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Foxm1 regulates neural progenitor fate during
spinal cord regeneration
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Abstract

Xenopus tadpoles have the ability to regenerate their tails upon
amputation. Although some of the molecular and cellular
mechanisms that globally regulate tail regeneration have been
characterised, tissue-specific response to injury remains poorly
understood. Using a combination of bulk and single-cell RNA
sequencing on isolated spinal cords before and after amputation,
we identify a number of genes specifically expressed in the
spinal cord during regeneration. We show that Foxm1, a tran-
scription factor known to promote proliferation, is essential for
spinal cord regeneration. Surprisingly, Foxm1 does not control
the cell cycle length of neural progenitors but regulates their
fate after division. In foxm1−/− tadpoles, we observe a reduction
in the number of neurons in the regenerating spinal cord,
suggesting that neuronal differentiation is necessary for the
regenerative process. Altogether, our data uncover a spinal cord-
specific response to injury and reveal a new role for neuronal
differentiation during regeneration.
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Introduction

Mammals have limited tissue regeneration capabilities, particu-

larly in the case of the central nervous system. Spinal cord inju-

ries (SCIs) are often irreversible and lead to the loss of motor

and sensory function below the site of the damage (McDonald &

Sadowsky, 2002). In contrast, amphibians such as Xenopus (X.)

tadpoles have far greater regenerative abilities as they can regen-

erate a fully functional tail following amputation, including their

spinal cord (Deuchar, 1975; Love et al, 2011; Kakebeen et al,

2020). The injured spinal cord is sealed within a day by the

formation of the neural ampulla, and lineage tracing has revealed

that the spinal cord regenerates from its original stump (Gargioli

& Slack, 2004; Slack et al, 2008). A hallmark of spinal cord

regeneration is the re-activation of Sox2/3+ neural progenitor cells

(NPCs) to induce both regrowth of the spinal cord and the gener-

ation of new neurons (Mu~noz et al, 2015). In axolotl, the spinal

cord regrows from extensive proliferation of NPCs located in the

“source zone” adjacent to the site of amputation (Mchedlishvili

et al, 2007; Rost et al, 2016). This increase in proliferation is

tightly regulated as progenitors switch from a neurogenic to a

proliferative division. A key factor driving that switch is the

planar cell polarity (PCP) pathway which is re-activated in the

spinal cord following amputation (Rodrigo Albors et al, 2015).

However, how the balance between self-renewal proliferation and

differentiation is controlled during regeneration is currently not

well understood.

During development, the switch from a proliferative to a

neurogenic division depends at least in part on changes in the

relative length of the different phases of the cell cycle (Cheffer

et al, 2013; Hardwick & Philpott, 2014). We therefore took an

unbiased approach to identify cell cycle regulators expressed

specifically during X. tropicalis spinal cord regeneration by RNA-

seq. This led to the identification of Foxm1, a transcription

factor known to promote G2/M transition, as a potential key

transcription factor for spinal cord regeneration. Foxm1−/−

X. tropicalis tadpoles develop normally but their ability to regen-

erate their spinal cords is impaired. Using single-cell (sc)RNA-

seq and immunolabelling experiments, we show that foxm1+

cells in the regenerating spinal cord undergo a transient but

dramatic change in the relative proportions of cells in different

phases of the cell cycle, suggesting a change in their ability to

differentiate. Surprisingly, Foxm1 does not regulate the rate of

progenitor proliferation or the length of the cell cycle but is

required for neuronal differentiation leading to successful spinal

cord regeneration.
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Results

Foxm1 is specifically expressed in the regenerating spinal cord

We compared the transcriptome of isolated spinal cords at 1 day

post-amputation (1 dpa) and 3 dpa to spinal cords from intact tails

(0 dpa, Fig 1A). Principal component plot, dendrogram of sample-

to-sample distances and MA plot of the log2 fold change (FC) of

expression in relation to the average count confirmed the quality of

the data (Fig EV1A–D). Between 0 dpa and 1 dpa, 2447 differen-

tially expressed (DE) transcripts (|log2(FC)|> 1 and FDR < 0.01)

were identified (1,125 down- and 1,322 upregulated). Between

0 dpa and 3 dpa, 5,383 genes are differentially expressed (2,746

down- and 2,637 upregulated, Fig EV1E, Dataset EV1).

To identify the most enriched biological processes by gene ontol-

ogy (GO), a non-biased hierarchical clustering for all DE genes was

performed (Fig 1B). We observed three phases: first an increase in

expression of genes involved in metabolic processes (cluster I), then

a strong upregulation of genes associated with cell cycle regulation

(clusters II and III) and finally, a downregulation of expression of

genes involved in nervous system development (clusters IV and V,

Fig 1B).

Using Ingenuity Pathway Analysis (IPA), we identified potential

upstream regulators that could explain changes in expression of

downstream target genes, with Foxm1 showing the highest signifi-

cance at 3 dpa (Fig 1C). Using published RNA-seq of tail regenera-

tion in X. tropicalis (Chang et al, 2017), we compared changes in

expression of known Foxm1 target genes between 0 and 3 dpa in

whole tail (WT_d0d3), 0 and 1 dpa (SC_d0d1) and 0 and 3 dpa

(SC_d0d3) in spinal cord. Foxm1 and its transcriptional targets are

significantly upregulated only in the spinal cord at 3 dpa, but not in

the whole tail (Fig 1D).

We wanted to confirm the expression of foxm1 during regenera-

tion by in situ hybridisation (ISH) and RT–qPCR. ISH shows that

foxm1 is not expressed in the spinal cord at 0 and 1 dpa but is

restricted to the regenerating spinal cord at 3 dpa (Fig 1E). The

whole-mount ISH was then sectioned to confirm that foxm1 is

expressed specifically in the regenerating spinal cord (Fig 1E). We

then performed RT–qPCR for foxm1 over a period of 7 days, and its

expression peaks at 3 dpa and decreases back to baseline levels at

7 dpa (Fig 1F).

We next wanted to identify the upstream signal(s) regulating

its expression. As foxm1 expression starts at 3 dpa, it is not a

direct response to the injury. We tested whether signalling path-

ways required for tail regeneration promote foxm1 expression at

3 dpa. A sustained increase of reactive oxygen species (ROS) in

the tail is required for its regeneration (Love et al, 2013). ROS

levels were decreased following amputation using DPI, an inhi-

bitor of the NADPH oxidases (NOX). In NF50 tadpoles treated

with DPI from 36hpa until 72hpa, foxm1 expression decreases by

69% (P = 0.032) compared to DMSO controls (Fig EV1F and G).

