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Identification of a regeneration-
organizing cell in the Xenopus tail
C. Aztekin1,2*, T. W. Hiscock1,3*, J. C. Marioni3,4,5, J. B. Gurdon1,2,
B. D. Simons1,6,7†, J. Jullien1,2†

Unlike mammals, Xenopus laevis tadpoles have a high regenerative potential. To
characterize this regenerative response, we performed single-cell RNA sequencing after
tail amputation. By comparing naturally occurring regeneration-competent and -incompetent
tadpoles, we identified a previously unrecognized cell type, which we term the
regeneration-organizing cell (ROC). ROCs are present in the epidermis during normal
tail development and specifically relocalize to the amputation plane of regeneration-
competent tadpoles, forming the wound epidermis. Genetic ablation or manual removal of
ROCs blocks regeneration, whereas transplantation of ROC-containing grafts induces
ectopic outgrowths in early embryos. Transcriptional profiling revealed that ROCs secrete
ligands associated with key regenerative pathways, signaling to progenitors to reconstitute
lost tissue. These findings reveal the cellular mechanism through which ROCs form the
wound epidermis and ensure successful regeneration.

A
ppendage regeneration requires coordinated
changes in many cell types and has largely
been characterized by morphological as-
sessments, lineage-tracing studies, and
low-throughput gene investigations. As a

result, regeneration is broadly divided into three
essential steps: the formation of a specialized
wound epidermis, blastema or regenerative bud
formation, and outgrowth via proliferation (1, 2).
However, a comprehensive understanding of the
changes in cell types, transcriptional dynamics,
and cellular mechanisms accompanying these
processes is lacking. For example, the first mor-
phological change after amputation is the for-
mation of the specialized wound epidermis, a
ligand-expressing structure covering the wound
that is essential in many regeneration scenarios
in different species (e.g., zebrafish, axolotl) (1, 3, 4).
It is not clear which cell types are present in the
specialized wound epidermis, what its origin is,
what ligands are expressed from it, or why it is
crucial for regeneration. To answer such ques-
tions and identify essential regulators of regen-
eration, we focused on Xenopus tadpoles, which,
with their naturally occurring regeneration-
competent and -incompetent developmental

stages, are an ideal model for comparative
studies (5).

Single-cell transcriptomics reveals
developmental, amputation-related, and
regeneration-specific changes

To assess comprehensively the transcriptional
dynamics and cell-type changes that occur during
regeneration, we used high-throughput single-cell
RNA sequencing (scRNA-seq) to analyzeXenopus
laevis tails at various stages after amputation in
both regeneration-competent and -incompetent
tadpoles, as well as uninjured (intact) tails at the
same developmental stage (Fig. 1A). We sequenced
>13,000 cells, with at least two biological replicates
per condition, with an average of ~2300 genes
detected per cell (table S1). Cells from all samples
were pooled and visualized by the dimensionality
reduction method UMAP (6) (Fig. 1A). Cluster
identity was assigned using multiple known
markers and revealed 46 putative cell types (some
rare and others uncharacterized) encompassing
the immune system, skin, nervous system, and
somites, thus emphasizing the cellular heteroge-
neity of the tail (Fig. 1B and fig. S1). Biological
replicates showed a similar distribution of cell
types, confirming the reproducibility of the atlas
(fig. S2). Computational inference of cell cycle
state indicated that progenitor cell populations
are mostly positioned in G2/M and S phases,
whereas terminally differentiated cells are in
G1 (fig. S3). Our comprehensive cell atlas can be
viewed using an interactive platform (marionilab.
cruk.cam.ac.uk/XenopusRegeneration/).
Having established the atlas, we then assessed

what transcriptional and cell-type changes are
associated specifically with tail regeneration.
By comparing samples, we could make a distinc-
tion betweendevelopmental (Fig. 2A), amputation-

