K27ac MERFISH (multiplexed error-robust fluorescence in situ
hybridization) and mapped a high-resolution spatial atlas of hundreds
of putative enhancers in the el3.5 embryonic mouse brain”. Addi-
tionally, the Allen database hosts a collection of brain in situ hybridi-
zation (ISH) data (http://developingmouse.brain-map.org/static/atlas).
Leveraging these two datasets, we sought to validate the spatial
enhancer regulation of gene expression identified by eSpatial. Indeed,
the spatial enhancer activity and gene expression identified by eSpatial

agreed with H3K27ac MERFISH and the ISH data. For example, Neu-
rog2, Tbrl, and Foxgl displayed expression in the forebrain region
according to the spatial transcriptome and Allen brain ISH atlas
(Fig. 5¢). Consistently, their enhancers showed specific accessibility in
the corresponding domains in el3.5 embryonic mouse forebrain
region, which is consistent with the signals detected in H3K27ac
MERFISH data (Fig. 5d).

Furthermore, we delineated the spatial enhancer code in the e13
mouse embryo and uncovered how divergent combinations of
enhancer units encode spatial gene expression. Our analysis identified
14,504 putative gene-enhancer pairs for 7017 genes. We observed
genes in the K1 module were expressed in both forebrain and hind-
brain regions (DO and D2), while their linked enhancers showed spatial-
specific activity (Fig. 5e). Moreover, a portion of genes expressed
across multiple spatial domains and exhibited regulation by divergent
combinations of enhancers (Fig. 5f). For example, Bcllla, expressed in
both the forebrain and hindbrain, was regulated by three enhancer
units, where M4 in the forebrain, M6 in the hindbrain and M2 in both
domains (Fig. 5g, h).

As a parallel validation, we applied eSpatial to the mouse fetal
brain data (el3.5) generated through MISAR-seq (microfluidic
indexing-based spatial assay for transposase-accessible chromatin and
RNA-sequencing)” (Supplementary Fig. 7a and “Methods”). Consistent
with the results of joint spatial profiling of chromatin accessibility and
transcriptome in e13 mouse embryo™ (Fig. 5), ISH and H3K27ac MER-
FISH data validated the enhancer activity and gene expression in space,
such as Neurog2, Tbrl, and Foxgl (Supplementary Fig. 7b, c). Addi-
tionally, the expression of Bcllla in the forebrain and hindbrain was
regulated by combinations of distinct enhancer units (Supplemen-
tary Fig. 7e).

Together, the agreement between H3K27ac MERFISH and ISH
data with the spatial enhancer activity identified by eSpatial in two
independent datasets reinforces its efficacy in deciphering the spatial
enhancer code.

Transgenic reporter assays validate spatially divergent activity
of Atohl enhancers in mouse embryonic spinal cord and
hindbrain

To experimentally validate the spatial enhancer code, we focused on
four enhancers (EO, E1, E2, and E3) located downstream of Atohl we
previously identified®*°. Our recent study revealed the activity of
these enhancers in the neurons during mouse spinal cord
development®. Additionally, Atohl is known to be expressed in neu-
rons of the hindbrain and is essential for cerebellum development*.
However, it remains unexplored how the Atohl enhancer cluster
orchestrates Atohl expression in both neurons of the spinal cord and
hindbrain.
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To this end, we applied eSpatial to investigate the Atohl enhancer
cluster using the spatial-ATAC data of ell mouse embryos (Fig. 6a). We
first calculated Atohl gene activity scores based on its chromatin acces-
sibility, and found that AtohI showed high gene activity scores in the spinal
cord and hindbrain of mouse ell (Fig. 6b). Consistently, our fluorescence
in situ hybridization (FISH) analysis further confirmed Atohl expression in
the neurons of both the hindbrain and spinal cord of ell mice (Fig. 6¢c).
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Next, we depicted the spatial patterns of Atohl enhancers in the
hindbrain and spinal cord of ell (Methods), and observed the phe-
nomenon similar to those in the P22 mouse brain, as well as el1 and el3
mouse embryos (Figs. 2-5). Atohl exhibited consistent gene activity in
the spinal cord and hindbrain at ell. However, the associated enhan-
cers (EO, E1, E2, and E3) exhibited distinct chromatin accessibility and
acted as four enhancer units (Fig. 6d). Specifically, EO showed high