ROS are upstream of different signalling pathways, including FGF

(Lin & Slack, 2008; Love et al, 2013). Furthermore, Sonic hedge-

hog (Shh) signalling is also required for tail regeneration (Beck

et al, 2003; Hamilton et al, 2021) and induces Foxm1 expression

in the developing cerebellar granule neuron precursors (Sch€uller

et al, 2007). However, foxm1 expression is not affected by treat-

ing amputated tails treated with an FGF receptor kinase inhibitor

(SU5402, Fig EV1H) or a Shh signalling inhibitor (cyclopamine,

Fig EV1I).

Foxm1 is required for spinal cord regeneration

To test the role of Foxm1 during regeneration, we designed a guide

RNA (gRNA) targeted at bases 129–152 downstream of the ATG to

knock down and knock out foxm1 expression using CRISPR/Cas9

(Fig EV2A). The efficacy of the gRNA was assessed by restriction

fragment length polymorphism analysis (RFLP). Co-injection of the

gRNA with cas9 mRNA did not lead to the destruction of the NcoI

site but co-injection with 0.6 and 1.5 ng of Cas9 protein leads to

NcoI-resistant PCR products in a dose-dependent fashion (Fig

EV2B). Sequencing of individual clones revealed that indels occur in

50–90% of the foxm1 locus. We have identified four frameshift

mutations that were germline transmitted and F0 frogs with these

mutations were backcrossed with wild types to establish foxm1+/−

lines used to generate foxm1−/− tadpoles (Fig EV2C and D). We then

confirmed these mutations lead to a decrease in foxm1 expression

by RT–qPCR, with homozygotes mutants displaying an 80% reduc-

tion in foxm1 expression compared to wild type (P < 0.0001, Fig

EV2E).

We then analysed the ability of NF40 tadpoles to regenerate

their spinal cord depending on their genotype (Fig 2A and B).

▸Figure 1. Analysis of differentially expressed genes during spinal cord regeneration.

A Twenty spinal cords of NF50 tadpoles were isolated at 0, 1 and 3 days post-amputation (dpa) and pooled for RNA sequencing.
B Genes with a |log2(FC)|> 1 and P-adj< 0.01 were used for hierarchical clustering. For each cluster, the gene list was uploaded on Fidea (http://circe.med.uniroma1.it/

fidea/) (D’Andrea et al, 2013). The five most significant enrichment of GO (biological processes) terms are shown, and the −log10(P_value) with Bonferroni correction
is shown.

C The dataset was uploaded on the Ingenuity Pathway Analysis software (Qiagen). Genes with a |log2(FC)|> 1 and P_adj < 0.01 were considered. The software identified
upstream regulators based on the changes in expression levels of known downstream targets. Each upstream regulator is attributed a z-score, corresponding to the
negative log of the P-value derived from the Fisher’s exact test.

D Changes in the expression of foxm1 and known downstream targets in the whole tail comparing day 0 and day 3 (WT_d0d3) and in the spinal cord comparing day 0
and day 1 (SC_d0d1) and day 0 and day 3 (SC_d0d3). The whole tail dataset was obtained from (Chang et al, 2017).

E Tadpoles at NF50 were amputated, fixed at the indicated time and then processed for whole-mount in situ hybridisation using a probe specific for foxm1. The two
last panels show transverse section in the non-regenerating spinal cord (nr) and the regenerate (r) at 3dpa. The red circle highlights the spinal cord and the asterisk
the notochord.

F Total RNA was isolated from regenerating tails at indicated timepoints post-amputation, reverse-transcribed into cDNA and analysed for foxm1 expression by qPCR,
using ef1α as a reference gene. The graph represents the mean � SD of three independent experiments. One-way ANOVA with Dunnett’s multiple comparison test
was used. *P = 0.0149.
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About 40% of the tails were removed and the ratio of regenera-

tion was determined between 0 to 3 and 0 to 7 dpa by dividing

the length of the regenerate by the length of the amputated tail.

No differences were observed for 0 to 3 dpa, but for 0 to 7 dpa

the rate of regeneration was on average 35% lower (P < 0.0001)

compared to controls (Fig 2B). Interestingly, foxm1+/− tadpoles

have an intermediate phenotype (reduction of 17%, P = 0.0055),

suggesting a dose-dependent effect of foxm1 expression on

appendage regeneration. The same effect was observed in F0

mosaic tadpoles at NF50, suggesting that the impairment in

spinal cord regeneration is not stage or mutation specific

(Fig EV2F–H).
Could the impaired regeneration be caused by defective prolif-

eration? To determine the rate of proliferation in the regenerating

spinal cord, wt and foxm1−/− tadpoles were injected with EdU at

3 dpa, followed by a 2-day chase (Fig 2C–E). As expected, we

observed a higher proportion of EdU+ cells in the regenerate than

in the non-regenerating spinal cord (~45 and ~20%, respectively).

However, no difference in the proportion of EdU+ cells between

wt and foxm1−/− was observed, suggesting that Foxm1 does not

affect the overall length of cell cycle. To confirm these data, we

measured the absolute length of the cell cycle by Dual-Pulse S-

phase Labelling (DPSL; Thuret et al, 2015). We first established

the growth fraction by quantifying the proportion of cycling

progenitors in the regenerating spinal cord (PCNA+ Sox3+) in wt

and mutant tadpoles. In both cases, around 95% of Sox3+ cells

are also PCNA+ (Appendix Fig S1A and B). To establish the abso-

lute length of the cell cycle at 3 dpa, the tadpoles were injected

first with EdU, then 3 h later with BrdU and fixed 3 h later (Fig 2

F). The total length of the cell cycle (Tc) was about 50 h both in

wild type and in foxm1−/− tadpoles, confirming that Foxm1 does

not regulate the overall length of the cell cycle during spinal cord

regeneration (Fig 2G and H).

As it has been shown that knocking down foxm1 expression

decreases the proliferation of neuronal progenitors during primary

neurogenesis in X. laevis (Ueno et al, 2008), we tested whether

this was also the case in X. tropicalis (Appendix Fig S2). Embryos

at 1-cell stage were injected either with morpholino control

(MOC) or with morpholino targeted to the exon3–intron3

(MOe3i3) and intron3–exon 4 (MOi3e4) splice sites of the foxm1

mRNA (MOF1). In parallel, we also analysed embryos injected

with Cas9/gRNA against foxm1 (Crispr F1) or Cas9 alone (Crispr

C). We first analysed the ability of the morpholino and gRNA/

Cas9 to reduce foxm1 expression by RT–qPCR when injected at

the one-cell stage (solid bars) or in one cell of a 2-cell stage

embryo (hatch bars Appendix Fig S2A). Injection of MOF1 at 1-

cell stage leads to a reduction of ~70% of foxm1 expression

(~40% when injected in 1 cell at 2-cell stage), whilst injection of

Crispr F1 causes a reduction of about 55% (and ~30% when

injected in 1 cell at 2-cell stage, Appendix Fig S2A). We then

injected 1 cell at the 2-cell stage with MOC, MOF1, Crispr F1 or

Crispr C together with a rhodamine-DEXTRAN as a tracer

(Appendix Fig S2B). Embryos were fixed at NF13 and stained for

phospho-Histone H3 (pH3). Quantification of pH3 cells in the

neural plate shows no difference between injected and non-

injected sides in all conditions, suggesting that Foxm1 does not

promote proliferation during primary neurogenesis in Xenopus

tropicalis (Appendix Fig S2C).

