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D E V E L O P M E N T A L  B I O L O G Y

Cellular diversity of the regenerating caudal fin
Yiran Hou1,2, Hyung Joo Lee1,2, Yujie Chen1,2, Jiaxin Ge1,2, Fujr Osman Ibrahim Osman1,2,3, 
Anthony R. McAdow4, Mayssa H. Mokalled4, Stephen L. Johnson1*, Guoyan Zhao5†, Ting Wang1,2†

Zebrafish faithfully regenerate their caudal fin after amputation. During this process, both differentiated cells and 
resident progenitors migrate to the wound site and undergo lineage-restricted, programmed cellular state transitions 
to populate the new regenerate. Until now, systematic characterizations of cells comprising the new regenerate 
and molecular definitions of their state transitions have been lacking. We hereby characterize the dynamics of gene 
regulatory programs during fin regeneration by creating single-cell transcriptome maps of both preinjury and 
regenerating fin tissues at 1/2/4 days post-amputation. We consistently identified epithelial, mesenchymal, and 
hematopoietic populations across all stages. We found common and cell type–specific cell cycle programs associated 
with proliferation. In addition to defining the processes of epithelial replenishment and mesenchymal differentiation, 
we also identified molecular signatures that could better distinguish epithelial and mesenchymal subpopulations 
in fish. The insights for natural cell state transitions during regeneration point to new directions for studying this 
regeneration model.

INTRODUCTION
The ability to regenerate complex body parts varies considerably in 
the animal kingdom. While planarian and hydra are able to regenerate 
their entire bodies, many avian and mammalian species mostly stop at 
the wound healing stage without a reparative regeneration process (1). 
This disparity may result from complexity differences among organisms 
by nature, yet it leaves us the hope that we may learn from highly re-
generative species to improve our own regenerative potential.

Zebrafish is known for its ability to regenerate multiple complex 
body structures (2). Among regenerable tissues, the caudal fin serves 
as a great model due to its faithful and rapid regeneration, ease of 
manipulation, and relatively low complexity. A key step in regener-
ation is the formation of the blastema, a layer of proliferative and 
undifferentiated cells that accumulates between the wound site and 
the wound epidermis following initial wound closure. This step oc-
curs in response to appendage loss and is one of the key features 
that separates regenerative systems from nonregenerative systems. 
At later stages of regeneration, the blastema further proliferates and 
differentiates to regenerate the missing complex structures.

However, the molecular signatures of blastemal cell state transi-
tions during regeneration in zebrafish remain elusive. The state of a 
cell can be represented by its collective gene expression profile, which 
has only been measured in bulk for all genes or in specific lineages 
of cells for a subset of genes during caudal fin regeneration. Prior 
work has shown that both proliferation of progenitors and dediffer-
entiation of adult lineage cells contribute to the blastema (3–8). 
Progenitors respond to injury cue and proliferate as in normal de-
velopment. Cells derived from mature adult lineages, however, lose 
their lineage-specific markers while obtaining progenitor-like markers 
when they proliferate. Neither type of cell gains multipotency, but 

rather, they proliferate and regenerate with lineage restrictions. The 
limited resolution and throughput of these approaches have pre-
vented a more systematic understanding of blastema cells. The ad-
vent of single-cell transcriptomic technologies promises to reveal 
signals masked at the bulk tissue level (9), granting us an opportu-
nity to define and monitor cellular state transition in regenerating 
fin at an unprecedented resolution.

In this study, we generated single-cell transcriptomic maps of 
regenerating fin tissue. These maps allowed us to separate the con-
tribution from different cell types and track the transcriptomic dy-
namics in cell state transitions during regeneration. By comparing 
with the profiles obtained from uninjured fin tissue, we identified 
cell types involved in regeneration. We demonstrated the activation 
of cell cycle–related programs shared across cell types as well as cell 
type–specific programs. Furthermore, we defined the heterogeneity 
in both epithelial and blastemal populations and their functional 
relations to the regeneration process.

RESULTS
Regenerating fins comprise the same cell types as  
uninjured fins
To better understand cell type involvement in fin regeneration, we 
characterized single-cell transcriptional landscapes for both preinjury 
and regenerating caudal fin tissues using the 10x Genomics platform 
(see Materials and Methods and table S1) (9). We sampled regener-
ating fins from 1, 2, and 4 days post-amputation (dpa) time points to 
interrogate the stages of blastema formation, outgrowth, and main-
tenance (Fig. 1A). Fin samples were collected from multiple fish to 
control for individual variation while at the same position along the 
proximal-distal axis to avoid positional effects. To establish the tran-
scriptional ground states for each cell type in the fin tissue, we first 
focused on cells collected from the preinjury time point. Via an un-
supervised clustering of 4134 cells, we identified epithelial cells (epcam 
and cdh1), hematopoietic cells (mpeg1.1 and cxcr3.2), and mesen-
chymal cells (msx1b and twist1a) (fig. S1, A and B) (10–14). Epithelial 
cells are from three transcriptionally distinct subgroups, representing 
the superficial (krt4), intermediate (tp63), and basal layers (tp63 and 
krtt1c19e) of the epithelium (fig. S1, A and B) (15, 16).
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To determine whether the same cell types existed in the regener-
ating stages, we performed analysis using two different approaches: 
(i) Cells from each stage were clustered independently, and (ii) cells 
from both uninjured fins and injured fins were integrated through 
the anchoring approach (see Materials and Methods; Fig. 1, B, C, 
and E; and table S2) (17). For both approaches, we regressed out cell 
cycle effects before principal components analysis (PCA). Agree-
ment between cluster assignments was measured using Hubert and 
Arabie’s adjusted Rand index (ARI). An average ARI of 0.86 (prein-
jury, 0.86; 1 dpa, 0.85; 2 dpa, 0.90; and 4 dpa, 0.83) indicated that 
clustering results generated using the two approaches were highly 
consistent. Cell types identified in the preinjury cells presented 
consistently across all regenerating stages, suggesting that regener-
ating fins contain the same cell types as the preinjury fins.

