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Adult zebrafish robustly regenerate injured hearts through a complex
orchestration of molecular and cellular activities. However, this remarkable
process, which is largely non-existent in humans, remains incompletely
understood. Here, we utilize integrated spatial transcriptomics (Stereo-seq)

and single-cell RNA-sequencing (scRNA-seq) to generate a spatially-resolved
molecular and cellular atlas of regenerating zebrafish heart across eight stages.
We characterize the cascade of cardiomyocyte cell states responsible for
producing regenerated myocardium and explore a potential role for tpm4a in
cardiomyocyte re-differentiation. Moreover, we uncover the activation of ifrd1
and atp6ap2 genes as a unique feature of regenerative hearts. Lastly, we
reconstruct a 4D “virtual regenerating heart” comprising 569,896 cells/spots
derived from 36 scRNA-seq libraries and 224 Stereo-seq slices. Our compre-

hensive atlas serves as a valuable resource to the cardiovascular and regen-
eration scientific communities and their ongoing efforts to understand the
molecular and cellular mechanisms underlying vertebrate heart regeneration.

Cardiovascular disease (CVD) is the leading cause of morbidity and
mortality worldwide'?. After myocardial infarction (MI), the human
heart replaces infarcted muscle with noncontractile scar tissue
because cardiomyocytes in the adult heart lack the proliferative cap-
abilities required for meaningful regeneration®*. Not surprisingly, the
scar tissue disrupts the structure and function of the heart, which
increases susceptibility to heart failure. The absence of cardiac
regeneration is an almost universal feature of adult mammals*®. By
contrast, neonates of many mammals can successfully regenerate their
hearts after mechanical or ischemic injury for a short time after

birth”2, This remarkable regenerative capacity is also observed in
adults of many fish and amphibian species, including zebrafish™™.
Although more than twenty species have been investigated for their
cardiac regenerative potential®, the underlying mechanisms unique
and common to regenerative hearts remain incompletely defined.
Identifying those mechanisms will be aided by the generation of highly
comprehensive atlases capturing the molecular and cellular events in
3D space and time that follow cardiac injury in both non-regenerative
and regenerative species, something that does not exist for virtually all
species, including the highly regenerative zebrafish.
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The zebrafish heart’s response to amputation injury commences
with clotting and immune responses that seal the wound and clear
cellular debris, respectively”’?°. Additional early responses to injury
include transient organ-wide activation of the endocardium and
epicardium***, albeit with incompletely understood biological
significance”, and deposition of new extracellular matrix at the injury
site?*”. To compensate for the loss of cardiomyocytes (CMs), spared
CMs along the border zone undergo dedifferentiation and
proliferation’*”, giving rise to new heart muscle along a vascular
scaffold”®?’. As regeneration progresses, the fibrin-rich blood clot is
gradually dissolved and replaced by new CMs*. Ultimately, the ana-
tomical structure, tissue composition, and function of the injured
heart are fully restored. Nevertheless, the precise order of molecular
and cellular events that define successful heart regeneration remains
incompletely characterized. Recent single-cell studies have examined
the molecular profiles of several cell types during zebrafish heart
regeneration, including proliferating CMs, activated fibroblasts®’, and
other non-CM cell subpopulations®**. However, significant gaps in our
knowledge remain. In particular, we lack a comprehensive apprecia-
tion of the molecular and cellular events, including their spatio-
temporal dynamics globally across the organ throughout the entire
regeneration window.

Recently, several spatial transcriptomics platforms have emerged
for characterizing gene expression patterns in multiple
dimensions®*, Particularly, spatial technology tomo-seq was applied
to zebrafish heart regeneration based on the cryoinjury model*. In this
study, we implemented a combinatorial strategy, utilizing the advan-
tages of scRNA-seq and Stereo-seq techniques to generate a high-
resolution, organ-wide molecular and cellular map of the regenerating
zebrafish heart. We systematically characterized the major lineages
and dynamic cell subtypes at multiple time points, including several
immediately following injury. Through comparative analysis of
regenerative and non-regenerative hearts, we identified several key
factors common to regenerative hearts. Collectively, we anticipate that
this resource will be highly valuable to investigators studying regen-
eration of the heart or other organs in multiple species.

Results

Generation of a spatiotemporal transcriptomic and cellular atlas
of the regenerating zebrafish heart

Adult zebrafish hearts robustly regenerate amputated or damaged
tissue, with the time to completion depending on the injury model*.
Regeneration following ventricular apex amputation is largely com-
pleted by 30 days post-amputation (dpa)”. To systematically char-
acterize organ-wide spatiotemporal patterns of gene expression that
reflect dynamic cellular responses over the entire regeneration win-
dow, we performed spatial transcriptomics and scRNA-seq separately
on whole zebrafish hearts at 8 sequential stages, including pre-injury
(i.e., uninjured), 6 hours post-amputation (hpa), 12 hpa, 1dpa, 3 dpa,
7 dpa, 14 dpa, and 28 dpa (Fig. 1a). For the spatial transcriptomics, we
collected three sagittal sections from the centers of six hearts per stage
(n=144 total sections) and performed Stereo-seq. Based on inclusion
criteria, we selected 105 sections containing 159,293 total spots for
analysis (Fig. 1a, Supplementary Fig. 1, Supplementary Data 1). Each
spot was about 962 um?, encompassing approximately 3-8 cells.
Hierarchical clustering uncovered 20 unique spot identities that were
manually annotated as major cell-type “domains” based on well-
established cell type marker genes (Supplementary Fig. 2a, b and
Supplementary Data 2). In many cases, annotations contained infor-
mation about anatomic location or represented cell states and types.
Included in the 20 spot annotated domains were 5 border zone (BZ)
domains with ventricular myocardium enriched (domain 1-5), which
each contained a higher proportion of different states of cardiomyo-
cytes along with specific endocardial cells (domain 1-5), immune cells
(domain 1-2) and fibroblasts (domain 3-4) upon injury; 2 remote zone

(RZ) domains with ventricular cardiomyocytes and endocardial cells
enriched (domain 6-7); a ventricular compact myocardium enriched
domain containing cardiomyocytes, endocardial cells, fibroblasts or
epicardial cells (domain 8); an atrial myocardium enriched domain
containing a higher proportion of atrial cardiomyocytes and endo-
cardial cells (domain 9); a myocardium enriched domain (domain 10)
found in both atrium (A) and ventricle (V); immune cells enriched
domain, which showed a larger proportion of macrophages, neu-
trophils and T cells (domain 11); specific injury-related fibroblasts
enriched domain (domain 12); specific immune cells, fibroblasts and
endocardial cells enriched domain upon injury (domain 13); the epi-
cardial cells enriched domain 14; the smooth muscle cells enriched
domain 15; valve domain 16; three domains enriched with red blood
cells (domain 17-19) and the domain 20 containing unknown cells
(Fig. 1b and Supplementary Fig. 2a, b). The annotations were mapped
to the individual spots to delineate the organ-wide spatial distributions
for all 20 subtypes across the eight sequential time points (Fig. 1b,
Supplementary Figs. 1, 2a).

We also performed scRNA-seq on 6 replicates from uninjured
hearts and 3 replicates per post-injury time point (n =27 total), with an
average of 7656 cells per replicate, encompassing 206,719 cells total
(Fig. 1a, c; Supplementary Fig. 2c and Supplementary Data 1). We
identified and manually annotated 25 cell subtypes across 11 main cell
lineages (Fig. 1c, Supplementary Fig. 2¢, d, and Supplementary Data 2).
In contrast to the domains identified by Stereo-seq, which were usually
a mixture of multiple cell types, the clusters identified by scRNA-seq
typically contained only a single population of cells with the same
characteristics (Supplementary Fig. 2b, d). Differences in the popula-
tions identified likely reflect the high resolution and sensitivity of
scRNA-seq, which was uniquely capable of detecting sparser cell types
such as immune cells (neutrophils and T cells), as well as specific
subpopulations of fibroblasts, endocardial cells, and endothelial cells.
By contrast, the Stereo-seq identified more myocardium-enriched
clusters (Supplementary Data 3), likely stemming from the inefficient
recovery of cardiomyocytes for scRNA-seq due to their large cell size
and elongated shape.

We further applied the cell type decomposition of the annotated
cell types derived from scRNA-seq in each major cell-type domain
(Fig. 1d). Based on cell-type deconvolution and systematic correlation
analysis (Fig. 1d and Supplementary Fig. 3a), cell types identified by
scRNA-seq match well with the major cell-type domains detected by
Stereo-seq, such as ventricular specific cardiomyocytes, atrial specific
cardiomyocytes, bulbus arteriosus (BA) specific smooth muscle cells,
valves and epicardium (Fig. 1d and Supplementary Fig. 3a, b). More-
over, the scRNA-seq cell type clusters identified in our data were well
correlated with the previous study* (Supplementary Fig. 3c). Ulti-
mately, the complementary nature of the approaches ensured that we
achieved a highly comprehensive catalog of cell populations from 132
data points containing transcriptomic information drawn from
366,012 spots or cells.

As validation of the experimental approach, our atlas captured
several previously documented cellular responses during zebrafish
heart regeneration, including endocardial activation, inflammation,
epicardial activation, ECM deposition, CM proliferation, and coronary
artery revascularization®. Specifically, at 6 hpa and 12 hpa, we
observed the transient activation of endocardial cells [i.e., Endo-
cardium (activ.)], defined by organ-wide endocardial upregulation of
aldhla2 (Fig. 1c, Supplementary Fig. 3d, and Supplementary Data 3)*%.
Moreover, we documented an early inflammatory response®, as evi-
denced by the appearance of proliferating pcna* grnl* macrophages
[i.e., Macrophages (prolif.)] at 12 hpa, later peaking in abundance at
1dpa (Fig. 1c, Supplementary Fig. 3d, and Supplementary Data 3). On
3 dpa, we observed an increase in the percentage of epicardial cells,
together with up-regulation of aldhla2 in this mesothelial population
(Fig. 1c, Supplementary Fig. 3d, and Supplementary Data 3), indicative
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of epicardial activation”**. At 3 and 7 dpa, we detected the presence of
coll2ala’ pro-regenerative fibroblasts [i.e., Fibroblasts (reg.)] in the
wound, indicative of ECM deposition (Fig. 1c, Supplementary Fig. 3d
and Supplementary Data 3)*****’_Prior studies have demonstrated that
pre-existing CMs along the wound edge undergo dedifferentiation and
proliferation, the latter peaking at 7 dpa™”*, In agreement, we

g __uninjured_

i

e

actalb

mt-nd5

identified a substantial subpopulation of BZ cardiomyocyte-related
domains, and detected the expression of nkx2.5, mustnib, hand2 and
glycolysis genes pkma along the wound edge at 7 dpa (Fig. 1b, Sup-
plementary Fig. 3e). Lastly, at 14 dpa and 28 dpa, we detected the
expression of tagln and cxcli2b, which mark the smooth muscle cells
localizing to the regenerating coronary arteries and the compact