Organisation of the Xenopus spinal cord at stage NF50

To understand the role of Foxm1 during spinal cord regeneration,

we wanted to characterise this cell population at the molecular level

using single-cell RNA sequencing (scRNA-seq). As the cellular

organisation of the Xenopus spinal cord is not well described, we

first used the 10X Genomics platform to sequence 2908 cells from

uninjured spinal cord (Fig EV3A–C). Twelve clusters were identified

comprising the different cell types expected in the spinal cord: roof

and floor plate (bmp4 and shh, respectively), dorsal (lmx1a/zic5),

intermediate (pax6, vit) and ventral (nkx2.2, nkx6.2) progenitors,

neurons (tubb3, snap25), oligodendrocytes (mpz, prx) and oligo-

dendrocyte progenitor cells (OPCs; sox2, olig1). Two clusters corre-

spond to cells present in spinal ganglia: dorsal root ganglia (wif1

and twist1) and Schwann cells (sox10). Finally, we observed a small

population of inflammatory (csf1r, alox5), vascular and endothelial

(fli1, cav1) cells that may be spinal cord resident cells or a contami-

nation from the dissection. However, no mesodermal or skin

contamination was identified (Fig EV3B and C).

▸Figure 2. Foxm1 is required for spinal cord regeneration but does not regulate the length of the cell cycle.

A NF40 tadpoles with the following genotypes foxm1−/− (mut), foxm1+/− (het) and foxm1+/+ (wt) were amputated and left to regenerate for 7 days. The images show
representative tails at 3 and 7 dpa. The white arrowheads indicate the amputation site.

B Quantification of the rate of regeneration. The ratio of the length of the tail regenerate at 3 and 7 dpa was compared to the length of the tail originally amputated at
0 dpa. The graph represents the mean � SD of five independent experiments from three different clutches with at least five tadpoles in each experiment.

C Experimental setup for EdU labelling, foxm1 knockout and wt tadpoles were amputated and left to regenerate for 3 days. Tadpoles were then injected with EdU and
2 days later the tails were fixed, sectioned and stained for EdU and DAPI.

D Representative images of EdU (red) and DAPI (blue) staining at 5 dpa.
E The graph represents the mean � SD of EdU+ cells over the total number of cells in the spinal cord of 5–12 tadpoles. Each data point represents a tadpole, with an

average of 9 sections analysed per animal.
F Experimental setup for Dual-Pulse S-phase Labelling: NF50 tadpoles at 3 dpa were injected with EdU, and 3 h later, the same tadpoles were injected with BrdU. Six

hours after the first injection, the tails were fixed, sectioned and labelled for Sox3, Edu, BrdU and DAPI.
G Representative images of EdU (green), BrdU (magenta), Sox3 (white) and DAPI (blue) staining at 3 dpa.
H Quantification of images in (G). The graph represents the mean � SD of 6 tadpoles with an average of 13 sections per tadpole analysed.

Data information: Two-way ANOVA with Tukey’s post hoc tests was used for B and E and an unpaired t-test for H. ns: non-significant, **P < 0.01 and ****P < 0.001.
Scale bar is 500 µm in A and 25 µm in D and G.
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Characterisation of foxm1+ cells during regeneration

We then analysed the changes in the transcriptome during regenera-

tion by combining both 0 dpa and 3 dpa scRNA-seq datasets (Figs 3

and EV4A and B). We noticed that whilst the different cell types

were clustering together, there was a clear shift between cells from

0 and 3 dpa possibly due to a batch effect (Fig EV4A, left panel). To

correct for this technical bias, we assessed the two widely used algo-

rithms for batch correction, Harmony and Seurat, using the k-

nearest-neighbour batch-effect test (kBET) (Butler et al, 2018;

B€uttner et al, 2019; Korsunsky et al, 2019). Whilst both algorithms

improve acceptance rate compared to the non-corrected data, Seurat

outperformed Harmony at all subsampling rates (Fig EV4B). After

batch correction, most cells from 0 and 3 dpa aligned in the same

space on a UMAP representation with the exception of two areas

(Figs EV4A and 3A) corresponding to lep+ neurons (snap25+ Fig 3B

and C) and foxm1+ve progenitors (sox2+ Fig 3D and E).

We next assigned a cell type identity for each cluster based on

the most significant differentially expressed genes (Dataset EV2,

Fig 3F and G). The same clusters as 0 dpa were identified with the

addition of the two 3 dpa-specific clusters (lep+ and foxm1+ clus-

ters). We then performed pseudo-time analysis at both timepoints to

explore the origin of foxm1+ cells (Fig EV4C–E, Trapnell et al,

2014). Unsupervised pseudo-time using the Monocle algorithm

places the root on progenitor clusters (Fig EV4C) with one branch

terminating with differentiated neurons. However, a 3 dpa-specific

branch was identified with foxm1+ cells clustering at the end of this

branch (Fig EV4D and E).

To characterise the foxm1+ cells, we identified DE genes between

the foxm1+ cluster and the rest of progenitors (sox2+, Fig 3H). The

list of the 20 top DE genes ranked by false discovery rate (FDR)

shows that the majority are upregulated and many are linked to the

cell cycle (ccna2, pcna, cdk2, Fig 3I)). We then identified the GO

terms that were significantly over-represented with PANTHER and

used Revigo to generate a plot representation (Fig 3J). Whilst some

GO terms are associated with development, neurogenesis and

signalling, the majority of the GO terms identified are linked to cell

cycle dynamics.

Cell cycle dynamics during regeneration

The result of our GO analysis led us to analyse changes in cell cycle

dynamics between 0 and 3 dpa (Fig 4). We first used computational

inference of cell cycle state on our scRNA-seq dataset (Fig 4A and B,

Aztekin et al, 2019). Whilst clusters representing neurons are

mainly in G1/G0 both at 0 and at 3 dpa, this proportion decreases in

differentiating neurons and progenitor clusters have the highest

proportion of cells in G2/M and S phases. The small number of cells

in G2, M and S phases in neuronal clusters is probably due to some

sox2+ cells present in these clusters (Fig 3D). Interestingly, more

than 50% of the cells in the foxm1+ cluster appeared to be in S

phase.