Nature Communications | (2025)16:5091


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60482-1

Fig. 4 | Spatial enhancer code in el1 mouse embryos. a Spatial distribution of
spatial domains in el1 mouse embryos. Pixel size, 20 um; spatial-ATAC-seq data was
from ref. 12. b Left: Allen RNA ISH images in ell.5 mouse embryos. Right: spatial
mapping of gene scores in ell mouse embryos for selected marker genes across
different spatial domains. ¢ Heatmap showing gene expression (left) and chromatin
accessibility (right) for 29,485 gene-enhancer pairs. Gene expression was clustered
using k-means clustering (k = 7). The relevant markers and representative enhan-
cers were highlighted. d Spatial mapping of denoised chromatin accessibility (left)
and the corresponding VISTA enhancer reporter activity for e1l.5 mouse embryos
(right) for representative enhancers. e Enrichment of VISTA-validated enhancers
among enhancers in (c) and all CREs. *p <0.05, **p <0.01, **p < 0.001; n.s. not
significant (binomial test; exact p-value < 2.2e-16). f The percentage of VISTA-

validated enhancers in brain, spinal cord, and heart regions overlapped with sSCREs
from spatial-ATAC data. g Pie chart displaying the proportion of gene expression
patterns (top: multiple domains and single domain) and enhancer cluster regula-
tion patterns (bottom: divergent regulation and coherent regulation). h Heatmap
showing enhancer units for enhancers regulating genes in K1 as depicted in (c).

i The combination of enhancer units encodes CmtmS8 spatial expression. Genome
tracks showing the chromatin accessibility, peak site (marked by open region,
enhancer cluster, and enhancer unit), gene tracks (left), and gene expression (right)
for CmtmS8 in DO and D1. Spatial mapping of denoised chromatin accessibility of
three representative enhancers from different enhancer units (M2, M4, and M6)
and gene expression (top). Source data are provided as a Source Data file.

accessibility in both the spinal cord and hindbrain, while E1 displayed
no accessibility in either region. E2 showed weak accessibility in the
spinal cord but lacked accessibility in the hindbrain. Conversely, E3
mirrored the high accessibility in the spinal cord as EO, yet displayed
weaker accessibility in the hindbrain (Fig. 6d, e). Due to its lack of
accessibility in both the spinal cord and hindbrain, E1 was excluded in
the subsequent analysis. Therefore, we focus on testing the activity of
the EO, E2, and E3 enhancers by using transgenic reporter mice for
these enhancers.

To validate the activity of the EO, E2, and E3 enhancers of Atohl,
we conducted enhancer transgenic reporter assays to experimentally
assess the spatiotemporal activity of these enhancers in vivo (Fig. 6f).
Briefly, EO, E2, and E3 were used as putative enhancers to drive the
expression of the B-galactosidase gene (LacZ) downstream of a mini-
mal promoter® (Supplementary Fig. 8a), then the enhancer activity
can be visualized through X-gal staining*>**. EO showcased p-gal
activity in both the spinal cord and hindbrain, with obviously stronger
activity in the hindbrain than in the spinal cord (Fig. 6f, top). E2 dis-
played modest S-gal activity in the ell spinal cord but lacked activity in
the ell hindbrain (Fig. 6f, middle). On the other hand, E3 exhibited S-
gal activity in both the spinal cord and hindbrain, with noticeably
stronger activity in the spinal cord than in the hindbrain (Fig. 6f, bot-
tom). These observations aligned with the results from the eSpatial
analysis (Fig. 6d), confirming the spatial-specific activity of Atohl
enhancers. These observations suggest that the Atohl expression in
the spinal cord may be encoded by the combination of EO and E3,
whereas in the hindbrain, it primarily relies on EO (Fig. 6g, h).

In vivo CRISPR/Cas9-mediated perturbation validates spatial
enhancer code of Atohl in mouse embryos at ell

To further explore the spatial enhancer code encoding Atohl spatial
expression, we employed enhancer knock-out mice (EO, E2, and E3)
generated by CRISPR/Cas9-mediated genome editing and assessed
Atohl expression in the ell spinal cord and hindbrain (Supplemen-
tary Fig. 8b-d). Deletion of either EO or E3 led to a significant
decrease in Atohl expression in the spinal cord compared with their
wild-type siblings (Fig. 6i, k). Notably, deletion of EO resulted in
almost complete depletion of Atohl expression in the hindbrain at
ell, while deletion of either E2 or E3 did not (Fig. 6m-0). Moreover,
we assessed the impact of deleting the EO and E3 simultaneously by
generating double knock-out mice (EO +3 DKO) thorough targeting
E3 in EO heterozygotes using CRISPR/Cas9 genome editing® (Sup-
plementary Fig. 8e). The EO+3 DKO mice exhibited a more pro-
nounced reduction in Atohl mRNA levels compared to the deletion
of EO or E3 alone in the ell spinal cord (Fig. 6i, k, I). In the ell
hindbrain, the Atohl mRNA levels in EO + 3 DKO mice were decreased
to a level resembling that in EO KO mice (Fig. 6m, p). These findings
indicate a collaborative role of EO and E3 in regulating the Atohl
expression in the spinal cord, while EO alone regulates Atohl
expression in the hindbrain at ell. In addition, minimal changes in
Atohl expression were observed in mice with E2 deletion in both the
spinal cord and the hindbrain at ell (Fig. 6j, n). Collectively, our

results provide compelling genetic evidence that the combinatorial
use of divergent enhancer units within the Atohl enhancer cluster
orchestrates Atohl expression, supporting the concept of a spatial
enhancer code that spatially regulates gene expression.