Common and cell type–specific programs that regulate cell 
cycle reentry
New regenerates are built up by the proliferation and migration of 
cells located at a number of fin segments away from the amputation 
plane (2). In response to injury cues, these cells gained the ability to 
detach from local tissue, enter cell cycle, and migrate toward the 
wound site while undergoing transcriptional reprogramming. We 
computationally separated S phase, G2-M phase, and G1-phase cells 
based on the expression level of cell cycle–related genes and performed 
clustering analysis using only S phase cells (see Materials and Methods 
and fig. S2A). In this cycling cell population, we identified epithelial, 
mesenchymal, and hematopoietic cell groups as before (Fig. 2, A to 

C, and table S3). Our data support a model in which cells likely keep 
their original identities during proliferation.

Next, we asked whether different regenerating cell types exhibited 
similar or distinct cell cycle regulations. To this end, we identified 
genes up-regulated in S phase cells compared to G1 phase cells in 
each cell type, respectively (logFC, >0.25; minimum percentage, >10%). 
Of the 1098 differentially expressed genes, 161 were shared across 
all three groups of comparisons (Fig. 2D and table S4). Of these 
shared genes, at least 54 genes were related to cell cycle regulation, 
underscoring a shared program governing cell cycle reentry (criteria 
described in Materials and Methods). In contrast, hundreds of genes 
differentially highly expressed in S phase exhibited cell type–specific 
pattern, of which dozens were related to cell cycle (Fig. 2D). We 
next evaluated the degree of conservation of these enriched genes by 
asking what fraction did not have human orthologs that had been 
curated in the Metascape database (18). Twenty-five percent of genes 
in the epithelial cell–specific group had no human ortholog, whereas 
all shared groups had at most 15% genes without a human ortholog, 
suggesting that enriched genes shared by cell types were more evo-
lutionarily conserved (fig. S2C).

Some cell type–specific S-G1 enriched genes were also expressed in 
a cell type–specific manner regardless of their cell cycle phases: For 
example, psmb8a and psmb9a shared similar epithelial-hematopoietic 
enrichments (fig. S2D). The human homologs of these genes (PSMB8 
and PSMB9) encode 5i and 1i subunits of the immunoproteasome 
(19). Together with 2i and PA28 subunits of the proteasome, they turn 
the proteasome into immunoproteasome and take part in immune 

Fig. 1. Cell type identification in zebrafish caudal fins. (A) General experimental design. Zebrafish caudal fin tissues at preinjury and 1/2/4 dpa stages were collected. 
(B) Clustering assignments for caudal fin cells collected from each stage. Uniform Manifold Approximation and Projection (UMAP) axes were calculated from the integrated 
cells dataset as in (C). (C) Clustering assignments for caudal fin cells collected from both preinjury and regenerating stages. Cells were plotted on UMAP axes. Color coding 
is the same as in (E). (D) Percentage distribution of the major cell types captured in caudal fin, grouped by their stage of collection. Color coding is the same as in (E). 
(E) Differential expressions of the key marker genes by the identified major cell types. Color gradient: normalized relative expression level. Dot size: percentage of cells in 
the cluster that express the specified gene.
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response (20). Immunoproteasome digests peptides more efficiently, 
promoting antigen presentation by a major histocompatibility com-
plex (MHC) class I molecule. Although they did not pass the differ-
ential expression criteria in the S-G1 comparison, zebrafish psmb10, 
psme1, and psme2 shared a differential expression signature similar 
to that of psmb8a and psmb9a, suggesting that zebrafish might use 
the same group of subunits for the assembly of immunoproteasomes 
that might help increase immune responses during regeneration, 
especially in epithelial and hematopoietic cells (fig. S2, D and E). In 
addition, we found three genes that shared the same expression sig-
nature with the immunoproteasome subunits (psmb13a, psmb12, and 
psma6l) (fig. S2E) without known human or mouse homologs, sug-
gesting that they might form zebrafish-specific proteasomes with 
functional relevance to regeneration (19).

Diverse epithelial populations are involved in regeneration
Consistent with current knowledge, we observed three transcrip-
tionally distinct subgroups in the preinjury epcam+ epithelial cells, 
representing the superficial, intermediate, and basal layers of the 
adult zebrafish epithelium (Fig. 3A and fig. S1B) (15, 16). By inte-
grating cells from all stages during regeneration, we found clusters 
of cells that corresponded to all three layers of the epithelium after 
injury (Fig. 1, B and C). In addition, we captured a rare agr2+ pop-
ulation (referred to as “mucosal-like epithelium” herein) that was 
too small to be clustered by itself in the preinjury stage (Fig. 1E). 
These cells shared general epithelial features with the other epithe-
lial layers but exhibited higher expression of a unique set of 200 genes. 
We examined the expression distribution of the orthologs of these genes 
in human tissues (The Human Protein Atlas, http://proteinatlas.org/) 
(21). Among the top 30 genes with human orthologs, 11 showed 

enriched expressions in proximal digestive or gastrointestinal tract 
and another 11 in bone marrow of blood lineages, suggesting that 
this population is analogous to cells in the mucosa in mammalian 
systems (table S2). In zebrafish, agr2 is required for the differentiation 
of the mucosal-producing goblet cells in the intestinal epithelium (22). 
To confirm the cell type–specific expression pattern of this gene in 
the fin tissue, we performed in situ hybridization on agr2 in both 
uninjured and regenerating fin tissues (see Materials and Methods). 
agr2 transcripts are scattered within the epithelium regardless of the 
sample collection stage and reflect a round morphology of the cell 
expressing it (fig. S3, A, C, E, and G to I). A proportion of agr2+ 
cells overlap with positive dark blue staining of Alcian blue in serial 
sections, suggesting that these cells are mucous cells that are known 
to exist in the caudal fin epithelium (fig. S3, B, D, and F) (23).

