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ABSTRACT  36 

 37 

Absence of a specialized wound epidermis is hypothesized to block limb regeneration in 38 

higher vertebrates. However, the factors preventing its formation in regeneration-incompetent 39 

animals are poorly understood. To characterize the endogenous molecular and cellular 40 

regulators of specialized wound epidermis formation in Xenopus laevis tadpoles, and the loss 41 

of their regeneration-competency during development, we used single-cell transcriptomics 42 

and ex vivo regenerating limb cultures. Transcriptomic analysis revealed that the specialized 43 

wound epidermis is not a novel cell state, but a re-deployment of the apical-ectodermal-ridge 44 

(AER) program underlying limb development. Enrichment of secreted inhibitory factors, 45 

including Noggin, a morphogen expressed in developing cartilage/bone progenitor cells, are 46 

identified as key inhibitors of AER cell formation in regeneration-incompetent tadpoles. 47 

These factors can be overridden by Fgf10, which operates upstream of Noggin and blocks 48 

chondrogenesis. These results indicate that manipulation of the extracellular environment 49 

and/or chondrogenesis may provide a strategy to restore regeneration potential in higher 50 

vertebrates. 51 

 52 

 53 

 54 

 55 

 56 

 57 

 58 

 59 

 60 

 61 

 62 

 63 

 64 

 65 

 66 

 67 

 68 

 69 



 70 

INTRODUCTION 71 

 72 

Amphibian limb regeneration relies on a specialized wound epidermis (also known as the 73 

apical-epithelial-cap, AEC) that forms on the amputation plane and has been characterized 74 

primarily as a tissue in regenerating salamander limbs (Campbell et al., 2011; Campbell and 75 

Crews, 2008; Knapp et al., 2013, p. 2013; Monaghan et al., 2012; Pearl et al., 2008; Tsai et 76 

al., 2020, 2019). It has been hypothesized that the absence or immature state of this tissue 77 

limits the regeneration potential of higher vertebrates, including mammals (Tassava & Olsen, 78 

1982). The AEC has been suggested to impact underlying tissues by: degrading extracellular 79 

matrix (Kato et al., 2003; Miyazaki et al., 1996; Yang et al., 1999); secreting growth factors 80 

to promote proliferation (Han et al., 2001; Thornton, 1960; Thornton and Thornton, 1965; 81 

Tsai et al., 2020); enabling the self-renewal of underlying progenitor and dedifferentiated 82 

cells, leading to the formation of a proliferative structure called the blastema (Mescher, 1976; 83 

Tassava and Loyd, 1977; Tassava and Mescher, 1975); and providing directionality cues for 84 

growth (Ghosh et al., 2008; Thornton, 1960; Thornton and Thornton, 1965). Some marker 85 

genes associated with AEC (e.g. Fgf8, Fn1) were specifically seen only in the basal layers of 86 

AEC tissue, suggesting there is cellular heterogeneity within the AEC (Christensen and 87 

Tassava, 2000; Tsai et al., 2020; Yokoyama et al., 2000). However, it remains largely unclear 88 

which cell types within AEC tissue are critical for regeneration, which transcriptional and 89 

functional properties are associated with a mature AEC and regeneration, and why the AEC 90 

cannot form or maturate in some instances/species. 91 

 92 

Due to their requirement for proximal-distal outgrowth as well as the similarity in Fgf8 93 

expression patterns, the AEC in regenerating limbs was suggested to be analogous to the 94 

apical-ectodermal-ridge (AER), a tissue that has been well-studied during mouse and chicken 95 

limb development (Beck et al., 2009). However, current results suggest that limb 96 

regeneration-competent salamanders lack a developmental AER (Purushothaman et al., 97 

2019). Moreover, recent findings (including single-cell transcriptomic data) have provided 98 

conflicting results on epidermal Fgf8 expression during axolotl limb regeneration (Gerber et 99 

al., 2018; Han et al., 2001; Leigh et al., 2018; Li et al., 2020; Nacu et al., 2016; Qin et al., 100 

2020; Rodgers et al., 2020; Vincent et al., 2020). Therefore, it is unclear if cells within AEC 101 

tissue use a novel transcriptional programme for regeneration, or whether they re-deploy a 102 

transcriptional programme associated with developmental AER. 103 



 104 

Xenopus laevis is the only commonly used model organism that develops their limbs in a 105 

similar manner to amniotes, has a detectable AER, and shows limb regeneration ability 106 

(Purushothaman et al., 2019). Moreover, tadpoles lose their limb regeneration ability 107 

progressively during development, coinciding with their inability to form a specialized 108 

wound epidermis, although the mechanisms of regeneration incompetence and their 109 

connection to the specialized wound epidermis remain incompletely understood (Christen & 110 

Slack, 1997; Dent, 1962). At the developmental stages prior to the formation of digits, 111 

amputations lead to a complete regeneration of the limb (Niewkoop and Faber, NF 112 

(Nieuwkoop and Faber, 1994) ~52-54, regeneration-competent). As autopod development 113 

proceeds, amputations result in partial regeneration, characterized by missing digits (NF ~55-114 

57, regeneration-restricted). Towards metamorphosis, amputations either cause the growth of 115 

an unpatterned spike-like cartilaginous structure without joints and muscles, or a simple 116 

wound healing response (NF ~58 and beyond, regeneration-incompetent) (Beck et al., 2009; 117 

Dent, 1962). In addition to being stage-dependent, Xenopus limb regeneration competence 118 

depends on amputation position, and is reduced when amputations are performed at more 119 

proximal regions of the limb, where there are more mature chondrogenic and osteogenic cells 120 

(Nye & Cameron, 2005; Wolfe et al., 2000). Likewise amputation through bone results in 121 

reduced regeneration compared to amputations at the joints (Nye & Cameron, 2005; Wolfe et 122 

al., 2000). Nonetheless, it remains unclear what is the association of this stage- and position-123 

dependence with regeneration competency.  124 

 125 

Regeneration-incompetency was suggested to result from changes in mesodermal tissue, and 126 

may involve defects in patterning of the blastema (Sessions and Bryant, 1988; Yokoyama et 127 

al., 2001). In particular, the lack of activating signals (e.g. Fgf10) was proposed to prevent 128 

the formation of a specialized wound epidermis (Yokoyama et al., 2001). However, these 129 

studies were performed at the tissue-level, and it remains unclear which individual cell types 130 

within the tissue are responsible for regeneration-incompetency, whether intrinsic properties 131 

of mesodermal cell types fail to activate upon injury, and if there is a role of inhibitory 132 

secreted factors, rather than a lack of activating factors, in determining regeneration-outcome. 133 

Additionally, exogenous perturbations to major signaling pathways (e.g. BMP (Beck et al., 134 

2006; Pearl et al., 2008), FGF (D’Jamoos et al., 1998), WNT (Yokoyama et al., 2011)) were 135 

shown to inhibit regeneration. However, it is largely unknown how these pathways 136 



endogenously influence cell types and cellular behaviors during regeneration, or how these 137 

different pathways operate in the context of cell-cell interactions mediating regeneration. 138 

Overall, whilst there are numerous tissues and genes implicated in limb regeneration 139 

competency, there is currently no unifying cellular model accounting for these disparate 140 

observations. 141 

 142 

Here, by using single-cell RNA-sequencing (scRNA-seq), we define the cellular framework 143 

of specialized wound epidermis formation during regeneration and its failure to form at later 144 

developmental stages. Then, by using scRNA-seq and ex vivo limb cultures, we revealed the 145 

critical role of secreted inhibitory factors in determining regeneration-competency, and tested 146 

this phenotype by using regeneration associated genes. Together, these findings implicate a 147 

cellular mechanism in which factors secreted during bone/cartilage formation inhibit the 148 

formation of specialized wound epidermis at later developmental stages, compromising 149 

regeneration competency. 150 

 151 

RESULTS  152 

 153 

Single-cell RNA-seq analysis reveals cell type heterogeneity during development and 154 

following amputation of the limb 155 

 156 

To compare differences in AER and AEC, as well as to detail the cellular landscape of 157 

regeneration, we utilized single-cell transcriptomics. To characterize developmental AER and 158 

cellular changes associated with regeneration ability, we first sequenced developing intact 159 

hindlimbs at specific morphologically-defined stages: NF Stage ~52 (limb bud stages), NF 160 

Stage ~54 (autopod forming) and NF Stage ~56 (autopod formed) (Figure 1A). Then, to 161 

evaluate regeneration-associated AEC and the cellular responses to amputations, we profiled 162 

cells from amputated limbs and their contralateral controls. Specifically, we amputated 163 

hindlimbs from presumptive knee/ankle levels for regeneration-competent tadpoles (NF 164 

Stage ~52-53) and ankle level for –restricted (NF Stage ~55-56) and –incompetent tadpoles 165 

(NF Stage ~58-60), and sequenced cells from newly-generated tissues at 5 days post-166 

amputation (dpa) (Figure 1B) when the specialized wound epidermis and blastema are seen 167 

morphologically (Beck et al., 2009). Contralateral developing limb buds or autopods were 168 

sequenced as controls. We did not include a contralateral control at the regeneration-169 



incompetent stage as our dissociation protocol was unable to dissociate bone cells without 170 

compromising other tissues. 171 

 172 

Next, we pooled the single-cell RNA sequencing data derived from at least two replicates for 173 

each condition (Figure S1), and corrected our atlas for cell cycle effects (Figure S2), 174 

yielding a total of 42,348 cells (Materials and Methods; Figures 1C-D; Figure S3-4; 175 

Supplementary Table 1). Following clustering of cells based upon their gene expression 176 

profiles, examination of multiple marker genes (Figure S5) revealed at least 60 distinct 177 

clusters representative of putative cell types (Figures 1C and S3), including known 178 

populations (e.g. AER cells) and potentially new and uncharacterized cell states (e.g. a 179 