Discussion

The regulation of gene expression by enhancer clusters is a widespread
phenomenon. Models like shadow enhancers, super-enhancers’,
stretch enhancers, enhancer clusters, and domains of regulatory
chromatin (DORC)* have been proposed to decipher the underlying
cis-regulatory principles®. However, these models lack precise spatial
information and the divergence between enhancers within a cluster to
fully characterize spatiotemporal gene regulation. In this study, we
developed eSpatial, a comprehensive framework for spatial enhancer-
gene analysis that allows users to systematically decipher spatial
enhancer-gene relationships in complex tissues at the resolution of
individual enhancers. eSpatial encompasses seven key steps (Supple-
mentary Fig. 1a): integration of spatial transcriptomics and epige-
nomics data (Steps 1-2), cell types and spatial domain detection (Steps
3-4), and decoding spatial patterns of enhancer-gene regulation
(Steps 5-7). This capability cannot be achieved by existing spatial
tools, which are typically designed for specific tasks. In addition, unlike
existing single-cell methods***, eSpatial incorporates spatial infor-
mation with multiomics features at multiple steps of the workflow,
including spatial-aware cell clustering and peak-gene linkage in spatial
context. This refinement is crucial for linking chromatin accessibility
with gene expression in complex tissues. By incorporating these
spatial-aware adjustments, eSpatial provides a deeper understanding
of gene regulation in the context of tissue organization, offering
insights that cannot be achieved by existing single-cell methods.

By leveraging spatial epigenomic data in both developmental and
disease contexts, we revealed that the phenomenon of different com-
bination of enhancers regulating the same gene not only exists across
tissue/cell types, which has been previously reported’, but also within
spatial domains of the same cell type. This later aspect, which has not
been previously addressed in existing studies, led us to propose the
concept of a “spatial enhancer code.” This phenomenon describes how
divergent combinations of enhancers regulate the same gene in spatially
segregated domains. For example, we demonstrated that Nrnli, expres-
sed in different spatial domains of excitatory neurons, and DNMT3A,
expressed in distinct compartments of T cells in melanoma, are con-
trolled by distinct enhancer combinations. These findings provide a
critical understanding of tissue microenvironments and tumor hetero-
geneity, highlighting the complexity of spatial regulatory dynamics.

To provide experimental validation of the spatial enhancer code
governing the spatial expression of Atohl, we conducted in vivo trans-
genic reporter assays and CRISPR/Cas9-mediated perturbation. We
extended previous insights into the Atohl enhancer cluster, unveiling
the spatial enhancer code model that explains the distinct regulation of
the Atohl expression of neurons across different tissues. Specifically, our
validations highlight that the functional role of E3 is in the ell spinal cord
but not in the hindbrain, contrasting the involvement of EO in both the
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Fig. 5 | Spatial enhancer code in €13 mouse brain. a Spatial distribution of spatial
domains in e13 mouse embryos. Pixel size, 50 um; scale bars, 1 mm. Spatial data was
from ref. 14. b Schematic highlighting different brain regions (forebrain, midbrain, and
hindbrain in solid color shades, while the cortex, diencephalon, and prosomere in
dotted color lines) of an imaged sagittal slice of an €13.5 mouse brain from the
H3K27ac MERFISH data. The background shows the DAPI signal. Scale bars: 1 mm. The
picture was adapted from ref. 37. ¢ Spatial mapping of denoised gene expression (left)
and Allen RNA ISH images (right) for Neurog2, Tbrl, and Foxgl. d Spatial mapping of
denoised chromatin accessibility (left) and epigenomic MERFISH images of H3K27ac
signals (right) for the enhancers controlling Neurog2, Tbrl, and Foxgl. e Heatmap
showing gene expression (left) and chromatin accessibility (right) for 14,504 gene-

Bcl11a
Gene

enhancer pairs. Gene expression clustered via k-means clustering (k = 7). The relevant
markers and representative enhancers are highlighted. f Pie chart demonstrating the
proportion of gene expression patterns (left: multiple domains and single domain)
and enhancer cluster regulation patterns (right: divergent regulation and coherent
regulation). g Heatmap showing the enhancer units for enhancers regulating K1 genes
as depicted in (e). h The combination of enhancer units encodes Bcllla spatial
expression. Genome tracks showing the chromatin accessibility, peak site (labeled by
open region, enhancer cluster, and enhancer unit), gene tracks (left), and gene
expression (right) for Bcll1a in DO and D2. Spatial mapping of denoised chromatin
accessibility of three representative enhancers in distinct enhancer units (M2, M4, and
M6) and gene expression (top). Source data are provided as a Source Data file.

spinal cord and hindbrain. These experiments provide proof-of-concept,
affirming the spatial enhancer code concept, in which divergent com-
binations of enhancers control spatial gene expression, as revealed by
eSpatial analysis.