specific (Fig. 2B), and regeneration-specific (Fig.
2C) effects. Most cell types were found in all
samples (fig. S4A). We found no evidence for the
emergence of a multipotent progenitor popula-
tion during regeneration, nor did we observe
intermediate cell states reflective of transdiffer-
entiation, results which are consistent with those
of lineage-tracing studies (7). Indeed, the only
previously unknown cell type to emerge after
amputation was an uncharacterized motor
neuron–like cell type that expressed genes as-
sociated with spinal cord injury (e.g., Fgf10) (8)
and metabolic hormones (e.g., Leptin) (9, 10)
(Fig. 2B). This phenotype was also observed in
regeneration-incompetent tadpoles (Fig. 2B).
Therefore, we considered it an amputation
response and focused instead on regeneration-
specific changes.
Surveying the range of single-cell data, we

found that the most significant cell-type change
specific to regeneration was related to a pre-
viously unidentified cell type of the epidermis
(fig. S4), whichwe designated as the regeneration-
organizing cell (ROC). On the basis of the scRNA-
seq data, ROCs were found in both intact and
regenerating tails but were observed after tail
amputation only in regeneration-competent
tadpoles (Fig. 2C). As this cell population distin-
guishes the amputation response of regeneration-
competent tadpoles from regeneration-incompetent
ones and expressesmultiple genes that support
regeneration [e.g.,Wnt5a (11), Fgf10 (12), Fgf20
(13), andMsx1 and Bmpr1a (5)], we hypothesized
that ROCs may represent an essential component
of the regenerative response.

Relocalization of ROCs forms the
specialized wound epidermis

To assess the function of ROCs, we first inves-
tigated their location using marker genes iden-
tified by scRNA-seq. Using published in situ data
from Xenbase, we found that >25 ROC marker
genes were expressed along the midline edge of
the epidermis (e.g., Fgf7,Msx2, C3,Wnt3a), from
the posterior trunk toward the tail tip (table S2).
We further confirmed the localization of ROCs
using a Lef1 reporter line [pbin7Lef:GFP (GFP,
green fluorescent protein)] (14) in combination
with TP63 immunolabeling. Although Lef1 is ex-
pressed in multiple cell types, only ROCs express
high levels of both Lef1 and Tp63 (Fig. 3A and fig.
S5A). Therefore, we identified ROCs as LEF1+/
TP63+ cells and confirmed that they are local-
ized to the edge of the epidermis (Fig. 3B and
fig. S5B). ROCs are present in this location in
both regeneration-competent and -incompetent
tadpoles, and immediately after amputation, this
population is largely removed from the amputa-
tion plane but remains along the posterior trunk
(Fig. 3C, left-hand column). During successful
regeneration, ROCs reappear in the amputation
planewithin24hours;however, they remainnotably
absent at the amputation plane of regeneration-
incompetent tadpoles (Fig. 3, C and D, and fig.
S5C). OurLef1datawere consistentwith published
in situ data of ROC marker genes seen in the tails
of amputated regeneration-competent tadpoles
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[Fgf9, Fgf10, Wnt5a, Wnt3a, Msx1, Msx2 (5, 15);
C3 (16)] and lacking in regeneration-incompetent
tadpoles [Msx1 and Msx2 (5, 15)]. The gene ex-
pression profile and location of ROCs at the
amputation plane suggest that ROCs are in fact
a single cell type that defines the specialized
wound epidermis, which specifically forms in
regeneration-competent tadpoles to trigger the
regenerative response.
As the presence of ROCs at the amputation

plane correlates with regenerative outcome, we
tested whether these cells are required for re-
generation. We first performed nitroreductase/
metronidazole–basedgenetic ablation (17) of ROCs
using F0-transgenic tadpoles expressing nitro-
reductase (NTR) under the control of the Krt.L
promoter (Krt.L is also known as Krt70.L), a
member of the keratin gene family that is ex-
pressed in a highly specific manner in ROCs
in stages where regeneration is assessed (Fig.