Piwil1+ population in the mesenchyme) (Figure 1E). From the cell atlas, we were able to 180 

detect cell cycle differences between cell types, e.g. distal mesenchyme progenitors were 181 

more biased towards G2/M phases compared to proximal mesenchyme progenitors (Figure 182 

S2), as reported in mouse (Boehm et al., 2010). The Xenopus limb cell atlas is accessible 183 

using an interactive platform 184 

( https://marionilab.cruk.cam.ac.uk/XenopusLimbRegeneration/). 185 

 186 

Quantitative features of AER cell formation are associated with regeneration outcome 187 

 188 

We then focused on the specialized wound epidermis, or AEC, that was suggested to be 189 

analogous to the AER. Although both populations were characterized by Fgf8 expression 190 

(Beck et al., 2009), the extent of similarity between these cells was not previously tested 191 

beyond assessing similarity of expression for a small number of markers. Using our single-192 

cell atlas, we compared the transcriptional profiles of cells that belonged to the AER (defined 193 

as Fgf8 expressing epidermal cells during limb development) and the AEC (Fgf8 expressing 194 

epidermal cells in 5 dpa samples). Whilst we did see some quantitative expression differences 195 

between cells related to AEC and AER tissues (Figure S5, S6A, Supplementary Table 2), 196 

they expressed many genes in common and showed a high degree of transcriptional similarity 197 

(Figures 2A-B, S5). Consistent with this, cells related to these tissues were aggregated within 198 

a single Fgf8+ epidermal cluster (Figures 2B-C). Additionally, both during development and 199 

5 days post-amputation, Fgf8+ epidermal cells were mostly detected as a monolayer of 200 

polarized cuboidal basal cells (Figure S7), though multilayers were seen to form in some 201 

instances (Figure S8). This suggests that AEC and AER tissues are not homogenous in their 202 

cellular composition, and that it is only the basal cells that express the key Fgf8+ 203 



transcriptional program. Overall, based on their transcriptomic signature, tissue localization, 204 

and cellular morphology, the Fgf8+ cells that compose the AEC and AER tissues are very 205 

similar. We find that the AEC tissue does not require a novel cell state, but rather a re-206 

deployment of the transcriptional program associated with developmental AER, albeit with a 207 

higher signaling center potential (Figure 2E, S6C-D). Due to their high-degree of similarity 208 

and common expression of developmental AER genes, we named all cells from the identified 209 

Fgf8+ epidermal cluster as AER cells, and referred to specific samples to distinguish between 210 

cells from the regeneration-associated AEC and the developmental AER.  211 

 212 

To test the similarities of cell types composing the specialized wound epidermis in different 213 

regeneration conditions, we compared transcriptomes of cells corresponding to limb and tail 214 

specialized wound epidermis. We found that AER cells (limb specialized wound epidermal 215 

cells) and cells that define the specialized wound epidermis during Xenopus tail regeneration 216 

(regeneration-organizing-cells, ROCs (Aztekin et al., 2019)) showed similar, but non-217 

identical gene expression profiles (Figure S9), emphasizing that the cellular framework of 218 

the specialized wound epidermis is context-dependent and appendage regeneration scenarios 219 

can utilize different cell types.  220 

 221 

Limb amputation is known to result in the formation of Fgf8 expressing AEC at the 222 

amputation plane in regeneration–competent tadpoles, but not in regeneration–incompetent 223 

tadpoles (Christen & Slack, 1997), while AEC formation has not been characterized 224 

previously for regeneration–restricted tadpoles. Using our atlas, we found that, at 5 dpa, 225 

tadpole epidermis contained abundant AER cells in regeneration–competent tadpoles and a 226 

limited number of AER cells in regeneration-restricted tadpoles, while AER cells were 227 

largely absent from regeneration-incompetent tadpoles (Figures 2B-D). In parallel, AER cell 228 

associated ligand expressions were lower or absent in regeneration-incompetent tp63+ 229 

epidermal cells (Figure S6E). In our dataset, we found that different populations express 230 

ligands from different major signalling pathways (FGF, BMP, WNT, DELTA, TGFB) 231 

(Figures S6C). However, only AER cells can express multiple ligands from these gene 232 

families altogether and at a very high level, making them a highly potent signalling centre 233 

(Figures 2E, S6). Although Fgf8 was always expressed in AER cells, the relative expression 234 

of Fgf8 and other ligands varied among conditions (Figure 2E, S6, Supplemental Table 2), 235 

emphasizing that the detection of Fgf8 alone does not discriminate the signaling center 236 

potency of AER cells. Indeed, in addition to the changes in AER cell abundance, we also 237 



detected differentially expressed genes between AER cells from regeneration-competent and 238 

–restricted tadpoles (Figure S6B). These differences suggest that AER cells in regeneration-239 

competent 5 dpa samples may be more “mature” compared to regeneration-restricted ones, 240 

although further work on the functional role of these genes is required. Overall, while the 241 

signaling center potency of AER cells appeared variable, the redeployment of this 242 

developmental cell type with a high signaling center potential had a strong correlation with 243 

regeneration-outcome. 244 

 245 

The presence of AER cells is associated with injury-induced mesenchymal plasticity 246 

 247 

It has been suggested that the AEC enables the self-renewal activity of dedifferentiated cells, 248 

leading to blastema formation (Tassava & Mescher, 1975; Tassava & Loyd, 1977). To 249 

identify signatures of dedifferentiation in our atlas, we first examined the expression of genes 250 

related to dedifferentiation and blastema formation (Gerber et al., 2018; Haas and Whited, 251 

2017; Leigh et al., 2018) (e.g. Sall4, Kazald1). We found that these genes were either already 252 

expressed before amputation or upregulated upon amputation in a subset of fibroblasts 253 

(Figures S10A-B) that were located near the skin and perichondrium (Figure S11). 254 

Likewise, we found that a small fraction of these fibroblasts expressed muscle-related genes 255 

(e.g. Pax3) before and after amputation (Figure S10B). Moreover, independent of 256 

regeneration-outcome, amputation resulted in these fibroblast cells expressing genes related 257 

to distal mesenchyme progenitors (e.g. Grem1, Shh, Msx1, Fgf10) and chondrogenesis (e.g. 258 

Col8a2, Sox9) (Figure S10A). Lastly, amputation not only increased the expression of 259 

known marker genes, but also led to the up-regulation of an entire putative distal 260 

mesenchyme progenitor gene set (Figure S10C), with the magnitude of this up-regulation 261 

being lower in samples having fewer AER cells. Together, we concluded that, upon 262 

amputation, a subset of fibroblasts manifest injury-induced mesenchymal plasticity -  at least 263 

at the transcriptional level - and its extent correlates with AER cell abundance.  264 

 265 

AER cell formation requires activation of multiple signaling pathways 266 

 267 

To investigate the molecular mechanisms that mediate AER cell formation upon amputation, 268 

we developed an ex vivo regenerating limb culture protocol, inspired by previous work 269 

(Cannata et al., 1992) (Figure 3A). By culturing amputated stylopod, or zeugopod and 270 

stylopod from regeneration-competent and regeneration–restricted tadpoles, respectively, we 271 



observed Fgf8 cell formation at the distal part of explants within 3 dpa (Figure 3B). 272 

Regeneration-competent explants also exhibited cone-shaped growth as cells accumulated 273 

uniformly underneath Fgf8 cells, mimicking in vivo regeneration (Figures 3A-B, and S12A-274 

B). Interestingly, the proximal region of explants was also covered with epidermis (Figure 275 

S12A, and S13A), but neither Fgf8 expressing cells nor a uniform cell accumulation 276 

underneath the epidermis was observed (Figures 3A-B, S12B, and S13A). Moreover, the 277 

proximal part of the explant exhibited active chondrogenesis, manifesting in an outwards 278 

growth of cartilaginous tissue (Figures 3A and S12C). This phenotype was particularly 279 

pronounced when explants were harvested from developmental stages in which proximal 280 

tissues were advanced in chondrogenesis (onset of NF Stage 53-54) (Figures 3A and S12D), 281 

and could be further enhanced by addition of BMP4, a known chondrogenesis inducer 282 

(Figure S12E). Hence, the proximal and distal sites of limb explants exhibit different 283 

behaviors: the distal sites recapitulate localized AER cell formation as seen in vivo, while the 284 

proximal site is characterized by active chondrogenesis without AER cell formation. 285 

 286 

In addition to changes associated with regeneration, explants could be used to determine 287 

signaling requirements for specialized wound epidermis formation. Inhibition of FGF, BMP, 288 

and WNT pathways via small molecule inhibitors blocked AER cell formation in explants 289 

(Figure 3C), reinforcing the conclusion that the in vivo AEC effects reported in former 290 

studies are mediated through a direct effect on the limb rather than a systemic effect (Beck et 291 

al., 2006; D’Jamoos et al., 1998; Yokoyama et al., 2011). Moreover, by using the culture 292 

assay, we found that active TGF-β and NOTCH signaling are also required for Xenopus AER 293 

cell formation (Figure 3C). Overall, we concluded that AER cell formation requires the 294 

activity of multiple major signaling pathways, although further work is required to determine 295 

what roles these pathways play and whether they directly or indirectly regulate AER cell 296 

formation. 297 

 298 

AER cells can form without cell division 299 

 300 

Next, we asked how AER cells form on the amputation plane. It has been suggested that 301 

salamander AEC tissue forms by migration of epidermal cells to the amputation plane, and 302 

may not require cell proliferation (Campbell and Crews, 2008; Hay and Fischman, 1961). 303 

Moreover, the mouse AER was previously suggested to be a largely mitotically inactive 304 

tissue (Storer et al., 2013). However, it is not known whether similar mechanisms apply to 305 



AER cells within the specialised wound epidermis, and also to what extent they are seen in 306 

Xenopus. Therefore, we first traced skin tissue located on the edge of explants, and found that 307 

they contributed to the covering of both the distal and proximal sites (Figure S13B). As the 308 

amputation planes are covered by skin tissue from the surrounding area, we reasoned that 309 