While this study has achieved promising insights into spatial
gene regulation, it does encounter some limitations. A major
constraint is its reliance on spatial epigenome profiling, which
remains largely unavailable for various human and mouse tissues
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and low resolution and potential aggregation of multiple cell
types into a single spatial spot. The potential of spatial informa-
tion to resolve subtle regulatory differences within a single cell
type, such as interneurons or astrocytes, has yet to be fully
explored. Future studies focusing on these cell types, combined

with advancements in spatial profiling technologies, will be cru-
cial for achieving a comprehensive understanding of spatial gene
expression dynamics. Last, beyond the AtohlI locus, functional
studies of more spatial enhancer codes are imperative to better
understand spatial gene expression in the future.
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Fig. 6 | Experimental validation of Atohl spatial enhancer code in el1 mouse
embryos. Spatial mapping of Atohl gene activity scores (a) in the spinal cord and
hindbrain in ell mouse embryos (b), where spatial-ATAC-seq data were from a pub-
lished study®. ¢ Fluorescence in situ hybridization (FISH) images depicting Atohl
expression at ell mouse embryos. The experiment was repeated independently 3
times with similar results. Scale bars, 500 um. d Heatmap showing the accessibility
levels of Atohl enhancers. The spatial specificity scores of Atohl enhancers in the
ell spinal cord and hindbrain were labeled on the heatmap. e Genome tracks showing
the chromatin accessibility, peak coordinates, gene activity sores (left), and gene
tracks (right) for the Atohl locus in the spinal cord and hindbrain of ell mouse. Spatial
mapping of denoised chromatin accessibility of four AtohI enhancers (EO, E1, E2, and
E3) in the ell mouse spinal cord and hindbrain. f Whole-mount X-gal staining of EO
(top), E2 (middle), and E3 (bottom) reporter embryos at ell. The blue signal displays
the B-gal activity of the LacZ reporter driven by the indicated enhancers, representing
the activities of the Atohl enhancers. The experiment was repeated independently 3
times with similar results. Scale bars, 500 um. g, h Schematic diagram represented
sampled embryonic tissue (left), imaging perspectives (middle), and eSpatial predic-
tion (right). The blue dot line indicates the section direction. The pink box denotes the

RNAscope imaged region in the spinal cord (g). The pale green box denotes the
RNAscope imaged region of the hindbrain (h). i-1 RNAscope detection of AtohI mRNA
in EO/E2/E3/EQ +3 KO or WT mice in ell spinal cord. Left: Representative images show
staining for Atohl RNAscope probes (red) and DAPI (blue). Right: Quantification of
Atohl RNAscope probe signal. Values shown are the mean + standard error of the
mean; n =5 independent experiments. Statistical significance was determined by two-
sided Student’s ¢-test: EO-WT vs. EO-KO (p < 0.0001), E2-WT vs. E2-KO (p = 0.8792), E3-
WT vs. E3-KO (p=0.0296), and EO +3-WT vs. EO +3-DKO (p <0.0001). *p < 0.05,

*p < 0.01, **p < 0.00L; n.s., not significant. Scale bar, 50 um. WT wild type, KO
knockout. m-p RNAscope detection of Atohl mRNA in EO/E2/E3/EO +3 KO or WT
mice in ell hindbrain. Left: Representative images show staining for Atohl RNAscope
probes (red) and DAPI (blue). Right: Quantification of AtohI RNAscope probe signal.
Values shown are the mean + standard error of the mean; n=5 independent experi-
ments. Statistical significance was determined by two-sided Student’s ¢-test: EO-WT vs.
EO-KO (p<0.0001), E2-WT vs. E2-KO (p =0.9910), E3-WT vs. E3-KO (p=0.8914), and
EO +3-WT vs. EO +3-DKO (p < 0.0001). *p < 0.05, *p < 0.01, **p < 0.001; n.s., not sig-
nificant. Scale bar, 50 pm. WT wild type, KO knockout. Source data are provided as a
Source Data file.

Methods

Overview of eSpatial

eSpatial is a framework to decipher the spatial regulation of enhancer
clusters controlling the same gene based on spatial chromatin acces-
sibility profiling. Briefly, eSpatial analysis comprises the following
seven key steps.

Step 1. Prepare input matrix (Input). The input matrices in eSpatial
analysis consist of a spatial chromatin accessibility matrix, a spatial
gene expression matrix (optional), and a spot coordinate matrix. We
downloaded spatial chromatin accessibility profiling data from public
literature and generated distinct spatial matrices for each dataset
independently.

