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Myocardial infarction is a leading cause of death worldwide, as the adult human heart 18 

does not have the ability to regenerate efficiently after insults. In contrast, the adult 19 
zebrafish heart has a high capacity for regeneration, and understanding the 20 
mechanisms of regenerative processes in fish allows identification of novel 21 
therapeutic strategies. While several pro-regenerative factors have been described, 22 

the cell types orchestrating heart regeneration remain largely elusive. To overcome 23 
this conceptual limitation, we dissected cell type diversity in the regenerating 24 
zebrafish heart based on single cell transcriptomics and spatiotemporal analysis. We 25 

discovered a dramatic induction of several pro-regenerative cell types with fibroblast 26 

characteristics. To understand the cascade of events leading to heart regeneration, 27 

we determined the origin of these cell types by high-throughput lineage tracing. We 28 
found that pro-regenerative fibroblasts are derived from two separate sources, the 29 

epicardium and the endocardium. Mechanistically, we identified Wnt signaling as a 30 

key regulator of the endocardial regenerative response. In summary, our results 31 
uncover specialized fibroblast cell types as major drivers of heart regeneration, 32 

thereby opening up new possibilities to interfere with the regenerative capacity of the 33 
vertebrate heart. 34 

  35 
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Heart injury in mammals typically leads to permanent scarring. The zebrafish heart, 36 

however, regenerates efficiently after injury, making zebrafish the preeminent model system 37 
for heart regeneration (1,2). After cryoinjury, which mimics aspects of myocardial infarction, 38 

the injured zebrafish heart undergoes a transient period of fibrosis (3), during which the 39 
damaged heart muscle regenerates via dedifferentiation and proliferation of cardiomyocytes 40 

(4,5). Many pathways and factors involved in heart regeneration have been described 41 

(6,7,8,9). However, which specific cell types orchestrate the process of heart regeneration 42 
remains unclear. 43 

Important molecular signals for zebrafish heart regeneration emanate from the epi- 44 

and endocardium (3,7,10,11). Other cell types are also required for regeneration: 45 
inflammation is an early response to cryoinjury, and depletion of macrophages leads to 46 

delayed regeneration (12,13). Moreover, fibroblasts are activated upon injury, and ablation 47 

of fibroblasts leads to reduced cardiomyocyte proliferation (14). All of this suggests that cell 48 
types, potentially of a transient nature, residing in the regenerative niche may be important 49 
cellular regulators of regeneration. Broadly acting pathways like Wnt tend to influence 50 
abundance and expression profiles of multiple cell types in the regenerating heart in 51 

potentially complex ways that are difficult to disentangle (15). A combination of single-cell 52 
analysis and functional experiments is therefore necessary to understand the role of 53 
signaling pathways in regeneration. 54 

A number of recent single-cell RNA-sequencing (scRNA-seq) studies have 55 

determined cell type diversity in the developing and adult heart (16), including large-scale 56 
single-cell analysis of the healthy human heart (17,18) as well as cell type changes in the 57 
mouse after myocardial infarction (19). Furthermore, a single-cell analysis of sorted 58 

zebrafish cardiomyocytes revealed metabolic changes during the regeneration process (20). 59 
However, to date no systematic analysis of cardiac cell types in a regeneration-competent 60 

organism has been performed. Consequently, our knowledge of the cellular composition of 61 

the regenerative niche and the underlying signaling interactions remains incomplete. Hence, 62 

current definitions of „activated“ macrophages and fibroblasts rely heavily on transgenes, 63 

may be affected by observation bias, and probably underestimate the complexity of transient 64 

cell types involved in regeneration. Moreover, the developmental origin of transient cell 65 
types, as well as the pathways that generate them, remain unresolved. However, this 66 

information is crucial in order to understand the mechanisms underlying generation and 67 

activation of pro-regenerative cell types. 68 

 69 

The cellular composition of the regenerating heart 70 
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For systematic identification of cardiac cell types in the healthy and regenerating zebrafish 71 

heart, we performed scRNA-seq of around 200,000 dissociated cells at different stages pre- 72 
and post-injury (Fig. 1A). To limit experimental biases, we did not apply any sorting 73 

procedure. In order to include information about the developmental origin of cells, we applied 74 
a method for massively parallel lineage tracing based on CRISPR/Cas9 technology 75 

