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Spatiotemporally resolved transcriptomics
reveals the cellular dynamics of human
retinal development

Jinglong Zhang 1,2,10, Jiao Wang3,10, Qiongjie Zhou4,10, Zixin Chen3,
Junyi Zhuang3, Xingzhong Zhao1,2, Ziquan Gan1,2, Yinan Wang4, Chunxiu Wang4,
Robert S. Molday5,6, Yucheng T. Yang 1,2 , Xiaotian Li 4,7 &
Xing-Ming Zhao 1,2,8,9

The morphogenesis and cellular interactions in developing retina are incom-
pletely characterized. The full understanding needs a precise mapping of the
gene expression with a single-cell spatial resolution. Here, we present a spatial
transcriptomic (ST) resource for the developing human retina at six develop-
mental stages. Combining the spatial and single-cell transcriptomic data enables
characterization of the cell-type-specific expression profiles at distinct anato-
mical regions at each developmental stage, highlighting the spatiotemporal
dynamics of cellular composition during retinal development. All the ST spots
are catalogued into consensus spatial domains, which are further associated to
their specific expression signatures and biological functions associated with
neuron and eye development. We prioritize a set of critical regulatory genes for
the transitions of spatial domains during retinal development. Differentially
expressed genes from different spatial domains are associated with distinct
retinal diseases, indicating the biological relevance and clinical significance of
the spatially defined gene expression. Finally, we reconstruct the spatial cellular
communication networks, and highlight critical ligand-receptor interactions
during retinal development. Overall, our study reports the spatiotemporal
dynamics of gene expression and cellular profiles during retinal development,
and provides a rich resource for the future studies on retinogenesis.

The development of the vertebrate retina is a highly coordinated
process. During the later stage of gastrulation, the optic cup forms
from the surface ectoderm1, followed by differentiation into neural
retina in the inside and retinal pigment epithelium in the outside2,3. In

the inner layer of the optic cup, retinal progenitor cells (RPCs) give rise
to six major classes of neurons, including rod and cone photoreceptor
cells (PCs), horizontal cells (HCs), bipolar cells (BCs), amacrine cells
(ACs), and retinal ganglion cells (RGCs), as well as one class of glia,
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Müller glia (MG). Retinal cells form specific layer structures, which
exhibit significant changes in their layer organization during embryo-
nic development. After later stages of retinal development, retinal cells
are organized into three distinct layers, each with their morphologic
and functional characteristics4. Briefly, the cell bodies of PCs are
located in the outer nuclear layer (ONL); the cell bodies of inter-
neurons such asHCs, BCs, ACs and theglial cells,MG, are located in the
inner nuclear layer (INL); and RGCs form the ganglion cell layer (GCL).
The ONL and INL originate from the neuroblast layer (NBL) during the
earlier stages of retinal development. Retinal vasculature, composing
of pericytes and endothelial cells, is located in the periphery of this
orchestrated layered structure. In addition to the precise spatial
organization, the differentiation of retinal cells from RPCs is also
arranged in temporal order. RGCs and HCs are generated relatively
early, while PCs, ACs and BCs are generated relatively late5.

Given that developing retinal cells display distinguishing char-
acteristics and high spatiotemporal dynamics that are associated with
their functions, more specific transcriptome profiling of each retinal
cell types during development needs to be investigated. Bulk RNA
sequencing (RNA-seq) and single-cell RNA sequencing (scRNA-seq)
studies on human retina and retinal organoids have offered rich
resources6–12. These studies have delved depth into the post-mitotic
transitional cell populations in the human embryonic retina, leading to
the identification of three types of intermediate progenitor cells, i.e.,
neurogenic cells, amacrine-horizontal precursors (AC-HC Precurs),
and bipolar-photoreceptor precursors (BC-Photo Precurs). These
advancements have enriched our understanding on retinogenesis and
the specification of retinal cell fate.

It is, however, not known to what extent the localization of each
retinal cell type changes during development in human. Spatial tran-
scriptomic (ST) technologies can provide high-throughput and spa-
tially resolved analysis of gene expression, and have been applied on
multiple embryonic tissue sections13–15. Combining scRNA-seq and ST
methods can help overcome the limitations of individual techniques,
facilitate unbiased cell type annotation and allow high-resolution
spatiotemporal mapping of tissue development. More recently,
scRNA-seq and ST technologies have been applied on retinal samples
and organoids to explore the spatial and temporal dynamics of gene
expression during retinal development16,17. In addition, a set of genes
implicated in diverse retinal diseases have been identified18–20. The
coverage of the developmental stages explored by existing studies is
generally limited, particularly lacking samples before post-conception
week (PCW) 14. However, the differentiation and maturation of ACs,
cone and rod PCs from RPCs cannot be observed before PCW1417.
Moreover, the developmental transitions between retinal cell types, as
well as the spatiotemporal specificity of the retina-disease-associated
genes during retinal development have not been well characterized.
Furthermore, although the gene expression profiles of each retinal cell
type during specific developmental stages have been described8–10,
how these cell types communicate with each other in vivo is still not
well studied in human.

In this study, we presented a spatiotemporal resource describing
the spatial and cellular heterogeneity of the developing human retina
at six developmental stages: PCW9, PCW12 early, PCW12 late, PCW14,
PCW16 and PCW17. By integrating spatial and single-cell tran-
scriptomic data, we revealed the spatiotemporal dynamics of retinal
cell type composition during retinal development. We further identi-
fied diverse spatial domains of ST spots, and associated them with
specific anatomical regions and biological functions. By analyzing the
developmental changes of spatial domains, we prioritized a set of
regulatory genes that were putatively critical for retinogenesis. Fur-
thermore, we examined the localizations of genes associated with
retinal diseases within the spatiotemporal maps. Finally, we estab-
lished spatial cellular communication network for each developmental
stage, highlighting the critical ligand-receptor interactions during

retinal development. Overall, our study provided a rich resource for
investigating spatiotemporal dynamics of gene expression during the
early development of human retina.