AER cells are likely to have originated from skin cells. As amputation eliminates the 310 

majority, if not all, of AER cells in the limb, we hypothesized that AER cells are derived 311 

from remaining skin stem cells. If AER cells are induced through proliferation and 312 

differentiation following amputation, all AER cells should be the product of cell division. To 313 

test this hypothesis, we assayed the level of EdU incorporation (labelling newly synthesized 314 

DNA, hence divided cells) in newly-formed AER cells, using Fgf8 positivity to specifically 315 

identify AER cells within the AEC tissue. We found that only ~40% of AER cells (distal 316 

epidermal Fgf8+) were EdU positive at 3 dpa (Figure S13C), suggesting that most AER cells 317 

are induced independently of cell division following amputation. These results parallel our 318 

transcriptomics-based cell-cycle assessment in which AER cells display low levels of 319 

proliferation (Figure S2D). Using the transcriptomics data, we identified a stepwise 320 

activation of Lgr5.S (a WNT target gene) followed by Fgf8.L expression as a possible gene-321 

expression trajectory that could allow basal epidermal cells to convert directly to AER cells 322 

without cell division (Figure 3D). Consistent with such a process, when visualized in vivo, 323 

we found that Fgf8+/Lgr5+ AER cells were flanked by Lgr5+ cells in the basal epidermis on 324 

the amputation plane or in the developing limb (Figures 3E and S7A-B). Overall, these 325 

results support the hypothesis that basal epidermal cells can acquire AER cell identity 326 

without cell division, although understanding the functional relevance of cell division on 327 

AER cell fate requires further work.  328 

 329 

Loss of regeneration potential is associated with enrichment in inhibitory secreted 330 

factors to AER cell formation 331 

 332 

We then asked why fewer or, respectively, no AER cells form on the amputation plane of 333 

regeneration-restricted or -incompetent tadpoles. Previous studies have proposed that lack of 334 

activating signals in the mesodermal tissue, specifically Fgf10, causes regeneration-335 

incompetency (Yokoyama et al., 2001). However, these results cannot explain why 336 

regeneration is impaired when amputations are conducted through bone or at more proximal 337 

limb regions, nor why the proximal site of limb explants cannot form AER cells. Thus, we 338 

assessed whether Fgf10 can induce Fgf8 expression across the whole epidermis or whether 339 



there are additional requirements for distal epidermal Fgf8 expression, and hence AER cell 340 

formation. 341 

 342 

When we examined the spatial correlation between Fgf10.L expressing mesenchymal cells 343 

and Fgf8.L expressing epithelial cells in regeneration–competent tadpoles, we saw regions in 344 

which Fgf10.L but not Fgf8.L was present (Figure S14A). Second, when adding FGF10 to 345 

regeneration–competent explants, we observed a slight, but not statistically significant, 346 

increase in AER cell formation on the amputation plane (Figure S14B); although this signal 347 

was confined to the distal epidermis and did not include a substantial signal at the proximal 348 

site of explants (Figure S14C), where chondrogenic populations are more abundant. This 349 

suggested that FGF10 alone cannot induce AER formation across the entire epidermis, and 350 

that the presence/absence of further activating/inhibitory signals are involved in AER cell 351 

formation. 352 

  353 

To test whether there are inhibitory factors secreted from regeneration-incompetent tadpole 354 

limbs that block AER cell formation, we took advantage of our ex vivo cultures. First, we co-355 

cultured ex vivo limbs from regeneration-competent and –incompetent tadpoles. Strikingly, 356 

when such cultures were stained against Fgf8 at 3 dpa, we observed that regeneration-357 

competent tadpole limbs failed to form AER cells (Figure 4A). Second, we collected media 358 

from regeneration-incompetent tadpole explants and cultured freshly amputated regeneration-359 

competent explants with this conditioned media. Consistent with the co-culture experiment, 360 

the conditioned media from regeneration-incompetent tadpoles blocked AER cell formation 361 

in regeneration-competent explants (Figure 4B). By contrast, neither co-culturing with 362 

regeneration–competent explants, nor preparing conditioned media from regeneration-363 

competent explants, affected AER cell formation in regeneration–competent explants (Figure 364 

4A-B). Additionally, conditioned media from regeneration–competent explants was unable to 365 

induce AER cell formation in regeneration–incompetent explants (Figure S15A-B), 366 

emphasizing that it is the enrichment of inhibitory secreted factors that is the dominant 367 

process interfering with AER cell formation, rather than a depletion in regeneration-368 

promoting factors. Altogether, these results suggest that secreted inhibitory factors block 369 

AER cell formation in regeneration-incompetent tadpoles, presumably compromising their 370 

regeneration potential. 371 

 372 



To identify the factors responsible for this inhibitory effect, we surveyed our single-cell atlas 373 

for the expression of secreted proteins involved in signaling pathways required for AER cell 374 

formation. We found that that the loss of regeneration potential is associated with an 375 

increased proportion of chondrogenic lineage cells in the mesenchyme (Figure 4C, aligning 376 

with previous tissue-level observations (Dent, 1962)) and that these cells express multiple 377 

inhibitory ligands for BMP and WNT pathways (Figure 4D). As chondrogenic populations 378 

specifically express high levels of Noggin (Figure 4D), a known antagonist of BMP 379 

signaling, we hypothesized that AER cell formation is antagonized by an excess of secreted 380 

Noggin in regeneration-incompetent tadpoles. Indeed, consistent with previous observations 381 

(Pearl et al., 2008), addition of NOGGIN to regeneration-competent ex vivo limbs blocked 382 

AER cell formation (Figure S15C). To test whether endogenous Noggin does indeed act as 383 

one of the inhibitory secreted factors produced following amputation in regeneration-384 

incompetent tadpoles, we blocked NOGGIN in our co-culture and conditioned media 385 

experiments using anti-NOGGIN antibodies (Figure 4A-B). Strikingly, blocking secreted 386 

NOGGIN by antibody addition cancelled the inhibitory activity on AER cell formation in 387 

both co-culture and conditioned media experiments (Figure 4A-B). Based on these 388 

observations, we then explored whether anti-NOGGIN application would improve the in vivo 389 

amputation response. Indeed, when beads loaded with anti-NOGGIN antibodies were 390 

implanted on the amputation plane of regeneration-restricted/incompetent tadpoles, we saw a 391 

mild improvement in the regenerative response (Figure 5A), highlighting that secreted 392 

inhibitors are influencing the regeneration-outcome in vivo.  393 

 394 

As these experiments point towards the chondrogenic lineage as the source of inhibitory 395 

secreted factors, we then asked if limiting chondrogenesis can promote AER cell formation. 396 

To this end, we generated tip explants by culturing distal limb buds (NF Stage ~52) or early 397 

formed autopods (NF Stage ~54) without their proximal segment, where the most advanced 398 

chondrogenesis takes place. Indeed, these tip explants showed ectopic Fgf8 expression at 399 

different sites of the epidermis further suggesting a localized and/or long-range inhibitory 400 

effect of secreted factors from mature chondrogenic cells (Figure S15D). Moreover, the 401 

inability of the proximal explant epidermis to form AER might be explained, at least in part, 402 

by the abundance of chondrogenic cells at the proximal site (Figure 3A-B). Overall, these 403 

results indicate that the loss of AER cell formation ability is associated with an enrichment in 404 

inhibitory secreted factors, including NOGGIN, that are secreted primarily from the 405 

chondrogenic lineage.  406 



 407 

As NOGGIN is known to neutralize secreted BMPs, we then focused on assessing the effect 408 

of the BMP pathway on AER cell formation. Previously, it was demonstrated that, not only 409 

do mouse and chicken AER require active BMP signaling, but also that excess BMP 410 

activation abolishes AER (Pajni-Underwood et al., 2007; Pizette et al., 2000.; Pizette & 411 

Niswander, 1999; Verheyden & Sun, 2008). To test whether manipulation of BMP signaling 412 

can also impact Xenopus AER cell formation in regeneration–competent tadpoles, we 413 

perturbed the BMP pathway. We found that the addition of BMP4 to regeneration–competent 414 

ex vivo cultures blocked AER cell formation (Figure S15C), an effect similar to that reported 415 

in chick and mouse embryos (Pajni-Underwood et al., 2007; Pizette et al., 2000; Pizette and 416 

Niswander, 1999; Verheyden and Sun, 2008). The addition of NOGGIN to regeneration–417 

competent ex vivo cultures blocked AER cell formation (Figure S15C), as reported before in 418 

vivo (Beck et al., 2006; Jones et al., 2013). Moreover, we found that inhibiting NOGGIN 419 

could increase the formation of AER cells (Figure S15C), suggesting endogenous BMP4 420 

levels do not reach a level where AER cell formation is blocked. As BMP4 boosts 421 

chondrogenesis (Figure S12E), which can in turn lead to Noggin expression, these results 422 

suggest that fine tuning of BMP agonist and antagonists levels in the growing limb are key 423 

for AER cell formation.  424 

 425 

FGFR activation negatively regulates progression of chondrogenesis and FGF pathway 426 

operates upstream of NOGGIN for AER cell formation 427 

 428 

As regeneration competency in late stage tadpoles was shown previously to be restored via 429 

exogenous application of FGF10 (Yokoyama et al., 2001), we next sought to evaluate 430 

whether the effect of Fgf10 on regeneration is, at least in part, mediated by its impact on 431 

chondrogenesis and Noggin expression. To test the effect of Fgf10 on chondrogenesis, we 432 

used our ex vivo cultures to monitor the substantial chondrogenesis occurring at the proximal 433 

site of explants. Application of FGF10 beads to the proximal site of ex vivo cultures, or 434 

addition of recombinant FGF10 to their media, significantly decreased chondrogenesis at the 435 

proximal sites in regeneration-restricted explants (Figure 5B). Conversely, blocking FGFR 436 

significantly extended chondrogenesis at the proximal site of explants (Figure 5C-D, Figure 437 