For the spatial- ATAC-RNA-seq data of the P22 mouse brain (data
from ref. 14) in Figs. 1 and 2, we obtained the preprocessed fragments
files, a gene-by-spot matrix (with 22,914 genes in 9215 spots), and spot
coordinate matrix from the Gene Expression Omnibus with accession
number GSE205055. To generate the spatial peak-by-spot matrix of the
P22 mouse brain, we retrieved the cis-regulatory elements from the
single-cell ATAC-seq mouse brain atlas data®. Using the fragments files
and cis-regulatory elements, we employed the function Feature-
Matrix() of Signac v.1.11.0** to generate the peak-by-spot matrix,
encompassing 260,032 peaks in 9215 spots.

For the spatial-ATAC-RNA-seq data relating to e13 mouse embryos
(data from ref. 14) and spatial-ATAC data of ell mouse embryos (data
from ref. 12) in Figs. 4 and 5, we first downloaded the preprocessed
fragments files, gene-by-spot matrix (with 20,900 genes in 2187 spots),
and spots coordinates matrix from the Gene Expression Omnibus
(GEO) with accession number GSE205055 and GSE171943. Then we
downloaded the ATAC peaks of all mouse tissues at ell.5 and el13.5
from ENCODE? and el3.5 epigenomic MERFISH loci from NCBI GEO
data repository (GSE191069). Then we merged them using reduce()
function in GenomicRanges package. Finally, we created a peak-by-
spot matrix within a common set of 181,633 peaks.

For MISAR-seq data of the e13.5 mouse fetal brain (data from
ref. 15) in Supplementary Fig. 7, we downloaded the preprocessed
fragments files, gene-by-spot matrix (with 32,285 genes in 1777 spots)
and spots coordinates matrix from the National Genomics Data Center
with accession number OEP003285. Then we used the fragments files
and the common peak set of ell.5 and e13.5 mouse embryos to gen-
erate the peak-by-spot matrix (with the function FeatureMatrix() of
Signac v.1.11.0%*) with 181,633 peaks in 1777 spots.

The Slide-tags data of a human melanoma sample (data from
ref. 16) in Fig. 3 was downloaded from the Broad Institute Single Cell
Portal under the following accession numbers SCP2176. The dataset
includes a peak-by-cell matrix (with 53,451 peaks in 2535 cells), gene-

by-cell matrix (with 36,601 genes in 2535 cells), cell coordinate matrix,
and cell type annotation information.

For the spatial-ATAC data of a human breast cancer sample (data
from ref. 13) in Fig. 3, the fragments files, spots coordinate matrix, and
regions annotation information were kindly shared by the authors of
the original study. Then we processed the fragments file using the
standard pipeline of ArchR v.1.0.2” to generate the peak-by-spot
matrix with 51,571 peaks in 3538 spots.

Step 2. Reduce dimension and construct spatial neighbor network
(Preprocessing). eSpatial conducted dimension reduction for the
gene-by-spot matrix and peak-by-spot matrix separately. For the gene-
by-spot matrix, it employed principal component analysis (PCA) for
dimensionality reduction and returned the top 20 principal compo-
nents (PCs) matrix to generate a PC-by-spot matrix. For the peak-by-
spot matrix, eSpatial adopted an iterative latent semantic indexing
(LSI) approach to reduce dimensions and returned the top 20 LSI
matrix to generate an LSI-by-spot matrix, excluding the foremost LSI
corresponding to sequencing depth variation. To integrate the simi-
larity among adjacent spots of a given spot, eSpatial converted the
spatial coordinates into an undirected neighbor network based on
Euclidean distance between two spots by using the function STAGA-
TE.Cal_Spatial_Net() of STAGATE v.1.0.1*°. When the distance between
two spots is below a predetermined radius, these spots are connected
within the spatial neighbor network.

Step 3. Define cell types. Seurat v.4.4.0*” was used for RNA data
integration and major cell type identification. The “SCTransform()”
function normalized both spatiallRNA and scRNA-seq data. The
“SelectIntegrationFeatures()” function identified common features
between the datasets, while “FindIntegrationAnchors()” and “Inte-
grateData()” were used to integrate the data. Clustering of the inte-
grated dataset confirmed a strong match between the spatial and
scRNA-seq data. The “FindTransferAnchors()” function identified
transfer anchors, which were applied for label transfer using the
“TransferData()” function.

Step 4. Detect spatial domains. To identify the spatial domains,
eSpatial performed spatial clustering by STAGATE v.1.0.1, which was
originally designed to identify spatial domains from spatially resolved
transcriptomics data. STAGATE utilized a graph attention autoencoder
to acquire low-dimensional latent embeddings with both spatial
information and gene expressions. To adapt the application of STA-
GATE in spatiallATAC-RNA co-profiling or spatial-ATAC profiling,
eSpatial provided three options to identify spatial domains: (1) “spatial-
RNA”: eSpatial followed the STAGATE pipeline with default parameters
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to detect spatial domain by only using PCA dimension matrix from
spatial-RNA profiling and spatial neighbor network. (2) “spatial-ATAC”:
eSpatial followed the STAGATE pipeline except replacing PCA
dimension matrix with LSI dimension matrix which is from spatial-
ATAC profiling, then combined spatial neighbor network. (3) “spatial-
ATAC-RNA”: eSpatial first combined the two reduced dimension
matrices (PCA dimension matrix from spatial-RNA profiling and LSI
dimension matrix from spatial-ATAC profiling) and took the combined
dimension matrix and spatial neighbor network as input of STAGATE.
Finally, the identified spatial domains by STAGATE underwent a
smoothing process based on the spatial neighbor network.