Although the same three-layer classification of epithelial cells could 
be defined when cells from regenerating stages were integrated with 
the preinjury cells, the expression of the commonly used layer-specific 
marker genes changed dramatically during regeneration: Superficial 
epithelial marker krt4 expanded into basal and intermediate layers 
of the epithelium, the intermediate layer marker fn1b was also highly 
expressed in the basal layer, and the basal epithelial marker krtt1c19e 
was barely detectable in the postinjury cell populations (Fig. 3B) 
(15, 16). To better understand the molecular features of the epithelial 
populations, we identified genes significantly more highly expressed 
in epithelial cells than in hematopoietic and mesenchymal cells and 
found that cell-cell junction genes ranked high in the list. Among 
these, genes from the claudin and keratin families were detected at 
a ratio 20-fold higher than that in randomly selected detectable genes 
(2 test, P value of <0.0001). We focused on expression patterns of all 
claudin and keratin genes in zebrafish and found that cldne, cldnf, 

Fig. 2. Cell type identification of cycling cells. (A) Cell type clustering of S phase cells plotted onto UMAP axes calculated by S phase cell only. Cells are colored by the 
general cell types merged from major cells types in Fig. 1B. (B) Stage distribution of S phase cells. Cells were plotted on the same UMAP axes as in (A) and colored by stage 
when the cells were collected. (C) Relative expression levels of the top 30 differentially expressed genes from each cluster of only S phase cells. (D) Venn diagrams of 
numbers of genes shared between the cell cycle–activated genetic programs. Left, included all genes; right, included only cell cycle–related genes (see Materials and 
Methods).

http://proteinatlas.org/
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krt1-19d, and krt17 labeled the superficial cluster; cldnh labeled the 
mucosal-like cluster; cldna, krt93, and krt94 labeled the intermedi-
ate cluster; and cldn1 and cldni labeled the basal cluster (Fig. 3B). 
Claudin genes are expressed in a tissue-specific manner in zebrafish 
and are generally considered to be the proteins responsible for reg-
ulating the paracellular permeability in the vertebrate epithelium 
(24). Their differential expression signature in both uninjured and 

regenerating tissues suggests that they might play important roles in 
maintaining the permeability in each epithelial population. On the 
other hand, the expression of keratin genes displayed less restriction 
across the three layers relative to claudin genes but stronger dependence 
on regenerating states (Fig. 3B). The differential expression signature 
suggests that they might perform epithelial subtype–related function 
in regeneration. To verify their expression pattern, we performed 

Fig. 3. Epithelial cell diversity though regeneration. (A) Diagram of the stratified adult zebrafish epithelium. (B) Differential expressions of claudin family and keratin 
family genes in epithelial subgroups shown as a dot plot. Known epithelial markers krt4, fn1b, tp63, and krtt1c19e were included for comparison. Cells were first grouped 
by major cell types and then separated into preinjury and regenerating stages. Darkness of dot color: relative expression level. Dot size: percentage of cells in the cluster 
that express the specified gene. (C) In situ hybridization targeting krt1-19d, cldna, cldn1, and krt4 of 4-dpa fin tissues. Brown dots indicate positive RNA signals from target 
genes, while pale blue blocks represent hematoxylin-stained cell nuclei. Zoomed-in views are presented. Original images can be found in fig. S4. All epithelial layers are 
above the black dotted lines. (D) Clustering assignment of epithelial cells plotted on UMAP axes calculated with only epithelial cells. Cells are colored by their epithelial 
layer identity as in (A). (E) The same UMAP visualization as in (D), with cells colored by stage of collection. Arrows connect the groups of comparison, with a direction from 
preinjury stage to regenerating stages (1, 2, and 4 dpa). Numbers next to the green triangle: number of genes up-regulated in regenerating stage. Numbers next to the 
red triangle: number of genes down-regulated in regenerating stage. (F) Clustered GO enrichment for genes up-regulated in regenerating basal, intermediate, and super-
ficial epithelial cells comparing to their preinjury counterparts. GTPase, guanosine triphosphatase; ER, endoplasmic reticulum; PKN, protein kinases N; snRNP, small nuclear 
ribonucleoprotein.
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RNA in situ hybridization targeting the known marker krt4 and new 
candidates, including krt1-19d, cldna, and cldn1 (Fig. 3C) as well as 
cldne, krt94, and cldni (fig. S4, A to H). Comparing with the known 
marker krt4, these genes exhibited more restricted expression pat-
terns in epithelial layers, better representing the molecular signa-
tures of different epithelial populations in the fin tissue regardless of 
regeneration status (Fig. 3, B and C).

The three epithelial layers were present across the regeneration 
stages albeit with varying proportions (Fig. 1D). The proportion of 
basal epithelial cells peaked at 2 dpa, reaching up to 42%, whereas 
the superficial layer epithelial cells decreased from 27 to 6% at 2 dpa 
(the coefficient of variations of cell proportions between biological 
replicates is below 15%). The observed compositional change of the 
two epithelial populations is consistent with a previous finding that 
the initial migration of superficial layer cells to the new regenerates 
is followed by replenishment by basal epithelial cells (25). This basal 
replenishment was also reflected in the two-dimensional Uniform 
Manifold Approximation and Projection (UMAP) calculation  from 
only epithelial cells, in which preinjury cells were separated by their 
respective layers, whereas regenerating cells were closer in the pro-
jection space (Fig. 3, D and E). Superficial layer cells from before and 
after injury stages were in juxtaposition to each other, consistent with 
our knowledge that this layer of epithelial cells directly migrates to 
and covers the wound site (25). On the other hand, basal layer cells 
from before and after injury stages were more distantly separated, 
suggesting more dramatic changes between resting and regenerat-
ing basal epithelial cells.