Nature Communications | (2025)16:3716


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59070-0

Fig. 1| A spatiotemporal transcriptomic and cellular transcriptomic atlas of the
regenerating zebrafish heart. a Schematic diagram of the experimental design.
Hearts were harvested pre-injury (i.e., uninjured), 6 hpa, 12 hpa, 1dpa, 3 dpa, 7 dpa,
14 dpa, and 28 dpa and subjected to Stereo-seq (3 sections per heart, 6 hearts per
stage, 8 stages; 105 total sections analyzed) or scRNA-seq (3 or 6 libraries per stage,
27 total libraries, 7656 cells on average per library). b Documentation of key cellular
responses across sequential stages of regeneration. Spatial distributions of major
cell-type domains in representative cardiac sections from Stereo-seq. ¢ UMAP
clusters discovered by scRNA-seq including all 8 time-points of zebrafish heart
across sequential regeneration stages. Pie charts represent the proportions of cell
types at each stage. Single asterisks show newly appearing cell types at different
time points, and double asterisks show cell types with significantly higher pro-
portions at 1dpa and 3 dpa compared to the uninjured group. d Scaled cell-type
compositions within each domain. The color legend is shared with (b and c).

e Directed acyclic graph showing inferred cellular trajectories during the stages of

zebrafish heart regeneration. Each row corresponds to one cluster annotation, and
each column corresponds to one regenerative stage. Nodes and their colors denote
cell-type or cell-state annotations. The gray lines represent lineage relationships
between different cell types or states. Speculated nodes and their relationships are
shown using dashed nodes and lines. f, g Organ-wide spatial visualization of
imputed expression patterns of genes cd63, hiflab, actalb, and mt-nd5 at the
indicated regeneration stages. CM Cardiomyocyte, V Ventricle, A Atrium, comp.
compact, activ. activation, dediff. dedifferentiation, prolif. proliferation, re-diff. re-
differentiation, reg. pro-regenerative, BZm border zone myocardium, RZm remote
zone myocardium, Vm Ventricular myocardium, Am Atrial myocardium, VAm
Ventricular or Atrial myocardium, ECs Endothelial cells, SMC Smooth muscle cells,
MC Macrophages, MFE Macrophages Fibroblasts and Endocardial cells, FB Fibro-
blasts, Epi Epicardium, RBC Red blood cells. Source data are provided as a Source
Data file.

myocardium enriched domain, respectively (Fig. 1b, Supplementary
Fig. 3d)*~.. Taken together, these data validate our atlas by accurately
capturing multiple previously described transcriptional and cellular
events spanning the entire regenerative window.

To investigate lineage relationships between cell types during
zebrafish heart regeneration, we performed trajectory analysis on the
populations discovered by scRNA-seq (Fig. le, Supplementary
Data 4)*. Several cell types were consistently present during all stages
without lineal connections to other populations (Fig. 1e). Other linea-
ges were highly dynamic, giving rise to subpopulations appearing
transiently in a stage-specific fashion, including activated endocardial
cells (6 hpa to 1 dpa), proliferating macrophages (12 hpa to 1dpa), pro-
regenerative fibroblasts (3 dpa to 7 dpa), and subpopulation of ded-
ifferentiated cardiomyocytes (12 hpa), consistent with their stage-
specific roles within the broader context of heart regeneration (Fig. 1e).

Next, we sought to determine if those dynamic spatiotemporal
gene expression patterns used to monitor cell-type behaviors during
zebrafish heart regeneration are conserved in a mammalian model of
heart regeneration. To that end, we evaluated homologous marker
genes in a previously published spatial transcriptomic atlas of the
regenerating neonatal mouse heart™. Numerous similarities were
observed, including early injury-induced expression of Aldhla2 and
Pcna as well as wound-specific expression of Grn, Col12al, Tagin, and
Cxcl12 (Supplementary Fig. 4).

Previous studies have demonstrated that select genes, such as
aldhla2”, become upregulated organ-wide following injury, only to
become restricted to or enriched in specific locations thereafter. In our
atlas, we discovered two additional genes exhibiting this behavior.
Specifically, after global activation of cd63 and hiflab at 6 hpa,
expression becomes preferentially localized to the wound edge by
1dpa (Fig. 1f). Conversely, we observed organ-wide silencing of actalb
and mt-nd5 on 6 hpa, followed by preferential re-expression at the
wound edge between 7 dpa and 14 dpa (Fig. 1g). Accordingly, actalb
and mt-ndS were both expressed in atrial and ventricular cardiomyo-
cyte cell clusters before the injury and then specifically in the border
zone at 7dpa and 14 dpa, respectively (Fig. 1g and Supplementary
Data 2, 5). These results indicate that organ-wide activation or silencing
of gene expression followed by spatial restriction is a broader phe-
nomenon than previously appreciated.

Cellular dynamics of regenerating cardiomyocytes

Cardiac injury in regenerative hearts induces wound-edge CMs to
undergo sequential phases of dedifferentiation, proliferation, and re-
differentiation to regenerate amputated heart muscle’*”**. To char-
acterize these dynamic cell states at higher resolution, identify their
transcriptional signatures, and discover potential regulators of cell-
state transitions, we analyzed CM-related domains in our Stereo-seq
dataset. In total, we discovered eight ventricular myocardium-
enriched domains in uninjured and regenerating hearts that were

annotated based on gene-expression profiles, including previously
established markers (Supplementary Fig. 2b, Supplementary Fig. 5a-c,
Supplementary Data 2). Five ventricular myocardium-enriched
domains were injury-induced, localized to the wound edge, and
stage-specific (Fig. 2a, Supplementary Fig. 2b, Supplementary
Fig. 5a-c). They were annotated as BZ myocardium-enriched domains
reflecting states of activation (activ.), dedifferentiation (dediff.),
dedifferentiation-proliferation (dediff.-prolif.), proliferation (prolif.),
and re-differentiation (re-diff.) of cardiomyocytes at 6 hpa, 12 hpa/
1dpa, 3dpa, 7 dpa, and 14 dpa, respectively (Fig. 2a, Supplementary
Fig. 2b, Supplementary Fig. 5a-c and Supplementary Data 2). They
shared high correlations with each other (Supplementary Fig. 6a).
Using cardiomyocytes (dediff.) as an example, we conducted cell-type
deconvolution and confirmed cardiomyocytes (dediff.) enriched
domain in the border zone at 12 hpa (Supplementary Fig. 6b). Fur-
thermore, scRNA-seq trajectory analysis suggested the potential that
the cardiomyocyte (dediff.) subtype in the wound border zone derived
from ventricular cardiomyocytes (Fig. 1e)**%.

At 6 hpa, we observed the appearance of activated cardiomyo-
cytes in BZm (activ.) along the wound edge (Fig. 2a and Supplementary
Fig. 5a) characterized by the upregulation of several genes, including
tnfrsfl1b, hspb6, hspbll, nppa and nppb (Supplementary Fig. 5c and
Supplementary Data 2). Gene set enrichment analysis identified “gly-
colysis and gluconeogenesis” as the top term for this BZm (activ.)
domain (Supplementary Fig. 6c, d and Supplementary Data 6), con-
sistent with metabolic switching of wound edge cardiomyocytes from
oxidative phosphorylation to glycolysis®**. At 12 hpa and 1dpa, we
detected dedifferentiated CMs along the wound edge based on high
expression levels of nppa and nppb in BZm (dediff.) domain (Fig. 2a,
Supplementary Fig. 5a-c and Supplementary Data 2). The nppa and
nppb genes are expressed in the zebrafish myocardium during
embryonic and larval stages®*”’. During zebrafish heart regeneration,
they were reported to become re-expressed in dedifferentiated CMs
but not until 3 dpa®*% In addition, the module score showed that many
other heart development-related genes, including hand2, tbx20,
mustnlb, desma, mef2ch, and cacybp, which have been reported in
previous studies***>*>%%° were preferentially upregulated in the
border zone starting from 12 hpa (Supplementary Fig. 5d), also hinting
at a trend towards cellular dedifferentiation. Moreover, gene set
enrichment analysis revealed that “glycolysis and gluconeogenesis”
was also the top term for BZm (dediff.) (Supplementary Fig. 6c, d and
Supplementary Data 6), indicative of ongoing glucose metabolism in
wound edge cardiomyocytes. Together, these results suggest that CMs
may adopt an activated state as early as 6 hpa and become dediffer-
entiating by 12 hpa.

To validate our Stereo-seq findings in vivo, we evaluated sig-
nificant genes of the activated and dedifferentiated CM subpopula-
tions in cardiac sections before and after injury by fluorescence in situ
hybridization. The sections were co-immunostained with the MF20
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antibody to identify CMs. For visualizing activated CMs at 6 hpa, we
chose the tumor necrosis factor (TNF) receptor gene tnfrsf11b because
it was the most highly enriched gene in this subtype (Supplementary
Fig. 5¢ and Supplementary Data 2). While uninjured hearts expressed
little to no tnfrsf1ib, injured hearts at 6 hpa expressed high tnfrsfl1b
levels in scattered CMs proximal to the wound edge (Fig. 2b). To

=0.0056

600000~
40

400000+

200000+
10

Integrated Signal Density (A.U.)

visualize the distribution of dedifferentiated CMs, we relied on nppb,
the top highly enriched gene in this subtype (Supplementary Fig. 5c
and Supplementary Data 2). The nppb transcripts were undetectable
before injury, becoming abundant specifically in CMs near the wound
at 12 hpa (Fig. 2b, Supplementary Fig. 7c). To further verify the ded-
ifferentiated states of CMs, we detected the state of sarcomeres at 12
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Fig. 2 | Cellular dynamics of regenerating cardiomyocytes. a Spatially-resolved
visualization of cardiomyocyte-related domains at different stages.

b Representative images of uninjured or regenerating heart sections processed for
fluorescence in situ hybridization to visualize the distributions of tnfrsfl11b (green)
and nppb (green). The sections were co-stained with the myocardial antibody MF20
(magenta) and counterstained with DAPI (blue). ¢ Immunostaining of regenerating
heart sections with antibodies against TPM1 (magenta), ACTN2 (green) and coun-
terstained with DAPI (blue). d Immunostaining of regenerating heart sections with
antibody against embCMHC (green) and counterstained with DAPI (blue).

e Immunostaining images of uninjured or regenerating heart sections with anti-
bodies against PCNA (green) or Mef2 (red). Arrows point to PCNA-positive CMs.
f Spatial visualization of imputed expression of tpm4a at different stages (top).
Representative images of uninjured or regenerating zebrafish heart sections pro-
cessed for fluorescence in situ hybridization to visualize the distributions tpm4a
(green) (bottom). The sections were co-stained with MF20 (magenta) and

counterstained with DAPI (blue). g Representative images of cardiac sections from
wild-type (WT) and Z8" hearts at 30 dpa stained with Acid Fuchsin-Orange G
(AFOQG) (top), or immunostained with MF20 (magenta) and DAPI (blue) (bottom).
The dashed lines outline scar tissue. h Scatter plot showing scar area expressed as a
percentage of ventricular area for WT and Z8” hearts at 30 dpa. i Representative
immunostaining images of WT and Z8" zebrafish heart at 7 dpa stained with anti-
bodies against PCNA (green) and Mef2 (red) (top) and immunostaining with
embCMHC (green) and DAPI (blue) (bottom). j Scatter plot showing the CM pro-
liferation index for WT and Z8" hearts at 7 dpa. k Scatter plot showing the fluor-
escence intensity of embCMHC in the ventricular area for WT and Z8" hearts at
7 dpa. I Representative images of cardiac sections from WT and Z8" hearts at