4A and fig. S6, A to D). After metronidazole
(MTZ) treatment, we were able to specifically
ablate ROCs, as confirmed by the disappearance
of GFP-positive cells in pbin7Lef:GFP/Krt.L:
NTR F0 transgenic tadpoles (Fig. 4A), together
with the observation of no apparent gross off-
target effects in other tissue types (fig. S6E).
Ablation of ROCs in regeneration-competent
tadpoles led to drastically reduced tail regen-
eration (Fig. 4B and fig. S7, A to D), demonstrat-
ing that ROCs are indeed required for regeneration.
We then eliminated ROCs in a spatially local-

ized manner, by manually removing ROCs in
the posterior trunk that remain directly after
amputation (Fig. 4C and fig. S7E). When these
regions were removed at the same time as the
amputation, we observed a reduction in Lef1+
cells at the amputation plane and correspond-
ingly reduced regeneration (Fig. 4D and fig. S7E).
However, when these regions were removed 12

to 16 hours after amputation, Lef1+ expression
was maintained at the amputation plane, and
regeneration could proceed (Fig. 4, C and D,
and fig. S7E), indicating that there is a critical
time window during which posterior trunk ROCs
are required to initiate regeneration. This sug-
gests that, soon after amputation, existing ROCs
may have to relocate to the amputation plane to
initiate the regenerative response. To test this
hypothesis, we traced ROCswith the Lef1 reporter
and observed the mobilization of resident ROCs
from the posterior trunk toward the amputation
plane within 2 to 8 hours after amputation (Fig.
4E). Together, these observations suggest that
mobilization of ROCs to the amputation plane is
a necessary step in wound epidermis formation
and subsequent regeneration, which contrasts
with previous suggestions that the wound epi-
dermis is a distinct state that differs fromnormal
epithelium and appears after amputation (2).
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Fig. 1. Pooled transcriptional cell state atlas of the Xenopus laevis
tail before and after amputation. (A) Samples were prepared for
single-cell RNA-seq analysis from regeneration-competent and
-incompetent tadpoles by collecting either intact tails or tails at
various stages after amputation: 1 to 3 days postamputation (dpa)
for regeneration-competent, and 1 dpa for regeneration-incompetent
tadpoles. Developmental timing is indicated for each sample

(days postfertilization, dpf). (Right) Samples were processed separately
for sequencing, with at least two biological replicates per condition,
and then pooled for UMAP visualization (see supplementary materials
and methods). Each dot represents a single cell; color indicates main
tissue group. (B) Cluster identities based on established cell-type
markers. For details of cluster annotations, see main text, fig. S1, and
supplementary materials and methods.
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Fig. 2. Comparison of scRNA-seq samples discriminate gene expression
and cell state changes that take place during development from those
associated with the response to amputation or regeneration. Examples
of cell-specific gene expression changes that take place (A) during
development, (B) in response to amputation, and (C) in response to
regeneration. Gray dots indicate cells from samples at all respective time
points; red dots indicate cells from selected time point and condition. Black
and white arrowheads indicate presence and absence of populations,

respectively, when comparing intact tail to 1 dpa samples. (A) A continuous
change in the gene expression profile of goblet cells takes place during
development both in regeneration-competent and -incompetent tails.
(B) Cell state changes take place in motor neurons in response to
amputation, both in regeneration-competent and -incompetent tails.
(C) Differential gene expression changes take place in epidermis between
regeneration-competent and -incompetent tails, identifying a cell state
change specific to regeneration.