To understand the mechanisms of epithelium regeneration, we 
compared the transcriptome between preinjury and regenerating cells 
for the three epithelial layers. Basal layer cells up-regulated 1271 genes 
and down-regulated 198 genes during regeneration; both were the 
highest numbers across all comparisons (numbers of differentially 
expressed genes were from Wilcoxon rank sum test, adjusted P value 
of < 0.01; Fig. 3E). We performed gene ontology (GO) enrichment 
analysis on genes up-regulated in the regenerating stage by layer and 
found both common and layer-specific programs associated with 
regeneration (18). All three layers were enriched for oxidative phos-
phorylation (dre00190), proteasome (dre03050), and cell redox ho-
meostasis (GO:0045454). While basal and intermediate layer cells 
could be regulated by Rho guanosine triphosphatase–mediated Wnt 
signaling for extracellular matrix organization and actin filament 
depolymerization, respectively (R-DRE-195258, R-DRE-5625740, 
R-DRE-195721, GO:0030198, and GO:0030042), superficial layer cells 
showed enrichment mainly for general transcriptional and transla-
tional regulations (Fig. 3F). When comparing the expression profiles 
between regenerating superficial epithelial and basal epithelial, we 
saw enrichment for antigen presentation and apoptosis features 
in the superficial layer (table S5). In addition, the superficial layer 
contained the lowest proportion of cells in S phase or G2-M phase, 
further supporting that superficial layer epithelium was most like-
ly maintained by migration and proliferation from other layers 
(fig. S2B).

Subcluster identification within regenerating basal epithelial cells 
revealed two subgroups that represented different functionalities 
during regeneration, one labeled by distally distributed fgf24, while 
the other by proximally distributed lef1 (fig. S5, A to C) (26, 27). We 
compared expression profiles between group I (distal) and group II 
(proximal) cells and found that their suggested functionalities were 
consistent with their expected roles in regeneration: The distal sub-

group (or distal wound epidermis) up-regulated genes associated 
with extracellular matrix degradation, and the proximal subgroup 
(or proximal wound epidermis) up-regulated genes associated with 
organization of extracellular matrix, skeletal system development, 
and negative regulation of locomotion (fig. S5, D and E). In addi-
tion, the increase of proximal cell proportion was accompanied by 
the decrease of distal cell proportion, suggesting that basal layer ep-
ithelium become gradually active in promoting blastema proliferation 
and differentiation during the initial regeneration process (fig. S5C). 
To confirm the distribution of these cells, we performed RNA in situ 
hybridization targeting two candidate genes, stmn1b and sema3b, 
one from each cluster. The expression of stmn1b was first observed 
at the basal layer of the wound epidermis at 1 dpa but diminished as 
regeneration proceeded (fig. S4, I to K). On the contrary, sema3b 
showed expression at later stages and was enriched in the relatively 
proximal portion of the basal layer epithelium (fig. S4, L to N). The 
expression dynamics of these two genes matched the predicted pro-
portion changes of the two clusters (fig. S5C). While sema3b was 
more restricted to the basal layer, stmn1b showed low expression 
levels in the intermediate layer as well, potentially suggesting that 
this subpopulation could be labeling cells transitioning from the basal 
layer to the other layers of epithelium.

Hematopoietic cell activation during regeneration
We next performed subcluster analysis within the hematopoietic clus-
ter and found four subpopulations (Fig. 4, A to C and table S6). The 
first three populations were enriched for the macrophage marker 
mpeg1.1, with the cluster H1 being M1-like (lgals2+ and lcp1+) and 
the cluster H3 M2-like (ctsc+ and lgmn+) (Fig. 4D) (12). We speculated 
that the cluster H2 represented a transition state between M1-like 
and M2-like or a state before the macrophages differentiate toward 
M1-like or M2-like. From 1 to 4 dpa, the proportion of M1-like mac-
rophages remained at a constant level, while that of M2-like macro-
phages expanded (Fig. 4B), potentially suggesting a shift in the function 
of macrophages in the new regenerates from pro-inflammatory to-
ward anti-inflammatory as regeneration proceeded. Macrophages 
are important for proper blastema proliferation (28). The change in 
the proportions of M1/M2-like macrophage in our data matched 
with that observed in the larvae fin, suggesting that the adults fol-
lowed a similar rule for immune cell recruitment after injury.

The cluster H4 enriched for genes including mlpha and gch2, 
both well-characterized markers for the chromatophore lineages in 
zebrafish (Fig. 4E) (29). Chromatophores are derived from neural 
crest lineage, yet here, they clustered with macrophages that were 
from hematopoietic lineage. One possibility is that this clustering 
result could be driven by features related to antigen presentation via 
MHC class II, a feature of pigment cells based on studies using hu-
man melanocytes (30). The proportion of this cluster decreased as 
regeneration started, agreeing with the known pattern of fin stripe 
recovery after amputation (Fig. 4B) (31).

Mesenchymal regenerations—Building and supporting 
the bone
To understand the component and function of the cells in the mes-
enchymal cell cluster before and during fin regeneration, we focused 
on genes enriched in this cluster and found previously identified blas-
tema marker genes that are required for fin regeneration, including 
the muscle segment homeobox family members msx1b and msx3 
and the insulin-like growth factor signaling ligand igf2b (logFC, >0.25; 
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minimum percentage, >25%; and adjusted P value of <1 × 10−5, as 
listed in table S1) (2, 13). The mesenchymal cluster expressed these 
genes nearly exclusively, confirming their blastema identity in re-
generating stages (fig. S6A). In addition, we found key genes involved 
in zebrafish bone development and regeneration: twist1a, the tran-
scription factor that controls the skeletal development by regulating 
the expression of runx2 (14); cx43, the gap junction protein required for 
building the fin ray up to the right length; and hapln1a and serpinh1b, 
two genes downstream of cx43 (32, 33). By performing conserved 
marker analysis using Seurat, we found that msx1b and twist1a were 
also among the markers conserved across all stages, underscoring 
shared features that existed between regenerating and preinjury mes-
enchymal cells (maximum P values across stages: 4.72 × 10−10 and 
2.84 × 10−9 for msx1b and twist1a, respectively). This theme of build-
ing and supporting bone tissues in mesenchymal cells was not only 
reflected by a handful of genes: GO analysis of all the detected up-
regulated genes in this cluster revealed significant enrichment of genes 
associated with GO terms, including fin regeneration (GO:0031101) 
and skeletal system development (GO:0001501) (fig. S6B). When more 
stringent criteria for differential expression were used, genes were 
also significantly enriched for GO terms, including skeletal system 
morphogenesis (GO:0048705) and extracellular matrix organization 
(GO:0030198) (fig. S6C).