Step 5. Define enhancer clusters of genes. Regulatory elements with
chromatin accessibility were defined as putative enhancers or simply
enhancers. However, it is important to note that while these putative
regulatory elements are referred to as enhancers here, further functional
characterization might be required for a more detailed study of indivi-
dual elements. Based on this, eSpatial identified the enhancer clusters of
genes by adapting the method that we developed previously*® with
some modifications. Briefly, eSpatial first aggregated the gene expres-
sion and chromatin accessibility profiles for cells in each spatial neigh-
bor network. This aggregation was inspired by the pseudobulk approach
that has been developed for single-cell RNA/ATAC data*, which pro-
duced counts that enable adjustments to mitigate the impact of sparse
spatial data. Next, given a gene, eSpatial selected the CREs located
within a 100 kb window, excluding those located within +2 kb around
each annotated transcriptional start site (TSS), as its candidate enhan-
cers. For each gene-enhancer pair, eSpatial then calculated the Spear-
man correlation between enhancer chromatin accessibility and gene
expression. Lastly, the enhancers exhibiting a significant correlation (p-
value < 0.01, one-tailed Student’s t-test) were defined as a putative
enhancer cluster regulating the specific target gene.

Step 6. Identify spatial enhancer units based on spatial patterns of
enhancers. eSpatial identified spatial enhancer units by mapping
enhancer activity patterns to gene expression modules across spatial
domains. Initially, gene expression modules were defined using
k-means clustering to group genes with similar spatial expression
profiles. For each module, eSpatial mapped the regulatory enhancers
based on their spatial specificity scores. These scores were binarized,
with “1” indicating active spatial activity within a given domain. By
clustering the binary enhancer activity profiles, eSpatial captured dis-
tinct spatial activity patterns of enhancers corresponding to each gene
module. These distinct patterns of spatial enhancer activity across
domains were defined as spatial enhancer units. To keep the robust-
ness of these patterns, eSpatial filtered out enhancer units that involve
fewer than 10 enhancers. Thus, eSpatial deciphered spatial patterns of
their linked enhancers for genes expressed in similar spatial domains.

Step 7. Decode the combinations of divergent enhancer units.
eSpatial decodes the combinations of divergent enhancer units by
quantifying the diversity of spatial enhancer units within each enhan-
cer cluster. It categorizes enhancer regulation into two distinct modes:
divergent regulation and coherent regulation. Divergent regulation
occurs when an enhancer cluster comprises multiple spatial enhancer
units, indicating that the target genes are regulated by enhancers with
differing spatial activities across tissue domains. In contrast, coherent
regulation is characterized by a single spatial enhancer unit within an
enhancer cluster, suggesting that the target genes are regulated by
enhancers with similar spatial activity across spatial domains.

Identify spatial-specific genes and cis-regulatory elements
(SGEs/sCREs)

To identify the spatial-specific cis-regulatory elements, eSpatial first
quantified the spatial specificity of each gene and cis-regulatory

element (each peak of peak-by-spot matrix) in each spatial domain.
Briefly, for each gene/cis-regulatory element in a specific spatial
domain, eSpatial calculated its fold change of the average log-
normalized counts in a specific spatial domain versus the rest spatial
domains. This computation generated a matrix indicating the spatial
specificity of genes/CREs in each spatial domain. Next, eSpatial selec-
ted candidate sGEs/sCREs based on the maximum spatial specificity of
the CREs. Any gene or CREs surpassing a threshold (0.25 for genes, 0.1
for CREs) and exhibiting a significantly higher spatial specificity com-
pared to others (one-tailed Student’s t-test, p-value < 0.01) were con-
sidered as candidate spatial-specific genes (sGEs)/cis-regulatory
elements (sCREs). Finally, eSpatial mapped these candidate sGEs/
SCREs to the corresponding spatial domains with the maximum spatial
specificity. Thus, eSpatial identified candidate spatial-specific genes/
cis-regulatory elements for each spatial domain.