S16). Nonetheless, FGF10 treatment was not sufficient to induce strong Fgf8 expression at 438 

the proximal site of explants (Figure S14C), which we hypothesize could be, at least in part, 439 

attributable to differences in the abundance of proposed antagonist cues. To test this 440 



hypothesis, we treated explants with a combination of FGF10 and anti-NOGGIN antibodies. 441 

Strikingly, this combination not only enhanced AER cell formation at the distal sites, but also 442 

induced ectopic Fgf8.L expression near the proximal sites of explants (Figure 5E-F), further 443 

suggesting that the enrichment of inhibitory secreted factors from the chondrogenic lineage 444 

affect the ability to form AER cells. Lastly, AER cell formation induced by FGF10 addition 445 

was cancelled by the addition of BMP inhibitors (NOGGIN or small molecule inhibitors) 446 

(Figure 5E), suggesting that FGF10 acts upstream of the effect of NOGGIN ex vivo. To 447 

further test this finding in vivo, we asked if the positive effect of FGF10 in regeneration-448 

incompetent tadpoles could be abrogated by simultaneous NOGGIN addition. For this, we 449 

inserted beads co-loaded with FGF10 and NOGGIN to the amputation plane of regeneration-450 

restricted/incompetent tadpoles and found this significantly decreased the positive effect of 451 

FGF10-only beads (Figure 5G). These results further emphasise that FGF10 operates 452 

upstream of NOGGIN, and hence that secreted inhibitors play a dominant role in determining 453 

regeneration-outcome.  454 

 455 

DISCUSSION  456 

 457 

Limb regeneration and its requirement for a mature specialized wound epidermis (the AEC) 458 

is a well-established phenomenon with extensive tissue and gene level investigations. Here, 459 

moving beyond tissue-level descriptions, we reveal cell types and transcriptional states 460 

mediating Xenopus limb regeneration and AEC tissue by using single-cell transcriptomics 461 

and ex vivo regenerating limb cultures. Transcriptome and morphological assessment indicate 462 

that the transcriptional programmes and cells defining AEC and AER tissues are largely the 463 

same, differing only in the magnitude of their signaling center potential. Hence, AEC does 464 

not seem to involve a novel transcriptional programme specific for regeneration-competent 465 

species, but rather the activation of a programme that is highly reminiscent of developmental 466 

AER, at least in Xenopus. Moreover, by identifying transcriptomic and morphological 467 

differences between the specialized wound epidermis of an amputated tail and limb, we 468 

demonstrated that, at the cellular level, appendage-regeneration is context-dependent and 469 

warrants caution for cross-paradigm comparisons. Indeed, it is likely that other regeneration-470 

paradigms may use different cell types and transcriptional programmes for their specialised 471 

wound epidermis (e.g. zebrafish fin AEC does not express Fgf8 (Shibata et al., 2016)). 472 

Nonetheless, amniotes, including humans, have a developmental AER (Kelley and Fallon, 473 

1976). Therefore, our results suggest that mammals have the transcriptional program to 474 



orchestrate limb regeneration, but fail to redeploy the AER cell transcriptional program upon 475 

injury. These results prompted us to characterize regulators of AER cell formation. 476 

 477 

Recent research has focused on the intrinsic properties of mesodermal tissue and its ability to 478 

induce specialized wound epidermis (via Fgf10 expression), supported by the observation 479 

that transplantation of mesoderm tissue from regeneration-incompetent limbs prevents 480 

regeneration in -competent Xenopus limbs (Sessions and Bryant, 1988; Yokoyama et al., 481 

2000). However, this approach is not able to discriminate whether cells are intrinsically 482 

incompetent or whether secreted factors cause this effect, as both would be transferred at the 483 

same time (as well as the numerous caveats associated with tissue transplantation). Moreover, 484 

this hypothesis does not explain why FGF10 is insufficient to induce AER cells across the 485 

entire epidermis, nor why regeneration outcomes are significantly correlated with the extent 486 

of ossification at the amputation plane (Dent, 1962; Nye and Cameron, 2005; Wolfe et al., 487 

2000). Inspired by our scRNA-seq data, we sought to determine whether other secreted 488 

factors could also be contributing to regeneration incompetency. To our knowledge, there is 489 

no practical way to obtain secreted factors from -incompetent tadpoles and transfer them to -490 

competent animals in vivo. Therefore, we established ex vivo cultures that faithfully 491 

recapitulated in vivo regeneration to test this critical hypothesis. We identified AER cells in 492 

the ex vivo limbs using spatially resolved and quantitative measurement of epidermal Fgf8 493 

via HCR (Choi et al., 2018). Our scRNA-seq data demonstrated that high epithelial Fgf8 494 

expression is a unique late-stage marker in the establishment of AER cell identity (Figure 495 

3D), and therefore Fgf8 positivity in our experimental setup corresponds with high precision 496 

to the AER cell type. By using our explant systems and conducting co-culture and 497 

conditioned media experiments, both of which would be inaccessible in vivo, we found that 498 

secreted inhibitory factors in regeneration-incompetent tadpoles negatively impact AER cell 499 

formation.  500 

 501 

To further explore this observation, we surveyed our scRNA-seq data and saw that a number 502 

of putative inhibitors (e.g. Noggin) were enriched in chondrogenic cell types, suggesting that 503 

factors secreted from the chondrogenic lineage may prevent AER cell formation. To test this 504 

hypothesis, we perturbed two genes previously associated with regeneration: Noggin (Beck et 505 

al., 2006; Pearl et al., 2008) and Fgf10 (Yokoyama et al., 2001). Previous analysis of these 506 

genes was limited to the study of exogenous perturbations and their effect on regeneration 507 

outcome, without providing a model involving their endogenous function and their 508 



interaction. For example, although Noggin overexpression was shown to block regeneration, 509 

we show here for the first time that secreted factors in regeneration-incompetent tadpoles 510 

block AER cell formation and that endogenous Noggin is one of the factors causing this 511 

effect. Similarly, although FGF10 was shown to restore regeneration competency, it was not 512 

known that FGF10 activity operates upstream of chondrogenesis and NOGGIN to influence 513 

regeneration-outcome. Altogether, in this work we have systematically assessed which cell 514 

types express Fgf10 and Noggin, how they act on cell types to impact regeneration, and how 515 

they operate within our proposed cellular mechanism.  516 

 517 

We then tested our model in vivo and found that indeed removal of secreted inhibitors (e.g. 518 

NOGGIN), or blocking the source of secreted inhibitors (chondrogenic progression via 519 

FGF10 application) could improve the regeneration-outcome in regeneration defective stages. 520 

Moreover, we demonstrated that NOGGIN attenuates the positive effect of FGF10 521 

application, further highlighting the downstream role played by the secreted inhibitors. 522 

Overall, these results align with previous transplantation experiments showing that mesoderm 523 

from regeneration-incompetent limbs is inhibitory to regeneration (Sessions and Bryant, 524 

1988; Yokoyama et al., 2001, 2000). However, in contrast to previous interpretations, we 525 

suggest that an important contributor to this phenomenon is the enrichment of chondrogenic 526 

cell abundance within the mesoderm tissue which express inhibitory secreted factors.  527 

 528 

We further showed that by manipulating NOGGIN and FGF10 levels we could improve 529 

amputation-outcomes in regeneration-restricted/incompetent tadpoles. We see that anti-530 

NOGGIN beads have a mild effect compared to FGF10 beads (Figure 5A and 5G), which 531 

may suggest that there are other inhibitors secreted from the chondrogenic lineage (e.g. 532 

Chrdl1, Frzb) that must also be eliminated to ensure robust regeneration. However, the mild 533 

effect of anti-NOGGIN may also be due to technical problems with the perturbation (e.g. 534 

limited duration and/or diffusivity of antibody delivery), and that a more complete inhibition 535 

of NOGGIN function would further improve the amputation-outcome.   536 

 537 

It is well established that a salamander blastema will only form in a location distal to the 538 

amputation plane, a phenomenon termed as the rule of distal transformation (Butler, 1955; 539 

Nacu and Tanaka, 2011; Stocum, 1981). In our explants, we also detect that only distal sites 540 

started to form a blastema (Figure 3A), aligning with the rule of distal transformation. 541 

Interestingly, by manipulating NOGGIN and FGF10, we also could observe AER cell 542 



formation at the proximal sites of explants (Figure 5F). However, it remains unclear if these 543 

proximal AER cells can enable the formation of a proximal blastema. Further work is 544 

required to investigate the relation between the rule of distal transformation and AER cells. 545 

 546 

Benefiting from the stage-dependent regeneration-competency in Xenopus, our scRNA-seq 547 

datasets can discriminate true regeneration responses from injury responses. The majority of 548 

limb regeneration associated genes are derived from salamanders, where an injury control is 549 

not necessarily available (as these animals can always regenerate their limbs). We found that 550 

many genes associated with salamander limb regeneration (e.g. Dpt, Prdx2) (Gerber et al., 551 

2018; Haas and Whited, 2017; Leigh et al., 2018) are upregulated upon injury in a subset of 552 

fibroblasts, regardless of regeneration competency. In a different context, recent single-cell 553 

analysis of mouse digit tip amputations suggests that, independent of the regeneration-554 

outcome, some fibroblast populations express blastema-associated genes (e.g. Prickle1, 555 

Fbn2, Lrrc17) (Storer et al., 2020). We also see these genes upregulated upon injury in a 556 

subset of fibroblasts, but again this response is not specific to regeneration. These results 557 

suggest that there may be a conserved response to injury for mesenchymal cells in 558 

amphibians and mammals, and may be reflecting early suggestions by Tassava et al., that an 559 

injury can induce morphologically assigned “dedifferentiation” that fails to establish a 560 

blastema without a specialized wound epidermis (Tassava and Loyd, 1977; Tassava and 561 

Mescher, 1975). Indeed, we observed lower levels of some regeneration-associated distal 562 

mesenchyme genes (e.g. Shh) in the subset of fibroblasts when there are no AER cells 563 