Results
Spatially resolved transcriptomic profiling of developing
human retina
To comprehensively characterize the spatiotemporal gene expression
during retinal development, we generated spatial expression profiles
of human fetal retinal tissues from PCW9 to PCW17. For each devel-
opmental stage, we obtained one fresh frozen sample from the loca-
tion near the optic nerve, followedby high-throughput sequencing run
on the 10x Genomics Visium platform (Fig. 1a). A total of 1541 ST spots
in the retinal region were retained with a median of 11,800 unique
molecular identifiers (UMIs) and a mean of 4746 genes per spot
(Supplementary Data 1).We then annotated the anatomical location of
each spot in a radial and tangential system simultaneously to precisely
and uniformly describe the spatial coordinates for each spot (Fig. 1b).
Briefly, we initially identified NBL and GCL based on hematoxylin and
eosin (H&E) staining4,9,21. Considering the actual thickness of the retinal
samples (Supplementary Fig. 1a), aswell as the relative thickness of the
NBL and GCL (Supplementary Fig. 1b), we then divided the NBL and
GCL into four (NBL 1/4, NBL 2/4, NBL 3/4, NBL 4/4) and two (GCL 1/2,
GCL 2/2) equal-width sublayers, respectively (Supplementary Fig. 2a, b;
see Methods). We also tangentially named the retinal regions with an
angle deviating from the optic nerve (from −135˚ to 135˚) (Supple-
mentary Fig. 2c). Thewell-knownGCLmarker genes (TUBB3 and SNCG)
and NBL marker genes (SOX2 and SOX9)8,22 exhibited significantly
higher expression in their corresponding sublayers (P < 3.02 × 10−26,
one-sided Wilcoxon rank-sum test; Fig. 1c; Supplementary Fig. 3a),
confirming the consistency between our annotations and the spatial
context in the developing retina.

We then explored the global similarity among all ST spots of
retinal samples through a uniform manifold approximation and pro-
jection (UMAP) visualization23 (Fig. 1d; Supplementary Fig. 2d). In the
UMAP, the ST spots from the same and/or adjacent sublayers across
different developmental stages were clustered together, and the spot
coordinates were aligned noticeably with their tangential angles,
highlighting the pronounced spatial specificity of the developmental
programs in human retina. We identified a set of differentially
expressed genes (DEGs) for each of the six sublayers between neigh-
boring developmental stages (FDR<0.05; Supplementary Data 2). We
found that the GCL showed more DEGs than the NBL in earlier stages
(Supplementary Fig. 3b), confirming that the gene expression pro-
grams in developing human retina exhibited spatiotemporal
asynchrony4. In addition, we confirmed that the DEGs of the sublayers
from NBL and GCL were enriched in distinct biological functions
(Supplementary Fig. 3c; Supplementary Data 3).

Spatiotemporal dynamics of cellular distribution during retinal
development
Given that there are numerous individual cells within each ST spot, we
aimed to examine how variation in the proportions of retinal cell types
contributes to variation in spot expression. To this end, we estimated
the relative proportions of various retinal cell types for each sample.
First, we observed good concordance between our Visium spot-level
expression and the single-cell expression during retinal development9

(Fig. 2a). We then deconvolved the spot-level expression matrix by
using the single-cell signatures to estimate cell proportions across all
samples (see Methods). As a validation, for each cell type, we calcu-
lated the Spearman’s Correlation Coefficient (SCC) between the esti-
mated proportions and the expression levels of the corresponding cell
type marker genes across all spots (Supplementary Data 4). The cell
type marker genes were collected from previous studies on adult and
embryonic retina, and retinal organoids8,10,11. As expected, 74.0% of the

Article https://doi.org/10.1038/s41467-025-57625-9

Nature Communications |         (2025) 16:2307 2

www.nature.com/naturecommunications


marker genes showed a significant correlation (SCC>0, FDR<0.05). In
addition, we performed similar analyses and visualized the expression
of cell type marker genes using another recently published retinal ST
data17.We compared the results fromboth datasets, and confirmed the
reproducibility of our results (Supplementary Fig. 4a and 4b). These
results suggested that the relative proportions of the basic retinal cell
types estimated from the single-cell signatures were biologically
meaningful and reliable for the downstream analysis.

We then investigated the spatial distribution of the cell types at
each developmental stage (Fig. 2b; Supplementary Fig. 5a). Across all
developmental stages, RPCs dominated the entire NBL, while inter-
mediate progenitor neurogenic cells dominated the inner (i.e., NBL
3/4 and NBL 4/4) sublayers of NBL. In contrast, RGCs generally
dominated in the GCL. Cone and rod PCs preferably co-located with

RPCs in the NBL, while ACs generally showed co-occurrence with
RGCs in the GCL (Supplementary Fig. 5b). Furthermore, the locations
of precursor cell types such as RPCs and neurogenic cells gradually
changed from outer layers to inner layers during retinal differentia-
tion, which consistent with previous studies24,25. In addition, we
found pronounced differences in the distribution of various cell
types along the tangential direction (Supplementary Fig. 5c). In the
region near the ciliary body (i.e., >90°), therewas a higher abundance
of RPCs, while the cell counts of differentiated cell types were
notably lower.

We further examined the relative abundances of theprecursor cell
types versus the differentiated cell types during retinal development.
As expected, the differentiated cell types generally showed a steady
increase in terms of their relative cell counts, while the precursor cell
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types showed a decrease (Fig. 2c; see Methods). Notably, we observed
more RGCs in PCW9 thanother differentiated cell types, suggesting an
earlier specification window of RGCs than other differentiated cell
types8,9. The estimated relative cell counts of cone and rod PCs, ACs
and BCs had a significantly increase at PCW14 (Fig. 2c). Consistently,

we observed a dramatic decrease in the relative cell count of AC-HC
Precurs, the precursors of ACs and HCs, at PCW14.

In summary, we characterized the spatiotemporal distribution of
the retinal cell types at each developmental stage, demonstrated the
emergence of differentiated cell types during development, and found
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that the differentiation of the precursor cell types showed a direction
from the outer layers to the inner layers, as well as from the posterior
region to the anterior region.

Spatiotemporal distribution and cellular identity of consensus
spatial domains
To leverage the spatial information from ST data, we aimed to identify
the consensus spatial domains for all the spots. Briefly, we integrated

gene expression profiles and spatial adjacency matrices for spatial
domain detection (see Methods). We identified 9 spatial domains
across all the developmental stages based on the spatially variable
genes (SVGs) using the optimal approach (Fig. 3a; Supplementary
Fig. 6; Supplementary Fig. 7a; Supplementary Data 5). Each spatial
domain was further associated to specific embryonic cellular identity
(Fig. 3b). As expected, there was an enrichment of multiple major cell
types within the same spatial domain. For example, spatial domain D1
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wasenriched inRGCs andACs,while spatial domainD6was enriched in
cone PCs, rod PCs and BC-Photo Precurs.