30 dpa. Immunostained with antibodies against ACTN2 (green) and counterstained
with DAPI (blue). Scale bars: 100 um for (b, d-g, i and I); 20 pum for (c). Source data
are provided as a Source Data file.

hpa and 1dpa. The results of immunofluorescence demonstrated that
the Z-disk of sarcomeres near the wound disintegrated at 12 hpa, with
more significant disintegration observed at 1dpa (Fig. 2¢), indicating
that the CMs adopt a dedifferentiation state at 12 hpa. Surprisingly, the
upregulation of these markers occurred at least 36 hours before the
dedifferentiation marker embryonic cardiac myosin heavy chain
(embCMHC)®*¢!, which was barely detectable at 2dpa, becoming
stronger by 3 dpa, and peaking at 7 dpa (Fig. 2d). In addition to the
model of apex resection, we detected the expression of tnfrsfl11b in
cryoinjured zebrafish hearts (Supplementary Fig. 7b). Fluorescence
in situ hybridization results demonstrated that the expression of
tnfrsflib could be detected in CMs near the wound at 6 hours after
cryoinjury, which was similar to the amputation injury model. Taken
together, these data, including sarcomere breakdown, activations of
injury-related, development-related, or glycolysis-related genes, sup-
ported that the dedifferentiation of CMs involves two CM cell-state
transitions that occur much earlier than previously described®®®",

At 3 dpa, we observed a subgroup of CMs in BZm (dediff.-prolif.)
domain along the wound edge representing an intermediate cell state
between dedifferentiated and proliferative CMs, characterized by
simultaneous upregulation of nppb, mustnib, desma and pcna (Fig. 2a;
Supplementary Fig. 5a, c; Supplementary Fig. 7a and Supplementary
Data 2). At 7 dpa, we documented a transition to proliferative CM cell
state in BZm (prolif.) domain at the wound edge, based on increased
expression of pcna, as well as strong induction of cell cycle regulators
cdki, ccngl, and ccng? (Fig. 2a, Supplementary Fig. 5a, ¢ and Supple-
mentary Data 2). PCNA protein expression is routinely used to detect
proliferating CMs during heart regeneration studies in zebrafish®. It is
crucial for promoting cell proliferation, facilitating DNA replication,
and aiding in DNA repair processes”. By immunostaining, we validated
that PCNA protein becomes detectable in wound edge CMs, beginning
at 3 dpa and peaking at 7 dpa (Fig. 2e). To determine the specificity of
the proliferating CMs gene signature, we analyzed the expression
levels of the genes within this domain’s top two gene set enrichment
analysis terms, “striated muscle cell differentiation” and “regenera-
tion” (Supplementary Fig. 6¢), across all subpopulations. We learned
that most of these genes were specific markers of BZm (prolif.) domain
at 7 dpa (Supplementary Fig. 8c), indicative of a highly distinct mole-
cular profile. For a subset of these marker genes (i.e., actalb, ccnl,
spry4, and csrp3), we validated their injury-induced localization to the
wound edge at 7dpa (Supplementary Fig. 7d). Among these genes,
ccnl was reported to promote heart regeneration in neonatal mice®.

Many signaling pathways are known to regulate CM
proliferation*®¢>**%¢, To identify pathways that potentially regulate
CM proliferation in a non-cell autonomous fashion due to signals
emanating from surrounding non-cardiomyocyte lineages, we per-
formed inter-cellular communication analysis using CellChat®. Our
results uncovered the potential for crosstalk between the uninjured
area and border zone of the myocardium through the JAM pathway at

3dpa (Supplementary Fig. 8a and Supplementary Data 7). It also
uncovered the potential for intercellular Notch signaling between
multiple lineages, including CMs, endocardial cells, fibroblasts, and
macrophages at 7dpa (Supplementary Fig. 8b and Supplemen-
tary Data 7).

At 14 dpa, we identified the re-differentiated CM cell state in BZm
(re-diff.) domain along the wound edge, exemplified by the upregu-
lated expression of cox6a2, cox5b2, and cox+ill (Fig. 2a, Supplementary
Fig. 5a, ¢ and Supplementary Data 2). The top gene set enrichment
analysis term for this subtype was “oxidative phosphorylation”, mir-
roring the top term for mature CM populations in the heart (Supple-
mentary Fig. 6¢ and Supplementary Data 6), suggesting that by 14 dpa,
regenerated CMs have adopted a relatively mature state. This was also
reflected in a temporal expression analysis for genes comprising the
“glycolysis and gluconeogenesis” or “oxidative phosphorylation” gene
set enrichment analysis terms in regenerating border zone domains,
which demonstrated that wound edge CMs predominantly rely on
glucose metabolism soon after injury (i.e., 6 hpa - 1dpa), returning to
oxidative phosphorylation by 14 dpa (Supplementary Fig. 6d, e), con-
sistent with previous reports®-. The previous study in zebrafish hearts
has confirmed that calcium handling is essential for CMs maturation®.
Consistently, we observed the upregulation of Ca** handling-related
genes at 14 dpa (Supplementary Fig. 6f), such as well-established EC
coupling genes atp2a2a (serca2), slcS8ala (ncxI) and ryr2b*%7*, Over-
all, the upregulation of oxidative phosphorylation and calcium-
handling features associated with cardiac maturation were found in
the late stage of regeneration.

The tpm4a gene is a potential regulator of CM re-differentiation
during zebrafish heart regeneration

During our analysis, we noticed that tpm4a is highly expressed in
proliferating and re-differentiated CMs in the border zone at 7 and
14 dpa, respectively, which we confirmed by immunostaining (Fig. 2f,
Supplementary Fig. 7a, Supplementary Fig. 8c-e and Supplementary
Data 2). The tpm4a has been reported to be required for maintaining
the structural integrity of cardiac muscle fibers, thereby also mod-
ulating muscle contraction”’¢. To investigate the role of the tpm4a in
heart regeneration, we conducted functional studies with a previously
reported tpm4a mutant line, T2EGEZS (abbreviated Z8), a gene-trap
insertion that creates a null allele’®. Because Z8 homozygotes die
during larval stages, we performed amputation injuries on hearts from
heterozygous adults (i.e., Z8" animals) and examined heart regen-
eration at 30 dpa. Remarkably, unlike wild-type (WT) animals, Z8"
animals failed to replace the amputated myocardium with regenerated
muscle, depositing significantly higher amounts of scar tissue (Fig. 2g,
h). To exclude the possibility of delayed regeneration, we also analyzed
heart regeneration in Z8” animals after cryoinjury. At 120 days post-
cryoinjury (dpci), whereas WT animals successfully regenerated
cryoinjured muscle, Z8” hearts failed to regenerate myocardium,
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depositing significantly higher abundant scar tissue instead (Supple-
mentary Fig. 8f, g), indicative of failed heart regeneration. Taken
together, these data demonstrate that tpm4a is required for cardiac
regeneration in zebrafish.

To explore the underlying mechanism, we performed immu-
nostaining to quantify CM proliferation and dedifferentiation at
7 dpa. Unexpectedly, we discovered that CM proliferation (PCNA
staining) was increased in Z8" hearts, and the degree of dediffer-
entiation (embCMHC staining) was higher than that in WT hearts at
7 dpa (Fig. 2i-k). The expression of embCMHC in Z8" hearts was
comparable to that in WT hearts at 30 dpa (Supplementary Fig. 8h-i).
Furthermore, immunostaining with ACTN2 revealed disorganized
Z-disks of sarcomeres in BZ of Z8” hearts compared to WT animals
at 30 dpa, indicating that the Z8” heart cannot properly assemble
its sarcomeres at 30 dpa (Fig. 21). Taken together, our results sug-
gested that tpm4a may play a vital role during cardiac regeneration
process, whereas tpm4a mutants failed to reorganize sarcomeres
at the re-differentiation stage and consequently hampered heart
regeneration.

Dynamic endocardial states in regenerating zebrafish hearts

As one of the earliest responses to cardiac injury, organ-wide acti-
vation of the endocardium serves multiple important functions,
acting as a source of signaling molecules that stimulate CM pro-
liferation, regulate remodeling of the extracellular matrix, and bol-
ster coronary artery angiogenesis’*%. To achieve a deeper
understanding of the dynamic cell states within the endocardium
and their transcriptional signatures during zebrafish heart regen-
eration, we analyzed 65,593 total endocardial cells from across eight
time points in our scRNA-seq dataset. We identified 5 endocardial
subtypes that were annotated based on unique gene expression
profiles, including previously established marker genes (Fig. 3a, b;
Supplementary Fig. 9a, b and Supplementary Data 2). The subtypes
included atrial, ventricular, frizzled b-positive (frzb+), activated, and
proliferating endocardium, each with associated enrichment terms
(Supplementary Fig. 10a). Whereas the atrial, ventricular, and frzb+
endocardial subtypes were detected at every time point, the acti-
vated and proliferative populations were observed transiently at
specific regeneration stages (Figs. 1c, 3b and Supplementary Data 3).
For instance, whereas activated endocardial cells were non-existent
before injury, they composed about 19% and 14% of cardiac cells at 6
hpa and 12 hpa, respectively, falling to ~1% at 1dpa, before dis-
appearing thereafter (Fig. 3b and Supplementary Data 3). Interest-
ingly, at 6 hpa and 12 hpa, sizeable proportions of ventricular
endocardial cells, distinct from the activated subtype, were detect-
able, representing about 21% and 13.5% of cardiac cells, respectively
(Fig. 3b and Supplementary Data 3), demonstrating that activation of
the ventricular endocardium is more heterogeneous than previously
recognized. The other regeneration-specific endocardial subtype,
proliferating endocardium, was detectable in small percentages at
3 dpa (<1%) and 14 dpa (<1%) (Fig. 3b and Supplementary Data 3). We
speculate that these cells were also present at 7 dpa (Fig. le), but
given their low abundance, they likely fell below the level of detec-
tion at this stage. Deconvolution and mapping of the scRNA-seq data
to the Stereo-seq slices revealed that activated endocardial cells were
distributed organ-wide at 6 hpa, becoming preferentially localized to
the wound edge at 12 hpa and 1dpa (Fig. 3a, Supplementary Fig. 9¢),
consistent with previous reports®.

Cell trajectory and RNA velocity analysis inferred that both acti-
vated and proliferating endocardial cells derive from ventricular
endocardial cells (Fig. 1e, Supplementary Fig. 10c), consistent with cell
state transitions from pre-existing endocardial cells”. At 1dpa, some
ventricular endocardial cells derive from the activated endocardial
subtype (Fig. le), indicative of the reversible nature of the acti-
vated state.

Focusing more closely on the activated endocardial population,
we identified markers that were highly specific to this subtype,
including aldhla2, cdi51, ackr3b, inhbaa and sema3aa (Supplementary
Fig. 10b and Supplementary Data 2). Accordingly, these genes were
found to be induced organ-wide at 6 hpa, localizing preferentially to
the wound starting from 12 hpa (Supplementary Fig. 3d, Supplemen-
tary Fig. 10d). Strong subtype-specific induction of these genes sug-
gests that their molecular activities perform essential functions in the
early endocardial response to injury.