(Figure S10), correlating with regeneration-competency. Nonetheless, our results are 564 

insufficient to determine: (1) whether the fibroblast cells progressively become intrinsically 565 

incompetent to fully dedifferentiate or (2), without signals from signaling center potent AER 566 

cells, they fail to fully dedifferentiate. Moreover, although a subset of fibroblasts can express 567 

genes from multiple lineages, the functional consequences of this gain of transcriptional 568 

multipotency and how it resolves during varying stages of regeneration-competency remain 569 

unclear. Further work on injury-induced mesenchymal plasticity, its interaction with AER 570 

cells, and cross-species comparison on this topic will be required. Nevertheless, these results 571 

underscore that caution is needed when interpreting experiments involving injury (e.g. 572 

transplantation), as well as the concern that previously implied “regeneration-genes” may be 573 

injury response genes.  574 

 575 



Overall, we propose a new cellular model of regeneration incompetency, in which 576 

chondrogenesis associated secreted factors inhibit AER cell formation. Although it remains 577 

unclear if chondrogenesis itself directly inhibits limb regeneration, there are multiple 578 

observations from our work and others that support this hypothesis (Dent, 1962; Nye and 579 

Cameron, 2005; Wolfe et al., 2000). Our model suggests new avenues for cross-species 580 

studies aiming to decipher limb development and regeneration, and can explain why Xenopus 581 

limb amputations at proximal versus distal sites exhibit different regeneration outcomes, 582 

since proximal sites are associated with more advanced stages of chondrogenesis (Dent, 583 

1962; Nye and Cameron, 2005; Wolfe et al., 2000).  Furthermore, the pace of chondrogenesis 584 

may have an association with limb regeneration ability across species, such that terrestrial 585 

warm-blooded animals may have a more robust and fast-paced chondrogenesis program 586 

compared to regeneration-competent aquatic cold blooded animals. Indeed, limb 587 

regeneration-incompetent species such as chicken or mouse have a faster limb 588 

chondrogenesis program during their development compared to regeneration-competent 589 

axolotl and Xenopus. Additionally, although a side-by-side comparative study would be 590 

required, mice bone fractures were documented to heal faster compared to axolotl bone 591 

fractures (Hutchison et al., 2007; Vortkamp et al., 1998). It is well-established that 592 

chondrogenic programs are heavily influenced by BMP pathway activity. The ratio of BMP 593 

agonist/antagonist (e.g. BMP4/NOGGIN) during development, injury, or upon limb 594 

amputation may be different between limb regeneration-competent and -incompetent 595 

animals. This difference may also be connected to observed Noggin phenotypes across 596 

species. Specifically, adding exogenous Noggin results in extended AER maintenance in 597 

chicken (Pizette & Niswander, 1999) and mouse (Wang et al., 2004), whilst it abolishes AER 598 

in Xenopus (Jones et al., 2013). Targeted comparative studies on these topics will be subject 599 

of future work.  600 

 601 

It remains unclear how our identified cellular mechanisms are associated with robust 602 

regenerative abilities of some salamanders. Based on current results, regeneration-competent 603 

axolotls are suggested to not have a developmental AER (Purushothaman et al., 2019), but 604 

can form AEC. Meanwhile AER associated FGFs are expressed in axolotl mesenchyme 605 

(Purushothaman et al., 2019). Hence, it is tempting to speculate that limb regeneration-606 

competent salamanders could withstand inhibitory secreted factors because of the location 607 

and, potentially, higher absolute amount of AER cell signals in mesenchymal rather than 608 

epidermal cells. Additionally, in contrast to axolotl limb regeneration, where a more 609 



homogenous mesenchymal transcriptional response was suggested (Gerber et al., 2018), we 610 

identified only a subset of fibroblast populations can gain transcriptional multipotency and 611 

express genes associated with blastema. Whether these differences between species result in 612 

more robust regenerative abilities requires further work.  613 

 614 

Finally, in this work we have identified a cellular mechanism governing regeneration-615 

incompetency in in developing tadpoles, although it remains unclear whether similar 616 

principles apply in adult frogs with a more definite limb. Manipulation of chondrogenic 617 

programs in adult frogs and other regeneration–incompetent species may lead to novel 618 

approaches to promote limb regeneration, albeit with additional barriers to regeneration (e.g. 619 

scarring and more complex immune responses) that may have to be overcome. Altogether, 620 

our work suggests a new cellular model of limb regeneration (Figure 6), which unites 621 

disparate tissue and gene level findings in the field, and suggests that modulation of secreted 622 

factors impacting on epidermal populations has the potential to unlock the ability to regrow 623 

lost limbs in non-regenerative higher vertebrates. 624 

 625 

MATERIALS AND METHODS 626 

 627 

Tadpole generation and husbandry.  628 

Tadpoles were generated and staged as previously described (Aztekin et al., 2019). After NF 629 

Stage 45, tadpoles were fed once or twice a day with filamentous blue-green algae (ZM 630 

spirulina powder) suspended in water. Wild-type Xenopus laevis were used for experiments 631 

unless otherwise stated. Tadpoles classified as regeneration-competent were NF Stage 52-53, 632 

regeneration-restricted were NF 55-56, and regeneration-incompetent were NF Stage 58-60. 633 

Animal experiments were approved by the University Biomedical Services at the University 634 

of Cambridge and complied with UK Home Office guidelines (Animal Act 1986). 635 

 636 

Single-cell dissociation, library preparation and sequencing.  637 

For developmental samples, tadpoles were killed, and samples were collected at the 638 

aforementioned stages. For amputation/regeneration samples, tadpoles were anaesthetized by 639 

incubating them with 0.1X MMR 0.002% MS222 (A0377876, Acros Organics), placed on a 640 

wet towel and the right hindlimbs were amputated at the presumptive knee/ankle level for 641 

regeneration-competent tadpoles, and at the ankle level for –restricted or –incompetent 642 

tadpoles. Afterwards, the tadpoles were returned to fresh water. At 5 days post amputation 643 



(dpa), tadpoles were killed and the newly generated tissues on the amputation plane were 644 

collected. Contralateral control samples were also collected from these tadpoles, and intact 645 

limb buds or autopods including ankle were collected. For each scRNA-Seq experiment, 646 

tissues were collected from a total of 8-10 tadpoles to reduce variance caused by staging 647 

differences. Dissociations were performed on a pool of 4 limbs in an Eppendorf tube with the 648 

following protocol. First the samples were washed with Ca-Mg free 1X MBS ((Barth-HEPES 649 

Saline) 10X stock: 88 mM NaCl, 1 mM KCl, 2,4 mM NaHCO3, 0.82mM MgSO4.7H2O, 650 

0.33mM Ca(NO3)2.4H2O, 0.41 mM Cacl2.6H2O, 10 mM HEPES. Add ∼3 mL of 10N 651 

NaOH to obtain a pH of 7.4 to 7.6). Samples were then incubated with 1X Trypsin (Sigma, 652 

59427C) in Ca-Mg free 1X MBS with 0.5 μM EDTA for 10 minutes at room-temperature 653 

(RT) on a bench-top shaker at a speed of 300 rpm. Trypsin reaction was diluted with Ca-Mg 654 

free 1X MBS after 10 minutes. Physical dispersion was applied (10-15 times up-down 655 

trituration with a pipette) to samples before, half way, and at the end of trypsinisation. Cells 656 

were spun down at 250 g for 5 minutes, the supernatant was taken out, and cells were then 657 

resuspended in 1X Ca-Mg free 1X MBS. Cells were passed through a 35 μm diameter cell 658 

strainer then stained with 20 μM Hoechst 33342 (Sigma, 2261) in 1X Ca-Mg free MBS for 659 

10-15 minutes, and Hoechst positive cells were sorted using a Sony SH800s Cell Sorter. 660 

scRNA-seq libraries were generated using 10X Genomics (v3 chemistry) and sequenced in 661 

pools of 2 samples per lane on an Illumina Novaseq 6000 SP flow cell, with the following 662 

parameters: 28 bp - read 1; 8 bp - i7 index; and 91 bp - read 2, as per standard 10X Genomics 663 

recommendations. 664 

 665 

scRNA-seq: data processing.  666 

Output files from 10X Genomics were processed using CellRanger v3.0.2, with  sequences 667 

mapped to the Xenopus laevis 9.1 genome (Xenbase, 668 

ftp://ftp.xenbase.org/pub/Genomics/JGI/Xenla9.1/Xla.v91.repeatMasked.fa.gz and 669 

ftp://ftp.xenbase.org/pub/Genomics/JGI/Xenla9.1/1.8.3.2/XL_9.1_v1.8.3.2.allTranscripts.gff670 

3.gz). Raw counts were normalized by cell library size, and then converted to TPX 671 

(transcripts per 104). Cell calling was performed using CellRanger with default parameters. 672 

We further filtered the data according to library size, discarding cells with a total UMI count 673 

in the lowest quartile. We note that the main cell types and transcriptional changes remained 674 

unchanged if we omitted this cell-filtering step, although the clustering and visualization 675 

appears less robust (Figure S4).  676 



 677 

scRNA-seq: feature selection.  678 

Highly variable genes (HVGs) were selected for clustering and visualization as described 679 

previously (Aztekin et al., 2019) (Fano factor > 65th percentile, mean expression > 5th 680 

percentile and mean expression < 80th percentile). Our initial analysis revealed that 681 

visualization and clustering was strongly influenced by cell cycle state (Figure S2). To 682 

further refine the set of HVGs, we performed factor analysis with the aim of removing genes 683 

significantly associated with the cell cycle. Specifically, non-negative matrix factorization 684 

was performed on the cosine normalized, log2-transformed normalized counts matrix, using k 685 

= 30 components (R package nnlm). Factors were manually annotated according to their 686 

expression on the UMAP projection, and by inspection of the highest gene loadings for each 687 

factor; 2 factors corresponded to the cell cycle. To minimize the effect of the cell cycle 688 

signature on projection/clustering, we identified genes associated with these cell cycle factors 689 