We performed DE analysis for all the spatial domains, and iden-
tified a set of DEGs for each spatial domain (Supplementary Fig. 7b, c;
Supplementary Data 6 and 7). We found that the spatial domains were
in line with the cell type-specific marker genes identified through
deconvolution. For example, NEFL, NEFM and GAP43 were up-
regulated in spatial domains D1 and D2 (FDR < 5.93 × 10−20, log2 fold
change >0.603), indicating the presence of RGCs; while RCVRN and
NRL were up-regulated in spatial domain D5 (FDR < 4.47 × 10−29, log2
fold change >1.27), indicating the presence of PCs.

The anatomical regions of the spatial domains exhibited sig-
nificant variations in terms of radial sublayers and tangential angles
(Fig. 3c, d; Supplementary Fig. 7d). Within retinal layers, the distribu-
tion of various spatial domains was aligned with our prior results on
the localizations of specific cell types, with spatial domains D5, D6, and
D7 were enriched in photoreceptor cells located in the NBL, while
spatial domains D1, D2, and D3 were enriched in RGCs and ACs in the
GCL. Along the tangential direction, we identified three spatial
domains with uneven distributions. Among these, spatial domain D9
was associated with the optic nerve, significantly enriched in the pos-
terior region of the retina (P = 6.86 × 10−12, one-sided Wilcoxon rank-
sum test; Fig. 3c), and was removed in subsequent analysis; spatial
domains D4 andD8werenotably enriched in the anterior region of the
developing retina (P = 4.88 × 10−109, one-sided Wilcoxon rank-sum test;
Fig. 3c).We explored the expression of 24 sharedDEGs between spatial
domains D4 and D8 using scRNA-seq data from human embryonic
retina9 and adult human ciliary body26 (Supplementary Fig. 8a; Sup-
plementary Data 8), and found that it was significantly overexpressed
in RPCs and non-pigmented epithelium (NPE) in ciliary body
(P < 2.2 × 10−16, one-sided Wilcoxon rank-sum test; Supplementary
Fig. 8b–h). These results indicated that the retinal stem cells in the
adult ciliary body were associated with these two spatial domains (i.e.,
D4 and D8) in the anterior region26–28.

Spatiotemporal specificity of functional gene modules
We performed weighted gene co-expression network analysis
(WGCNA)29 for all the ST spots across different developmental stages,
resulting in four major genes modules (Supplementary Fig. 9a–c;
Supplementary Data 9). The identified gene modules were enriched in
distinct biological functions (Fig. 3e; Supplementary Fig. 9f; Supple-
mentary Data 10): gene module M1 was related to axonogenesis; gene
module M2 was related to extracellular matrix organization; gene
module M3 was related to eye development and various biological
regulations; while gene module M4 was related to photoreceptor cell
development. Notably, the genemodules exhibited strong enrichment
to specific spatial domains as described before (Fig. 3f; Supplementary
Fig. 9d, e).

The identification of these gene modules can provide biological
insights into the specific spatial regions in the developing retina. For
example, genemoduleM1was enriched in the spatial domains (i.e., D1,
D2, D3 and D4) located in the GCL, indicating that the GCL could be
critical in axonogenesis. As another example, gene module M3 was
enriched in the spatial domain (i.e., D5) located in the inner sublayers
of NBL (NBL 3/4 and NBL 4/4). The spatial domain D5 showed sig-
nificantly higher proportion of neurogenic cells than in other spatial
domains (P = 2.30 ×10−71, one-sided Wilcoxon rank-sum test). Taken
together, these results indicated that the inner sublayers of NBL could
be the critical region for the functionality of neurogenic cells in reg-
ulating retinal development.

We also explored the temporal dynamics of the gene modules
during retinal development (Supplementary Fig. 9d). During the
development of NBL, the dominant gene module(s) showed a repla-
cement of M3 with M2, then followed by an enrichment of M3 andM4
(Fig. 3f). By contrast, during the development of GCL, the dominant

genemodule was consistentlyM1. These results indicated that the NBL
exhibited more complex functional changes during retinal
development.

Putative regulatory genes of spatial domains during retinal
development
Although we have characterized the spatiotemporal localizations of
the spatial domains, the putative critical genes regulating the transi-
tions of spatial domains between developmental stages are still
unclear. Previous studies have highlighted transcription factors (TFs)
and RNA-binding proteins (RBPs) to play critical roles in the regulation
of retinal development30–34. To identify putative critical regulatory
genes for ST spatial domains, we systematically compared the DEGs of
the spatial domains and the repository of regulatory genes (including
TFs and RBPs) collected from Lambert et al.35 and Hentze et al.36

respectively. The DEGs of the spatial domains exhibited significant
overlap with the TFs and RBPs (odds ratio >1.37, P < 4.12 ×10−5, two-
sided Fisher’s exact test; Supplementary Fig. 10a). Notably, the genes
HMGA1, JUN, REPIN1, ZNF207, ZNF385A, YBX1, YBX3, CXXC5, CHCHD3
and SAFBwere identified in all three gene sets, indicating putative roles
in both transcriptional and post-transcriptional regulation during ret-
inal development.

These results inspired us to focus on the regulatory genes that
may function at the spatial and temporal resolution. To this end, we
identified a set of regulatory genes with elevated expression restricted
in the same spatial domain between the neighboring developmental
stages (Fig. 4a, b; SupplementaryData 11; seeMethods). Interestingly, a
great proportion (60.0% of total 215 genes) of these up-regulated
regulatory genes during stage transition were RBPs, indicating the
critical roles of RBPs and post-transcriptional regulation during retinal
development. Although TFs are usually considered as the key reg-
ulatory factors for retinal development, the post-transcriptional reg-
ulation coordinated by RBPs can be also important and should not be
overlooked. Notably, a few up-regulated regulatory genes were found
as shared across majority of the spatial domains (7 out of 9 spatial
domains), including NRL and HES5 among TFs, and LDHA, ZFP36L2,
CRYAB, ENO1, and HNRNPDL among RBPs (Supplementary Fig. 10b, c),
suggesting their potential broad and critical roles in retinal
development.