Previous work has shown that blastema comprises bone cells 
and non-bone cells but has not defined the cell types and the regen-
eration process of each type (23, 34, 35). To better understand the 
regeneration process by cell type, we performed clustering analysis 
within the mesenchymal cluster and identified nine distinct sub-
groups (Fig. 5A and fig. S6D). Of the two preinjury subgroups, M-2 

represented the mature bone lineage, which was enriched for ex-
pressions of bglap, mgp, and sost (fig. S6E) (36, 37). Comparing to 
M-2, cluster M-1 presented low expression levels of bglap, mgp, and 
sost and high expression levels of a group of other genes, including 
fhl1a, fhl2a, and tagln (fig. S6E). Mammalian orthologs of these genes 
are required for chondrogenesis and osteogenesis, leading us to spec-
ulate that cluster M-1 could represent the supporting non-bone cell 
lineage in the preinjury state (38, 39).

The remaining seven populations came from regenerates. Pseudo-
time analysis via Slingshot (40) suggested that these subgroups formed 
four trajectories, all initiated from the tnfaip6+ cluster (M-3), which 
was composed mainly of 1-dpa cells (Fig. 5, B and C, and fig. S6D). 
tnfaip6 was ranked top by an adjusted P value in the differentially 
expressed genes labeling the regeneration initiation cluster and was 
also expressed exclusively in the mesenchymal cluster (Fig. 5C and 
fig. S6A). The mammalian ortholog of this gene is required for prolif-
eration and proper differentiation of mesenchymal stem cells (MSCs) 
and balances the mineralization via osteogenesis inhibitions (41). 
The expression of tnfaip6 in the postinjury zebrafish fin suggested 
that it could also be required in the early stages of regeneration for 
promoting mesenchymal proliferation. To confirm the expression 
pattern of tnfaip6, we performed RNA in situ hybridization for un-
injured and regenerating fin tissues targeting this gene (Fig. 5, D 
and E). In the uninjured fin, tnfaip6 was expressed in a segmental 
pattern, presumably enriching at joints between bone segments. At 
1 dpa, tnfaip6 was expressed not only near the bony rays but also in 
the cavity, showing a general activation in the mesenchymal popu-
lation. As regeneration proceeded from 1 to 4 dpa, mesenchymal 
cells divided into cdh11+ (M-4) and tph1b+ (M-5) branches, with 

Fig. 4. Subtypes in the hematopoietic cell cluster. (A) Subcluster assignments of the hematopoietic cells. Cells were plotted on UMAP axes. The same color code is used 
for (B) to (D). (B) Proportion of subgroups of hematopoietic cells. (C) Expression enrichment of the top 30 differentially expressed genes in the four subclusters within 
hematopoietic cluster shown as a heatmap. (D) Expression distribution of genes associated with macrophage activation grouped by subclusters. Expression levels were 
log normalized by Seurat. y axis: cluster identity. z axis: cell density. (E) Expressions of pigment cell markers gch2 and mlpha in the hematopoietic population.
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the latter further divided into mmp13a+ (M-6), tagln+ (M-7), and 
vcanb+ (M-9) branches (Fig. 5C and fig. S6D). The mmp13+ (M-6) 
cluster maintained a high-level tnfaip6 expression, whereas all other 
branches had a lower but detectable tnfaip6 expression. This was 

consistent with the observation we made from in situ hybridization 
at 4 dpa targeting tnfaip6: the broad expression in the mesenchymal 
population and segmental enrichments similar to that in the unin-
jured fin (Fig. 5, F and G).

Fig. 5. Putative bone and non-bone cell lineages in the blastema. (A) Subclustering assignments of mesenchymal cells shown on UMAP axes. Cells are colored by their 
cluster assignments and connected by Slingshot-reconstructed trajectories. Lineage 1: 1-2-3-4; lineage 2: 1-2-3-5-6; lineage 3: 1-2-3-5-7-8; lineage 4: 1-2-3-5-9. (B) By-lineage 
highlighting of mesenchymal cells. Cells with colors other than gray represent the cells included in each corresponding lineage in (A). (C) Expression distribution of genes 
labeling cell lineages and cell states in mesenchymal cells. Gene feature plots were connected by estimated lineages using the same lineage color code as in (A). (D to 
G) In situ hybridization targeting the tnfaip6 gene in (D) preinjury, (E) 1-dpa, and [(F) and (G)] 4-dpa fin tissues. Brown dots indicate positive RNA signals from target genes, 
while pale blue blocks represent hematoxylin-stained cell nuclei. A zoomed-in view for the region inside the focused rectangle is provided within (D). (G) Zoomed-in view 
for the region highlighted by a rectangle in (F). Dotted lines indicate the amputation plane. All scale bars, 100 m.
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The four trajectories initiated from the tnfaip6+ cluster revealed 
four putative lineages representing bone and non-bone cells in the 
blastema. cdh11+ lineage 1 specifically expressed runx2 and osterix/sp7, 
which are the key transcription factors regulating osteogenesis (fig. S6E) 
(42). Mammalian ortholog of cdh11 could induce Sp7-dependent bone 
and cartilage formation in vivo, suggesting that the cdh11+ branch 
in the blastema represented the regenerating osteoblasts (43). Genes 
highly expressed at the end of this lineage (M-4) compared to the initiation 
point (M-3) were associated with bone mineralization and skeletal sys-
tem development, further supporting their bone cell identity (table S7).