Benchmark of peak-to-gene links from spatially resolved eSpa-
tial and conventional single-cell multiomics approaches

To evaluate eSpatial’s performance, we compared its identified peak-
to-gene links with those derived from conventional single-cell mul-
tiomics approaches (ArchR v.1.0.2% and Signac v.1.11.0%*) on the same
spatial epigenomic data. The comparison was based on the gene-
enhancer links from the mouse cortex (same tissue)? as the reference.
For each approach, the peak-to-gene links were converted to BED
format, and overlaps with the reference were determined using bed-
tools v.2.31.1intersect>’. Enrichment of overlaps was then calculated by
constructing contingency tables and applying Fisher’s exact test. Venn
diagrams were used to visualize the overlap between approaches, and
a bar plot of normalized odds ratios was generated to compare the
relative enrichment of peak-to-gene links across datasets.

Visualize the spatial pattern of enhancers within enhancer
clusters

eSpatial first visualized gene expression and chromatin accessibility in
each spot by applying a denoising deep count autoencoder (DCA v.0.3.1)
to unsupervised denoise spatial chromatin accessibility and
transcriptome®. It separated the peak-by-spot matrix and gene-by-spot
based on the spatial domains and denoised the separated matrix inde-
pendently using DCA. For the separated peak-by-spot matrix, eSpatial
specified the following parameters: -nosizefactors -nonorminput
-nologinput, whereas DCA was run with default settings on the sepa-
rated gene-by-spot matrix. Then eSpatial prepared the genome tracks
for each spatial domain to visualize the chromatin landscape by apply-
ing the function plotBrowserTrack() of ArchR v.1.0.2 package”.

Characterization of sCREs with GREAT and motif analysis

We used the R implementation of GREAT v.4.0.4” to identify enriched
gene ontologies to associate sSCREs with the biological processes (BP)
of their putative target genes. Then we performed a hypergeometric
test to determine the probability of observing the motif at the given
frequency by chance using Signac v.1.11.0**%, comparing it with a
background peak set matched for GC content or the rest of the
genome.

Motif enrichment analysis

We performed motif enrichment analysis using Homer v.5.1°* with the
mmlO reference genome. Known motifs were identified using the
findMotifsGenome.pl command, with the option -size given to scan the
entire peak region. Randomly selected background regions were used
for motif discovery.

Super-enhancers enrichment analysis

Super-enhancers (SEs) were identified from publicly available
databases” (dbSUPER, https://asntech.org/dbsuper/) and integrated
with spatial link data to map enhancer-gene pairs associated with SEs.
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SE regions were intersected with enhancer clusters using the bedtools
v.2.31.1°° to identify overlapping enhancer clusters. The proportion of
SEs relative to total enhancer clusters was calculated for each tissue
and normalized against a shuffled background to generate enrichment
scores. Statistical significance was assessed using the binomial test.

Transcription factor similarity analysis

We analyzed transcription factor (TF) similarity between enhancer
pairs associated with the same gene. For each gene, enhancer pairs
were categorized as either belonging to the same module type
(referred to as “same spatial pattern”) or different module types
(“different spatial pattern”). TF binding profiles were retrieved from
CistromeDB**, and overlaps between TF binding regions and enhan-
cers were identified. TF similarity between enhancer pairs was quan-
tified by counting the number of shared TFs bound to both enhancers.

Directionality analysis of chromatin accessibility

We performed a directionality analysis to identify putative enhancers
exhibiting spatial biases in chromatin accessibility along the Dorsal-
Ventral (D-V) or Deep-Superficial (D-S) axes within interneurons, fol-
lowing the approach in a recent study®®. For each cell type, we selected
the top 1500 cell-type-specific accessible peaks ranked by log,[fold
change] compared to other cell types. The spatial bias of each
enhancer was assessed by calculating the Spearman correlation coef-
ficient (R) between denoised chromatin accessibility and spatial
coordinates (normalized to 0-1 range), where positive R values indi-
cate ventral/superficial preference and negative values indicate dorsal/
deep preference. The statistical significance of each correlation was
determined by its associated p-value, with the absolute magnitude of R
reflecting the strength of spatial preference.

Functional validations of spatial enhancers using public data
We performed functional validations of spatial enhancers using pub-
licly available datasets, including VISTA, MERFISH, and Allen RNA ISH
data. We downloaded the VISTA catalog from the VISTA database
(https://enhancer.lbl.gov/) and selected the elements activated in
mice. In addition, we further distinguished the reported enhancer
activity in different tissues. The loci of VISTA elements were trans-
ferred from the mm9 genome to the mm10 genome using rtracklayer.
In total, we collected 697 elements activated in at least one mouse
tissue. Among these, 370 VISTA elements exhibited enhancer activity
in brain regions (including forebrain, midbrain, and hindbrain), 214
were from neural tube regions, and 206 were from heart regions in
mouse embryos. Then, we detected the overlapping elements between
the VISTA elements and sCREs identified in this study by using the
rtracklayer package v.1.58.0%°. MERFISH images” were downloaded
from Zenodo (https://doi.org/10.5281/zenodo.7075964). ISH data
were downloaded from the Allen database (http://developingmouse.
brain-map.org/static/atlas).