(top 10% gene loadings for each factor) and removed these from the set of HVGs. 690 

 691 

scRNA-seq: visualization and clustering.  692 

Data were projected onto two dimensions using the UMAP algorithm (Becht et al., 2019), 693 

with log2-transformed HVGs, cosine distance as a similarity measure, and parameters k = 15, 694 

min_dist = 0.2. Clustering was performed as described previously (Aztekin et al., 2019). 695 

Briefly, we constructed a graph using the UMAP function fuzzy_simplicial_set with k = 10 696 

nearest-neighbors, and then performed graphical clustering using the walktrap algorithm 697 

(cluster_walktrap from R package igraph, with steps = 10).  698 

 699 

scRNA-seq:  gene set enrichment and cell cycle analysis.  700 

Single cell gene set enrichment scores were calculated with the AUCell R package (Aibar et 701 

al., 2017), using HVGs as the background gene set. Cell cycle phase was inferred using 702 

CellCycleScoring  (R package Seurat) (Butler et al., 2018).  703 

 704 

scRNA-seq: annotation of cell-types.  705 

Cell type annotation was performed by manually comparing cluster-specific gene expression 706 

patterns (computed using findMarkers in R package scran (Lun et al., 2016)) with known cell 707 

type markers from the literature. Many clusters could be assigned to a well-characterized, 708 

functional cell type (e.g. Satellite cell). Other clusters could not be unambiguously identified, 709 

but were assigned a broad label together with a numeric identifier (e.g. Blood 1). Finally, a 710 



few clusters remain unannotated (e.g. Unknown 1). Dotplots of key marker genes of each cell 711 

type are provided in Figure S5. 712 

 713 

scRNA-seq: gene expression visualization.  714 

Gene expression in individual cells is visualized on the UMAP projection with points colored 715 

according to expression level (log10-transformed). Gene expression across groups of cells 716 

(e.g. for different clusters, or for different stage tadpoles) is shown using dotplots colored by 717 

mean expression (log10-transformed, normalized to group with maximal expression). We can 718 

detect alleles from both the Large (Gene.L) or Short (Gene.S) chromosomes present in the 719 

pseudotetraploid Xenopus laevis genome. In some figures, we report expression from both 720 

the large and short allele; in others, we report whichever allele has higher expression for 721 

brevity. Differentially expressed genes were identified using the findMarkers function (using 722 

default parameters, and comparing cells from different conditions); results were then 723 

visualized as volcano plots. 724 

 725 

Regeneration assay and bead experiments.  726 

Affi-gel blue gel beads (Bio-rad, 1537301) were incubated with the following proteins 727 

overnight at 4 degrees: 2-3 μg Rabbit-IGG isotype control antibody (ab37415); 2-3 μg anti-728 

NOGGIN antibody (ab16054); 0.1% BSA; 1 μg recombinant human FGF10 (R&D, 345-FG) 729 

in 1-2 μl 0.1% BSA; 1-1.5 μg recombinant human FGF10 (R&D, 345-FG) and 2.5-4 μg 730 

recombinant human NOGGIN (R&D, 6057-NG) in 3-4 μl 0.1% BSA. Tadpoles were 731 

anaesthetized with 0.002% MS222, placed on a wet towel, and both right and left hindlimbs 732 

were amputated from ankle level in either –restricted or –incompetent tadpoles. 3-4 beads 733 

were placed on the amputation plane of the right hindlimb. Left hindlimbs served as an 734 

internal control for the experiments. Please note that pushing the bead deep in the tissues at 735 

the amputation site was avoided as much as possible, and beads were gently positioned 736 

instead. Tadpoles were monitored on a wet towel for 3-5 minutes then tadpoles that kept the 737 

beads were placed in fresh water. Tadpoles were killed in between 18-21 dpa to assess the 738 

regeneration outcome. The difference in the number of digits or digit-like structures between 739 

the right to the left limb was quantified for each tadpole.  740 

 741 

Whole-mount mRNA visualization, hybridization chain reaction (HCR), with or 742 

without combination of immunofluorescence or histology  743 

HCR on whole limb or tail samples 744 



HCR was applied as described before (Choi et al., 2018) with modifications, and materials 745 

for HCR were purchased from Molecular Instruments Inc unless otherwise stated. Limb and 746 

tail samples were fixed with 4% formaldehyde in 1X PBS for 40-60 minutes, permeabilized 747 

in 70% ethanol in 1X PBS for 2-4 hours, washed briefly with 1X PBS and collected in 748 

Eppendorf tubes. These procedures were carried out on a rotator at RT. The supernatant was 749 

taken out, 500 μl wash solution (Molecular Instruments Inc.) was added, and samples were 750 

rotated at RT for 5 minutes. The supernatant was taken out and replaced by 400-500 μl 751 

hybridization buffer (Molecular Instruments Inc.) for a 30 minutes incubation at 37 degrees. 752 

In parallel, the probe solution was prepared by diluting mRNAs targeting probes to 30-40 nM 753 

in 200 μl hybridization buffer and incubated for 30 min at 37 degrees. The hybridization 754 

buffer from samples were taken out and probe solution was placed on samples for a 12-16 755 

hours incubation at 37 degrees. Subsequently, the samples were washed 2 x 20 minutes with 756 

wash buffer, and 2x30 minutes with 5x SSC-T at RT. To visualize probes, amplification 757 

solution was prepared by first heating to 95 degrees for 90 seconds the fluorophore attached 758 

hairpins pairs (h1 and h2 hairpins) that matches to the probes. Hairpins were then left in dark 759 

at RT for 30 minutes. Afterwards, final amplification solution was prepared at 40-60 nM h1 760 

and h2 in 200 μl amplification buffer. Afterwards, samples were first incubated in 761 

amplification buffer without hairpins for 10 minutes, then placed in final amplification 762 

solution at room temperature, protected from light, for 12-16 hours on a rotator. Samples 763 

were washed with 2x20 min SSC-T. Samples were then put in 1X PBS. 764 

 765 

Whole-mount HCR samples imaging: For stereomicroscope or confocal imaging of whole 766 

samples, the samples were mounted in 0.6%-0.8% ultra-low gelling temperature agar (Sigma, 767 

A5030) in 1X PBS.  768 

Sectioning of samples after HCR: 769 

In the subsequent step of the protocol, the samples were protected from light to preserve the 770 

HCR signal. The samples were incubated in 15% sucrose in 1X PBS at RT for 1 hour, then 771 

30% sucrose in 1X PBS at 4 degrees overnight. Samples were then placed in O.C.T. solution 772 

and incubated at -80 overnight. Samples were cryosectioned to 5 μm thickness, stained with 773 

20 μM Hoechst (Sigma, 2261) in 1X PBS at RT for 10 minutes and imaged. 774 

 775 

Immunostaining 776 

After sectioning of HCR stained limb, the samples were processed for immunostaining. 777 



Samples were blocked with 50% Cas-Block (Invitrogen, 008120) in 1X PBS-T (1X PBS + 778 

0.1 Tween-100) and incubated for 30 minutes in room temperature without rotating. Samples 779 

were then incubated with antibodies (listed below) at 4 degrees overnight without rotating. 780 

Samples were washed with PBS-T for 2x10 minutes, blocked by 50% Cas-Block in 1X PBS-781 

T for 30 minutes, and incubated with secondary antibodies (listed below) for 1 hour, all these 782 

steps were carried out at RT without rotating. Samples were washed with 1X PBS-T for 2x10 783 

minutes and 2x20 minutes 1X PBS at RT without rotating. After antibody staining, samples 784 

were stained with Hoechst and washed with 1x5 min 1X PBS at RT without rotating. 785 

Samples were mounted in 80% Glycerol in 1X PBS with a coverslip and imaged. 786 

 787 

Tail whole-mount HCR staining can be combined with whole-mount immunofluorescence by 788 

following the above immunofluorescence protocol except that the mounting of whole-tails 789 

were done in ultra- low gelling temperature agar for imaging. 790 

 791 

HCR probes and Hairpins: Probes for Fgf8.L, Dpt.L, Htra3.L, Prrx1.L and Sp9.L were 792 

purchased from Molecular Instruments Inc.. Probes were designed against the full-length 793 

Xenopus Lgr5.S, Msx1.L, and Fgf10.L mRNA sequence as described by (Choi et al., 2014). 794 

HCR Hairpins were purchased from Molecular Instruments Inc.  795 

 796 

Primary antibodies, and working dilutions: TP63 [4A4] (Abcam, ab735, 1:200), B-797 

CATENIN (Abcam, ab6302, 1:2000), E-CADHERIN (5D3, DSHB, 1:10), ITGB1 (8C8, 798 

DSHB, 1:10), anti-EGFP (Abcam, ab13970, 1:500). 799 

Secondary antibodies: goat anti-chicken IgY (H+L) secondary antibody, Alexa Fluor 488 800 

(Invitrogen, A11039, 1:500), goat anti-mouse IgG (H+L) cross-adsorbed ReadyProbes 801 

secondary antibody, Alexa Fluor 594 (Invitrogen, R37121, 1:500). goat anti-mouse IgG 802 

(H+L) cross-adsorbed ReadyProbes secondary antibody, Alexa Fluor 488 (Invitrogen, 803 

R37120, 1:500). 804 

Leica SP8 upright confocal microscope with a 40x/1.3 HC PL Apo CS2 Oil objective was 805 

used for all confocal images except for Figure S9B&C images which were taken with Leica 806 

SP8 inverted confocal microscope with a 20x/0.75 HC PL Apo CS2 Multi. LAS X was used 807 

for setting tiled images, and 20% overlap between tiles were used. Limb whole-mount HCR 808 

images were taken via a Leica stereomicroscope equipped with a DFC7000 T camera. Fiji 809 



was used for maximum projection of z-stacks and to adjust contrast to highlight biological 810 

relevance. If needed, images were cropped, flipped, and/or rotated to highlight biological 811 

relevance.  812 

Histological staining can be done on top of cryosectioned HCR samples. Briefly, samples 813 

were stained with hematoxylin and eosin according to manufacturer`s protocol (Abcam, 814 

ab245880), afterwards samples were stained for Alcian Blue (Sigma, B8438) according to 815 

manufacturer`s protocol. Histology images were taken on a Zeiss AxioImager compound 816 

microscope. 817 

 818 

Ex vivo limb culture method to assess AER cell formation and proximal chondrogenesis 819 