Mesenchymal cells outside the osteoblast branch shared enrich-
ment for tph1b and aldh1a2 expressions at 2 dpa, followed by and1 
expression at 4 dpa (Fig. 5C and fig. S6F). These three genes had 
been suggested to label joint fibroblasts, fibroblast-derived blastema 
cells, and actinotrichia-forming cells in the blastema, respectively 
(34, 35, 44). However, their expression signatures implied that in-
stead of labeling separate populations in the blastema, they might be 
labeling different states of the same non-osteoblastic cells at the ear-
ly stage of fin regeneration.

Upon 4 dpa, these non-osteoblastic cells diverged into three groups 
(Fig. 5C and fig. S6D). To understand this separation, we performed 
differential expression analysis for each branch between cells at the 
end of the lineage tree (lineage 1, M-4; lineage 2, M-6; lineage 3, 
M-7 and M-8; and lineage 4, M-9) and cells in the initiation cluster 
(M-3). Genes highly expressed at the lineage end points were in-
cluded for GO analysis for functional predictions (logFC, >0.25; min-
imum percentage of >25%; and adjusted P value of <0.01). These 
three lineages were also associated with skeletal system develop-
ment or extracellular matrix organizations as were the bone cell lin-
eage; however, the association was driven by a nearly completely 
different set of genes (table S7). Unlike the osteoblast lineage, none 
of these three non-bone cell lineages showed enrichment for bone 
mineralization, suggesting that these cells might indirectly contrib-
ute to bone formation. In lineage 2, top differentially expressed genes 
mmp13a and ogn both have mammalian orthologs that are associated 
with bone formation (Fig. 5C and fig. S6F) (45, 46). In addition, this 
lineage presented up-regulation of DLX family genes, especially dlx5a, 
suggesting the reactivation of fin outgrowth–related developmental 
programs during regeneration (fig. S6F and table S7) (47). Lineages 
3 and 4 both enriched for estrogen response and expressed the reti-
noic acid (RA) synthesis gene aldh1a2. However, only lineage 3 dis-
played up-regulation of the RA-degrading enzyme cyp26b1 (fig. S6F 
and table S7). The cyp26b1high-aldh1a2low pattern helped to reduce 
RA levels in the blastema, promoting redifferentiation of the osteo-
blasts (44). The differentiation-promoting signature was also reflected 
in the enrichment of genes, including col6a1 and tagln, whose mam-
malian orthologs are essential for bone formation (fig. S6F and table 
S7) (39, 48). These genes were also enriched in the preinjury non-
bone cell population, suggesting a connection between this subset 
of the non-bone cells and their preinjury counterparts (Fig. 5C and 
fig. S6F). Top up-regulated genes in lineage 4, on the other hand, were 
main contributors of the extracellular matrix, including and1/2, loxa, 
and vcanb (35, 49, 50). Enriched expression of these genes suggested 
that this lineage could be responsible for creating and organizing the 
fibrous environment. Together, the various non-osteoblastic cells could 
potentially work collaboratively with the osteoblasts in creating the 
environment for bone tissue regeneration.

Genes that had been suggested to label progenitors contributing 
to fin regeneration (mmp9 and cxcl12a) and several orthologs of 

known mammalian MSC markers (lrrc15, prrx1a/b, and pdgfra) 
(6, 7, 51, 52) were expressed almost exclusively in the mesenchymal 
cluster (fig. S6A). Consistent with the observations made in the lineage-
tracing study, the mmp9 expression was associated with the regen-
erating bone cell lineage (lineage 1; Fig. 5B and fig. S6E) (7). However, 
mmp9 was detected only in a small portion of the mesenchymal cells 
and was highly expressed in the basal epithelium cells at similar pro-
portions. On the other hand, we observed coenrichment of cxcl12a 
(previously known as sdf-1) and orthologs of the known mammalian 
MSC markers in the preinjury population (fig. S6E). cxcl12a-expressing 
cells in zebrafish were found to carry osteogenic, adipogenic, and 
chondrogenic characteristics in vitro like MSCs would do and con-
tributed to the mesenchyme of the newly developing bony rays during 
fin regeneration (6, 53). The coenrichment pattern suggested that 
some of the preinjury cxcl12a-expressing cells could be MSCs in the 
fin tissue, which contribute to fin regeneration.

DISCUSSION
Zebrafish caudal fin is a unique regeneration system to model the 
injury response and regeneration of vertebrate appendages despite 
being a simple structure without muscular and adipose tissues. 
Major components of the regenerating caudal fin are epithelial cells 
covering the wound site and blastemal cells producing the connec-
tive tissue and bone matrices. Early studies established that actively 
proliferating blastema is the key to regeneration. Formed by cell 
migration and proliferation, this layer of cells continues in out-
growth and differentiation, rebuilding the complex body structure. 
Despite efforts in understanding its importance, basic questions re-
garding the formation of blastema remained: (i) Which type of cells 
contributes to the blastema and (ii) how do they shape the regener-
ation process?

Using single-cell transcriptomes, we defined cell types in both 
preinjury and postinjury fin tissues. Although regenerating cells were 
drastically different from their preinjury counterparts, both stage-
specific and integrated clustering analysis revealed the same major 
cell type compositions in the fin tissues regardless of their time of 
collection. Common cell types detected include epithelial cells from 
all three layers, hematopoietic cells, and mesenchymal cells. Our 
data lay a foundation for lineage-targeted analysis to investigate the 
role of epithelial layers and subtypes in fin regeneration.

For each cell type to be a consistent component in the regenerated 
fin, cell cycle entry is required. We found that both common and 
unique cell cycle programs activated in the regenerating fin, with 
the shared ones appearing to be more evolutionarily conserved than 
the unique ones. Among the genes showing cell type–specific S phase 
enrichment, several immunoproteasome subunits also showed a 
clear cell type–specific expression. We speculated that the increas-
ing level of immunoproteasome subunits in epithelial and hemato-
poietic cells specifically might accelerate antigen processing and 
presentation, which could be important for immune cell recruitment 
and tumor necrosis factor––induced blastemal proliferation (54).