Depict spatial patterns of Atohl enhancers

To quantitatively assess the spatial patterns of Atohl enhancers (EO, E1,
E2, and E3), we applied eSpatial to evaluate the spatial specificity
degree of these enhancers with some optimization. Briefly, enhancers
showing high spatial specificity (spatial specificity > cutoff, where the
cutoff equals the average spatial specificity score plus one standard
deviation of all enhancers in ell mouse embryos) were categorized as
“highly accessible enhancers.” Enhancers showing positive spatial
specificity (spatial specificity >0) were categorized as “accessible
enhancers.” Enhancers showing a negative spatial specificity score
(spatial specificity <0) were categorized as “closed enhancers.”

Experimental model and subject details
The care and use of mice were followed by the United States National
Institutes of Health Guidelines and the Chinese Ministry of Public

Health Guidelines. All the mouse experiments were performed
according to the ethical guidelines established by the Animal Care and
Use Committee of the Institute of Genetics and Development Biology,
Chinese Academy of Sciences. Mice were housed in a standard venti-
lated cage with a 12 h light/12 h dark cycle. 3-4 mice were housed in a
cage. The ambient temperature is 25 °C with relative humidity of 50%.
All mice have ad libitum access to water and chow. E0-KO, E2-KO, E3-
KO, and EO + 3-DKO mice are from our lab, which have been reported™.

LacZ transgenic mice generation

The strains of EO-lacZ, E2-lacZ, and E3-lacZ transgenic mice are from
our lab, which have been reported®. Briefly, EO/E2/E3 fragments were
PCR amplified and cloned into the Hsp68-LacZ vector to create the
pHsp68-E0/E2/E3-lacZ plasmid. The plasmid and PiggyBac vector were
co-injected into CD1 one-cell-stage zygotes. PCR was performed to
screen for founder mice O (FO) harboring an insertion of EO/E2/E3-lacZ
in their genomic DNA. Plasmids, primers, and transgenic mouse strains
are listed in Supplementary Table 2.

X-Gal staining

Embryos were dissected at ell. Removed a small piece of tissue from
each embryo for genotyping by PCR examination of the lacZ gene.
The embryos were fixed by cold 0.125% glutaraldehyde (ell for
30 min). Then, we washed it three times in PBS for 5 min. Embryos
were transferred to a freshly made X-Gal staining solution contain-
ing 100 mM phosphate buffer (pH 7.2), 2mM MgCl,, 5mM EGTA,
0.02% NP40, 0.01% sodium-deoxycholate, 50 mM K3Fe(CN)g, 50 mM
K4Fe(CN)s, and 1 mg/ml X-Gal. Embryos were incubated in X-Gal
staining solution at 37 °C. Incubation time varied from several hours
to overnight, depending on the strength of S-Gal expression. After
staining, embryos were washed three times with PBS and stored in
freshly made 4% formaldehyde. The embryos were again washed
with PBS three times before photographing. Primers and transgenic
mouse strains are listed in the key resources table (Supplementary
Table 2).

RNAscope and preparation of spinal cord sections

Fresh mouse embryos at ell were embedded in an Optimal Cutting
Temperature (O.C.T) compound. The sagittal frozen sections were
taken at 10-pum thickness and then stored at —80 °C. RNAscope was
performed as instructed by the manufacturer (ACD, CA, USA). Images
were acquired on a Leica SP8 microscope. Primers and mouse strains
are listed in the key resources table (Supplementary Table 2).

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

Data availability

The spatial-ATAC-RNA-seq data of the P22 mouse brain, e13 mouse
embryo, and ell mouse embryo used in this study are available in the
Gene Expression Omnibus (GEO) under accession codes GSE205055
and GSE171943. The MISAR-seq data of the e13.5 mouse fetal brain used
in this study are available in the National Genomics Data Center under
accession number OEP003285. The H3K27ac MERFISH data of the
el3.5 mouse fetal brain used in this study are available in Zenodo under
the https://doi.org/10.5281/zenodo.7075964. The Slide-tags snRNA
+snATAC data of human melanoma used in this study are available in
the Broad Institute Single Cell Portal under the accession number
SCP2176. The spatial-ATAC data of human breast cancer used in this
study were kindly shared by the authors of the original study. The
experimentally validated VISTA enhancers in human and mouse non-
coding fragments with gene-enhancer activity assessed in transgenic
mice are accessible through the VISTA Enhancer Browser at https://
enhancer.lbl.gov/. The Allen Brain Reference Atlases ISH data used in
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this study are accessible through the Allen Brain Atlas at https://atlas.
brain-map.org/. All datasets’ details were published previously (Sup-
plementary Table 1). Source data are provided with this paper.

Code availability

The source code for eSpatial is available on GitHub (https://github.
com/xmuhuanglab/eSpatial), Zenodo (https://doi.org/10.5281/zeno
do.15383127)°¢ and CodeOcean (https://codeocean.com/capsule/24
93559/tree/vl).
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