Lastly, to discover potential intercellular interactions between
cardiomyocytes and endocardial cells in the ventricle during early
heart regeneration, we utilized CellChat to conduct a ligand-receptor
analysis (Fig. 3c). At 6 hpa, 12 hpa and 1 dpa, we observed the potential
for robust communication between endocardial cells (ventricular or
activated) and cardiomyocytes (ventricular or dedifferentiated)
mediated by the EPH, Notch, JAM, ncWNT, VEGF, and TGF-f signaling
pathways (Fig. 3c and Supplementary Data 7). These predicted inter-
cellular interactions provide the rationale for future explorations into
possible crosstalk mechanisms between lineages, including subtypes.

Proliferative expansion of macrophages during early zebrafish
heart regeneration

Next, we analyzed macrophages and their subtypes during zebrafish
heart regeneration in our scRNA-seq dataset. We identified and
annotated two macrophage subtypes, including non-proliferating
macrophages (i.e., Macrophages) and injury-dependent proliferating
macrophages [Macrophages (prolif.)] based on unique transcriptional
signatures, including known marker genes (Fig. 3d; Supplementary
Fig. 11a, b and Supplementary Data 2). Before injury, macrophages
comprised about 7.6% of cardiac cells (Fig. 3d, Supplementary Fig. 11c,
and Supplementary Data 3). During regeneration, this subtype was
detected at every stage by scRNA-seq, peaking in abundance at ~32.8%
of cardiac cells at 1dpa (Supplementary Fig. 11c and Supplementary
Data 3). Consistent with this early expansion of macrophages, we
documented the transient appearance of proliferating macrophages,
first at 12 hpa, and then in higher abundance at 1dpa, when they
localized predominantly to the wound (Fig. 3d, Supplementary Fig. 11c
and Supplementary Data 3). Unexpectedly, we also documented
macrophage enriched domain at 28 dpa preferentially in the outflow
tract, an observation of unknown significance (Supplementary Fig. 1).

The top enrichment terms associated with proliferating macro-
phages encompassed all phases of the cell cycle, including DNA
replication, mitosis, and cytokinesis (Supplementary Fig. 11d). Among
the upregulated genes, those with the strongest induction were the
proliferation marker gene mki67, along with cell division-related genes
smc2, smc4, and mad2l1 (Supplementary Fig. 11e), the latter of which
are crucial for maintaining genomic stability, ensuring proper cell
division, and facilitating tissue growth during regeneration.

We also found that macrophages with highly expressed grnas
mainly appeared post cardiac injury (Supplementary Fig. 11b, f). The
proliferating macrophage subtype was also marked by the immune-
related genes marco and grnas, both of which were progressively
enriched in the wound at 1dpa (Supplementary Fig. 11b, f). We vali-
dated the injury-induced activation of grnas by fluorescence in situ
hybridization on zebrafish hearts before and after injury. We observed
upregulation of grnas close to the wound edge at 12 hpa and 1 dpa, and
scattered in remote regions of the ventricle at 1dpa (Fig. 3e and Sup-
plementary Fig. 11f).

Through an analysis of cell lineage trajectories, we confirmed
that proliferating macrophages derive from the general macrophage
subtype (Fig. le). Collectively, our analysis identifies an early
inflammatory response to cardiac injury characterized by pro-
liferative expansion of macrophages in the wound, which peaks at
1dpa. Because macrophages are immune cells responsible for pha-
gocytosing cellular debris”” ", their localized expansion within the
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tnfa appeared at 1dpa, macrophages highly expressing cd9b were
barely present in the uninjured heart, and cd74a-related cluster
increased its abundance at 3 dpa, 14 dpa and 28 dpa compared to the
early stage of regeneration (Fig. 3g). Notably, our time points were
relatively more comprehensive compared to the previous study of
Ma et al.*, and we identified more subtypes, such as macrophages
highly expressing Isp1b.
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Fig. 3 | Dynamic endocardium, macrophage and fibroblast subtypes during
zebrafish heart regeneration. a Dimensionality reduction of endocardium sub-
types analyzed by scRNA-seq (top). Spatial visualization of Endocardium (activ.)
abundance using cell type deconvolution. The color legend for the UMAP plots is
shown in (b). b Bar graph showing the endocardial subtype percentages at each
regeneration stage as determined by scRNA-seq (Red blood cells and Others were
not included). ¢ Sankey diagram showing the predicted pathways mediating cell-cell
communications between cardiomyocytes and endocardium at 6 hpa, 12 hpa and
1 dpa. d Dimensionality reduction of macrophage subclasses determined by scRNA-
seq (top) and spatial visualization of deconvoluted Macrophages (prolif.) abun-
dance (bottom), respectively, at every regeneration stage. e Fluorescence in situ
hybridization staining with grnas (green) and immunostaining with antibodies
against MF20 (magenta) and DAPI (blue) in uninjured or regenerating hearts at

12 hpa or 1 dpa (n =4 sections from 4 hearts for each time point). Arrows indicate

cardiomyocytes, and arrowheads indicate non-cardiomyocytes. Scale bars: 100 pm
for upper panels; 50 pm for lower panels. f UMAP clusters identified through scRNA-
seq, including various subtypes of macrophages. The color legend for the UMAP
plots is displayed in (g). g Bar graph showing the macrophage subtype percentages
at each regeneration stage as determined by scRNA-seq. h Dimensionality reduction
of fibroblast subpopulations analyzed by scRNA-seq (top) and spatial visualization
domain 12: FB (reg.) by Stereo-seq (bottom), respectively, across all regeneration
stages. i Fluorescence in situ hybridization staining with coll2ala (green), lum (red)
and DAPI (blue) in uninjured or regenerating hearts at 7 dpa (n =4 sections from 4
hearts for each time point). Arrowheads indicate co-located signals. Scale bars: 100
pm. j UMAP showing the subclusters and the RNA velocity of fibroblast as deter-
mined by scRNA-seq. The color legend for the UMAP plots is displayed in panel (k).
k Bar graph showing the fibroblast subtype percentages at every regeneration stage
as determined by scRNA-seq. Source data are provided as a Source Data file.

Investigation of the dynamic composition of the fibroblast
during zebrafish heart regeneration

Fibroblasts perform essential roles in heart regeneration by synthe-
sizing and secreting extracellular matrix components, which provide
structural support and facilitate the remodeling of regenerating
tissue?***%8, To investigate the dynamic composition of the fibroblast
population during zebrafish heart regeneration, we analyzed 21,172
fibroblast-related cells across the 8 time points in our scRNA-seq
dataset (Supplementary Fig. 12a-d). We identified and annotated two
predominant subtypes, including general fibroblasts (i.e., Fibroblasts)
and pro-regenerative fibroblasts [i.e., Fibroblasts (reg.)] based on
unique transcriptional signatures, including marker genes such as
coll2ala and coll2alb as specific indicators of the pro-regenerative
subtype (Supplementary Fig. 12c and Supplementary Data 2). As vali-
dation of our approach, identification of the pro-regenerative fibro-
blast subtype is consistent with a recent report*’. Moreover, coll2
performs a critical function in ECM production during zebrafish heart
regeneration, as previously documented®*’. The pro-regenerative
fibroblasts were detected transiently at 3 and 7 dpa localized to the
wound (Fig. 3h and Supplementary Fig. 12b), consistent with ongoing
debris clearance and ECM remodeling.

As one reported source of cardiac fibroblasts®, we also identified
and analyzed epicardial cells (Fig. 3h; Supplementary Fig. 12a, d and
Supplementary Data 2). At every stage, epicardial cells were ~3.6% or
less of cellular content, except at 3 dpa, when the percentage rose to
~9% (Supplementary Fig. 12d and Supplementary Data 3), coincident
with a highly activated and proliferative state***. Consistent with their
known location, epicardial cells were accurately detected on the
heart’s surface at all stages (Supplementary Fig. 3b). We also identified
valve fibroblasts and a small population of fibroblasts in which mylkb
was highly expressed (Supplementary Fig. 12a, c).

To better understand the functional significance of the gene sig-
natures associated with epicardial cells and fibroblast subtypes during
regeneration, we performed gene set enrichment analysis (Supple-
mentary Fig. 13a). For pro-regenerative fibroblasts, the top terms were
related to ECM organization, ECM-cell interactions, cell adhesion,
phagocytosis, and regulation of response to wounding (Supplemen-
tary Fig. 13a). All of these biological processes are instrumented for
successful heart regeneration: ECM organization for structural sup-
port, cell migration and adhesion for tissue repair, cellular debris
clearance for a healthy microenvironment, and modulation of the
regenerative response for optimal healing. From this, we identified
lumican (lum) upregulation in the top enrichment terms (Supple-
mentary Fig. 13a and Supplementary Data 6). Specifically, lum
expression was induced in pro-regenerative fibroblasts localized to the
wound of the injured zebrafish heart at 3 dpa and 7 dpa (Supplemen-
tary Fig. 13b). We validated the injury-induced activation of lum in the
wound by fluorescence in situ hybridization on zebrafish hearts before
and after injury. We observed upregulation of lum transcript in a pat-
tern that partially overlapped with the pro-regenerative fibroblast

marker coll2ala, respectively, at 3dpa or 7dpa (Fig. 3i). To gain
insights into cell-cell interactions, we conducted a ligand-receptor
analysis using CellChat. At 3 dpa, we documented the potential for
strong bidirectional communication between pro-regenerative fibro-
blasts and other cell types via COLLAGEN, MK, and FN1 signaling
(Supplementary Fig. 13¢ and Supplementary Data 7).

Analysis of cell lineage trajectories inferred that pro-regenerative
fibroblasts derive from epicardial cells (Fig. 1e), consistent with this
well-documented epithelial-to-mesenchymal transition®. To further
investigate the subtypes of fibroblast, we conducted a higher resolu-
tion unsupervised clustering, and 18 different subtypes of fibroblast
were characterized (Fig. 3j, k and Supplementary Fig. 14a). The fibro-
blast subtypes identified in our study were well correlated with the
previous study of Hu et al. (Supplementary Fig. 14b)*’. Importantly, we
identified more subtypes, such as fibroblasts (txn) at early stage of
regeneration, fibroblasts (steap4) at 7 dpa, fibroblasts (coli8alb) at
14 dpa, epicardium (podxl), fibroblasts (alas2) and fibroblasts (scn4ab)
(Fig. 3k). The RNA velocity analysis indicated that these subtypes might
play a key role in the transitions of fibroblast cell states in zebrafish
heart regeneration (Fig. 3j).