(21,22,23). By injecting Cas9 and a sgRNA against a multi-copy transgene, we recorded 76 

lineage relationships in early development by creating “genetic scars” that serve as lineage 77 
barcodes (21). 78 

We first assessed cell type diversity in the healthy and regenerating heart. Clustering 79 

of single-cell transcriptomes revealed all major cardiac cell types (Fig. 1B, Fig. S1). As 80 
expected, we observed a strong increase in fibroblasts and immune cells after injury (Fig. 81 

1B). Closer inspection of the clustering data revealed a sub-structure among the cell types of 82 

the three main layers of the heart – epicardium, myocardium and endocardium (Fig. S2). We 83 
hypothesized that this cell type sub-structure might correspond to spatial differences due to 84 
functional specification of these cell types in atrium and ventricle. By using the tomo-seq 85 
method for spatially-resolved transcriptomics (24), and deconvolving this spatial data into 86 

single-cell transcriptional profiles (25), we could validate atrial and ventricular enrichment for 87 
some of these sub-cell-types (Fig. 1C). We confirmed this finding by physical separation of 88 
the atrium and ventricle, followed by scRNA-seq (Fig. 1D).  89 

 90 

Identification of cellular drivers of heart regeneration 91 

We identified a further transcriptional sub-structure among the cardiomyocytes (Fig. 2A). In 92 
addition to the normal adult cardiomyocytes, which are characterized e.g. by expression of 93 

genes involved in ATP synthesis and the tricarboxylic acid cycle (atp5pd, aldoaa), we also 94 
detected a smaller cluster characterized by genes related to cardiomyocyte development 95 

(ttn, bves, synpo2lb). These dedifferentiated or newly formed cardiomyocytes, which are a 96 

hallmark of the regenerating heart, increased in number already at 3 dpi (days post injury) 97 

(Fig. 2A, Fig. S2). 98 

We noticed that three well-established signaling factors in heart regeneration, 99 

aldh1a2 (6) (the enzyme producing retinoic acid), the cardiomyocyte mitogen nrg1 (26), and 100 
the pro-regenerative extra-cellular matrix (ECM) factor fn1a (27), are strongly enriched in 101 

fibroblasts (Fig. 2B). This prompted us to investigate the diversity of cardiac fibroblasts in 102 

more detail. Sub-clustering revealed an unexpectedly large cell type diversity with 13 103 
transcriptionally distinct clusters of fibroblasts (Fig. 2C, Fig. S3), which exhibit pronounced 104 

differences in their expression profiles of ECM related genes (Fig. 2D). 105 
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To focus our analysis on those fibroblast types that may be part of the regenerative 106 

niche, we analyzed the dynamics of these cell types after injury. Three types of fibroblasts, 107 
characterized by expression of col11a1a, col12a1a, and nppc, respectively, stood out as 108 

being transiently present at the peak of regeneration (3 and 7 dpi) but virtually absent before 109 
injury and after regeneration (Fig. 3A, Fig. S3). Interestingly, col12a1a, a non-fibrillar 110 

collagen that may act as a matrix-bridging component, has already been shown to be 111 

expressed in the epicardial and connective tissues upon heart injury (28) and is known to be 112 
involved in regeneration of other organ systems in zebrafish (29). Two other cell types with 113 

an ECM-related function, the perivascular cells as well as the valve fibroblasts, also 114 

displayed upregulation after injury. Other fibroblast cell types displayed only moderate 115 
changes after injury. Importantly, we noticed that established markers for “activated” 116 

fibroblasts like postnb (14) captured some, but not all fibroblast types that are generated 117 

upon injury, and were also expressed in non-fibroblast populations like the epicardial cells 118 
(Fig. S4), suggesting that previous marker-based analysis underestimated the transcriptional 119 

diversity of the cardiac fibroblast population. 120 

To spatially resolve the response of all identified fibroblast cell types, we performed 121 

fluorescent in situ hybridization (Fig. 3B, Fig. S5, S6). This analysis confirmed the location of 122 
the transient fibroblast cell types in the injury area, further corroborating our hypothesis that 123 
these cell types contribute to the regenerative niche and regulate injury response and/or 124 
regeneration. 125 