To confirm these changes in cell cycle dynamics, we performed

PCNA staining on sections at 0, 3 and 5 dpa (Fig 4C–E). The

percentage of PCNA+ cells in the spinal cord increases sharply at

3 dpa when compared to 0 dpa (from 18 to 68%) and remains high

until 5 dpa (88%; Fig 4D). To estimate the proportion of cells in dif-

ferent phases of the cell cycle, we used the fact that PCNA expres-

sion is punctate in S phase and diffuse in G1/G2 phase (Celis et al,

1986; Rottach et al, 2008) and the chromatin is condensed in M

phase (Fig 4C). We observed a transient increase of the proportion

of the cells in S phase from 6.6% at 0 dpa to 45.7% at 3 dpa with a

return to baseline by 5 dpa (12%; Fig 4E). These data confirmed our

scRNA-seq experiments and suggest that proliferative cells in the

spinal cord may have a long S phase in early regeneration.

Foxm1 regulates the fate of dividing progenitors
during regeneration

Because Foxm1 promotes neuronal differentiation in early Xenopus

laevis development (Ueno et al, 2008), we analysed the relative

proportions of progenitors and neurons in the regenerating spinal

cord in wt and foxm1−/− tadpoles. Expression analysis by RT–qPCR
shows an 33% increase (P = 0.02) in sox2 and a 18% (P = 0.01)

decrease in ntub expression in F0 tadpoles with knocked-down

foxm1 expression (Fig EV5A). Interestingly, reducing ROS levels

with DPI also impairs expression of ntub and ccnb3, a well-

characterised Foxm1 transcriptional target. However, DPI treatment

had no effect on the expression of ami, a gene expressed in endothe-

lial cells (Fig EV5B).

We next analysed Sox3 expression by immunofluorescence using

anti-Sox3 antibodies in the non-regenerating and regenerating spinal

cord of wt and foxm1−/− NF50 tadpoles at 5 dpa. As expected, in

the non-regenerating spinal cord Sox3 is expressed in the cells lining

the ventricle and we do not observe major differences between wild

type and foxm1−/− (Fig 5A and C). We also observe Sox3+ staining

outside of the progenitor zone of the spinal cord (Fig 5A and B,

white arrowheads). We confirmed that these Sox3 projections

expand to the mantle zone of the spinal cord by co-staining with an

anti-acetylated Tubulin antibody (Fig 5B). In the wt regenerate, the

spinal cord appears as an almost monolayer of cells around the

central canal. Sox3 is expressed only in cells of the lateral spinal

▸Figure 3. Characterisation of the foxm1+ cells in the regenerating spinal cord.

A UMAP representation of the whole scRNA-seq dataset (0 dpa and 3 dpa) showing the cell density distribution of the 3 dpa sample.
B–E Expression of snap25 (neuronal marker), leptin, sox2 (progenitor marker) and foxm1 on the same UMAP representation as in (A).
F UMAP representation of the 16 clusters identified in the scRNA-seq dataset.
G Identity of the clusters with the most significant differentially expressed gene(s).
H Schematic representation of the cells used to identify DE genes and over-representation of GO terms for cluster 5 (blue cells) corresponding to the foxm1+ cluster

against the rest of the progenitor cells (red cells).
I Twenty most significantly DE genes comparing blue versus red cells ranked by FDR.
J GO-Slim Biological Process terms over-represented were identified by uploading the DE genes into PANTHER. The GO terms significantly upregulated were then

inputted into Revigo (http://revigo.irb.hr/) to generate a plot representation.
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cord. These data reveal that the regenerating spinal cord conserved

some cellular organisation (Fig 5A). In contrast, in foxm1−/−

tadpoles, we observed multiple cell layers and Sox3 expression is

expressed more broadly (Fig 5A). To assess the distribution of cells

in wt and foxm1−/− spinal cords, the angle of all nuclei (DAPI, Fig

EV5C) and Sox3+ nuclei (Fig EV5D) relative to the centre of the

central canal was calculated. Whilst in the wt regenerating spinal

cords, there are less cells laterally, this is not the case in foxm1−/−

tadpoles (Fig EV5C). Furthermore, we observed a greater proportion

of Sox3+ cells both dorsally and ventrally in the mutant compared to

wt (Fig EV5D). Interestingly, no difference was observed in the

distribution of DAPI and Sox3 in the anterior spinal cord (non-

regen. Figure EV5C and D). Taken together, these data may explain

why the spinal cord does not elongate in foxm1 mutants, whilst the

rate of proliferation is unchanged.

The proportion of Sox3+ cells in the non-regenerating spinal cord

is about 50% in wt and foxm1−/− tadpoles. In contrast, the propor-

tion of progenitors increased in the regenerating spinal cord from

62.1 � 3.5% in wt to 69.4 � 2.9% in foxm1−/− (P < 0.001, Fig 5C).

Importantly, this increase in the proportion of Sox3+ cells is not due

to an overall change in the number of cells in the regenerate. When

considering absolute number of Sox3+ cells, we observe a significant

increase in foxm1−/− compared to wild type (Fig EV5E), whilst the

average number of cells (quantified using DAPI) is unchanged (Fig

EV5F). Furthermore, very little apoptosis is observed in the spinal

cord at this stage and no significant difference in the proportion of

apoptotic cells between wt and foxm1−/− regenerate was detected

(Appendix Fig S3A–C).
Because we estimated the cell cycle to be approximately 2 days

(Fig 2H), we labelled cycling cells with EdU at 3 dpa and deter-

mined their fate after one cell cycle at 5 dpa using immunofluores-

cence. We first quantified the proportion of dividing progenitors

over the total number of cells (S3+E+/DAPI) or over the total

number of progenitors (S3+E+/S3+, Fig 5D) in tadpoles following

amputation. Both ratios are similar in wt and foxm1−/− tadpoles,

indicating that knocking out foxm1 does not alter the rate of progen-

itor division. In contrast, the proportion of self-renewal (S3+E+/E+)

increases significantly in the foxm1−/− compared to wt tadpoles

(from 65 to 75%, P = 0.006, Fig 5D). The stable rate of proliferation

of progenitors combined with the increased rate in self-renewal

suggests that there is a shift in the fate of dividing progenitors from

differentiation towards self-renewal.

To confirm these data, we analysed the expression of Myt1 as a

neuronal marker in wt and foxm1−/− NF50 tadpoles at 5 dpa (Fig 5E

and F). Knocking out foxm1 does not affect the percentage of Myt1+

cells in the non-regenerating spinal cord (~43% of spinal cord cells).

However, in the regenerate we observed a sharp reduction of Myt1+

cells in the mutant compared to wt (30% versus 14%, P < 0.01).