Comparative analysis reveals conserved transcriptional
responses unique to highly regenerative hearts

The propensity of a heart to replace injured myocardium with
fibroblast-derived scar tissue rather than new muscle defines non-
regenerative and regenerative hearts®. In an attempt to identify tran-
scriptional responses that are unique to regenerative hearts and con-
served across species, we conducted a comparative analysis of
regenerative and non-regenerative hearts (Fig. 4a, b and Supplemen-
tary Fig. 15a-c). Regenerative hearts included adult zebrafish and P1
(the day of birth) neonatal mice. Non-regenerative hearts included P8
(postnatal day 8) neonatal mice and adult human hearts before and
after myocardial infarction. First, we identified 7 co-expression mod-
ules in zebrafish and generated a list of zebrafish genes within those
module categories, all of which were highly related with heart regen-
eration of zebrafish (Supplementary Fig. 15a and Supplementary
Data 2). We then determined the genes to which their homologs are
induced following injury in regenerative and non-regenerative mam-
malian hearts based on previously published scRNA-seq® (Supple-
mentary Fig. 15b, c). From this, we identified the upregulation of 29
genes as features of highly regenerative hearts, which show little to no
induction in non-regenerative hearts (Fig. 4a, b). Specifically, we
identified the increased expression of atp6ap2 and ifrd1 at 1 dpa and 6
hpa, respectively, which were localized to the wound of the injured
zebrafish heart (Fig. 4c, d). Expressions of Atp6ap2 and IfrdI were also
expanded in the regenerative P1 neonatal mouse heart at 1 day post
myocardial infarction (dpMI) surgery when compared to sham-
operated controls (Fig. 4b). By contrast, the expressions of ATP6AP2
and IFRD1 were relatively low in human hearts after myocardial
infarction (Fig. 4b). These findings suggest that upregulation of the
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atp6ap2 and ifrd1 might be an evolutionarily conserved feature of
regenerative hearts.

We validated uninjured and the injury-induced activation of
atpéap?2 at 1dpa and ifrd1 at 6 hpa in the wound by fluorescence in situ
hybridization on zebrafish. In contrast, we could not detect their
expressions in adult mice hearts for sham controls and 1 day after Ml

sham

1 dpMI

surgery (Fig. 4c, d). Both genes were significantly upregulated in the
wound of zebrafish but not expressed in non-regenerative hearts
(Fig. 4c, d). These data demonstrate that our dataset provides
opportunities to identify key factors associated with, and perhaps
enabling, heart regeneration that are evolutionarily conserved across
species.
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Fig. 4 | Identification of conserved transcriptional responses shared by highly
regenerative hearts. a Venn diagram illustrating genes that are upregulated or
high expression in regenerative hearts (zebrafish and P1 mouse) and high expres-
sion in uninjured samples in non-regenerative hearts (P8 mouse and human).

b Heatmaps showing the expression of overlapped genes selected in (a). ¢ Spatial
visualization of imputed expression of atp6ap2 in uninjured and regenerating
hearts at 1 dpa (left). Representative images of fluorescence in situ hybridization for
atp6ap2/Atp6ap2 (green) and immunostaining with antibodies against MF20
(magenta), TPM1(magenta) and DAPI (blue) on sections of zebrafish uninjured or
regenerating hearts at 1dpa and mouse hearts for sham surgery or 1 day after Ml
induces. Scale bars: 100 pm for left panels; 10 pm for right panels. d Spatial

visualization of imputed expression of ifrdI in uninjured and regenerating hearts at
6 hpa, based on Stereo-seq data imputation using scRNA-seq data (left). Repre-
sentative images of fluorescence in situ hybridization for ifrd1/IfrdI (green) and
immunostaining with antibodies against MF20 (magenta), TPM1(magenta) and
DAPI (blue) on sections of zebrafish uninjured or regenerating hearts at 6 hpa and
mouse hearts for sham surgery or 1 day after Ml induces. Scale bars: 100 pm for left
panels; 10 um for right panels. MI, myocardial infarction; P1, the day of birth; P8,
postnatal day 8; P1-1/3 (P8-1/3), collected at 1 or 3 days post-surgery; BZ, border
zone; RZ, remote zone; IZ, ischaemic zone; FZ, fibrotic zone; CTRL, control. Source
data are provided as a Source Data file.

Generation of a high-resolution organ-wide 3D transcriptomic
and cellular atlas of the adult zebrafish heart

To overcome the limitations of inferring global spatial information
from a small number of 2D slices per heart, we sought to create a high-
resolution organ-wide 3D transcriptomic and cellular atlas of the adult
zebrafish heart by integrating newly acquired Stereo-seq and scRNA-
seq datasets (Fig. 5a). To that end, we meticulously sliced an entire
adult heart into 167 consecutive sections and performed Stereo-seq.
Based on inclusion criteria, we selected 119 high-quality sections for
analysis, which encompassed a total of 100,846 individual spots with
an average of 1055 unique molecular identifiers (UMIs) per spot
(Supplementary Fig. 16 and Supplementary Data 1). We identified 12
unique spot identities that were annotated by major cell-type domains
based on transcriptional signatures and well-established markers
genes (Supplementary Fig. 16, Supplementary Fig. 17a and Supple-
mentary Data 2). The 12 spot identities included one neuronal enriched
domain which was not detected by our regeneration datasets, one
valve domain, one smooth muscle cells enriched domain, one mac-
rophage enriched domain, one epithelium enriched domain, one
endothelium enriched domain, two red blood cells enriched domain,
and four cardiomyocytes enriched domains. The Stereo-seq data were
sufficient to perform 3D reconstructions (Supplementary Fig. 17b) of
gene expression and domains, visualized in 3D models from any angle
in our online interactive atlas (see below).

Nonetheless, to ensure that our spatial atlas contained a highly
comprehensive representation of gene expression and cell types, we
generated additional scRNA-seq data and integrated it with the
Stereo-seq dataset. Specifically, we performed scRNA-seq separately
on the three major anatomical structures of the zebrafish heart,
including the ventricle, atrium, and BA, each pooled from 10 unin-
jured hearts (Fig. 5a). The data were combined into a single scCRNA-
seq dataset comprising 103,038 cells (Supplementary Data 1). After
including scRNA-seq data from the uninjured time point in our
regeneration study (Fig. 1c), the total number of cells increased to
158,939 (Supplementary Data 1). We identified and annotated 16 cell
clusters based on unique transcriptional signatures and marker
genes (Fig. 5b; Supplementary Fig. 18a, b and Supplementary Data 2).
In contrast to the domains identified by Stereo-seq, we identified
unique populations, including atrial and BA-specific endocardium,
endothelial cells with coronary and lymphatic subtypes, fibroblasts,
neutrophils, and T cells.

To integrate the scRNA-seq and Stereo-seq atlas, the gene
expressions of Stereo-seq data were first imputed by scRNA-seq data,
and then the spot identities of Stereo-seq data and scRNA-seq cell
type mapping results were carefully merged. This integration
allowed us to construct the first high-resolution organ-wide 3D
transcriptional and cellular atlas of the adult zebrafish heart (Fig. 5c,
Supplementary Fig. 19a, b and Supplementary Movie 1). In total, our
integrated atlas contained spatial distributions of 18 cell types in the
uninjured adult zebrafish heart. Users can query them through our
online website (https://db.cngb.org/stomics/zebrafish_.VRH/). As
validation, we determined whether it accurately depicts the spatial
distributions of previously characterized markers of unique cell

types. Specifically, we queried the atlas for the spatial distributions of
myh7 and myhé, specific markers of ventricular and atrial cardio-
myocytes, respectively®, and retrieved their accurate chamber-
specific expression patterns (Supplementary Fig. 20a-c). As further
validation, we confirmed by fluorescence in situ hybridization that
two predicted chamber-specific troponin genes, tnni4a and tnnclb,
exhibit ventricular and atrial-specific expression patterns, respec-
tively (Supplementary Fig. 20a-d). Beyond cardiomyocytes, we
relied on our atlas to determine that the frzb+ subpopulation of
endocardial cells localizes to the BA (Fig. 5c, d), persuading us to re-
annotate this cell type as “Endocardium (BA)”. We also confirmed by
fluorescence in situ hybridization that a predicted potential marker
of this subpopulation, ccnl, localizes specifically to the BA (Fig. 5e),
providing further validation. Lastly, our integrated dataset allowed
for an appreciation of the anatomic structures of regionalized tis-
sues, such as valves, in the context of the entire heart (Supplemen-
tary Fig. 21a, b). Overall, our highly comprehensive atlas of the adult
zebrafish heart allows for the accurate visualization of organ-wide
gene expression, global cell-type distributions, and regionalized
anatomic structures. It is also a testament to the reliability and
robustness of integrating spatial transcriptomic and scRNA-seq
datasets for delineating spatially-resolved biological information on
an organ-wide scale.

Virtual 4D reconstruction of a regenerating zebrafish heart
Lastly, based on our spatial transcriptomic and scRNA-seq analysis of
the regenerating zebrafish heart (Fig. 1a), we reconstructed a 4D
“virtual regenerating heart” (VRH), encompassing both spatial
information and time. It depicts the dynamic appearance of injury
and stage-dependent major cell-type domains, including BZm (activ.)
at 6 hpa, BZm (dediff.) at 12 hpa and 1dpa, FB (reg.) at 3dpa and
7 dpa, BZm (dediff.-prolif.) at 3 dpa, BZm (prolif.) at 7 dpa, and BZm
(re-diff.) at 14 dpa (Fig. 5f, g and Supplementary Movie 2, 3). It also
provides 4D expression patterns for all genes analyzed, including
tpm4a, coll2ala, and grnas, which show dynamic expression patterns
during heart regeneration (Supplementary Fig. 22). Lastly, to make
our data widely accessible to the scientific community, we have
established a public website (https://db.cngb.org/stomics/zebrafish_
VRH/) containing both the high-resolution atlas of the uninjured
heart and the VRH. This interactive database will provide researchers
with a valuable resource for investigating the dynamic spatio-
temporal behaviors of genes and cell types during zebrafish heart
regeneration.

Discussion

We report the generation of a high-resolution, organ-wide, tran-
scriptomic, and cellular atlas of the regenerating zebrafish heart in 3D
space and time. Leveraging the strengths of Stereo-seq and scRNA-seq,
our highly comprehensive atlas will serve as a valuable resource for
investigators exploring the intricate mechanisms driving vertebrate
cardiac regeneration. We reconstructed a 4-dimensional “virtual
regenerating heart”, encompassing an unprecedented 569,896 cells or
spots, sourced from 36 scRNA-seq libraries and 224 Stereo-seq slices.
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These datasets were carefully sampled from 95 adult zebrafish hearts,
spanning 8 distinct regenerative stages: pre-injury, 6 and 12 hpa, as well
as 1, 3, 7, 14, and 28 dpa. The interactive VRH model is publicly
accessible (https://db.cngb.org/stomics/zebrafish_VRH/), providing a
virtual in situ perspective of the dynamic molecular and cellular pro-
cesses underlying heart regeneration. Notably, our dataset provides
comprehensive insights into the early stages of regeneration (6 hpa, 12
hpa, and 1 dpa), as well as whole-organ spatial coverage, thereby filling
a significant gap in existing zebrafish heart regeneration datasets®**.