 We next wanted to understand which of the transient fibroblast cell types express 126 
signaling factors involved in heart regeneration (Fig. 3C, Fig. S7). We found particularly high 127 
expression of nrg1 in col12a1a fibroblasts, while fn1a is expressed almost exclusively in 128 

col11a1a fibroblasts. Furthermore, we observed that retinoic acid (aldh1a2) is produced at 129 
high levels by nppc fibroblasts as well as epicardium. Interestingly, we observed that the 130 

retinoic acid readout gene stra6 (30,31) is expressed highly and specifically in col11/col12 131 

fibroblasts, but not in cardiomyocytes. Finally, we noticed a very specific interaction between 132 

perivascular cells and blood vessel endothelium via cxcl12b-cxcr4a chemokine signaling. 133 

Perivascular cells are a known regulator of blood-vessel formation (32), and it was recently 134 

shown that cxcl12b-cxcr4a signaling is important for neovascularization of the regenerating 135 
heart (33). 136 

 Finally, we reasoned that the col11/col12 and nppc fibroblasts might express 137 

additional secreted factors with a pro-regenerative function in heart regeneration. Indeed, a 138 
bioinformatic analysis revealed that expression of secretome genes increases at 3 dpi and 7 139 

dpi compared to uninjured control hearts (Fig. 3D, Fig. S8). Importantly, we found that the 140 

col11/col12 fibroblasts have the highest secretome expression of all detected cell types. The 141 
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secretome of col11/col12 fibroblasts is enriched in genes with known functions in 142 

regeneration, morphogenesis and tissue development (Fig. 3E, Fig. S8). Interestingly, the 143 
secretome at 3 dpi is also enriched in genes with a function in angiogenesis (e.g. angptl1a 144 

and angptl2a), suggesting a role of these cell types in neovascularization. We next 145 
performed a ligand-receptor analysis for the identified cell types. We found that the number 146 

of putative cell-cell interactions increased drastically after injury and peaked at 3 dpi (Fig. 147 

S9), giving rise to a complex network of ingoing and outgoing connections with a noticeable 148 
enrichment in fibroblast subtypes. Of note, we detected many incoming interactions for 149 

plvabp blood vessel endothelial cells, indicating again a potential role of fibroblasts in 150 

inducing neovascularization after heart injury..  151 

In summary, based on their gene expression patterns, their timing of appearance, 152 

and their spatial position in the injury area, we identified several fibroblast subtypes that 153 

appear to be have a pro-regenerative function during heart regeneration: col11/12 154 
fibroblasts, nppc fibroblasts, and perivascular cells.  155 

 156 

The origin of cardiac fibroblasts 157 

We next aimed to elucidate the origin of the transient pro-regenerative fibroblasts in order to 158 
better understand their mechanism of activation. To analyze lineage relationships in a high-159 
throughput manner, we used the LINNAEUS method to reconstruct lineage trees for single 160 
cells (21). In LINNAEUS, cells are marked by heritable DNA barcodes (genetic scars) in 161 

reporter genes that are created by Cas9 during early development. The cell-specific 162 
accumulation of these scars can then be used to determine lineage relationships between 163 
the cells and build a lineage tree. Here, we injected Cas9 into 1-cell stage embryos in order 164 

to record lineage relationships during early development, until gastrulation (21), that we read 165 
out much later, in the adult heart (all lineage trees are shown in Fig. S10-13). By sequencing 166 

scars and transcriptome from the same single cells, we can build lineage trees that reveal 167 

shared developmental origins of cell types (Fig. 4A). In a lineage tree, all cells in a node 168 

share the same developmental ancestor, and any transient cell originating from a cell in a 169 

node would be found in the same node. We calculated correlations between cell type ratios 170 

in the different tree nodes to determine which cell types are related by lineage (Fig. 4B). 171 