Fig. 3. Regeneration-organizing cells (ROCs)
characterize the specialized wound
epidermis in regeneration-competent
tadpoles. (A) ROCs express high Lef1
mRNA levels and reappear after amputation
specifically in regeneration-competent
tadpoles. Gray dots indicate TP63-positive
epidermal clusters; dots with a black
outline indicate selected sample. Relative
Lef1 expression is visualized for each cell.
(B) ROCs (TP63+/LEF1+ cells, denoted by
asterisks) are localized along the midline
edge of the epidermis in intact tails. Green,
pbin7Lef; red, TP63. Scale bar: 500 mm.
(C) ROCs (LEF1+) remain along the posterior
trunk after amputation (asterisks) but
are removed from the amputation plane
(empty arrowheads). ROCs specifically
reappear in the amputation plane of
1 dpa regeneration-competent tadpoles (white
arrowhead). hpa, hours post-amputation.
Green, pbin7Lef:GFP. Scale bars: 250 mm.
A total of ≥3 tadpoles per condition
were imaged from two biological replicates.
(D) Quantification of TP63+/LEF1+ cells
at the amputation plane (mean ± standard
deviation) shows a significant reduction
in regeneration-incompetent tadpoles
at 1 dpa (the total number of tadpoles
assayed, n = 12 and 11 for competent and
incompetent samples, respectively; both
from two biological replicates). *P < 0.001.
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Fig. 4. Relocalization
of ROCs to the amputa-
tion plane mediates
tail regeneration.
(A) NTR/MTZ–mediated
ablation of ROCs
during regeneration.
pbin7Lef:GFP/Krt.L:NTR
F0 transgenic tadpoles
(bottom) show success-
ful cell ablation at
3 dpa: GFP-positive
ROCs are present in
control (white arrow-
head) but lost in
MTZ-treated animal
(empty arrowhead).
Scale bars: 1 mm.
(B) ROC-ablated tad-
poles cannot regenerate
(n = 11 from two
biological replicates).
(C) Schematic of
ROCs-containing-region
manual removal protocol.
Green indicates localization of ROCs. (D) Manual removal of posterior trunk ROCs concurrent with tail amputation reduces regeneration
(n = 45 from five biological replicates), but manual removal of posterior trunk ROCs 12 to 16 hpa does not negatively affect regeneration
(n = 95 from three biological replicates). (E) Time-lapse images of ROCs relocating to the amputation plane, as assessed by pbin7Lef:GFP.
Asterisks denote cells with brighter GFP that can be tracked (n = 8 from three biological replicates). Scale bar: 500 mm.

Fig. 5. ROCs act as a
signaling center
coordinating progeni-
tor outgrowth during
tail regeneration.
(A) Expression of FGF
ligands (top) and FGF
receptor (bottom) shown
for selected cell types
as a boxplot (outliers are
not shown). (B) Barplot
indicating the change
in the fraction of cells in
G2/M and S phases
between regeneration-
competent 2 dpa
and regeneration-
incompetent intact tail
samples, all taken
at 5 dpf. (C) (Left)
Removal of large or small
ROC-containing tissues
causes tail development
defects in donors
(n = 20). (Right) Grafting
these regions to the
trunk enables tail-
enriched or fin-enriched
distal growth in hosts,
respectively. Matching
donor-acceptor pairs are
shown 2 days postgraft-
ing (n = 20 from three
biological replicates).
(D) Nonlabeled grafts to CMV:GFP positive embryos induce outgrowth containing GFP-positive cells; donor tissues are at the tip of the ectopic structure
(n =12 from three biological replicates). Green, CMV:GFP. Scale bars: full tadpoles, 1 mm; zoomed grafts and merged graft images, 500 mm.
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Next, we asked whether inhibition of path-
ways that are necessary for wound epidermis
formation, which are rapidly up-regulated after
injury, interfere with the mobilization of ROCs
to the amputation plane. Indeed, chemical in-
hibition of reactive oxygen species (ROS) pro-
duction (13, 18, 19) or the transforming growth
factor–b (TGFb) pathway (20) resulted in sig-
nificantly reduced ROC migration (fig. S8). In
contrast, inhibition of the fibroblast growth
factor (FGF) pathway, which is known to not
affect wound epidermis formation (15), had no
significant effect on ROC migration (fig. S8).
Hence, wound-induced ROS production and
TGFb pathway activation are necessary for ROCs
to migrate to the amputation plane, where they
form the wound epidermis.

ROCs are a signaling center
promoting proliferation

To understand the essential role played by ROCs
during regeneration, we used our scRNA-seq
data to dissect their transcriptional signature.
Ligands of signaling pathways that are known
to be required for regeneration and that in-
crease proliferating cell numbers, such as FGF
(15), BMP (5, 21), WNT (15), NOTCH (5), and
TGFb (20), are simultaneously expressed inROCs
but not in any other cell type. In contrast, re-
ceptors for these pathways are mostly expressed
in progenitor cell types (Fig. 5A and fig. S9).
Moreover, we found that progenitor populations
at the amputation site showed an increase in the
fraction of cells in G2/M and S phases during
regeneration (Fig. 5B). These results suggest that
ROCs function as a signaling center by secreting
factors that promote progenitor proliferation in
multiple tissues. Such an increase in proliferation
can explain how tissue loss can be reconstituted
from progenitors of the tail without requiring
the emergence of a new multipotent cell state
or states.
Having established the central role of ROCs