We also reconstructed the gene regulatory networks (GRNs)
between TFs and their target genes (TGs) using expression data across
all ST spots (see Methods). We highlighted several TFs with stronger
interaction strength, such as ASCL1, ATF4, CREBZF and HBP1 (Supple-
mentary Fig. 11a, b). interestingly, a considerable proportion (22.6%) of
the TFs in the GRNs were also found in the set of up-regulated reg-
ulatory genes during stage transition (Supplementary Data 12), con-
firming their important regulatory functions for retinal development.

Next, we identified the enriched biological functions for these up-
regulated regulatory genes, and found that the results were consistent
with our previous findings from WGCNA (Supplementary Fig. 10d;
Supplementary Data 13). For example, the enriched biological func-
tions included eye and visual system development (e.g., NRL and
SOX2), and regulation of neuron differentiation37,38 (e.g.,NEUROD1 and
MEIS1). We also identified a significant enrichment of genes associated
withRNA splicing, includingRBM3,RBM5 andRBM3939. Interestingly, in
the up-regulated regulatory genes from spatial domains D2, D3, D4
and D5 during the transition from PCW16 to PCW17, we observed the
genes implicated in glial cell fate commitment (including PAX6 and
HES5), indicating the critical spatial regions and temporal windows for
the differentiation of glial cell types, such as Müller cells40.

Previous studies have revealed the key roles of growth factors
during the process of retinal development41–45. Here, we systematically
explored the spatiotemporal expression dynamics of different growth
factor families, including vascular endothelial growth factors (VEGFs),
insulin-like growth factors (IGFs), fibroblast growth factors (FGFs),
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transforming growth factors (TGFs), neurotrophins, and epidermal
growth factors (EGFs). Some growth factors exhibited dramatic
changes of spatial and temporal distributions during retinal develop-
ment, such as VEGFA, CCN2 (also known as CTGF) (Fig. 4c; Supple-
mentary Fig. 12). We also validated the temporal dynamics of the
growth factors using bulk RNA-seq data from retinal organoids46, and
found that the expression trends of some critical growth factors (e.g.,
VEGFA, PGF, CCN2, and VGF) were consistent with the results from our
data (Supplementary Fig. 13a, b). Among these, VEGFA and PGF have
been implicated in retinal vascularization42,47, CCN2 has been reported
to be functional in the formation of the retinal macula9, and VGF can
affect neurogenesis48,49.

Biomedical relevance of spatial domains in developing retina
To bridge the gap between the spatiotemporal expression profiles of
retinal development and retinal diseases, we then explored the
expression patterns of disease-associated genes in spatial domains
(Fig. 5a; Supplementary Data 14). Most of the gene sets associatedwith
retinal diseases (9 out of 15 diseases) showed elevated expression in
spatial domains D5 and D6 that were enriched in PCs, which have been
implicated in the pathogenesis of ocular-retinal developmental disease
(ODD), cone or cone-rod dystrophy (COD/CORD), retinitis pigmentosa
(RP) and age-related macular degeneration (AMD)50–52. NDP, the only

gene implicated in retinopathy of prematurity (ROP), showed higher
expression in spatial domain D5, which were enriched in neurogenic
cells. In contrast, the gene sets of optic atrophy (OA) and syndromic/
systemic diseases with retinopathy (SDWR) were highly expressed in
spatial domains D4 and D8. We found that the genes associated with
retinal diseases were more significantly enriched for DEGs of spatial
domains than putative critical regulatory genes (odds ratio = 2.04,
P = 2.55 × 10−7, two-sided Fisher’s exact test; Fig. 5b). The genes CRX,
NEUROD1, NRL, NR2F1, OTX2 and RAX2 were identified in all three
gene sets.

Bassen-Kornzweig syndrome (BKS) is a genetic disease char-
acterized by RP, and is often treated with fat-soluble vitamin E in the
clinical practice53,54. To evaluate the effects of fatty acid metabolism
(FAM) and fat-soluble vitamins on retinal development, we investi-
gated the spatiotemporal expression of gene sets related to them.
Compared to non-retinal regions, the retinal regions showed sig-
nificantly higher expression of the gene sets associated with FAM, fat-
soluble vitamin catabolic process (FSVC), vitamin Ametabolic process
(VAM) and vitamin K metabolic process (VKM) (P < 1.77 × 10−11, two-
sided Wilcoxon rank-sum test; Fig. 5c). In addition, we observed
expression patterns with a rising peak from PCW12 late to PCW14 for
these aforementioned gene sets (Fig. 5d). The spatial expression pro-
files of these gene sets revealed that they were enriched for specific
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regions during retinal development. For example, the genes related to
VAM were located in the outer sublayers of NBL (i.e., NBL 1/4 and NBL
2/4) from PCW12 late to PCW16, indicating putative associations with
PCs and their precursor cells (i.e., spatial domains D5, D6 and D7)
(Fig. 5e; Supplementary Fig. 14).

Spatial cellular communications reveal the key ligand-receptor
interactions
Given the significance of cell-cell communications in the functionality
of retina55,56, a more detailed characterization of cellular communica-
tion networks base on ST data is in an urgent need. To this end, we
reconstructed spatial cellular communication networks using
COMMOT57 for each ST sample (see Methods). We visualized the
spatial signaling directions of all ligand-receptor (L-R) interactions for
each developmental stage (Fig. 6a). Interestingly, we discovered that
the spatial signals generally propagated between different retinal lay-
ers in all developmental stages, moving from the both outer sides (i.e.,
NBL and GCL) towards the inner layers, particularly enriched in the
region where spatial domain D5 was located. We then established
domain-domain communication networks for each sample, and found

that spatial domains D1, D3, and D5 were implicated in spatial cellular
communication processes across all developmental stages (Supple-
mentary Fig. 15a).