Hierarchical clustering of these correlations revealed four clusters of cell types at 3 172 

dpi, the earliest timepoint at which we detect the transient col11a1a and col12a1a 173 

fibroblasts, and seven clusters at 7 dpi, the earliest timepoint at which we detect the 174 
transient nppc fibroblasts (Fig. 4C, Fig. S14). At both timepoints all immune cells share a 175 

common lineage, validating our approach. We observed a clustering of several fibroblast 176 
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types, including col11a1a and col12a1a fibroblasts, as well as constitutive fibroblasts, 177 

together with the epicardial cells, strongly suggesting that these fibroblast cell types share a 178 
developmental origin with the epicardium. Importantly, several fibroblast cell types (nppc and 179 

spock3 fibroblasts, valve fibroblasts) were not part of this cluster at 3 dpi and 7 dpi, 180 
indicating that these fibroblasts may have a different origin (which we studied in more depth 181 

later, in Fig. 4F, G). To validate the lineage origin of col11a1a and col12a1a fibroblasts, we 182 

performed a genetic lineage tracing experiment based on Cre-Lox technology in 183 
regenerating hearts using the transgenic line Tg(tcf21:CreERt2; ubi:Switch). Our scRNA-seq 184 

data showed that tcf21 is expressed in epicardial cells, constitutive fibroblasts and other 185 

fibroblast types of the epicardial cluster (Fig. S15). After recombination, expression of 186 
mCherry colocalizes with expression of col12a1a (Fig. 4D), corroborating the origin of the 187 

transient col11a1a and col12a1a fibroblasts from either the epicardium or from epicardial-188 

derived fibroblasts. 189 

LINNAEUS reliably identifies the developmental origin of cell types, but lineage 190 
recording is limited to early development. It therefore remains unclear from which source cell 191 
type the transient fibroblasts originate upon injury in the adult heart – for instance, we cannot 192 

distinguish whether col11a1a and col12a1a fibroblasts are derived from epicardial cells, 193 
constitutive fibroblasts, or any other cell type in the epicardial cluster. Furthermore, 194 
expression of tcf21 is not specific enough to address this question with our Cre-Lox lineage 195 
tracing approach (Fig. S15). To further elucidate the origin of the transient fibroblast types, 196 

we applied two transcriptome-based trajectory inference methods, partition-based graph 197 
abstraction (34) (PAGA) and RNA velocity (35), to all cells from lineage-related clusters at 3 198 
dpi (Fig. 4E) and 7 dpi (Fig. S16). Of note, when presented with all fibroblast cell types 199 

without guidance from lineage trees, PAGA also connects cell types that are not related by 200 
lineage according to LINNAEUS, such as nppc fibroblasts and epicardial fibroblasts (Fig. 201 

S17). This suggests that for processes where several transcriptionally similar cell types are 202 

created, integration with explicit lineage tracing methods such as LINNAEUS may be 203 

necessary to distinguish real and spurious trajectories. Both timepoints (3 dpi and 7 dpi) 204 

show that transient col11a1a and col12a1a-fibroblasts originate from the constitutive 205 

fibroblasts, with an additional contribution from the epicardial cells at 7 dpi (Fig. 4F). Genes 206 
that are upregulated along these trajectories are collagens col11a1a and col12a1a, the pro-207 

regenerative ECM factor fn1a, the epicardial activation marker postnb, the retinoic acid 208 

signaling response gene stra6, and the cardiomyocyte mitogen nrg1 (Fig. S16). 209 

We next focused on the fibroblast types that do not belong to the cluster of 210 

epicardium-derived cells, including the transient nppc fibroblasts (Fig. 2C). At 7 dpi, we 211 

found that the different endocardial cell types (endocardium (Atrium), endocardium 212 
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(Ventricle) and endocardium (frzb)) were present in over 80% of all nodes containing nppc 213 

fibroblasts, suggesting a lineage relationship between this fibroblast type and the 214 
endocardium (Fig. 4F). Similarly, endocardium (Ventricle) was present in over 80% of nodes 215 

with spock3 fibroblasts. A transcript trajectory analysis revealed transcriptional similarity and 216 
a potential differentiation trajectory between nppc fibroblasts and the ventricular 217 

endocardium (Fig. 4G), confirming their endocardial origin. We observed that nppc 218 

fibroblasts continue to express endothelial genes (e.g. vwf, fli1a) in addition to ECM genes, 219 
suggesting that they maintain at least parts of their endocardial gene expression after 220 

turning on a fibrotic gene expression program. 221 

Interestingly, the endocardial fibroblasts have low clonality, i.e. only a small fraction 222 
of the nodes with endocardial cells also contains endocardial fibroblasts (Fig. S18), 223 

suggesting that endocardial fibroblasts are only generated in a subset of the endocardium, 224 

probably the injury area. We hypothesized that the internal position of the endocardium, as 225 
well as the transient nature and low clonality of the nppc fibroblasts, means that these cells 226 
are only generated upon an injury that is sufficiently deep to also damage the endocardium. 227 
We confirmed that longer contact of the cryoprobe and the heart led to deeper injuries. 228 