Similar data were obtained when we analysed mosaic F0 injected

with gRNA targeting the foxm1 locus compared to Cas9-injected

controls (Fig EV5G). Thus, in foxm1 mutants, there is an increase of

progenitors at the expense of differentiated neurons. Rather than

promoting proliferation, Foxm1 affects cell fate by promoting dif-

ferentiation.

Discussion

Using a combination of bulk and single-cell RNA-seq experiments

on isolated spinal cords during tail regeneration in X. tropicalis, we

identified a new population of cells present exclusively in the regen-

erating spinal cord. It is characterised by the expression of foxm1,

and GO analysis reveals that genes involved in cell cycle, metabo-

lism and neurogenesis are over-represented. Knocking out the

foxm1 gene impairs spinal cord regeneration and alters the fate of

the dividing progenitors with an increase in self-renewal division

and a decrease in the production of neurons (Fig 6).

To characterise the Xenopus spinal cord at the molecular level,

we undertook a single-cell RNA-seq approach. The number of cells

and the depth of sequencing did not allow us to unambiguously

determine the identity of progenitors and neurons subtypes but we

identified the main cell types present in a vertebrate spinal cord,

such as roof plate, dorsal and ventral progenitors, neurons and

oligodendrocytes. Comparison of their transcriptomes at 0 and

3 dpa reveals that only two clusters are 3 dpa-specific: a cluster of

progenitors characterised by foxm1 expression and a cluster of dif-

ferentiated neurons characterised by leptin and leptin receptor

expression. These neurons have been identified previously but

whether they are located in the regenerate and their role(s) during

regeneration is still unclear (Aztekin et al, 2019; Kakebeen et al,

2020).

Foxm1 has been shown to have a role in neuronal differentiation

during primary neurogenesis in Xenopus laevis (Ueno et al, 2008)

and in the mouse telencephalon (Wu et al, 2014). However, in both

▸Figure 4. Changes in cell cycle dynamics during regeneration.

A UMAP projection with inferred cell cycle phase for each cell.
B Bar plot showing the proportion of cells in G1, G2/M and S phases of clusters of progenitor cells (prog., expressing sox2 and sox3) and differentiating progenitors (diff.

prog., expressing neurod1, neurog1) and neurons (neur., expressing snap25). The total does not always amount to 100% as some clusters have cells from both 0 and
3 dpa. The bar boxes in red represent the foxm1 positive cluster, and the cluster numbering refers to the cluster identity defined in Fig 3G.

C Representative sections labelled with an anti-PCNA antibody (red) and DAPI (blue) at the indicated day after amputation (dpa). The white arrowheads point to cells in
S phase in the spinal cord and the yellow arrowhead at cells in G1, G2 and M phases. The right panels correspond to the inset indicated as a white box in the middle
panels.

D The ratio of PCNA+ per total number of cells (DAPI) in the spinal cord was determined at the indicated times after amputation (n = 3, with a mean of 14 sections per
data point).

E The PCNA+ cells were then distributed in G1/G2 (diffuse signal), S (punctated signal) or M phase (condensed chromatin) at the indicated stage of regeneration.

Data information: In D-E, Data are the mean � SD of three independent experiments, and one-way ANOVA with Tukey’s post hoc tests was used. ns: non-significant,
**P < 0.01 and ****P < 0.0001. In C, scale bar represents 25 µm for the left and middle panels and 5 µm for the right panels.
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cases, the role of Foxm1 seems to be dependent on its ability to

control the overall length of the cell cycle. By contrast, in Xenopus

tropicalis we do not observe a difference in proliferation during

primary neurogenesis and in the regenerating spinal cord in

foxm1−/− compared to controls. Furthermore, the total length of the

cell cycle of neural progenitors in the regenerating spinal cord is not

affected by Foxm1 expression. These data suggest a cell cycle inde-

pendent role for Foxm1 during this process. Cell cycle regulators
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such as Cdc25b and Ccnd1 have been shown to play a role during

neuronal development independently of their primary function

(Lukaszewicza & Anderson, 2011; Hydbring et al, 2016; Bonnet

et al, 2018). Thus, it is possible that Foxm1 can promote neuronal

differentiation in the regenerating spinal cord without affecting the

overall length of the cell cycle.

Whilst we do not observe differences in the rate of proliferation

in mutant and wt tadpoles, a striking characteristic of the foxm1+

cluster is the changes in the proportion of cells in each phase of the

cell cycle compared to foxm1− progenitors. About 50% of the

foxm1+ cells are in S phase and 40% in G2/M, leaving only about

10% of cells in G1. Interestingly, similar changes in cell cycle have

been observed in Axolotls, suggesting that changes in cell cycle

dynamics may be a general principle of spinal cord regeneration

(Rodrigo Albors et al, 2015; Cura Costa et al, 2021). The high

proportion of cells in S phase could be due to a synchronised cell

cycle as suggested in Axolotl (Cura Costa et al, 2021) or an exten-

sion of the relative length of S phase. It has been suggested that a

long S phase may be necessary for progenitors undergoing self-

renewal division to ensure genome integrity, especially in response

to high level of ROS present in the nervous system (Arai et al, 2011;

Narciso et al, 2016; Turrero Garcı́a et al, 2016). The regenerating tail

is an oxidative environment and we show here that foxm1 requires

ROS for its expression. Furthermore, Foxm1 has been shown to

ensure chromosomal stability and genome integrity in U2OS and

aged fibroblasts (Laoukili et al, 2005; Macedo et al, 2018), raising

the intriguing possibility that Foxm1 might ensure that the expan-

sion of the progenitor pool does not lead to genomic instability

during regeneration.

The expansion of the neural stem cell pool is required for

spinal cord regeneration in axolotl, zebrafish and Xenopus (Ogai

et al, 2014; Mu~noz et al, 2015; Rodrigo Albors et al, 2015). Here,

we show that regeneration also requires the precise control of

neuronal differentiation (Fig 6). In mammals, ependymal cells also

re-enter the cell cycle upon spinal cord injury (SCI) and are able

to self-renew but differentiate mainly into astrocytes (Meletis et al,

2008). Recent evidence suggests increased neuronal differentiation

improves the recovery of function following SCI in mice (Fukuoka

et al, 2021). Our data show that Foxm1 has an important role in

promoting NPCs to differentiate into neurons during regeneration.

Uncovering the signals and regulatory networks that allow Foxm1

to drive neuronal differentiation may open new opportunity to

enhance spinal cord regeneration in species with limited regenera-

tive capabilities.

◀ Figure 5. Foxm1 promotes the differentiation of neural progenitors in the regenerating spinal cord.