during regeneration, we then asked whether they
resemble other cell types associated with early

development. ROCs express markers of limb
development and appendage growth (fig. S10),
including the limb apical ectodermal ridge (AER)
regulating transcription factors Sp8 and Sp9 (22).
The AER is a structure formed at limb-bud tips
that plays an essential role in limb growth and
patterning by sending extracellular signals to
underlying tissues (23). In urodele limb regen-
eration, a similar structure, the apical epithelial
cap (AEC), is shown to be necessary for limb
regeneration (1). Although ROCs resemble AER
andAEC transcriptionally (e.g., Sp9,Msx2,Wnt5a),
we were not able to detect their well-known re-
gulators [e.g., Fgf2, Fgf4, Fgf8, and Cx43(Gja1)]
(fig. S10A). Despite this, we hypothesized that
ROCs could play an instructive role during tail
growth by secreting growth factors and extra-
cellular cues in a manner similar to that of the
AER during limb growth, and we aimed to test
this using transplantation assays.
To isolate potential ROCs for grafting, we

investigated where the transcriptional signature
of ROCs is first detected during early embryonic
development. Marker genes of ROCs first appear
at the early tail-bud tip [Nieuwkoop and Faber
(NF) stage 23] and later expand posteriorly along
the midline edge of the epidermis (table S2). We
grafted posterior tail-bud tissues of varying sizes,
which contain ROCs, to the surface of different
regions of trunk of a host embryo (Fig. 5C). All
grafts induced ectopic outgrowth, regardless of
graft size or implantation location. Larger grafts
induced taillike structures, with a corresponding
defect in donor tail growth; whereas smaller
grafts, composed of only skin layers, induced
finlike structures, with only a minor impact on
the donor (Fig. 5C and fig. S11, A and B). In con-
trast, control grafts, in which dissected trunk
skin tissues were transplanted, did not result in
outgrowths and instead were incorporated into
the host trunk (fig. S11C). To further pinpoint the
cell type responsible for the outgrowths, we re-
peated our grafting experiments while simulta-
neously removing ROCs using the NTR/MTZ
system. The ablation of Krt.L-expressing cells in

the donor graft significantly reduced the length
of the ectopic outgrowths (fig. S11, D and E), sug-
gesting that ROCs are involved in the outgrowth
phenomenon, although other cell types may also
contribute.
If these distal growths are induced by the

organizing abilities of the grafted ROCs, we
would expect the transplanted cells to localize to
the tip of the ectopic outgrowths. Indeed, when
we tested this using GFP-labeled donor or host
embryos, we found thatmost of the donor tissues
were located at the tip of the ectopic structures.
Moreover, host cells contributed to the ectopic
structures in all grafts, indicating that ROCs can
stimulate outgrowth of both donor and host cells
(Fig. 5D and fig. S11, F and G). Together, these
results suggest that ROCs act as an instructive
signaling center that induces outgrowth dur-
ing both the development and regeneration of
the tail.

Outlook

Overall, our comprehensive analysis of cell types
in the regenerating Xenopus tail provides a
mechanistic understanding of the initiation and
organization of tail regeneration via the reestab-
lishment of a ROC-signaling center. By acting as
the primary source of major growth factors and
instructive signals, ROCs promote proliferation
of underlying progenitors to regenerate tissue
after amputation (Fig. 6). Our data also suggest
that ROCs are a single cell type that characterizes
the wound epidermis, a structure that is crucial
for regeneration in many contexts (2). Investiga-
tion of other species (e.g., neonatal mouse, sal-
amander) will indicate whether a ROC-based
mechanism is a conserved feature of specialized
wound epidermis formation and appendage
regeneration.
Signatures of the specializedwound epidermis

formation are absent in nonregenerating ani-
mals such as birds, adult mice, and adult frogs.
However, reintroduction of molecules secreted
from the specialized wound epidermis can re-
initiate cell cycle entry to some degree in these
animals (24–26). The discovery of a single cell
type defining the wound epidermis offers a fresh
perspective on cell replacement therapies, sug-
gesting that “organizer grafts”may one day serve
as an alternative to full organ replacement in
regenerative therapies.
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