Indeed, longer exposure to the cryoprobe resulted in much stronger nppc expression beyond 229 
the border zone, as opposed to injuries with shorter contact time (Fig. S18).  230 

 In summary, we combined massively parallel lineage tracing and trajectory inference 231 
of single-cell transcriptomes in order to systematically identify the origin of cell types in the 232 

regenerative niche. Our analyses revealed a clear separation of epicardial and endocardial-233 
derived fibroblasts, with both lineages giving rise to transient fibroblasts upon injury. While 234 
the epicardial origin of cardiac fibroblasts has been clearly established in zebrafish, the 235 

existence of atrial and ventricular fibroblasts of endocardial origin had previously not been 236 
fully resolved (11,14). Given the endocardial origin of these cells, their expression of aldh1a2 237 

(Fig. 3B), and their localization in the injury border zone (Fig. 3C), we conclude that the nppc 238 

fibroblasts contribute significantly to retinoic acid signaling in the regenerative niche, which is 239 

in line with the previously described endocardial contribution to retinoic acid signaling6. 240 

 241 

Cellular dissection of the role of canonical Wnt signaling 242 

While we established the pro-regenerative role of col11, col12 and nppc fibroblasts based on 243 

gene expression data, and identified their origin based on lineage analysis, it remains 244 

unclear which signaling pathways are required to generate these transient fibroblast cell 245 
types upon injury. Functional pathway inhibition experiments are required to determine 246 

mechanisms of fibroblast activation. We noticed that fibroblasts express many genes related 247 
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to Wnt signaling (ligands, receptors, modulators) (Fig. 5A, Fig. S19), which inspired us to 248 

investigate the role of canonical Wnt signaling in this system. The role of Wnt signaling in 249 
heart regeneration remains an important open question (15): On the one hand, Wnt is 250 

generally considered a pro-proliferative factor, and Wnt activation has been shown to be 251 
beneficial for zebrafish fin and spinal cord regeneration (29),(36). On the other hand, it was 252 

recently reported that activation of Wnt signaling suppressed cardiomyocyte proliferation 253 

after ventricular apex resection (37). With our knowledge of cardiac cell types as well as 254 
their origin, location and dynamics upon injury, we sought to dissect the potentially complex 255 

effects of Wnt on the cellular level. 256 

We therefore inhibited canonical Wnt signaling after cryoinjury by using the well-257 

characterized Wnt/b-catenin-dependent signaling inhibitor IWR-1 and observing its effects at 258 

3, 7, 15, and 30 dpi (Fig. 5B). Wnt/b-catenin signaling inhibition led to a pronounced delay in 259 

heart regeneration, with prolonged fibrosis and increased injury area compared to the control 260 

(Fig. 5B), as previously reported (37). Single-cell transcriptomics of IWR-1-treated hearts at 261 
3 dpi and 7 dpi revealed that cardiomyocyte dedifferentiation was delayed (Fig. 5C). 262 
Compared to control samples, dedifferentiated cardiomyocytes were reduced at 3 dpi and 263 

did not localize to the injury area at 7 dpi (Fig. 5C). 264 

Intriguingly, the perivascular cells, as well as all endocardium-derived fibroblast types 265 
(nppc fibroblasts, spock3 fibroblasts, valve fibroblasts) were strongly reduced upon Wnt 266 

inhibition, while all other fibroblast cell types were largely unaffected (Fig. 5D, Fig. S20). We 267 
confirmed this finding by fluorescent in situ hybridization (Fig. 5E). This observation strongly 268 

suggests that Wnt signaling is required for the activation of endocardial fibroblasts, akin to 269 

the described role of Wnt in inducing endothelial-to-mesenchymal transition in mice (38,39). 270 