Limbs were first amputated from presumptive knee/ankle level for – competent and ankle 820 

level for –restricted or –incompetent tadpoles. The distal parts of these amputated explants 821 

were then removed and the remaining proximal segment was placed in 1000, 500, 200 μl 822 

explant media (L-15 (Thermo, 11415064) 1X Antibiotic-Antimycotic (Thermo, 15240062), 823 

20% Fetal Bovine Serum Superior (Sigma, S0615)) in 12, 24, or 96-well plates, respectively. 824 

Explants were cultured for 3 days without changing the media. After 3 days, to quantify AER 825 

cell formation the explants were fixed and proceeded to HCR protocol; to quantify proximal 826 

chondrogenesis the explants were fixed with 4% formaldehyde, mounted in 0.6% Low-Melt 827 

agar, and directly imaged via Stereomicroscopy. Explants emit autofluorescence. Though the 828 

abundant HCR signal can be seen despite the autofluorescence, to discriminate the HCR 829 

signal from autofluorescence in finer detail, sample images were taken in red and green 830 

channel separately with the same exposure and gain settings, and then merged in Fiji. In 831 

merged images, the background signal due to autofluorescence was visualized as yellow and 832 

the HCR signal was either red or green. As AER cells were largely detected as a monolayer 833 

population, AER cell formation was calculated by measuring the length of the Fgf8.L signal 834 

on the amputation plane using Fiji segmented line option. The proximal chondrogenesis can 835 

be visually distinguished, and to determine the chondrogenesis length, chondrogenic structure 836 

length from top to bottom was also measured using Fiji. Samples where a clear 837 

chondrogenesis was not visible were omitted from further analysis. These images were taken 838 

in brightfield imaging and measurements were done in Fiji. 839 

 840 

For drug and recombinant protein treatments, the explants were placed in culture media 841 

containing the following small molecules concentration or recombinant protein amounts, 842 



unless otherwise stated: 100 μM ICRT3 (Sigma, SML0211), 100 μM SU-5402 (Sigma, 843 

SML0443), 50 μM SB-505124 (Sigma, S4696), 100 μM DAPT (Sigma, D5942), 2.5 μM 844 

LDN-193189 (Stemgent, 04‐0074), 500 ng human recombinant FGF10 (R&D, 345-FG), 1.25 845 

μg human recombinant NOGGIN (R&D 6057-NG), and 500 ng human recombinant BMP4 846 

(R&D, 314-BP). Drugs were prepared in DMSO, and recombinant proteins were prepared in 847 

0.1% BSA. Small molecule experiments were conducted in 24-well plate. Recombinant 848 

protein experiments were done in 96-well plate. Max 5-6 explants were placed in 24-well 849 

plates. 1 explant was put in one well of 96-well plate for recombinant protein treatments. In 850 

all chemical and recombinant protein perturbation experiments, one limb of the same animal 851 

was subjected to the perturbation, and the contralateral limb served as a control. These 852 

control explants were exposed to solution containing matching DMSO or BSA concentration 853 

in 1X PBS for chemical or recombinant protein perturbations, respectively. Perturbation and 854 

control samples were pooled separately at the end of experiments and proceeded with 855 

staining.  856 

 857 

EdU Labelling. 858 

Ex vivo limbs were cultured with 10 μM EdU (Thermo, C10337) for 3 days in dark foiled 859 

cover. Afterwards, samples were fixed, and Fgf8.L mRNA was stained using the HCR 860 

protocol, followed by cryosectionning, as described above. Sections were subjected to Click-861 

It reaction as described in manufacturer`s protocol (Thermo, C10337). Hoechst was added at 862 

the end of the protocol. Samples were visualized by confocal microscopy as described above. 863 

(1) Fgf8.L positive cells, and (2) EdU positive and Fgf8.L positive cells on the amputation 864 

plane were manually counted, and the percentage of EdU positive Fgf8.L positive cells were 865 

calculated for each sample. 866 

 867 

Bead experiment for proximal chondrogenesis.  868 

Beads were prepared as described above. Explants from –restricted tadpoles were harvested 869 

as described above and beads were implanted on the proximal site of explants. At 3 dpa, 870 

explants that did not contain bead at their proximal site anymore (presumably due to 871 

repelling) were omitted from further analysis. At 3 dpa, samples were imaged without 872 

fixation and the extent of chondrogenesis was measured by Fiji.  873 

 874 

DiO Labelling.  875 



DiO (DiO'; DiOC18(3) (3,3'Dioctadecyloxacarbocyanine Perchlorate), Thermo, 876 

D275) was prepared by dipping a tip in the DiO containing powder tube, and placing the tip 877 

in a 10 μl 100% ethanol containing Eppendorf. A glass needle tip was then dipped in the 878 

diluted DiO solution and harvested ex vivo limbs were labelled on a wet towel. These cultures 879 

were placed in ex vivo culture media and explants were imaged every day with a 880 

stereomicroscope.  881 

 882 

Ex vivo limb co-culture, and conditioned media experiments.  883 

For co-culture experiments, one -competent and one –incompetent limb explants were 884 

incubated together in 200 μl explant media in a well of 96-well plate. For antibody 885 

experiments, one limb of each animal served as a control and was incubated with 1 μg 886 

Rabbit-IGG isotype control antibody (ab37415) while the contralateral limb was incubated 887 

with 1 μg anti-NOGGIN antibody (ab16054). Antibodies and media were only added at the 888 

beginning of the cultures and were not replaced during the experiment.  889 

 890 

For conditioned media experiments, conditioned media supplying and receiving explants 891 

were prepared separately. Supplying explants were prepared one day before harvesting 892 

receiving explants and incubated in 200 μl explant media in a well of 96-well plate. After one 893 

day, media from the supplying explant was collected and used to culture the newly harvested 894 

receiving explant, and a fresh media was added for supplying explant. This change of media 895 

procedure was repeated for 3 days. For antibody experiments, supplying explant media was 896 

collected and pre-incubated with 1 μg antibodies for 25-30 minutes at RT on a rotator, then 897 

the pre-incubated media was placed on the receiving explants. 898 

 899 

Replicate information and statistical tests.  900 

Sample sizes were not pre-determined in any experimental setup. In this work, biological 901 

replicates refer to samples obtained from multiple animal batches and to experiments carried 902 

out on different days. In all experiments, the number of independent tadpole limbs assayed is 903 

recorded and denoted by n in the text and figure legends. In all experiments, wild-type 904 

tadpoles were used from tanks that contain multiple batches (tadpoles raised from different 905 

father and/or mother). In all explant perturbation experiments, samples were compared to 906 

their contralateral controls, and a Mann Whitney U test was used to determine statistical 907 

significance. For regeneration and bead experiments, a t-test was used. To assess the 908 

significance of proximal Fgf8 expression in explants (Figure 5f), Fisher’s exact test was used.  909 



 910 

Data and code availability.  911 

Code is available at https://github.com/MarioniLab/XenopusLimbRegeneration2020. 912 

Sequencing data, together with processed counts matrices, are available on ArrayExpress 913 

with the accession number E-MTAB-9104. We provide an interactive online tool to explore 914 

our dataset  https://marionilab.cruk.cam.ac.uk/XenopusLimbRegeneration/ 915 
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 951 

 952 

Figure 1. Single-cell transcriptomics reveals cellular heterogeneity in developing and 953 

amputated Xenopus limbs at different stages of regeneration competence. 954 

a, Schematic describing Xenopus limb regeneration at different NF Stages. NF Stage ~52-54 955 

tadpoles are regeneration-competent and amputations result in regeneration of a full limb. 956 

Regeneration-ability begins to decline at NF Stage ~54. Tadpoles are regeneration-restricted 957 

at NF ~Stage 56, where 2-3 digits can be regenerated. Beyond NF Stage ~58, tadpoles are 958 

regeneration-incompetent and amputations result in simple wound healing or unpatterned 959 

spike formation. Green boxes indicate the samples collected for scRNA-seq, taken at stages 960 

prior to, at the onset of, and after the loss of regeneration ability. b, Schematic describing 5 961 

days post amputation (dpa) samples for regeneration-competent, -restricted, and –962 

incompetent tadpoles. Green boxes show the samples collected for scRNA-seq. c, An atlas of 963 

cell types in intact and amputated limbs. Samples from each condition are processed 964 

separately for sequencing, and are then pooled together for UMAP visualization and 965 

clustering. Each dot corresponds to a single cell, colors indicate cluster identity, text labels 966 

important tissue/cell types. See Figure S3 for full annotation. d, Comparisons can be made 967 

between conditions to highlight transcriptional changes associated with regeneration; here NF 968 

Stage 52 amputated limbs (lower) are compared to their contralateral control samples (upper). 969 

Red dots denote cells in the selected sample; grey dots denote cells in all samples. e, 970 

Diversity of mesenchymal cell types detected in our dataset (upper), together with putative 971 

gene expression programs identified using unbiased factor analysis (lower). 972 

 973 



Figure 2. Formation of a signalling centre comprising apical-ectodermal-ridge (AER) 974 

cells is associated with the successful regeneration. 975 

a, Multiple basal epidermal cell states are detected, including AER cells, in the pooled 976 

dataset. b, UMAP visualization of basal epidermis reveals that re-establishment of AER cells 977 

is associated with successful regeneration. Red dots denote cells in the selected sample; grey 978 

dots denote cells in all samples. c, (Left) UMAP visualization of pooled data for AER cells 979 

expressing Fgf8.L. (Right) Stereomicroscope images of the 5 dpa amputation plane of 980 

regeneration-competent, -restricted, and –incompetent tadpoles. Fgf8.L (red) expressing AER 981 

cells are formed in regeneration-competent and –restricted tadpoles, but not in regeneration–982 

incompetent tadpoles. Scale bar = 250 μm.  d, Abundance of basal epidermal cell types 983 

across conditions reveals a correlation between AER abundance and regeneration outcome. 984 