Epithelial cells were the most abundant cell type in the profiled 
fins and could be clustered into four different subgroups, including 
the three layers in the adult fish epithelium and the mucosal-like 
cells within the intermediate layer. However, markers labeling these 
layers did not perform well in separating cell groups when only re-
generating cells were considered. An unbiased differential expres-
sion test suggested that some members of the krt and cldn families 
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were expressed in specific layers more consistently throughout 
regeneration. RNA in situ hybridization targeting cldne, krt1-19d, 
cldna, krt94, cldni, and cldn1 confirmed their exclusive layer-specific 
expression pattern, underscoring their potential to serve as markers 
for the distinct epithelial layers during regeneration. Our epithelium-
specific analysis suggested that basal layer epithelial cells prolifer-
ate and could be the main source for replenishing the other two 
layers of the epithelium, similar to findings in a previous study 
based on genetic lineage tracing in zebrafish and echoing findings 
made using the axolotl limb regeneration model (25, 55). We ob-
served higher apoptosis and lower proliferation features in the su-
perficial epithelial layer compared to the other layers. At the same 
time, we observed transition patterns in gene expression, connect-
ing the basal to the intermediate and the superficial layer during 
regeneration.

The behavior of mucosal-like cells during regeneration had been 
rarely reported for zebrafish in literature. We found in this study 
that this group of cells was an integral part of the regeneration pro-
cess. Enrichment of foxp1b in this population and enrichment of 
foxp4 in basal and intermediate epithelial cells supported that ze-
brafish foxp homologs could be involved in regulating agr2 expres-
sion as does the Fox family in mice and, furthermore, the mucin 
production in the epithelium during regeneration (Fig. 1E) (56). 
The protein encoded by amphibian homologs of agr2, nAG (from 
newts) and aAG (from axolotl), are necessary and sufficient for 
salamander limb regeneration (57, 58). They are expressed in both 
dermal glands and the nerve sheath—the pattern of which has also 
been recovered from single-cell RNA sequencing (scRNA-seq) anal-
ysis (55). Regeneration deficiencies caused by denervation before 
amputation can be rescued by the ectopic expression of nAG. Al-
though we do not have data supporting the nerve sheath expression 
pattern, as shown for the amphibian models, we hypothesize that 
agr2 could similarly mediate neuronal signals in zebrafish during 
regeneration.

Macrophages are critical players in the zebrafish caudal fin re-
generation (28, 54). We observed subgroups of the mpeg1.1+ mac-
rophage population in the regenerating fin tissue, resembling M1 
and M2 macrophages in mammalian systems. However, we were not 
able to recover other immune cell population in the hematopoietic 
cells. This could potentially be due to the systematic bias against cer-
tain cell types during tissue dissociation and droplet incorporation 
in the microfluidic device. The same bias might also explain why we 
were not able to recover some other known players in the regenerat-
ing fin tissue, including neurons and endothelial cells (4). Increasing 
the number of cells sampled for scRNA-seq or performing scRNA-
seq on sorted hematopoietic lineage cells would help to better un-
derstand the involvement of these populations in the regeneration 
process.

The expression profiles of mesenchymal cells captured from the 
postinjury stages resembled those of blastema in histology studies. 
We found four connected but distinct lineages representing both 
bone and non-bone cells in the blastema. All four lineages initiated 
from one cluster mostly consisted of 1-dpa cells and enriched for 
the tnfaip6 expression. A similar scenario has been observed in the 
axolotl limb regeneration model. By using scRNA-seq on a lineage-
labeled axolotl model, Gerber et al. (58) found that connective tissue 
cells funnel into a progenitor state at initiation. Whether the cluster 
identified in our study represented a shared cell origin for the blas-
tema or a shared state across mesenchymal cell types in the initial 

blastema-formation stage requires further investigation. High pro-
portion of epithelial population in the fins could also hamper the 
discovery of relatively rare population with multipotency. Finer dis-
section before single-cell profiling might help in future study de-
signs in capturing these populations.

While the bone cell lineage has been well studied in the regener-
ating fin, non-bone cells had been labeled by different markers and 
given different names and their intercorrelations left to be clarified. 
We found that tph1b, aldh1a2, and and1/and2 genes were shared 
among the non-bone cell lineages and could be labeling states in-
stead of types of blastemal cells during regeneration. Meanwhile, dif-
ferential analysis revealed similar enrichment for bone formation in 
all lineages yet distinct associations with reactivation of developmental 
programs, RA signaling, and collagen metabolism, underscoring their 
collaborative and complementary roles in the regeneration process.

Our scRNA-seq data also provided more details about the fish 
system we are working with. For all sample collections, we used the 
transgenic strain Tg(sp7:EGFP)b1212, which specifically labels osteo-
blast lineage in the fish (59). It was reported that green fluorescence 
signal could be detected in the fish skin after 72 hours post-fertilization. 
This ectopic expression, however, does not interfere with confo-
cal imaging of skeletal structures of fish at any stage due to the fact 
that they lie in different planes of focus. What these cells are and why 
they expressed the transgene were unclear. In this study, we obtained 
a holistic view of the transgene expression pattern in the fin region 
regardless of whether that was associated with the cell type of inter-
est, i.e., osteoblasts in this context. Unsupervised clustering on the 
expression profiles from single fin cells suggested that green fluores-
cent protein (GFP) is not only expressed in the mesenchymal but also 
highly enriched in the superficial layer epithelium (table S2). A closer 
examination of this classic reporter gene construct revealed that the 
regulatory region of sp7 used for the construction of the transgene 
did not exactly represent the endogenous sp7 regulatory region. 
Tg(sp7:EGFP)b1212 was generated from bacterial artificial chromo-
some transgenesis using CH73-243G6 as the backbone, which did 
not contain the first exon of sp7 according to the annotation of the 
current genome assembly (chr6:58630884-58720045 and GRCz10), 
leading to the usage of a regulatory sequence different from the 
endogenous version. Whether this usage difference contributed to 
the ectopic expression pattern of the transgene requires further study. 
This finding points to the potential of using single-cell–based ap-
proaches in reporter line validation and more thorough analysis of 
the transgene behavior.