We next examined the consequences of the depletion of perivascular cells. Based on high 271 
expression of the chemokine cxcl12b in perivascular cells (Fig. 3B), we hypothesized this 272 

cell type to be a major driver of neovascularization. Indeed, we observed that hypoxia 273 

markers are upregulated in IWR-1 treated hearts upon injury (Fig. 5F), which may indicate a 274 

tissue response to the loss of perivascular cells. In summary, we used inhibition of Wnt/b-275 

catenin signaling as a paradigm to dissect the function of complex signaling pathways on the 276 

single-cell level. We discovered that Wnt/b-catenin signaling is essential for the transient 277 

upregulation of endocardial-derived fibroblasts and perivascular cells, the consequences of 278 
which are in agreement with the observed defects in cardiomyocytes response and impaired 279 

regeneration. 280 

 281 

Discussion 282 
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Here we used a sorting-free approach to determine the cellular composition of the 283 

regenerative niche in the zebrafish heart based on single-cell transcriptomics as well as 284 
spatio-temporal analysis. This allowed us to identify three transient cell types with fibroblast 285 

characteristics (col11/12 fibroblasts, nppc fibroblasts) that are major sources of known pro-286 
regenerative genes like nrg1, fn1a and retinoic acid and also express additional secreted 287 

factors with a potential pro-regenerative function. These fibroblast cell types are ideally 288 

suited as cellular drivers for regeneration based on their expression of pro-regenerative 289 
factors, their location in the injury area, and their transient appearance after injury. By 290 

combining high-throughput lineage tracing with RNA velocity and single-cell trajectory 291 

inference, we were able to systematically identify the origin of these cell types. This 292 
approach effectively combines information about two time points – CRISPR barcoding 293 

during early development, and trajectory inference at the time of analysis – and can serve as 294 

a blueprint for understanding the origin of transient cell types that are generated in disease 295 
conditions. With this strategy we could classify cardiac fibroblasts into two groups, based on 296 

their origin from either the epicardium or the endocardium. While the existence of epicardial 297 
fibroblasts is firmly established, we now show that there are three types of endocardial 298 

fibroblasts (nppc fibroblasts, spock3 fibroblasts, valve fibroblasts). As an example for the 299 
type of high-resolution cellular and molecular dissection of regulatory interactions that 300 
becomes possible with our data, we performed an analysis of the effects of a broad 301 
perturbation, Wnt inhibition, which revealed that Wnt is required for activation of all 302 

endocardial fibroblasts. 303 

Among the three types of endocardial fibroblasts, the nppc fibroblasts are unique 304 
because they are completely absent in the healthy heart and are generated in the injury area 305 

only upon deep injury directly affecting the endocardium. The epicardium-derived transient 306 
col11/12 fibroblasts are the cell type that corresponds most closely to the “activated” 307 

fibroblasts previously described in the literature (14). Interestingly, they appear to be induced 308 

via retinoic acid, which is produced in a variety of cell types, including the epicardium and 309 

nppc fibroblasts. Hence, the described pro-regenerative function of retinoic acid is at least 310 

partially indirect, acting via induction of col11/col12 fibroblasts, which in turn produce pro-311 

regenerative factors. The perivascular cells are another interesting cell type with fibroblast 312 
characteristics: In contrast to previous reports, our data shows that the perivascular cells are 313 

not the only source of nrg1 (26), but we found that they are the source of cxcl12b, a major 314 

factor in revascularization after heart injury, whose source had previously not been reported 315 
(33). In summary, our detailed cellular dissection of the fibrotic response in the zebrafish 316 

heart shows previously unknown sources and mechanisms of pro-regenerative programs. 317 
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This large diversity of different fibroblast cell populations challenges the concept of 318 

the fibroblast as a well-defined cell type, and suggests that fibrosis should be seen as a 319 
collective phenomenon to which a variety of cell types contribute. We here focused our 320 

analysis on cell types that have a clear pro-regenerative function based on their expression 321 
profile. Understanding the role of cell types with a less obvious function in heart 322 

regeneration, including other fibroblast populations or immune cell types, requires targeted 323 

cell type depletion experiments (40), which can be set up using our atlas. Only relatively few 324 
factors with a clear pro-regenerative function in heart regeneration have been discovered 325 

(2). It is likely that the transient cell types we identified express additional pro-regenerative 326 

genes, and our list of differentially expressed secreted factors is a powerful resource for 327 
identification of those factors. 328 