Using our highly comprehensive atlas, we characterized the
dynamic changes in cell type composition and prevalence through-
out heart regeneration. Specifically, we identified multiple injury-
induced, regenerative cell types, including activated endocardium,
proliferating macrophages, pro-regenerative fibroblasts, and regen-
erating CMs. The ability of pre-existing CMs to renter the cell
cycle and generate new heart muscle through proliferative expansion
has emerged as a primary determinant of successful heart
regeneration’*?”#, It is widely recognized that CMs in the border
zone undergo dedifferentiation and proliferation”. Through spatial
clustering and cell type deconvolution analyses, we precisely traced
the cellular prevalence and trajectories of proliferating CMs during
regeneration, delineating 5 distinct clusters throughout space and
time, spanning activation and re-differentiation. Although all of these
clusters are related to the CM lineage, additional lineage tracing will
be required to confirm their inter-relationships. More specifically,
our findings indicate that regenerative CMs might become specified
as early as 6 hpa, as evidenced by the activation of marker genes
tnfrsfllb and nppb, suggesting that the myocardial regenerative
process is active almost immediately after injury. One intriguing
question is whether CMs of the regenerative P1 neonatal mouse heart
also exhibit this early response, and whether it disappears as the
mouse heart loses regenerative capacity, suggesting that it could be
rate-limiting for heart regeneration. If so, focusing on how to induce
the activation of CMs in non-regenerative hearts might be sufficient
to stimulate cell cycle reentry and initiate the regenerative process.
Interestingly, regarding spatial location, proliferating CMs are pre-
dominantly situated closer to the border zone edge at 7 dpa, whereas
tnfrsf11b- and nppb-positive cells maintain a conspicuous distance
from the wound at 6 hpa or 12 hpa. This phenomenon warrants
further investigation to understand the functional significance of
positional differences between these cell subtypes. Moreover, we
implicated tpm4a may stimulate the re-differentiation of proliferat-
ing CMs, thereby promoting heart regeneration. While a previous
study reported the existence of multiple transcript isoforms of
tpm4a, which play varied roles in embryonic development’, addi-
tional studies will be required to decipher isoform-specific functions
of tpm4a in heart regeneration.

Despite investigations into the cardiac regenerative capacities of
over twenty species in the past two decades, the common mechanisms
underlying this process remain largely unknown'®. Through compara-
tive analysis of three species, we determined that regenerative hearts
uniquely upregulate atp6ap2 and ifrdl following injury, whereas non-
regenerative hearts do not. This was observed specifically in regen-
erative zebrafish hearts, and we also speculate the observed upregu-
lation of Atp6ap2 and Ifrd1 in regenerative neonatal mouse hearts. By
contrast, non-regenerative hearts of P8 mice and humans did not show
activation of atp6ap2 and ifrdl homologous genes following
mechanical or ischemic injury, respectively’®®, which provides a
strong rationale to investigate the role of atp6ap2 and ifrdI in sup-
porting natural heart regeneration. Since the adult human heart
exhibits a cardiomyocyte turnover rate of approximately ~1% per
year®>¥, identifying evolutionarily conserved features of regenerative
hearts will likely pave the way for enhancing cardiomyocyte turnover
and stimulating clinically impactful human heart regeneration in the
wake of myocardial infarction.

In summary, the regenerative capabilities of the zebrafish heart
are incompletely understood and are currently being extensively
investigated. Our atlas and VRH will serve as a valuable resource for
members of the cardiovascular and regeneration research commu-
nities. It will also serve as a foundation for integrating additional multi-
omics datasets to further refine our appreciation of the transcriptional
and cellular landscapes of heart regeneration. Ultimately, our publicly
accessible resource holds considerable promise for aiding in eluci-
dating the intricacies of vertebrate heart regeneration and advancing
the discovery of potential therapies for treating human heart disease.

Methods

Experimental animals

This study was approved by the Ethics Committee of Ocean University
of China. All protocols and procedures conformed with the Guide for
the Care and Use of Laboratory Animals published by the US National
Institutes of Health.

The zebrafish strains used in this study were wild-type AB, and
adult fish aged between 6 to 12 months were used for all experiments”.
A published strain, T2EGEZS", was utilized’®. The animal density was
maintained at four fish per liter. The mice strain used in this study is
C57BL/6J, and adult mice aged between 7 to 9 weeks were used for all
experiments®, These mice were purchased from Jinan Pengyue
Laboratory Animal Breeding Co., Ltd. Experimental mice were accli-
mated under controlled laboratory conditions for a minimum of 7 days
prior to experimentation to minimize stress-induced variability. All
mice were maintained in individually ventilated cages at a temperature
of 22 +1°C, humidity of 50 +10%, and a 12-hour light/dark cycle. All
mice were given ad libitum access to food and water.

Heart injury
Zebrafish were anesthetized by immersion with 0.02% tricaine
and immobilized in a dampened foam with the ventral side up. A
little slit between the gills revealed the ventricle. For cardiac
resection injury, insert forceps into the pericardial cavity with the
left hand to grip the ventricular apex, then resect 20% of the
ventricular apex, control bleeding with absorbent paper, and
allow the heart to retract naturally. Close the incision with
tweezers before transferring the fish to the recovery tank®. For
cardiac resection injury, insert forceps into the pericardial cavity
with the left hand to grip the ventricular apex, then resect 20% of
the ventricular apex, control bleeding with absorbent paper, and
allow the heart to retract naturally. Close the incision with
tweezers before transferring the fish to the recovery tank>*®°.
Administer continuous gill irrigation via transfer pipette until
autonomous swimming resumes. Maintain postoperative obser-
vation in the recovery tank for >5 minutes before transitioning to
standard aquarium housing. The zebrafish were then euthanized
with 0.04% tricaine, and the hearts were subjected to histology.
Myocardial infarction model in adult mice was established
through ligation of the left anterior descending (LAD) coronary
artery. Adult mice were anesthetized with isoflurane (3% isoflurane
for induction, 1.5% isoflurane for maintenance). After the mice were
fully anesthetized, they were placed on the operating table, intu-
bated, and connected to a small-animal ventilator (RWD Life Science)
that was used to assist the mice in breathing. Under fully-controlled
ventilation, the chest area of the mice was shaved, make a 1-to-1.5 cm
incision in the left thoracic region of the mouse, and incise through
layers of skin and muscle sequentially to expose the ribs. Then, a
thoracotomy was performed at the 3rd-4th intercostal space using
surgical scissors to expose the heart, and a mouse rib spreader was
applied to facilitate the exposure of the heart. The pericardium was
carefully removed with forceps to clearly visualize the LAD coronary
artery. The LAD was permanently ligated using a 6-0 silk suture at a
position 2-3 mm from the left auricle. After ligation, the surgical site
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was carefully examined for any signs of bleeding or oozing. The
intercostal space and chest skin were closed with a 6-0 silk suture to
ensure a tight seal without leakage. The tracheal tube was then
removed, and the mice were placed on a heating pad (maintained at
37°C) in a prone position to monitor their vital signs until they fully
recovered. The sham operation group underwent all surgical pro-
cedures for MI except for the ligation of the coronary artery®®. The
mice were anesthetized using CO, and subsequently euthanized by
cervical dislocation. Thereafter, the hearts were processed for
histology.

Histological sectioning, staining, and imaging

For cryosectioning, hearts were dissected and fixed with 4% paraf-
ormaldehyde (PFA) in PBS overnight at 4 °C. After washing with PBS,
the hearts were embedded in a 1.2% (wt/vol) agarose in 5% (wt/vol)
sucrose-PBS solution, equilibrated in a 30% (wt/vol) sucrose-PBS
solution overnight at 4 °C, and frozen for cryosectioning using a
Leica cryostat (CM1860). 10 um cryosections were used in all
experiments®’.

Acid Fuchsin-Orange G (AFOG) staining labels heart muscles as
orange and collagen as blue. For this staining, slides were hydrated in
dH,0 at 25 °C, then incubated in Bouin’s solution (Sigma # HT10132)
for 2 hours at 60 °C and an additional hour at room temperature. Slides
were rinsed with running water for 30 minutes, followed by incubation
in 1% phosphomolybdic acid (solarbio #G3472) for 5 minutes and dH,0
for 5 minutes. The slides were then stained in an AFOG staining solu-
tion (1 g aniline blue [G-CLONE #CS2805], 2 g orange G [BBI #1936-15-
8], and 3 g acid fuchsin [G-CLONE #CS3244] in 200 mL of dH,0; pH
1.09) for 10 minutes, followed by rinsing with dH,0 and dehydration in
95% ethanol and 100% ethanol. Finally, the slides were placed in Xylene
(BBI) twice for 2 minutes each and covered with Cytoseal coverslips
(Thermo #8310-4)%".

For immunofluorescence, cryosections were first immersed in
boiling citric acid buffer (10 mmol/L) for 15minutes for antigen
retrieval, then continued to immerse until the buffer cooled to room
temperature. After PBS washes, the sections were permeabilized with
0.5% Triton X-100 in PBS, and then blocked with a blocking buffer (5%
BSA, 5% goat serum, 20 mmol/L MgCl,) for 1hour at room tempera-
ture. The cryosections were then incubated with primary antibodies in
PBS containing 5% BSA overnight at 4 °C. Following this, secondary
antibodies were added, and the sections were incubated at room
temperature for 1hour before being mounted with Neutral Balsam
(Solarbio #G8590).

Primary antibodies used in this study include anti-embryonic
cardiac myosin heavy chain (embCMHC, mouse, 1:50; DSHB); anti-
myosin heavy chain monoclonal antibody (MF20, mouse, 1:50; DSHB),
anti-Collagen, Type | pro-peptide (mouse, 1:50; DSHB), anti-PCNA
(mouse, 1:200; Santa Cruz Biotechnology), anti-MEF2A + MEF2C (rab-
bit, 1:200; Abcam), anti-LUM (rabbit, 1:200; ABclonal), anti-ACTN2
(rabbit, 1:200; ABclonal), anti-TPM1 antibody (CH1, mouse, 1:200;
DSHB). Secondary antibodies (1:200; Thermo Fisher Scientific) used in
this study include Alexa Fluor 488 goat anti-mouse IgG (H + L), Alexa
Fluor 568 goat anti-mouse IgG (H + L), Alexa Fluor 568 goat anti-rabbit
IgG (H +L), and Alexa Fluor 488 goat anti-rabbit IgG (H + L).

Fluorescence in situ hybridization was performed to localize
messenger RNAs (mRNAs) expressed during zebrafish heart and
regeneration. To achieve this, Digoxygenin-labeled RNA and
Fluorescein-labeled RNA probes were synthesized with TSA PLUS
FLUORESCEIN (Akoyabio) according to the manufacturer’s instruc-
tions. Fragments of these genes were cloned from a zebrafish heart
cDNA library using oligos detailed in Supplementary Data 8.

AFOG staining images were captured using Nikon (DS-Ri2) and
Zeiss ((Imager.Z2) microscopes. Immunofluorescence and fluores-
cence in situ hybridization images were captured using a Leica (DMi8)
microscope.

Quantification analysis
Scar area in regenerated hearts was quantified at 30 dpa and 120 dpci.
Fiji software was used to measure the total ventricular area as well as
the scar area [fibrin (red) + collagen (blue)]. The scar area was nor-
malized to the whole ventricular area to calculate the percentage of the
scar size for each section™*% Scar percentage data were gathered from
at least 3 sections per heart and averaged to get each data point.
The cardiomyocyte proliferation index in regenerating hearts was
quantified by manually counting Mef2" and Mef2’/PCNA’ cells in injury
regions at 7 dpa indices using Fiji software with at least 3 sections per
heart and averaged to get each data point.