AER cells are present in intact regeneration–competent samples, and are enriched after 985 

amputation. A similar pattern is seen in regeneration-restricted samples, although abundances 986 

of AER cells are reduced. Very few AER cells are detected in regeneration–incompetent 987 

tadpoles. e, Dot plot showing expression of selected ligands for AER cells during 988 

development and at 5 dpa in regeneration-competent, and -restricted samples. Dot color 989 

indicates mean expression; dot size represents the percentage of cells with non-zero 990 

expression.  991 

 992 

Figure 3. Ex vivo regenerating limbs demonstrate that AER cell formation requires 993 

activation of multiple pathways and can form from basal epidermal cells. 994 

a, (Left) Schematic for ex vivo regeneration limb culture. (Right) Time-lapse images of a 995 

regeneration–competent explant. The explant grows a cone shape at its distal site reminiscent 996 

of in vivo regeneration (green arrow), whilst the proximal site shows chondrogenesis (blue 997 

arrow). Scale= 200 μm. b, Example image of a regeneration–competent explant at 3 days 998 

post-culture. Distal site of explants is Fgf8.L positive (red arrow), and proximal site is Fgf8.L 999 

negative (purple arrow). Red, Fgf8.L mRNA. Scale= 200 μm. c, Drug screen to test 1000 

regulators of AER cell formation. (Top) Schematics describing the screen. One limb of a 1001 

tadpole was used for perturbation and the contralateral limb from the same tadpole was used 1002 

as a control. Samples were treated with the indicated drugs for 3 days post-culture, and then 1003 

stained for Fgf8.L mRNA. The extent of Fgf8.L expression along the amputation plane was 1004 

measured. Sample sizes: ICRT3 total n≥9 from 3 biological replicates; SU5402 total n≥9 1005 

from 2 biological replicates; LDN193189 total n=8 from 3 biological replicates; SB431542 1006 

total n= 8 from 2 biological replicates; DAPT total n=7 from 3 biological replicates. P*< 1007 



0.05, and P**< 0.001. d, Factor analysis identifies a putative gene expression trajectory from 1008 

basal epidermal cells to AER cells, predicting sequential activation of Lgr5.S followed by 1009 

Fgf8.L. e, A proximal-to-distal gradient of Lgr5.S and Fgf8.L is observed in vivo, with Fgf8.L 1010 

being restricted to the most distal regions of the midline epidermis. Black dots represent HCR 1011 

mRNA signal. Scale = 20 μm.  1012 

 1013 

Figure 4. Inhibitory factors, such as Noggin, are secreted from chondrogenic 1014 

populations at regeneration incompetent stages, and block AER cell formation. 1015 

a, (Top) Schematic describing co-culture experiments. (Mid) Co-culturing (CC) regeneration-1016 

competent and –incompetent explants decrease the extent of Fgf8.L expression at the 1017 

amputation plane at 3 dpa. (Bottom) This effect can be rescued by adding anti-NOGGIN 1018 

antibody. Regeneration-competent and –competent CC: total n=26, from 4 biological 1019 

replicates; regeneration-competent and –incompetent CC: total=15, from 4 biological 1020 

replicates; competent and –incompetent CC and anti-IGG antibody: total n=10, from 3 1021 

biological replicates; competent and –incompetent CC and anti-NOGGIN antibody: total 1022 

n=10, from 3 biological replicates. P*< 0.05, and P**< 0.001. b, (Top) Schematic describing 1023 

conditioned media experiments to test the effect of secreted factors in regeneration-1024 

incompetent tadpole limbs. (Mid) Supplying conditioned media (CM) from regeneration-1025 

incompetent tadpoles to regeneration-competent explants decreases the extent of Fgf8.L 1026 

expression at the amputation plane at 3 dpa. (Bottom) This effect can be rescued by adding 1027 

anti-NOGGIN antibody. Regeneration-competent CM to –competent explants: total n=8, 1028 

from 3 biological replicates; regeneration-incompetent CM to –competent explants: total n=7, 1029 

from 3 biological replicates; regeneration-incompetent CM to –competent explants and anti-1030 

IGG antibody: total n=10, from 3 biological replicates; -incompetent CM and anti-NOGGIN 1031 

antibody to –competent explants: total n=10, from 3 biological replicates. P*< 0.05, and 1032 

P**< 0.001. c, Abundance of mesenchymal populations across conditions reveals an 1033 

enrichment of chondrogenic populations at regeneration-restricted and -incompetent stages, 1034 

in both intact and amputated limbs. d, Multiple BMP/WNT antagonists are expressed 1035 

specifically in chondrogenic populations. Note that this dotplot is generated using the pooled 1036 

dataset, with late-stages tadpoles having an enrichment in chondrogenic and fibroblast 1037 

populations but not immature mesenchymal cell types, as shown in Figure 4c. 1038 

 1039 

Figure 5. FGF10 impacts chondrogenesis and operates upstream of NOGGIN.  1040 



a, Anti-NOGGIN antibody application to distal amputations improve regeneration in –1041 

restricted and –incompetent tadpoles. –Restricted and –incompetent tadpole right and left 1042 

hindlimbs were amputated and beads containing anti-IGG antibody or anti-NOGGIN 1043 

antibody were placed on the right hindlimbs. Formed digits and digit-like structures were 1044 

quantified in the right and left hindlimbs and the difference calculated. Anti-IGG antibody 1045 

total n=17 from 3 biological replicates; Anti-NOGGIN antibody total n=28 from 4 biological 1046 

replicates. b, The effect of FGF10 on chondrogenesis is assessed by measuring the 1047 

chondrogenic outgrowth at the proximal sites of -restricted explants at 3 dpa. Implanting 1048 

0.1% BSA/PBS beads to the proximal site or supplying 0.1% BSA/PBS to the media had no 1049 

significant effect on chondrogenesis while implanting Fgf10 beads to the proximal site or 1050 

supplying FGF10 in media reduced chondrogenesis. Contralateral limbs were used as control 1051 

and labelled as empty. From left to right, empty and PBS beads total n ≥7, from at least 2 1052 

biological replicates; empty and FGF10 bead total n ≥ 14, from at least 4 biological 1053 

replicates; empty and 0.1% BSA/PBS in media total n=10 from 3 biological replicates; empty 1054 

and FGF10 in media ≥ n=14 from at least 3 biological replicates. ns = not significant, P*< 1055 

0.05, and P**< 0.001. c, (Left) Example images of SU5402 treated explant showing 1056 

extensive chondrogenesis at the proximal site. (Right) Blocking FGFR via small molecule 1057 

inhibitor SU5402 extends chondrogenesis in 3 days for –competent and –restricted explants. 1058 

Contralateral limbs were used as control and treated with DMSO. DMSO total n= 29, from 7 1059 

biological replicates, and SU5402 total n=25 from 7 biological replicates. P**< 0.001. d, 1060 

Example sectioned histology images for 3 dpa explants treated with SU5402. The outgrowing 1061 

structure are alcian blue rich indicative of chondrogenic cells. e, Regeneration-competent 1062 

explants were treated with combination of FGF10 and recombinant BMP4, or recombinant 1063 

NOGGIN, or LDN193189, or anti-NOGGIN antibody. 0.1% BSA/PBS and anti-IGG 1064 

antibody were used as controls. From left to right, BSA: total n=8 from 2 biological 1065 

replicates; recombinant FGF10 and recombinant BMP4: total n=8 from 2 biological 1066 

replicates; DMSO and BSA: total n=8 from 2 biological replicates; FGF10 and LDN total 1067 

n=8 from 2 biological replicates; BSA and anti-IGG antibody: total n= 12 from 3 biological 1068 

replicates; FGF10 and anti-NOGGIN antibody: total n=10 from 3 biological replicates; BSA: 1069 

total n=8 from 2 biological replicates; recombinant FGF10 and recombinant NOGGIN: total 1070 

n= 8 from 2 biological replicates. P*< 0.05, and P**< 0.001. f, Example whole-mount 1071 

stereomicroscope image of rFGF10 and anti-NOGGIN antibody treated explants can show a 1072 

substantial Fgf8.L expression at different sites of the explant (n=5/9 from 2 biological 1073 

replicates, compared to n=0/121 in controls, P < 0.0001). Scale, 200 μm. g, Recombinant 1074 



FGF10 application to distal amputations restore regeneration in –restricted and –incompetent 1075 

tadpoles. –Restricted and –incompetent tadpole right and left hindlimbs were amputated and 1076 

beads containing 0.1% BSA/PBS or recombinant FGF10 or recombinant FGF10 and 1077 

NOGGIN were placed on the right hindlimbs. Formed digits and digit-like structures were 1078 

quantified in the right and left hindlimbs and the difference calculated. Empty total n=19 1079 

from 2 biological replicates; 0.1%/PBS bead total n=17 from 5 biological replicates; 1080 

recombinant FGF10 bead total n=25 from 5 biological replicates; recombinant FGF10 and 1081 

NOGGIN bead total n=25 from 4 biological replicates. ns = not significant, P**< 0.001.  1082 

 1083 

Figure 6. Secreted inhibitory factors associated with chondrogenic progression block 1084 

AER cell formation.  1085 

Secreted factors such as WNTs and BMPs support AER cell formation at the amputation 1086 

plane. During development, chondrogenesis leads to the accumulation of secreted inhibitory 1087 

factors including NOGGIN, which results in failure to establish AER cells 1088 

(Fgf8.L+/Lgr5.S+). FGF10 can suppress chondrogenesis. Amputations, independent of the 1089 

regeneration outcome, induce injury-induced mesenchymal transcriptional plasticity. 1090 

 1091 
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