The zebrafish heart is highly similar to the human heart, and the pathways that 329 

contribute to the regenerative capacity of the zebrafish heart are conserved. Thus, our 330 
analysis may lead us to better understand the limited regenerative capacity of the human 331 
heart, and it opens up an exciting strategy to identify novel therapeutic approaches. Our 332 
dataset, as well as the experimental and computational approaches presented here, will 333 

serve as a powerful resource for identification of candidate interactions between cell types 334 
involved in heart regeneration. 335 
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Figure 1. The cellular composition of the regenerating heart. (A) Cartoon of the experimental approach. 
Cells are barcoded during early development, and fish are raised to adulthood. Hearts were harvested either 
as an uninjured control or at 3, 7 or 30 days post injury (dpi). (B) UMAP representation of single-cell 
RNA-seq data and clustering results. Pie charts show the proportions of different cell types at different time 
points after injury. In the pie chart representation, similar cell types are grouped and shown by one (repre-
sentative) color. Asterics (*) denote cell types with a statistically significant change in proportions compared 
to uninjured control.  (C) Mapping of single cell data onto a spatially-resolved tomo-seq dataset. A computa-
tional deconvolution approach reveals chamber-specific sub-cell-types. (D) Distribution of subtypes of 
cardiomyocytes, endocardial cells, and epicardial cells for scRNA-seq datasets in which atrium and ventricle 
were physically separated. Color scheme as in Fig. S2.
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Figure 3. Identification of pro-regenerative cardiac fibroblasts. (A) Cell number dynamics of selected 
fibroblast subclusters, mean value across all replicates of the same timepoint is shown, error bars indicate 
standard error of the mean. (B) Fluorescent in-situ hybridization of marker genes. Left panel: Fibroblasts 
(const.) (green), Fibroblasts (col12a1a) (red), Fibroblasts (nppc) (purple) at 7 dpi. Right panel: Fibroblasts 
(col12a1a) (red), Fibroblasts (col11a1a) (white) and dedifferentiated cardiomyocytes expressing ttn.2 
(yellow) at 3 dpi. Injury areas are indicated with dotted yellow line. Scale bar: 100µm. (C) Average expression 
of selected signalling genes in fibroblast subclusters. Blood vessel endothelial cells were added to show their 
interaction with perivascular cells via cxcl12b-cxcr4a signalling. (D) Fibroblast cell types, ranked by secreto-
me expression. (E) Differentially expressed secretome genes at 3 dpi. Genes with a reported function in 
regeneration, morphogenesis, tissue development or angiogenesis are highlighted.
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Figure 4. The origin of cardiac fibroblasts. (A) Cartoon of lineage tree construction using LINNAEUS. 
(B) We calculate weighted correlations of cell types over the trees in order to quantify lineage similarity. (C) 
Clustering by lineage correlations at 3 dpi reveals epicardial origin of many niche fibroblasts. (D) Microsco-
py-based lineage tracing confirms epicardial/fibroblast origin of col12a1a fibroblasts. (E) Trajectory analy-
sis suggest constitutive fibroblasts as the source of col11a1a and col12a1a fibroblasts at 3 dpi. (F) Nppc 
fibroblasts share asymmetric lineage similarities with endocardial cell types at 7 dpi. (G) Trajectory analy-
sis indicates transitions from endocardial cells to spock3 and nppc fibroblasts. Scale bar: 100µm.

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted January 7, 2021. ; https://doi.org/10.1101/2021.01.07.425670doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.07.425670
http://creativecommons.org/licenses/by-nc-nd/4.0/


BA

IA

IA
IA

IA

IA IA

IA

3 dpi 7 dpi 15 dpi 30 dpi

D
M

S
O

IW
R

-1

3d
pi

7d
pi

15
dpi

30
dpi

0

20

40

No
rm

al
iz

ed
 in

ju
ry

 a
re

a 
[%

] DMSO
IWR-1 treated

fzd10
fzd8a
w

if1
dkk2
fzd9a
fzd3b
sfrp2
frzb
dkk3b
w

nt7bb
w

nt9b
sfrp1a
sfrp1b
dkk1a
fzd7b
fzd2
nid1b
nid1a
dkk1b
w

nt5a
fzd7a
w

nt7aa
w

nt11
w

nt5b
fzd5
w

nt3a
adgra2
w

nt7ba
w

nt6b
w

nt2ba
w

nt2bb
fzd9b
w

nt2
w

nt8b
lrp6
w

nt16
w

nt4b
dkk3a
lrp5
fzd1
w

nt9a
fzd8b
sfrp5
fzd3a

Fibroblasts
Valve fibroblasts
Endocardium
Proliferating cells
ECs (apnln)
Cardiomyocytes
T-cells
Macrophages
B-cells
Neutrophils
ECs (plvapb)
ECs (lyve1)
Smooth muscle cells
Perivascular cells