A Representative sections of spinal cords from tadpoles injected with EdU at 3 dpa and fixed at 5 dpa. After sectioning, the samples were labelled with antibodies
against Sox3 (green), EdU (magenta) and DAPI (blue). White arrowheads show Sox3 positive extensions.

B Sections of spinal cords at 5 dpa in the stump (non-regen.) or in the regenerate (regen) labelled with anti-Sox3 (green), anti-Acetylated Tubulin (AcTub, magenta) and
DAPI (blue). White arrowheads show Sox3 positive extensions.

C Quantification of the images shown in (A). The ratio of Sox3+ per total number of cells (DAPI) in the spinal cord was determined in the stump (non-regen.) and the
regenerating spinal cord (regen.) in wt and foxm1−/− tadpoles (n = 3–8, with an average of 15 sections per data point).

D Quantification of the proportion of cycling progenitors (Sox3+EdU+/DAPI, S3+E+/DAPI), the proportion of progenitors having divided (Sox3+EdU+/Sox3+, S3+E+/S3+) and
the proportion of progenitors self-renewal (Sox3+EdU+/EdU+, S3+E+/E+) in the regenerate. The graph represents the mean � SD from 9 tadpoles (wt) and 8 tadpoles
(foxm1−/−) with an average of 18 sections per data point.

E Representative sections of spinal cords from tadpoles injected with EdU at 3 dpa and fixed at 5 dpa. After sectioning, the samples were labelled with antibodies
against Myt1 (green), EdU (magenta) and DAPI (blue).

F Quantification of images shown in (E). The graph represents the mean � SD from 3 tadpoles with an average of 12 sections each.

Data information: For C, D and F, a two-way-ANOVA with Tukey’s post hoc tests was used and the graphs represent the mean � SD. ns = non-significant, *P < 0.05,
**P < 0.01, ***P < 0.001 and ****P < 0.0001. For A, B and E, the scale bar represents 25 µm.
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Materials and Methods

Xenopus tropicalis growth and tail amputation

X. tropicalis embryos were obtained and raised as described (Collu

et al, 2012). Tail amputation was performed at Nieuwkoop and

Faber stages (NF)40-50 using a scalpel (Nieuwkoop & Faber, 1994).

Tadpoles were anaesthetised with 0.01–0.02% MS-222 (for NF40

and NF50 tadpoles, respectively) in 0.01× Marc’s Modified Ringer

(MMR) solution (10 mM NaCl, 0.2 mM KCl, 0.1 mM MgSO4,

0.2 mM CaCl2, 0.5 mM HEPES, pH 7.4), followed by recovery in

0.01X MMR. All animal procedures complied with the UK Animal

(Scientific Procedures) Act 1986 and were conducted with UK Home

Office approval.

RNA sequencing

Bulk sequencing: Twenty spinal cords were isolated and immedi-

ately transferred into TRIzol (Life Technologies) for each timepoint

in triplicate. Following RNA extraction according to the manufac-

turer’s instructions, total RNA concentration was quantified using

Qubit HS RNA assay kit (Invitrogen) on the Qubit Fluorometer 2.0

(Invitrogen). Integrity was tested with the Agilent RNA 6000 Pico kit

on the Agilent Bioanalyser. Samples with an RNA Integrity Number

(RIN) ≥ 7 were considered of acceptable quality. RNA-seq was

performed with Illumina NextSeq 500 using unpaired-end sequenc-

ing at the GeneCore facility (EMBL). Adapter sequences were

trimmed using Trimmomatic v0.38. After quality control, the reads

were converted to a FASTQ format and mapped on the v9.1 of the

X. tropicalis transcriptome using bwa. The number of reads per

transcript was determined using HTseq, and the idxstats files were

used to identify differentially expressed (DE) genes using the general

linear model glmQLFit in DESeq2 with R. DE genes with a |log2(FC)|
> 1 and FDR < 0.01 were considered significant. For the clustering,

the k-mean was determined at 5 using the Elbow method and

enriched gene ontology (GO) terms were identified using Fidea

(D’Andrea et al, 2013). The full RNA-seq dataset was then uploaded

onto the Ingenuity Pathway Analysis (IPA, Qiagen) software.

Upstream regulatory analysis was performed for DE genes with a

|Log2FC|> 1 and FDR < 0.001 (992 genes for 0 dpa/1 dpa and 2720

genes for 0 dpa/3 dpa). This analysis predicts upstream molecules

such as transcription factors that may be causing the observed

change in gene expression (Kr€amer et al, 2014).

For single-cell RNA-seq (scRNA-seq), ten spinal cords at 0 and

3 dpa were isolated and transferred in Modified Ringer’s (MR,

100 mM NaCl, 1.8 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 5 mM Hepes

pH7) with 20 µM actinomycin D for 10 min to prevent de novo

synthesis of mRNA (Wu et al, 2017). The spinal cords were trans-

ferred in CMF-MR (100 mM NaCl, 1.8 mM KCl, 1 mM EDTA and

5 mM Hepes pH7), cut in small pieces using a fine scapel and incu-

bated in 200 µl of 0.5% Trypsin-EDTA without dye (GIBCO) for

30 min at 28°C with shaking at 600 rpm. After a 5 min spin at

300 rcf at 4°C, the spinal cords were incubated for 15 min at room

temperature (RT) in 180 µl of MR with 0.3 U/µl of DNaseI (D5025,
Sigma). After trituration, 20 µl of Collagenase IV at 50 U/µl was

added and the samples were incubated 30 min at 28°C with shaking

at 600 rpm. The samples were passed through a flame elongated

capillary, applied to a 5 µm strainer and collected in MR with

0.0375% BSA. The samples were pelleted by centrifugation at

300 rcf at 4°C for 5 min, washed with MR-BSA and resuspended in

35 µl of MR-BSA. The cell number (4.105–5.105 cells/ml) and viabil-

ity (above 90%) were estimated on a Countess Cell Counter (Invit-

rogen). The cells were then loaded onto the 10X Genomics platform

for processing.

Single-cell RNA-seq analysis

• Building custom genome for mapping: The X. tropicalis genome

v.9.1 was downloaded from Xenbase.org. A number of genes had

duplicated entries where the same gene ID was assigned to dif-

ferent gene names. The majority of these genes had an overlap-

ping transcript; we therefore used the GFFReads merging option

to merge these transcripts.

• Data pre-processing: The sequence files from the sequencer were

processed using 10x Genomics custom pipeline Cell Ranger

v2.2.0. The fastq files were aligned to the custom genome using

the default parameters of Cell Ranger. The pipeline identified the

barcodes associated with cells and counted UMIs mapped to each

cell. Cell Ranger uses STAR aligner to align reads to the genome

discarding all the counts mapping to multiple loci. The uniquely

mapped UMI counts are reported in a gene by cell count matrix

represented as a sparse matrix format. The Cell Ranger’s aggr

command was used to aggregate the samples from 0 and 3 dpa

whilst keeping the default down-sampling parameter enabled.