We then identified the critical L-R interactions from the spatial
cellular communications by summarizing the spatial communication
scores (SCSs) for each L-R interaction across all samples (Fig. 6b;
Supplementary Data 15). Among these key L-R interactions, those
associated with secreted signaling accounted for 85.7%, while those
related to cell-cell contact comprised only 14.3%. To link these key
ligand-receptor interactions in spatial cellular communications with
their cell types, we supplemented our analysis with cell-cell commu-
nication results from single-cell data9 (Supplementary Fig. 15b; Sup-
plementary Data 16). We found that L-R interactions associated with
cell-cell contact (i.e., theNotch signaling pathway58,59) were extensively
involved in cell-cell communications between four precursor cell types
(i.e., RPC, AC-HC Precur, BC-Photo Precur and neurogenic cell) and
other cell types, while L-R interactions related to secreted signaling
participated in cell-cell communications between RGCs, ACs and other
cell types. For example, we observed widespread expression of the
ligand gene CNTN1 and the receptor gene NOTCH1 in the Notch
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signaling pathway (Supplementary Fig. 15c), as well as the ligand gene
PTN and the receptor gene PTPRS in the ECM-receptor interaction
pathway60,61 (Supplementary Fig. 15d).

In addition,wehighlighted cell-cell communications that have not
been fully characterized in the developing human retina. Previous
studies have revealed the spatiotemporal expressionpatterns of ligand
gene MDK during retinal development in mouse and chicken62,63. We
found that MDK-LRP1 exhibited the highest SCS, indicating its exten-
sive involvement in spatial cellular communication during retinal
development (Fig. 6b). We confirmed the co-occurrence of MDK and
LRP1 in ST data (Fig. 6c), which can be experimentally validated
(Fig. 6d). Furthermore, we discovered that the MDK-LRP1 interaction
was involved in the cell-cell communications from four precursor cell
types to RGCs (Supplementary Fig. 15b), indicating its potential key
roles in regulating RGC maturation.

Discussion
Here, we show a spatial transcriptomic resource for the developing
human retina, highlighting the spatiotemporal dynamicsof the cellular
organization and cell-cell communications during retinal develop-
ment. Our study commenced with constructing a radial and tangential
system for the developing retina, precisely locating ST spot in the
spatial navigation system. Subsequently, we analyzed the spatio-
temporal dynamics of cellular distribution, revealing the cell differ-
entiation direction during retinal development. We identified a set of
spatial domains, and explored the enriched biological functions and

critical regulatory genes implicated in the spatial domains. Lastly, our
study reconstructed the cell-cell communication networks during
retinal development, and uncovered key ligand-receptor interactions.

Our results reveal the spatiotemporal expression patterns in the
developing human retina. Given the observation showing that the ACs,
BCs, and PCs exhibited elevated cellular proportions, we hypothesized
that this period could be critical for retinal cell differentiation. We
confirmed that RGCs appeared at PCW9, earlier than other differ-
entiated cell types8,9. Our study revealed that RPCs were located in the
NBL, while intermediate progenitor neurogenic cells were restricted in
the inner sublayers of NBL. We also observed that cone and rod PCs
preferably co-located with RPCs in the NBL, while ACs generally
showed co-occurrence with RGCs in the GCL. Based on these results,
we hypothesized that there would be a differentiation direction of the
precursor cell types from the outer layers to the inner layers, as well as
from the posterior region to the anterior region of the developing
retina, consistent with previous studies4,10. Although we observed that
rod and cone PCs co-localizedwith RPCs, the rod and cone PCs ismore
related to neurogenic cells in terms of cellular lineage9,30 (Supple-
mentary Fig. 8c). We observed that the neurogenic cells located in the
inner side of RPCs during development (Supplementary Fig. 5a, b).
Taken together, these results indicate that the differentiation of some
retinal cell types within the NBL undergo a reverse and inside-out
process.

Furthermore, we found that the two spatial domains D4 and D8
we identified showed co-localization with the ciliary marginal zone
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(CMZ), which is always regarded to be associated with retinal stem
cells64,65. Notably, the spatiotemporal distributions of D4 and D8 were
distinct from other spatial domains. In addition, we defined a set of
DEGs shared by D4 and D8, and found that these DEGs were highly
expressed in the NPE of the adult ciliary body (Supplementary
Fig. 8f–h). Taken together, our results provide evidence on an
embryonic origin of potential retinal stem cells within the ciliary body.
We found that D4 and D8 exhibited an elevation of FGF2 expression
during early embryonic development (Fig. 4c). Interestingly, FGF2 has
beenused in the reprogrammingof ciliary epithelium intoother retinal
neurons66. As expected, the overall expression of FGF2 showed dra-
matic decrease during retinal development (Fig. 4c), consistent with
the observation from retinal organoids46 (Supplementary Fig. 13b).

We also identified four functional gene modules (M1–M4) of the
developing human retina byWCGNA (SupplementaryData 9). Notably,
there were significant shifts in the gene modules enriched in the NBL,
showing a replacement of M3 with M2, and then followed by an
enrichment of M3 and M4. During this process, M2 can be considered
as the intermediate state with extracellular matrix (ECM) organization
as its most enriched biological function (Fig. 3e). The ECM plays a
critical role in regulating retinal cell polarity and tissue architecture67,
and its synthesis is known to bemodulated by vitaminA68. Our findings
revealed that the expression level of the genes related to vitamin A
metabolism was higher in the retinal compared to non-retinal regions
(Fig. 5c). The genes related to vitamin A metabolism exhibited co-
localization with M2 (Fig. 5e; Supplementary Fig. 9d). These results
suggest that ECM-involved biological processes are implicated in
regulating vitamin A synthesis and metabolism, and provide evidence
on the critical time window for supplementation of fat-soluble vita-
mins during pregnancy.

TFs have been known for their pivotal roles in controlling tem-
poral patterning, neurogenesis, and cell-fate specification during
mammalian retinal development30,69. In contrast, the regulatory
mechanism of RBPs in retinal development remains unclear. In our
study, we identified a set of upregulated regulatory genes, including
both TFs and RBPs, between neighboring developmental stages.
Interestingly, we found that there were more up-regulated RBPs (129
genes) than TFs (91 genes), indicating their critical roles in retinal
development. In particular, most of the up-regulated regulatory genes
were RBPs before the stage of PCW12 late, while after PCW12 late, the
number of TFs increased (Fig. 4a). Previous studies have revealed the
critical roles of RBPs in regulating brain development and
pathogenesis70–72. The functionality of RBPs in retinal development still
needs further investigations.