Statistics and Reproducibility

Experimental statistical significance was tested using a two-tailed
unpaired Student’s ¢ test, and p value was calculated using GraphPad
Prism, unless stated otherwise. The graphs in Fig. 2h, j, k display the
mean * standard deviation (SD) of the compiled statistics, analyzed
using a two-tailed unpaired Student’s ¢ test. All experiments in Fig. 2b,
d, e, f used 4 hearts with 3 sections per heart at each time point.
Figure 2c (n = 4) shows the results of one independent experiment. The
experiments in Fig. 2g used WT hearts (n=4) and Z8" hearts (n=7),
with a minimum of 3 sections analyzed for each heart. The experiments
shown in Fig. 2h also employed WT hearts (n=4) and Z8” hearts
(n=7). The experiments in Fig. 2i used WT hearts (n =3) and Z8" hearts
(n=5), with atleast 3 sections for each heart. The experiments in Fig. 2j
used WT hearts (n=11) and Z8" hearts (n=13). The experiments in
Fig. 2k used WT hearts (n=8) and Z8" hearts (n = 8). The experiments
in Fig. 21 used WT hearts (n=6) and Z8" hearts (n=8), with at least
3 sections for each heart. Figure 4c (n=4) shows the results of
one independent experiment; Fig. 4d (n=4) shows the results of one
independent experiment; Fig. 5e (n=4) shows the results of one
independent experiment.

Sample fixation and section preparation for Stereo-seq

Sample fixation was performed as the following steps. Briefly, fresh
samples were rinsed in PBS and then the surface was wiped with clean
gauze. The cleaned tissues were embedded with pre-cooled OCT and
frozen with the dry ice, then transferred to a -80 °C refrigerator for
storage before cryosection. The tissues were placed into a -20 °C
freezing microtome for equilibration of 30 minutes before sectioning.
Agilent 2100 bioanalyzer was used to assess the RNA quality of cryo-
sections. Then, the pre-frozen cryosections of heart samples from
healthy as well as injured zebrafish individuals were serially sectioned
at 10 um intervals throughout the entire heart in a Leica CM1950
cryostat. Each section was individually mounted onto the Stereo-seq
chip with 3-minute incubation on a Thermocycler Adaptor at 37 °C,
followed by methanol fixation at —20 °C for 40 minutes.

ssDNA staining and imaging of Stereo-seq sections

For tissue and cell visualization, sections on the chip were stained with
a nucleic acid dye (Thermo Fisher, Q10212) for single-stranded DNA
(ssDNA) prior to tissue permeabilization. ssDNA-stained sections were
imaged using the Motic Custom PA53 FS6 microscope system and the
images were stitched and processed using the PA53Scanner software
platform.

Library construction and sequencing of Stereo-seq data

The Stereo-seq library construction and sequencing processes were
conducted according to the corresponding protocols®. Briefly, sec-
tions were washed with 100 pL of 0.1x saline-sodium citrate buffer
(SSC, Thermo, AM9770) supplemented with 0.05 U/pL RNase inhibitor
(NEB, M0314L) to remove the staining solution. They were then per-
meabilized in 0.1% pepsin (Sigma, P7000, powder, =250 units/mg
solid) in 0.01M HCI buffer (pH = 2) and incubated at 37°C for
12 minutes. High-resolution 1 x 1 cm Stereo-seq chips, which have DNA

Nature Communications | (2025)16:3716

14


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59070-0

nanoball (DNB) bins with 220 nm diameter and a center-to-center
distance of 500 nm (regenerative samples) or 715nm (3D samples),
were used for in situ capture of RNA transcripts. And mRNAs
were released and captured on the Stereo-seq chip, which was
further reversely transcribed at 42 °C overnight using Superscript I
[Invitrogen, 18064-014, 10 U/pL reverse transcriptase, 1mM dNTPs,
1M betaine solution PCR reagent, 7.5 mM MgCl,, 5mM DTT, 2 U/uL
RNase inhibitor, 2.5pM Stereo-seq-TSO (CTGCTGACGTACTGA-
GAGGC/rG//rG//iXNA_G/) and 1 x First-Strand buffer] reverse tran-
scription (RT) mix.

Furthermore, tissue sections were washed twice with 0.1 x SSC
buffer and digested with tissue removal buffer (10 mM Tris-HCI, 25 mM
EDTA, 100 mM NacCl, 0.5% SDS) at 37 °C for 30 minutes after in situ RT.
The cDNA-containing chips were then subjected to Exonuclease I (NEB,
MO0293L) treatment for 1 hour at 37 °C and were finally washed once
with 0.1x SSC buffer.

The remaining RT products were collected and amplified by KAPA
HiFi Hotstart Ready Mix (Roche, KK2602) with 0.8 uM cDNA-PCR pri-
mer (CTGCTGACGTACTGAGAGGC). Sequencing libraries were pre-
pared with PCR products undergoing the following steps:
concentration quantification (Qubit™ dsDNA Assay Kit, Thermo,
Q32854), DNA fragmentation (in-house Tn5 transposase at 55°C for
10 minutes), PCR amplification (KAPA HiFi Hotstart Ready Mix (Roche,
KK2602) with 0.3puM Stereo-seq-Library-F  primer (/5phos/
CTGCTGACGTACTGAGAGG*C*A) and 0.3pM Stereo-seq-Library-R
primer (GAGACGTTCTCGACTCAGCAGA) and purification (Vazyme,
N411-03). The purified PCR products were used to construct DNB
libraries and sequenced on an MGl DNBSEQ-T1 sequencer (35 bp for
read 1, 100 bp for read 2). Sequencing data were finally analyzed to
derive a quantified spatial gene expression matrix at the
subcellular scale.

Single-cell suspension preparation

The protocols for zebrafish heart dissociation and single-cell suspen-
sion isolation were prepared following the protocol described in
Sander et al.”. The hearts of zebrafish were dissected throughout the
regeneration stages and placed in pre-cooling Perfusion buffer (1x PBS,
10 mM HEPES [Sigma, #H3375], 30 mM taurine [Sigma, #T8691],
5.5 mM glucose [Sigma, #G7528], and 10 mM BDM [Sigma, #B0753]) on
ice. Wash the blood in Perfusion buffer and then move the heart to a
Digestion buffer (Perfusion buffer, 12.5uM CaCl2, 2.5mg/mL col-
lagenase type Il [Gibco, #17101-015] and 5 mg/mL collagenase type IV
[Gibco, #17104-019]) to enzymatically digest the cell at room tem-
perature about 2 hours in a shaker and gently flicked every 15 minutes
to help with tissue disaggregation. Then digested cells go through a
70-pum cell strainer (BD) before centrifuged at 500 g for 10 minutes.
Supernatant was removed, and the pelleted cells were then resus-
pended in PBS containing 0.04% BSA.

scRNA-seq library construction and sequencing

The DNBelab C4 was used for mRNA capturing. A total of six steps were
applied to the single-cell suspensions to generate barcoded libraries:
droplet generation, emulsion breakage, bead collection, reverse tran-
scription, cDNA amplification, and purification. The cDNA production
was sheared to 250-400 bps, and indexed sequencing libraries were
constructed according to the manufacturer’s protocol. Qubit sSDNA
Assay Kit (Thermo Fisher Scientific) and Agilent Bioanalyzer 2100 were
used for Qualification. DNBSEQ-T1 sequencer was used for further
sequencing and generated reads containing 30 bp read 1 including the
10 bp cell barcode 1, 10 bp cell barcode 2 and 10 bp unique molecular
identifier, 100 bp read 2 and 10 bp barcodes (sample index).

scRNA-seq data processing
The scRNA-seq data were processed following the DNBelab_
C_Series_HT_scRNA-analysis-software (https://github.com/MGl-tech-

bioinformatics/DNBelab_C_Series HT_scRNA-analysis-software) pipe-
line, which include primary filtering, alignment, and gene expression
generation. In brief, raw sequencing reads were filtered and quality-
controlled using the in-house parseFgDev script. Then, the clean
reads were aligned to the reference genome GRCZzll, release 104
using STAR v2.7.2b°? and annotated using Anno v1.4 in the pipeline.
Finally, gene expressions of each cell were generated by PISA v0.12b*
count tool.

scRNA-seq data clustering

The raw gene expressions of scRNA-seq were further processed by
Seurat v4”*. Cells with fewer than 200 genes and an average of more
than -24% mitochondrial genes were excluded. The filtered gene
expression datasets for each time point were merged using the
merge function and normalized by NormalizeData function. Then,
the 2000 high variable features were identified by FindVaria-
bleFeatures and were used to do principal component analysis. The
top 30 principal components were used for constructing the KNN
network by FindNeighbors, and the cells were clustered by the
FindClusters function with a resolution of 1.0 for each time point in
the scRNA-seq regeneration dataset and 0.2 for the scRNA-seq
chamber dataset.

Stereo-seq data processing

The reads were processed to generate gene expression GEM files. In
brief, reads were aligned to the genome GRCz11, release 104 via STAR
v2.7.2b%. Mapped reads with MAPQ >10 were annotated and calcu-
lated by handleBam (https://github.com/BGIResearch/handleBam).
UMIs with the same CID and the same gene locus were collapsed with
1bp mismatch tolerated for possible sequencing and PCR errors.
Reads overlapped more than 50% with the gene region were counted
as transcripts.

For each slice, binl heatmap image was generated by Python
script based on UMI counts and the ssDNA image was registered to
heatmap image using TrakEM2 v1.3.6”° as mask file. Out-of-tissue data
were removed by GEM3D_toolkit (https://github.com/BGI-Qingdao/
GEM3D toolkit) gem_to_gemc command after manually refining the
mask files. Samples in the same chip were separated by manually
cutout mask image and GEM3D_toolkit mask_ gem command and heart
sections with unsatisfactory shapes were further filtered out. Gene
expression matrices were divided into bins/spots with 50 x 50 DNB
(bin50, ~-35 pm diameter) for 3D Stereo-seq dataset, and 70 x 70 DNB
(bin70, ~-35 pm diameter) for the regeneration Stereo-seq dataset.
These bin50/bin70 h5ad files were generated by GEM3D toolkit
gem_to_h5ad command and then converted to Seurat object by R
script. All UMIs <100 bins were filtered out.

Stereo-seq data clustering

For the 3D atlas, 52 high-quality slices were selected by mean UMI >
1000. Scvi-tools v1.0.2°¢ with all default parameters were used to
remove batch effect, then the top 10 dimensions of scvi latent space
were used to cluster by FindNeighbors and FindClusters functions
(res = 1.2) of Seurat v4°*. The labels from the 52 annotated high-quality
slices were assigned to the remaining 67 medium-quality slices using
RCTD v2.2.17.