MATERIALS AND METHODS
Fish husbandry and procedures
All zebrafish were used in accordance with protocol no. 20190041 
approved by the Washington University Institutional Animal Care 
and Use Committee. Wild-type and Tg(sp7:EGFP) strains are main-
tained under standard husbandry in the Washington University Fish 
Facility, with the system water temperature at 28.5°C and a day-night 
cycle controlled as 14-hour light/10-hour dark. For fin amputation, 
we anesthetized 1-year-old fish with MS-222 (0.16 g/liter) in the sys-
tem water and then removed the distal half of their caudal fin with 
sterilized razor blades. The fish were then sent back to circulating 
water system for recovery. We collected regenerating fin tissue from 
39 fish by doing secondary fin amputation at the primary cutting 
plane with the same anesthesia and recovery procedures.
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Cell preparation and scRNA-seq
Collected fin tissues were digested by Accumax (Innovative Cell Tech-
nologies), filtered through 40-m cell strainers, and washed with 
1× Dulbecco’s phosphate-buffered saline (DPBS)–0.04% bovine se-
rum albumin to generate single-cell suspensions. Libraries were con-
structed from these cell suspensions following the instruction of the 
Chromium Single Cell Gene Expression Solution 3’ v2 (10x Genomics) 
and were subsequently sequenced on HiSeq2500 (Illumina) with read 
lengths of 26 + 75 (Read1 + Read2). Raw reads were processed by 
Cell Ranger (10x Genomics) with default parameters for read tag-
ging, alignment to zebrafish reference genome (GRCz10), and fea-
ture counting based on Ensembl release 91 (cellranger count). EGFP 
sequence was added into the reference genome as a separate chro-
mosome for mapping reads from the reporter gene.

Unsupervised clustering and cell type identification
We performed unsupervised clustering using Seurat v3.0 following 
the procedure of normalization (SCTransform), highly variable gene 
detection, dimensional reduction (principal components analysis), 
and cells clustering (Louvain clustering at resolutions from 0.1 to 
0.6) (17). For integrating the four stages in finding conserved cell 
types, we used the anchoring approach provided by Seurat v3. Cell 
clustering was based on the top principal components that account 
for most of the cell-cell variances. The same set of principal compo-
nents was used in UMAP calculation for visualization as well.

We found differentially expressed genes in each cluster by com-
paring the expression profiles of them with those of the rest of the 
cells using Wilcoxon rank sum–based approach with the criteria of 
log fold change more than 0.25 and a minimum cell percentage of 
0.25. The same criteria were applied to all pairwise comparisons, 
unless stated otherwise. We made functional connections between 
the list of differentially expressed genes and the type of cell that they 
most likely represent by testing for GO term enrichment (18) and 
manual curation by searching The Zebrafish Information Network 
database and PubMed. Certain cell clusters were taken as indepen-
dent samples for secondary clustering following the same unsuper-
vised clustering procedures.

Cell cycle analysis
We calculated the by-cell average expression level of a set of S phase 
or G2-M phase markers suggested by Seurat that are detected in our 
zebrafish dataset and normalized by subtracting aggregated expres-
sion of control genes. Although G1 phase cells are also within cell 
cycle, they are hardly separable from G0 cells. To avoid false-positive 
labeling for active cycling cells, we set stringent thresholds and only 
included cells with |S.score − G2M.score| > 0.1 in the S or G2-M group, 
while cells with both S.score and G2M.score below zero as G1. Other 
cells were not included in this part of the analysis. Differentially ex-
pressed genes were also identified by Wilcoxon rank sum–based ap-
proach. These differentially expressed genes were considered to be 
cell cycle related if they were in the list of genes associated with 
R-DRE-1640170 Cell Cycle and/or cycling marker genes used for 
cell cycle phase score calculations.

RNA in situ hybridization and Alcian blue/PAS staining
We collected uninjured and regenerating fin tissues from casper 
(nacrew2/w2;roya9/a9) fish and fixed in 4% paraformaldehyde overnight 
(60). Fixed tissues were subsequently submerged in 10% sucrose in 
1× PBS, 20% sucrose in 1× PBS, and 30% sucrose in 1× PBS for 4 hours 

each. After sucrose exchange, tissues were embedded in Optimal 
Cutting Temperature (O.C.T.) compound (Fisher Healthcare Tissue-
Plus) and snap frozen on dry ice. The frozen tissue blocks were then 
processed into 15-m sections on a Leica CM1950 cryostat. We per-
formed RNA in situ hybridization targeting krt4, cldne, krt1-19d, 
cldna, krt94, cldni, cldn1, agr2, sema3b, stmn1b, and tnfaip6 for 
mRNA detection using an RNAscope kit (Advanced Cell Diagnos-
tics, Hayward, CA, USA). Alcian blue/periodic acid–Schiff (PAS) 
staining was subsequently performed on the same section or separately 
on a consecutive serial section following the manufacturer’s protocol 
(Newcomer Supply). Microscopic images were taken by ZEISS Axio 
Observer.

Lineage reconstructions
Cell trajectories were constructed using Slingshot v1.3.1 (40). Through 
initial subclustering and cell type identifications, we found one sub-
cluster with high epcam expression, potentially a doublet cell con-
tamination from the major cell type classifications. We removed this 
group of cells from all downstream analysis within the mesenchy-
mal cluster. We used UMAP embedding and subclustering assign-
ments as input for the Slingshot calculation.

Statistical information
We performed nonparametric Wilcoxon rank sum test to identify 
differentially expressed genes across cell groups as implemented in 
Seurat. P values were adjusted by all features in the dataset using 
Bonferroni correction.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/33/eaba2084/DC1
View/request a protocol for this paper from Bio-protocol.
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