A recent study has disclosed the importance of cell-cell commu-
nications associated with MDK in retinal development8. We noticed
that MDK-LRP1 interaction obtained the highest SCS in ST data
(Fig. 6b), and was predicted to present between the source cell types
such as neurogenic cells, RPCs, BC-Photo Precurs and AC-HC Precurs
and the target cell type RGCs (Supplementary Fig. 15b). Given that the
MDK-LRP1 interaction is involved in the biological processes such as
cell growth, survival and division73,74, it might play key roles in reg-
ulating RGC differentiation and maturation.

Overall, we have generated a spatiotemporal transcriptome
resource of the human embryonic retina across six developmental
stages. By leveraging this resource, we unveiled the spatiotemporal
dynamics of the cellular compositions, identified the consensus spatial
domains, prioritized the putative critical regulatory genes, and
reconstructed spatial cellular communication networks during human
retinal development. Additionally, we report the spatiotemporal dis-
tribution of the genes implicated in various retinal diseases, which
could be investigated by further studies.

Due to the difficulties of obtaining embryonic retinal samples
across multiple developmental stages, our study cannot include bio-
logical replicates for the samples in each stage, which may hinder the

capability of validating the spatiotemporal dynamics of cellular dis-
tributions. Recently, more transcriptomic datasets from human retina
have been publicly available, such as scRNA-seq datasets from
embryonic retinal samples9, scRNA-seq datasets from adult ciliary
body samples26, ST datasets from embryonic retinal samples17, and
bulk RNA-seq datasets from retinal organoids46, which could be valu-
able to be incorporated in our study as external validation. We com-
pared the results fromour ST data with the spatiotemporal patterns of
the cellular distributions and gene expression from these studies,
confirming the reliability of our discoveries. With the acquisition of
more embryonic retinal samples and maturity of ST technologies with
improved resolution, more high-quality ST data of developing human
retina will be included in future studies to minimize the potential bias
from the data.

We anticipate thatmultiple future directions can be explored based
on our work. First, although the Visium platform enables high-
throughput characterization of spatially resolved gene expression, the
resulting data lack real single-cell resolution when applied to the
developing human retina. This hinders our ability to precisely localize
the expression of cell-type-specific marker genes within retinal tissues
and detect the spatial distribution of retinal cell types in high resolution.
In this study, theNBL andGCLwith only three or four spots in thickwere
divided into 6 sublayers based on the radial location of the spot cen-
troids. This may lead to ambiguity in relating the gene expression of
spots to their anatomical locations. Therefore, future advancements in
ST technologies with enhanced sensitivity and resolution will allow us to
gain a more detail and accurate view of the spatiotemporal dynamics at
different cell types during retinal development. The size of the Visium
slices in the study constrains the inclusion of retinal samples from later
developmental stages. Even though the majority of the early develop-
mental stages (i.e., from PCW9 to PCW17) have been covered in the
study, optimizing the experimental designs, especially utilizing larger
slice size, will enable a more comprehensive spatiotemporal map of the
developing human retina. Finally, while we characterized the spatio-
temporal dynamics of gene expression and cellular composition during
retinal development, we lack a clear picture of the spatially resolved
epigenetic regulation, which can be achieved by incorporating single-
cell ATAC-seq data. Putting together multi-omics data of developing
human retina in the context of spatial organization will be valuable for
understanding the regulatory mechanisms underlying the complex
process of retinal development.

Methods
Human tissue samples
All tissue samples used in this study were obtained from Chinese
individuals and were sourced from Obstetrics and Gynecology Hos-
pital of Fudan University. The participants were pregnant women with
singleton pregnancies and had no known fetal abnormalities prior to
abortion. Gestational age was measured in weeks from the first day of
the woman’s last menstrual period and ensured by early pregnancy
ultrasound. The collection of human embryos was reviewed and
approved by Human Subject Research Ethics Committee of Obstetrics
and Gynecology Hospital of Fudan University (2022-92). All partici-
pating women provided informed consent for scientific research.

Tissue processing and spatial transcriptome
Tissues were gently washed with cold PBS, then embedded in OCT-
filled molds and snap frozen in chilled isopentane. Sagittal microtome
sections of the retinal tissues near the center of the lens were cut at a
thickness of 10 μm (Leica, cm1950). These sections were placed onto
chilled 10x Genomics Visium Tissue Optimization Slides (catalog no.
3000394, 10x Genomics) and Visium Spatial Gene Expression Slides
(catalog no. 2000233, 10x Genomics), and firmly adhered by warming
the back of the slide. Tissues were permeabilized for 12–18min, which
wasdetermined through tissue optimization time-course experiments.

Article https://doi.org/10.1038/s41467-025-57625-9

Nature Communications |         (2025) 16:2307 10

www.nature.com/naturecommunications


Tissue sections were fixed in chilled methanol and stained fol-
lowing the guidelines outlined in the Visium Spatial Gene Expression
User Guide (catalog no. CG000239 Rev A, 10x Genomics). Brightfield
histology images were captured using a 20x objective on Pannoramic
MIDI scanner (3D HISTECH). The raw images were then stitched
together using Pannoramic MIDI and exported as.tiff files with both
low- and high-resolution settings.

Libraries were generated following the Visium Spatial Gene
Expression User Guide (catalog no. CG000239, 10x Genomics) and
sequenced on a NovaSeq 6000 System (Illumina) using a NovaSeq S4
Reagent Kit (200 cycles, catalog no. 20027466, Illumina), with a
sequencing depth of approximately 3.00 ~ 3.37 × 108 read-pairs per
sample.

Image registration and anatomical annotation
Image registration was performed manually slice by slice. The
boundaries of the retinal regions were determined based on H&E
staining images. Briefly, the outer and inner boundarieswere identified
by black (representing the retinal pigment epithelium layer) and white
(representing the vitreous), respectively. Additionally, the boundaries
between the NBL and the GCL were identified based on color depth
(transitioning from dark blue to light blue) and gene expression.