Wnt ligand
Wnt receptor
Wnt modulator

-1

0

1

2

3

Injury 3dpi 7dpi 30dpi15dpiCtrl

IWR-1 injection 
every day

IWR-1 injection 
every 2nd day

D Epicardial derived:

Endocardial derived:

IA

IA

7 dpi

1

0
3dpi

7dpi

7dpi + IW
R-1

3dpi + IW
R-1 3dpi

7dpi

7dpi + IW
R-1

3dpi + IW
R-1 3dpi

7dpi

7dpi + IW
R-1

3dpi + IW
R-1 3dpi

7dpi

7dpi + IW
R-1

3dpi + IW
R-1

%
 o

f  
al

l c
el

ls

Fibroblasts (nppc)
Fibroblasts (spock3)

Valve fibroblasts

Perivascular cells

D
M

S
O

IW
R

-1

col1a1a

col1a1a

pdgfrb
(Perivascular cells)

pdgfrb
(Perivascular cells)

col1a1a
pdgfrb
DAPI 

col1a1a
pdgfrb

DAPI

IA IA IA

IA IA IA

col1a1a
nppc
DAPI

col1a1a nppc

IA IA IA

col1a1a nppc

IA IA
IA

col1a1a
nppc
DAPI

0.0

0.5

1.0
hif1aa

Ctrl
3d

pi
3d

pi+
IW

R-1
7d

pi
7d

pi+
IW

R-1

0.0

0.1

0.2

crtc3

0.0

0.4

0.8

ldhbb

irs2a

0

2

4

Sc
al

ed
 a

ve
ra

ge
 e

xp
re

ss
io

n

Ctrl
3d

pi
3d

pi+
IW

R-1
7d

pi
7d

pi+
IW

R-1
30

dp
i

30
dp

i

C

%
 o

f a
ll 

CM
s

Cardiomyocytes 
(dediff.) V

0.0

0.5

1.0

1.5

2.0

col12a1a
ttn.2
DAPI col12a1a

ttn.2
(CM (dediff.))

col12a1a
ttn.2
DAPI

col12a1a
7 dpi

D
M

S
O

IW
R

-13dpi
7dpi

7dpi + IW
R-1

3dpi + IW
R-1

E F

ttn.2
(CM (dediff.))

non-inhibited
Wnt inhibited

sc
al

ed
 e

xp
re

ss
io

n

Figure 5. Cellular dissection of the role of canonical Wnt signaling. (A) Expression of Wnt signaling 
factors in the different cell types of the zebrafish heart. (B) Upper panel: Cartoon summary of IWR-1 Wnt 
inhibition experiments. Lower left: Histological comparison of the injury area (IA) at different time points after 
injury with or without Wnt inhibition. Scale bar: 300µm. Lower right: Relative size of the injury area across all 
histological replicates, mean and standard deviation are shown. (C) Left: Changes in number of dedifferenti-
ated cardiomyocytes at 3 and 7 dpi between Wnt inhibited and control hearts. Right: Localization of dediffer-
entiated (ttn.2) cardiomyocytes at 7 dpi in the injured heart with or without Wnt inhibiton. (D) Changes in 
abundance of non-cardiomyocte cell types upon Wnt inhibition at 3 and 7 dpi. (in (C) and (D), error bars show 
standard error of the mean) (E) Fluorescent in-situ hybridization of perivascular cells (white) and fibroblasts 
(nppc) (purple) in injured hearts at 7 dpi with or without Wnt inhibition. (in (C) and (E), scale bar: 100µm) (F) 
Expression of hypoxia induced genes at 3 and 7 dpi with and without Wnt inhibition.
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