The regeneration Stereo-seq data for each time point were further
processed by Seurat v4°* followed by SCTransform, merge, and
RunPCA. Harmony v0.1.1°® with the RunHarmony function was used to
correct batch effects with PCA dimension reduction. Then, bins were
clustered using FindNeighbors with top 30 harmony reductions, fol-
lowed by FindClusters with a resolution parameter set at 1.4. To get
more detailed major cell-type domain information, some mixed clus-
ters were further processed to sub-clusters by Seurat and Harmony,
followed by the same procedure described above but with lower
resolution parameters 0.7.
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Annotation

Clusters in scRNA-seq were annotated using known cell type-specific
markers®?***$_ The cardiomyocytes (A) type was selected by
myhé, and the cardiomyocytes (V) type was defined by myh7. Car-
diomyocytes (dediff.) were annotated by nppa, nppb, and striated
muscle cell differentiation genes in Supplementary Data 6. Endo-
thelial cells were annotated by cdhS and kdrl, lymphatic ECs type was
annotated by lyvela, coronary ECs were annotated by apln, and
coronary ECs (prolif.) were further separated by pcna. Endocardium
was further selected by spock3 and separated to endocardium (A) by
vcamlb, endocardium (V) by mb, endocardium (activ.) by aldhla2,
endocardium (prolif.) by pcna, and endocardium (frzb) by frzb. Epi-
cardium was defined by gstm.3, wtlb, tbx18, and tcf21. Fibroblasts
were annotated by dpt, dcn, and colla2 and separated to fibroblasts
(reg.) by coll2ala and colllala, fibroblast (SMC) by mylkb. Macro-
phages were annotated by mfap4, mpegl.1, grnl and grn2, macro-
phages (prolif.) were further selected by mki67. Neutrophils were
annotated by mpx and [lyz. Proliferating cells were selected by pcna.
Red blood cells were annotated by cahz, hbbal, hbaa2, and hbaal.
Smooth muscle cells were annotated by myhilla, acta2, and rgs5a.
T cells were annotated by il2rb, sla2, and ptprc. Valves were anno-
tated by angptl7 and abi3bpb. In addition, we performed Pearson
correlation analysis between our results and previous study®’ to
refine the annotation, particularly for clusters that lacked significant
expression of classical markers. All genes of scRNA-seq cell types
identified by the Seurat FindAllMarkers function can be seen in
Supplementary Data 2.

Based on the major cell-type markers, spatial locations, regen-
eration time points, as well as the results of the annotated cell types
of scRNA-seq, Stereo-seq clusters were also annotated. These ven-
tricular myocardium-enriched clusters near the injury area (border
zone) were called BZm domains, in contrast, myocardium-enriched
clusters located in the remote zone were called RZm domains. Spe-
cially, mustnib and desma, which highly express in the embryonic
cardiomyocytes, were upregulated in BZm compared to RZm.
Besides, BZm (activ.) domain at 6 hpa was annotated by tnfrsfl1b,
nppb, aldhla2 and cd63; BZm (dediff.) domains at 12 hpa and 1dpa
were annotated by nppb, aldhla? and ctsd; BZm (dediff.-prolif.)
domain at 3 dpa was annotated by nppb, pcna, myh7 and coll2ala;
BZm (prolif.) domain at 7 dpa was annotated by pcna, myh7, mb and
coll2ala; BZm (re-diff.) domain at 14 dpa was annotated by cox6a2,
cox5b2, cox4ill, myh7 and mb. RZm1 and RZm2 (Vm1 and Vm2 in 3D)
domains were annotated by myh7, myl7, spock3 and mb. Vm (comp.)
domain, which specially located in the outer layer of the ventricle,
was annotated by myh7 and cxcli2b. Am domain was annotated by
myh6 and vcamlb. MC domain was annotated by mfap4, ctsd and
grnas. FB (reg.) domain was annotated by coll2ala. MFE domain was
annotated by marco, coll2ala, and aldhla2. Epi domain was anno-
tated by gstm.3. SMC domain was annotated by rgs5a, acta2, and
myhlla. Valves domain was annotated by abi3bpb. RBC domains
were annotated by cahz, hbaa2, and hbaal where RBC (A) also con-
tained myh6 and RBC (V) contained myl7. Endo (V) domain was
annotated by mb and cdh5. Ner domain was annotated by tubala and
tubalc. Moreover, the Pearson correlations of clusters between dif-
ferent datasets and cell-type deconvolutions were conducted to
refine the annotation results of domains, especially for clusters in
which the expression of specific cell type markers are not significant.
All genes of Stereo-seq domains identified by Seurat FindAlIMarkers
function can be found in Supplementary Data 2.

Deconvolution and mapping analysis

RCTD v2.2.1°” was used to transfer labels of scRNA-seq reference
dataset to each Stereo-seq slice. RCTD object of regeneration Stereo-
seq was created with default settings. Then the run.RCTD function
with the full model was used to generate the cell type deconvolution

results. We next normalized the weights using normalize_weights
function, then the estimated proportion of each cell type on each bin
was calculated. To identify compositional differences between our
data, we compared scRNA-seq cell type and Stereo-seq domain
compositions following the guide of Kuppe et al.*®, First, the median
cell-type compositions in each heart were calculated, and then the
median values were averaged across all hearts. Finally, the median-
mean cell-type composition values were calculated within each
domain.

Trajectory analysis

TOME™ was used to generate lineage data. First, we integrated
scRNA-seq data from adjacent time points using FindIntegrationAn-
chors and IntegrateData functions with default parameters, the
lineage relationships were constructed by TOME, and weak links
(edges weight <0.4) were filtered. The pair-wise correlation of cell
types between each two adjacent time points was calculated using
the scaled matrix of all gene expressions to assist in the manual
refining of the final trajectory map.

RNA velocity analysis

Velocyto v0.17.17'°° was used to extract spliced and unspliced infor-
mation from reads alignment bam files. Then the splice and unspliced
datasets were used to estimate the RNA velocity. scVelo v0.3.1'"" was
performed to calculate RNA velocity with a dynamical model.

Gene set enrichment analysis

Marker genes were detected using Seurat v4 with FindAlIMarkers
function. The top 100 differentially expressed genes based on fold
change were further selected to do gene set enrichment analysis, and
parameters pct.l > pct.2 and p_val_adj < 0.01 were further applied in
regeneration Stereo-seq data. Gene set enrichment analysis of each
cluster was performed by online tools Metascape'® with the D. rerio
dataset as a reference.

Cell-cell communication analysis

CellChat v2.0.0°” with “CellChatDB.zebrafish” database was used for
both scRNA-seq and Stereo-seq’s cell-cell communication analysis. We
followed the tutorial protocol with default parameters, but used type =
“truncatedMean” and trim = 0.1 in the computeCommunProb func-
tion. For Stereo-seq data, we used datatype = “spatial” in the create-
CellChat function.

Stereo-seq data imputation

For the regeneration of Stereo-seq data, Seurat v4°* was used to per-
form gene imputation for each Stereo-seq slice using scRNA-seq data
from the same time point, aiming to better visualize spatial gene
expression patterns. For 3D Stereo-seq dataset, we first separated cells
into three chambers by the mesh models using the MeshSub command
of VT3D'®, Then Seurat was used to impute Stereo-seq data of each
chamber using corresponding scRNA-seq data. For both datasets,
anchors were detected by CCA projection, and then genes were
imputed by TransferData function. MAGIC v2.0.3'* was applied to
visualize tpm4a in Fig. 2f. Statistic calculations were not performed
based on imputed data.

Cross-species analysis

The scRNA-seq data of regenerating hearts in neonatal mice® were
downloaded from GEO under accession number GSE153481. Visium
data of mouse regeneration hearts in neonatal mice*® were down-
loaded from GEO under accession number GSE188888. The snRNA-seq
data of human myocardial infarction®® was downloaded from Zenodo
(https://zenodo.org/record/6578047). All downloaded data were fur-
ther processed by Seurat v4°*, The gene expression was normalized by
NormalizeData or SCTransform function.
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Construction of 3D spatial distribution of cell types

Stereo-seq 3D dataset was first separated into three chambers by the
mesh models using the MeshSub command of VT3D'®. The RCTD
analysis was performed by aligning the corresponding chamber’s
scRNA-seq data to the separated Stereo-seq data. To ensure the sta-
bility and reliability of the RCTD analysis, rare cell types were excluded
from the reference scRNA-seq data. Moreover, unreasonable cell
types, such as Endocardium (V) in the scRNA-seq data of atrial cham-
ber, were also excluded. Only the cell in the “singlet” category
and the two cells in the “doublet_certain” category were used to
determine the spatial distribution of scRNA-seq cell types. A virtual bin
close to the raw bin was created in the “doublet_certain” category. The
final 3D atlas was manually integrated by considering the scRNA-seq
distribution and the Stereo-seq distribution, selecting the clusters that
displayed more reasonable spatial patterns.

Assignment of 3D coordinates

We used TrakEM2 v1.3.6” and the SEAM pipeline to semi-automatically
align all 119 mask images of the 3D data into one uniform 3D coordi-
nate system. All of those mask images were subsequently transformed
to 3D mask images by 2D-to-3D affine matrix.

Following the scheme of brain map'®, we used an in-house Python
script to fit 2D regeneration data into our 3D space. In brief, the mask
images of regeneration Stereo-seq data were firstly matched to their
closest 3D mask image based on shape similarity. Subsequently, 24
pairs of correspondence anchors for the 2D regeneration mask image
and its closest 3D mask image were obtained. The warp transformation
was calculated based on anchors to map the 2D coordinates into 3D
space. After transformation, we discarded the out-mesh cells to
achieve better visualization results.

Mesh model and online atlas website

Mesh models were built using Slicer (https://www.slicer.org) and our
in-house Python scripts. We first created a 3D image where 1 pixel
represents 10 pm and the gray value indicates the cell type at that
position. Then, the Slicer Segmentation Editor was used to generate a
raw mesh model based on the 3D image. The coordinate of the raw
mesh model was then converted to unit 1 as 1 um. A website was
generated using VT3D'* Atlas Browser functions for the online visua-
lization of each dataset. To ensure optimal visualization of the 3D
models, we recommend users to update their web browsers to the
latest version and enable iframe support for a seamless interactive
experience.

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

Data availability

All raw data generated by Stereo-seq and scRNA-seq have been
deposited in China National GeneBank DataBase (CNGBdb) Sequence
Archive (CNSA) under accession code CNP0005245 and the NCBI
database under accession number PRJNA1233465. Additional data,
including processed data generated by Stereo-seq and scRNA-seq,
associated analysis protocols, software and 3D models in this study can
be accessed from the public website (https://db.cngb.org/stomics/
zebrafish_VRH). The processed data are also available in the Zenodo
repository under (https://zenodo.org/records/14991776). The pub-
lished scRNA-seq data of regenerating hearts in neonatal mice used in
this study are available in the GEO database under accession code
GSE153481%% The published Visium data of mouse regeneration hearts
used in this study are available in the GEO database under accession
code GSE188888%. The published snRNA-seq data of human myo-
cardial infarction are available in Zenodo (https://zenodo.org/record/
6578047)*. The remaining data are available in the article,

Supplementary Information or Source Data file. Source data are pro-
vided with this paper.

Code availability

The data analysis scripts are available to download from GitHub
(https://github.com/BGI-Qingdao/ZebrafishHeartRegeneration_
project) and Zenodo (https://zenodo.org/records/14991776).
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