Subsequently, a quantitative representation of the within-layer
locations and tangential angles of each spot was obtained through
linear interpolation. We considered the structure and thickness of the
retina when dividing the NBL and GCL into sublayers. Briefly, we first
estimated the thickness of the developing retina, with a median of 186
μm(SupplementaryFig. 1a), aswell as the ratioofNBL thickness toGCL
thickness during development (Supplementary Fig. 1b). Considering
the change of the ratio over time, we used the relative thickness
instead of the absolute thickness when dividing the sublayers. In
addition, given that the NBL will differentiate into INL and ONL during
the later stages, it would be necessary to divide the NBL into multiple
sublayers for augmented resolution. Taken together, we divided the
NBL and GCL into four (i.e., NBL 1/4, NBL 2/4, NBL 3/4, NBL 4/4) and
two (i.e., GCL 1/2, GCL 2/2) equally-sized sublayers from the outside to
the inside, respectively (Supplementary Fig. 2a).

Preprocessing of the 10x Genomics Visium data
The raw FASTQ data and histology images were processed into count
matrices using Space Ranger (version 2.1.1), which used STAR75 (ver-
sion 2.7.2a) for read alignment. The read alignment was based on the
human reference genome GRCh38. Sequencing file details were avail-
able in Supplementary Data 1.

We excluded poor-quality data in the raw count matrices using
Seurat76 (version 4.3.0). The spots with a total read count less than
1000 were considered non-tissue or vitreous regions, and were
excluded from the downstream analysis. The spots with expression
count from mitochondrial genes exceeding 10% of the total counts
were also discarded. The geneswith expression in less than 10 spots, as
well as the ribosomal and mitochondrial genes were also removed
from the downstream analysis.

Processing of scRNA-seq data from human embryonic retina
We obtained publicly available scRNA-seq data of human embryonic
retinas from Lu et al.9 To ensure comparability with our samples, only
retinal samples fromGW9 to GW17 were used in our analysis. The cells
with a total read count less than 1000 or a number of expressed gene
less than 300 were excluded from the downstream analysis. We also
filtered out the cells with expression counts frommitochondrial genes
exceeding 10% of the total counts. The ribosomal and mitochondrial
genes were discarded from the downstream analysis. All retinal cell
type annotations were obtained from Lu et al.9 Müller cells were
excluded from the analysis due to there were only 4 Müller cells in the
samples used.

Processing of scRNA-seq data from human adult ciliary body
We obtained the scRNA-seq data of human adult ciliary body from
Lou et al.26 The cells with a total read count less than 500 or a number
of expressed gene less than 300were excluded from the downstream
analysis. We also excluded the cells with expression counts from
mitochondrial genes exceeding 40% of the total counts. We then
processed the data using the Seurat76 package, including log-
normalization with a scaling factor of 10,000, selecting the top
2000 highly variable genes, gene-level scaling and principal com-
ponent analysis (PCA). Next, we applied the Louvainmethod77 for cell
type clustering with a resolution of 0.5. We then annotated the cell
types of human adult ciliary body based on the known marker genes
as described in Lou et al.26 (Supplementary Fig. 8f). The full list of
marker genes used in our analysis can be found in Supplemen-
tary Data 8.

Deconvolution of spatial transcriptome data using scRNA-
seq data
To estimate the cell proportions of each cell type from human
embryonic retina, we decomposed the spatial transcriptome data
from each developmental stage using the scRNA-seq data from Lu
et al.9 We implemented the Cell2location78 package (version 0.1.0)
with the settings “N_cells_per_location=20” and “detection_al-
pha=20”. The deconvolution results were normalized to a summation
of 1 for each spot.

We then corrected for differences in cell abundance between
spots using H&E staining images to obtain relative cell counts. Speci-
fically, we enhanced the images using the CLAHE algorithm79 and
performed stain normalization using the Macenko algorithm80. Next,
we employed OpenCV (version 4.9.0) for adaptive thresholding to
obtain binary images of cell nucleus. By multiplying the density of
nuclear pixels within each spot, we transformed the cell type propor-
tions into relative cell counts.

Dimension reduction and spatial domain detection of ST spots
We first employed the SPARK-X algorithm81 (version 1.1.1) to identify
spatially variable genes (SVGs) sample by sample, with the parameter
set to “option=mixture”. We applied Bonferroni correction and
retained genes with adjusted P less than 0.05 as SVGs.

We then performed processing of the Visium data using the
Seurat76 package. The expression counts were log-normalized with a
scaling factor of 10,000. SVGs from all stages were used for sub-
sequent analysis. Gene-level scaling and PCA were performed, fol-
lowed by Harmony82 for data integration. We then applied the
uniform manifold approximation and projection (UMAP)23 for
visualization.

To identify spatial domains, we took the union of the k-nearest
neighbor graph based on Harmony-embedding and the spatial neigh-
bor graph based on spot locations, creating a fused graph. We then
identified the spatial domains based on the fused graph using the
graph-based Louvain method77, in which we tried a series of the reso-
lutions ranging from 0.5 to 1.5 with a step of 0.1.

In addition, we compared the single-cell data integration results
from Harmony with other similar methods including Seurat-CCA76

(version 4.3.0) and scVI83 (version 1.1.5), as well as the methods speci-
fied to ST data including BASS84 (version 1.1.0) and GraphST85 (version
1.1.1). Both Seurat-CCA and scVI were used to construct fused graphs in
a way similar to Harmony. The performance of Harmony and the other
four methods was evaluated in several ways:
1. UMAP visualization (Supplementary Fig. 6a), which was used to

assess how the spatial domains were separated.
2. iLISImetric82 (SupplementaryFig. 6b),whichcan evaluate the data

integration quality across different samples.
3. Classification accuracy (Supplementary Fig. 6c), which was used

to evaluate the classification robustness of the spatial domains.
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Briefly, we used the same ten-fold cross-validation to estimate the
classification accuracy of the spatial domains using different
classifiers including Logistic Regression, Random Forest, and
Support Vector Machines.

To determine the optimal resolution, we calculated the minimum
number of DEGs for each spatial domain at every resolution, and then
identified the point where this number stabilized (at a resolution of 1.1)
as the optimal resolution.