• Filtering: Low-quality cells were removed from the dataset to

ensure that the technical noise did not affect the downstream

analysis. Three commonly used parameters were used for cell

quality evaluation: the number of UMIs per cell barcode (library

size), the number of genes per cell barcode and the proportion of

UMIs that are mapped to mitochondrial genes. Cells that have

lower UMI counts than three median absolute deviation (MAD)

for the first two matrices and cells having higher proportion of

reads mapped to mitochondrial genes with a cutoff of four MADs

were filtered out.

After this initial filtering, 5,271 cells (2,870 0 dpa and 2,401

3 dpa) out of 5,411 cells remained for downstream analysis. Violin

plots for these three metrics were then plotted to identify cells that

have outlier distributions which can indicate doublets or multiplets

of cells. However, no outliers were identified so no further filtering

was done.

• Classification of cell cycle phase: Seurat’s CellCycleScoring

method was used to calculate for each cell the score of S phase

and G2 M phase based on expression of S and G2/M phase mark-

ers. The cell cycle phase of each cell was identified based on the

highest positive score of the phases. Cells that are expressing

neither of the S phase and G2/M phase genes would have a nega-

tive value for both of these phases and were assigned as being in

G1 (Aztekin et al, 2019).

• Gene filtering and Normalisation: Genes with average UMI counts

below 0.01 were filtered out. After this filtering, 11,215 genes

were left for downstream analyses. To take into account the effect

of variable library size for each cell, raw counts were normalised

using the deconvolution-based method (Lun et al, 2016). Counts

from many cells are pooled together to circumvent the issue of
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higher number of zeros that are common in scRNA-seq data. This

pool-based size factors are then deconvoluted to find the size

factor of each cell. These normalised data are then log-

transformed with a pseudo-count of 1.

• Visualisation and Clustering: The first step for visualisation and

clustering is to identify the highly variable genes (HVGs). To do

this, we first decomposed the variance of each gene expression

values into technical and biological components and identified

the genes for which biological components were significantly

greater than zero. These genes are called HVG. HVGs were then

used to reduce the dimensions of the dataset using PCA. The

dimensions of dataset were further reduced to 2D using t -SNE,

where 1–14 components of the PCA were given as input. The cells

were grouped into their putative clusters using the dynamic tree

cut method. Dynamic tree cut method identified the branch

cutting point of a dendrogram dynamically and combined the

advantage of both hierarchical and K-medoid clustering approach.

Pseudo-time trajectory was performed using the Monocle 2 algo-

rithm (Qiu et al, 2017).

• Batch correction. Two approaches were followed to batch correct

the data: (i) using the integration strategy in-built to Seurat (Butler

et al, 2018) and (ii) using the Harmony method for single-cell data

integration (Korsunsky et al, 2019). Batch-effect quantification and

batch correction method selection were conducted in an unbiased

way using the k nearest-neighbour batch-effect test (kBET, B€uttner

et al, 2019). For Seurat integration, 500 highly variable genes

(HVGs) were first detected using the FindVariableFeatures() func-

tion set to the vst selection method. The integrated dataset was

obtained by subsequently calling the FindintegrationAnchors() and

IntegrateData() functions, both set to a total of 30 dimensions to

generate a series of anchors across the data provided in separate

Seurat objects. For Harmony, a single Seurat object with the

combined data for both timepoints was forwarded to the

Harmony::RunHarmony() function in R whilst indicating a sample

grouping variable. To evaluate the effectiveness of each method,

an evaluation approach was performed using the kBET::kBET()

function in R as described in (Tran et al, 2020).

• Identification of marker genes: To identify the marker gene for a

cluster, we compared a given cluster with all other clusters and

changes in expression were tested using the sSeq package. We

selected the marker genes for the cluster using manual curation of

DE genes with an FDR < 0.01. For PANTHER analysis, all DE

genes between the foxm1+ cluster were uploaded and tested

against the pseudo-bulk of all the genes expressed in the scRNA-

seq experiment.

Morpholinos, CRISPR/Cas9 microinjection and
inhibitor treatment

The following morpholinos (Gene Tools) were used: foxm1 MO e3i3

5’-GAAAGgtactgcacgtataatgaga-3’, foxm1 MO i3e4 5’-tttcccttta

tagCCAAGCA, Ctrl MO 5’-CCTCTTACCTCAGTTACAATTTATA.

Morpholinos were injected at either 1- or 2-cell stage with a combi-

nation of 10 ng of foxm1 e3i3 and 5ng of foxm1 i3e4 or 15 ng Ctrl

MO. The foxm1 CRISPR gRNA was designed using Crisprdirect

(http://crispr.dbcls.jp) with the target sequence 5’-CCTGAGCAAA

CCCTTGTCCATGG. The gRNA cloning was carried out according to

published protocols using the following primers fwd 5’-TAgg

AACTGTCAAGAAGGCGTTCC, rev 5’-AAACGGAACGCCTTCTTGA

CAGTT (Jao et al, 2013). Eggs were injected with 300 pg gRNA and

600 ng Cas9 mRNA (from pT3TS-nCas9n, Addgene; Jao et al, 2013)

or 600 pg/1.5 ng of Cas9 Protein (M0386, NEB). In all experiments,

foxm1 knockdown corresponds to mosaic F0 tadpoles injected with

foxm1 specific gRNA and 1.5 ng of Cas9 protein (NEB). For foxm1

knockout, the embryos have been generated from F1 or F2 animals

with heterozygous foxm1 mutations.

For chemical inhibitor treatments, tadpole tails were amputated

at NF50 and left to recover for 36 h in 0.01X MMR. Then, ROS signal-

ling was inhibited with 4 µM diphenyleneiodonium (DPI, Merck),

FGF signalling with 20 µM SU5402 (Calbiochem) and Shh signalling

with 2.5 µM of cyclopamine (Merck). At 3 dpa, the regenerates were

collected, total RNA extracted and then processed for RT–qPCR.

Genotyping

Genomic DNA was extracted from embryos or tails removed by

amputation by incubation for 3 h at 55°C in 10 mM Tris pH8, 1 mM

EDTA, 80 mM KCL, 0.3% NP40, 0.3% Triton X-100 and 0.2 mg/ml

of proteinase K. The samples were subsequently processed for PCR

amplication using the following primers: fwd 5’-CCACTCATACT

CAAGAGACGC, rev 5’-TGTGAGTTTGCTGGAAGTCCTA. The PCR

product was subsequently digested with NcoI for restriction frag-

ment length polymorphism (RFLP) analysis. Alternatively, high-

resolution capillary electrophoresis was performed using a QIAxcel

Advanced System (QIAgen).