Weighted gene co-expression network analysis (WGCNA)
Signed co-expression networks in developing retina were built using
the R package WGCNA29 (version 1.71) across different developmental
stages. The genes with zero expression in more than 80% of the spots
were removed in this analysis. For all genes included, a pairwise cor-
relationmatrixwas computed, and an adjacencymatrix was calculated
by raising the correlationmatrix to apower. Thepowerwas set to 7.We
then implemented the blockwiseModules function in the WGCNA29

package with the following settings: “networkType=signed”, “minMo-
duleSize=20”, “corType=bicor”, and “maxPOutliers=0.1”. Modules
were defined as branches of a hierarchical cluster tree using the
dynamic tree cut method86. Each module was summarized by an
eigengene (i.e., the first principal component of the scaled module
expression), which explained themaximum amount of variation of the
module expression levels.

Differential expression analysis and gene ontology enrichment
analysis
In this article, we identified DEGs using the FindAllMarkers function in
the Seurat76 package with the parameters “test.use=wilcox”,
“min.pct=0.1” and “logfc.threshold=0.25” and then filtered the genes
with a FDR threshold of 0.05. We employed clusterProfiler87 (version
4.10.0) to identify enriched gene ontology terms (biological process)
for each group of DEGs.

Identification of putative regulatory genes
We compiled a set of 1639 TFs from Lambert et al.35 and 1393 RBPs
fromHentze et al.36 and then retained thesegeneswith expression in at
least 10% of spots for downstream analysis. These genes were cate-
gorized into three groups: “TF” annotated as only transcription factors,
“RBP” annotated as only RNA-binding proteins, and “TF & RBP” anno-
tated as both. The spatial domain D9 was not included in the analysis
due to its limited sample size. We then performed differential
expression analysis for the spots belonging to the same spatial domain
between each pair of neighboring stages. We applied Bonferroni cor-
rection, and retained the genes with an adjusted P <0.05 as up-
regulated regulatory genes.

Gene regulatory network inference
We utilized SCRIPro88 (version 1.1.30) to calculate the interaction
strength between transcription factors (TFs) and the target genes
(TGs) based on ST data of all spots. First, we set the parameter
“Cell_num=3” when constructing the supercells. We then imple-
mented the SCRIPro_RNA function with parameter “assays = [‘
Direct’,‘DNase’,‘H3K27ac’]”, followed by predicting the chromatin
landscapes of the supercells from the bulk epigenome reference
using LISA89. Next, we assessed the effects and significances of
expression response of themarker genes in a specific supercell to the
perturbation of transcriptional regulators. We then selected the TFs
with P < 0.05 in at least one supercell. The TF-TG interactions were
predicted using the get_tf_target function, where for each TF-TG
interaction, the maximum value across all supercells was selected to
represent the strength of that interaction. Finally, 164 TFs with at
least one interacted TG were retained.

Expression analysis of the clinically relevant gene sets
We calculated and visualized the average expression levels of a set of
clinically relevant gene sets within each spatial domain during retinal
development. The disease-associated gene sets were obtained from
RetNet (https://web.sph.uth.edu/RetNet), a website providing 291
genes associated with 15 retinal diseases (Supplementary Data 14). The
gene sets related to fatty acid and fat-soluble vitamin metabolism
were obtained from the MSigDB database90, in which we selected the
gene sets associated with FAM (fatty acid metabolism), FSVB (fat-
soluble vitamin biosynthetic), FSVC (fat-soluble vitamin catabolic),
VAM (vitamin A metabolic), VDM (vitamin D metabolic), VEM
(vitamin Emetabolic), and VKM (vitamin Kmetabolic) using their entry
name “KEGG_FATTY_ACID_METABOLISM”, “GOBP_FAT_SOLUBLE_
VITAMIN_BIOSYNTHETIC_PROCESS”, “GOBP_FAT_SOLUBLE_VITAMIN_
CATABOLIC_PROCESS”, “GOBP_VITAMIN_A_METABOLIC_PROCESS”,
“GOBP_VITAMIN_D_METABOLIC_PROCESS”,

“GOBP_VITAMIN_E_METABOLIC_PROCESS”, and “GOBP_VITA-
MIN_K_METABOLIC_PROCESS”, respectively.

Inference of spatial cellular communication networks
We utilized COMMOT57 (version 0.0.3) to compute the spatial cellular
communication networks, and used the CellPhoneDB91 (version 4.0.0)
as the ligand-receptor interaction reference database. Ambiguous
ligand-receptor interactions within the database were manually
removed. Each ST sample was independently inputted to calculate
spatial cellular communication, and we reconstructed the domain-
domain communication networks with the parameters “n_permuta-
tions=1000” and “pathway_name=None”.

To associate spatial cellular communications with cell types, we
inferred cell-cell communications based on human embryonic retinal
scRNA-seq data9 as well. The communication pair of each source cell
type and target cell type can be quantitatively estimated based on the
co-expression levels of the ligand gene and the receptor gene from the
source and target cell type, respectively.

Immunohistochemistry of retinal tissues
Frozen human fetal retinal tissue samples were cut to 20 μm sections
and collected on ColorCoat microscope slides (Citotest Scientific)
using a Leica CM1950 cryostat. Before immunofluorescence, the
samples on slides were fixed with prechilled anhydrous methanol for
about 1minute, followed by washing 3 times with PBS. The samples
were then permeabilized and blocked in blocking buffer (1% bovine
serumalbumin, 5% goat serumand0.3% triton-100 inPBS atpH7.4) for
2 h, and incubated in primary antibodies diluted in blocking buffer
overnight at 4 °C. The primary antibodies used were rabbit anti-LRP1
(1:200, ab92544, Abcam), mouse anti-MDK (1:50, sc-46701, Santa
Cruz). On the next day, the samples were washed three times in PBS,
followed by incubation in secondary antibodies for 2 h at room tem-
perature. The secondary antibodies used were goat anti-rabbit 594
(1:500, ab150080, Abcam) and goat anti-mouse 488 (1:500, ab150113,
Abcam). Cell nuclei were stained with DAPI (1:2000, Yeasen), and
mounted. Images were acquired on a Nikon AX R Confocal
microscope.

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

Data availability
The spatial transcriptomic data of the human embryonic retina sam-
ples generated in this study has been deposited at the Genome
Sequence Archive for Human (GSA-Human) under the accession
number HRA006282. The publicly available scRNA-seq data of the
human embryonic retina and adult ciliary body can be accessed under
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the accession number GSE138002 and GSE206026, respec-
tively. Source data are provided with this paper.

Code availability
The codes used in this study were provided in GitHub via https://
github.com/ZhaoXM-Lab/DevRetinaST92.
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