Isolation of RNA and qPCR

RNA was isolated from total embryos, tail regenerates and isolated

spinal cord using TRIzol (Life Technologies) according to manufac-

turer’s instructions. cDNA was generated using the Reverse Tran-

scriptase AMV kit (Roche) for whole embryos and tails and

Sensiscript Reverse Transcription Kit (Qiagen) for isolated spinal

cords. qPCR analysis was performed on the StepOnePlus Real-Time

PCR System using SYBR-Green reagents (Applied Biosystems).

Expression was normalised to the expression levels of ef1a or odc,

and expression values were calculated using the ΔΔCt method.

The following primers were used (5’–3’ sequences): foxm1 fwd

5’-AAAGAGGAAGAGAGTGCGCC, rev 5’-TGGCATTTAGCTGCTCC

TCC; cyclinb3 fwd 5’-CTGCACTTCCACCATCCAATCCA, rev 5’-CAA

CTATATGCGGGACAGAGAG; cdc25b fwd 5’-GCCCAAACCCCTCGA

GAAGA, rev 5’-GCCATCGAAGGTGCGTAGCCT; ntubulin fwd 5’-GG

CAGTTACCATGGAGACAGT, rev 5’-GCCTGTGCCACCACCCAGAGA;

sox2 fwd 5’-CATGATGGAGACCGATCTCA, rev 5’-CTTACTCTGGTT

GGAGCC; and ef1a fwd 5’-GGATGGAACGGTGACAACATGCT, rev

5’-GCAGGGTAGTTCCGCTGCCAGA. The primers for ami and odc

are described in Nagamori et al (2014).

Immunofluorescence and in situ hybridisation

The tails were fixed in 4% paraformaldehyde (PFA) or MEMFA

(0.1 M MOPS pH7.4, 2 mM EGTA, 1 mM MgSO4, 3.7% formalde-

hyde) and dehydrated in methanol. Rehydrated samples were

embedded in 25% fish gelatin / 20% sucrose and cryosectioned at

12 μm thickness. For non-regenerating spinal cords, sections were

taken at least 250 µm anterior to the amputation plane. For the
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regenerate, only sections posterior to the amputation plane and

anterior to the neural ampulla were considered. The following anti-

bodies were used: rabbit anti-Sox3 (1:500 at 3 dpa or 1:1,000 at 0

and 5 dpa) and anti-Myt1 (1:750) were a gift from Nancy Papalop-

ulu; mouse anti-PCNA was used at 1:500 (PC10, Sigma); rabbit anti-

cleaved caspase 3, Asp175 (1:100, 9661, Cell Signalling Technol-

ogy), rabbit anti-pH3 (1:100, 06-570, Sigma), mouse anti-BrdU

(1:300, clone MoBU-1, B35128, Invitrogen) and anti-Acetylated

Tubulin (1:1,000, clone 6-11B1, Sigma). Secondary antibodies were

goat anti-rabbit IgG, Alexa Fluor 488 (A-11008, Invitrogen) and goat

anti-mouse IgG, Alexa Fluor 568 (A-11004, Invitrogen).

Whole-mount in situ hybridisation on embryos and tails was

performed as previously described (Harland, 1991). The foxm1

probe was generated from the TGas064p23 clone linearised with

ClaI and transcribed using T7 polymerase.

Cell cycle analyses

For EdU labelling, NF50 tadpoles at 3 dpa were injected with 12.6 nl

of 10 mM EdU (Life Technologies) in DMSO and after 2 days, tails

were collected and fixed in MEMFA. EdU was detected using Click-

iT EdU Alexa Fluor 594 Imaging Kit (Life Technologies) following

the manufacturer’s instructions.

Dual pulse labelling was used to determine the cell cycle length (Tc)

of Sox3+ NPCs within the regenerate (Martynoga et al, 2005). Labelling

was performed as described in Thuret et al (2015) with minor modifi-

cations. NF50 tadpoles at 3 dpa were anaesthetised in MS-222 and

injected with 10 mM EdU (Invitrogen). After 3 h (the injection interval,

Texp), animals were anaesthetised in MS-222 and injected with 12.6 nl

of 10 mM BrdU (Sigma-Aldrich). Six hours after the first injection, tails

were collected and fixed in 4% PFA, and processed for sectioning as

described above. For BrdU staining, sections were incubated for 40 min

in pre-warmed 1N HCl held at a constant temperature of 37°C. The
sections were then washed thrice in PBSTx and incubated in blocking

solution with 10% heat-treated lamb serum (HTLS) for 1h at RT. EdU

labelling was performed as described above using the Click-iT EdU

Alexa Fluor 647 Imaging Kit (Life Technologies).

The following equation was used to calculate Tc:

Tc¼

Texp

Lcells

Scells

� �
0
BB@

1
CCA

Scells

Pcells

� �

where

S cells = Sox3+ cells staying in S phase (Sox3+EdU+BrdU+).

L cells = Sox3+ cells leaving S phase (Sox3+EdU+BrdU−).

P cells = proliferative Sox3+ cells, calculated as follows:

P cells¼ðSox3þ cells� growth fractionÞ:

The growth fraction was calculated in Appendix Fig S1B.

Imaging

Z stacks were acquired on a Cell Observer Z1 widefield microscope

(Zeiss) using a 63× 1.4NA oil immersion objective. Images were

deconvolved using ZEN 2.3 software (adjustable deconvolution).

The fast iterative algorithm, Poisson (Richardson Lucy) likelihood,

40 iterations or 0.1% quality threshold) or the constrained iterative

algorithm (Poisson likelihood, 40 iterations or 0.1% quality thresh-

old) was used. Cell populations were analysed using the cell counter

module of Fiji.

Statistics

For all the experiments apart from the results of the RNA-seq,

scRNA-seq and experiments shown on Fig EV5C and D, the normal-

ity of the distribution of the data was tested using a Shapiro–Wilk

test. When two conditions were compared, a two-tail unpaired t-test

was used. If three or more conditions were compared, a one-way

ANOVA followed by a Tukey post hoc test was used. When multiple

conditions were compared across different genotype, a two-way

ANOVA followed by a Tukey post hoc test was performed. For Fig

EV5C and D, cumulative distributions were assessed using

Kolmogorov–Smirnov tests. All the statistical tests were done using

Prism 9.

Data and software availability

• Bulk RNA-seq data: ArrayExpress at EMBL-EBI E-MTAB-8785

(https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-8785/).

• Single-cell RNA-seq: ArrayExpress at EMBL-EBI E-MTAB-8839

(https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-8839/).

Expanded View for this article is available online.
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