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Extended Data Fig. 6 | Clustering of gene expression during the brittle star 
arm regeneration. A. Optimal number of clusters estimated using the centroid 
distance. After n = 19 clusters, there is no continuous decrease of the centroid 
distance. B. Normalised expression profiles (expression of the centroid) 
for each of the n = 19 clusters. Clusters with genes expressed over a single 
regeneration time point (or one regeneration point + control) were defined 
as minor clusters and not presented in the main text as these typically do not 
display significant enrichments and may be driven by noisy gene expression. C. 
Signalling pathways enrichment for each co-expression cluster (hypergeometric 
test, Benjamini-Hochberg adjusted p-values < 0.05, Methods). D. Expression of 
brittle star genes previously implicated in arm regeneration (gene names are 
from previous studies, see Supplementary Table 8). Co-expression clusters are 
shown on the left, gene names on the right, with red indicating availability of 
published in situ data. E . Expression of core genes in each co-expression cluster. 
Genes were filtered based on their cluster membership score (Supplementary 
Table 9, “acore” score) to retain the top 5% core genes in each cluster, and the 
five genes with the highest expression were selected for the heatmap. Gene 
names starting with ‘Unchar’ indicate genes without significant blast hits in 
the swissprot database. F. Expression of key TF genes during regeneration, as 
identified by binding motifs overrepresentation analysis (Fig. 4d). TF genes 
were identified by reciprocal blasts with mouse and swissprot blast hits; several 

copies were reported where blast results were ambiguous. TF genes with 
consistent expression and binding motifs overrepresentation are shown in red. 
No homologue for ZNF268 could be identified in brittle star and the expression 
of the identified p53 homologue does not match motif enrichment results 
(but p53 pathway activation is consistent with p53 motif enrichments, see C). 
G. Expression throughout arm regeneration of genes in the expanded gene 
families annotated with the GO term ‘regeneration’ (see Fig. 3b,c). Gene family 
membership (correspondence with Fig. 3c) are indicated with colours on the 
right of the expression heatmap, clusters are shown on the left. H. Duplicated 
genes from expanded ‘regeneration’ gene families significantly associate with 
specific regeneration co-expression clusters (hypergeometric test, Benjamini-
Hochberg adjusted p-values). Significant associations (FDR < 0.05) are presented 
in colour, non-significant enrichments (enrichment ratio > 1 but FDR > 0.05) in 
grey (Supplementary Table 7). I. Expression throughout arm regeneration of 
the brittle star genes in the expanded and contracted gene families annotated 
with the GO term ‘keratan sulfate metabolism’ (see Fig. 3b). Representation is 
as in G. Note that one identified contracted gene family contains no brittle star 
genes (ST3GAL1-like) and is thus absent from the figure. J. Genes from expanded 
and contracted keratan sulfate gene families are associated with specific 
regeneration clusters (Supplementary Table 7). Representation is as in H.
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Extended Data Fig. 7 | Gene ontology enrichment results for brittle star arm regeneration co-expression clusters. GO enrichment tests were performed on each 
co-expression cluster and summarised using REVIGO (Methods). The complete list of enriched terms is presented in Supplementary Table 10.
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Extended Data Fig. 8 | Clustering and functional enrichments for the axolotl 
and Parhyale limb regeneration gene expression time series. A. Normalised 
expression profiles (expression of the centroid) for each of the n = 12 axolotl limb 
regeneration co-expression clusters. Raw expression data were re-processed 
from Stewart et al.49 (Methods). Barplots on the right indicate the number of 
genes assigned to each cluster. Clusters with genes expressed over a single 
regeneration time point were defined as minor clusters and not presented in 
the main text as they may be driven by noisy gene expression. B. Gene ontology 
enrichment for each co-expression cluster (Methods, Supplementary Table 6). C. 
TF binding motifs enriched around the TSS of genes from axolotl co-expression 

clusters (hypergeometric test adjusted p-value < 0.05, Methods). Note that only 
TFBS motifs enriched in brittle star clusters are represented. D. Optimal number 
of clusters estimated using the centroid distance. We selected n = 12 clusters 
since further increase of the number of clusters does not result in a significant 
decrease of the centroid distance until n = 16, which, on the basis of functional 
enrichment tests, over-clusters the data. E. TF binding motifs enriched around 
the TSS of genes from Parhyale co-expression clusters as in C. Parhyale clusters 
were renamed from Sinigaglia et al.48 as follows: P1 is R4 in the notation of 
Sinigaglia et al., P2 is R1, P3 is R8, P4 is R2, P5 is R6, P6 is R3, P7 is R5 and P8 is R7.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Comparison of co-expression gene clusters during 
regeneration and development. A. Clustering of the brittle star development 
time series. Normalised expression profiles for each of the n = 8 development 
co-expression clusters. Processing, clustering procedure and representation 
is as in (Fig. 4, Extended Data Fig. 8). RNA-seq source listed in Supplementary 
Table 1. B. Gene ontology enrichment for each co-expression cluster. C. Curated 
gene lists enrichment for each co-expression cluster (hypergeometric test, 
Benjamini-Hochberg adjusted p-values < 0.05). D. Comparison of co-expressed 
gene clusters deployed during embryonic development and appendage 
regeneration in the brittle star. Note that the embryonic development in brittle 
star does not produce appendages and is thus less informative than Parhyale 
development data. Clusters are represented by vertical rectangles whose 
sizes are proportional to the number of homologous genes in the cluster, and 
coloured according to enriched GO terms. Genes are linked across clusters, with 
coloured links indicating significant overlaps (hypergeometric test with the 

Benjamini-Hochberg correction <0.01, darker shades indicate p-values < 10-
15). E. Comparison of co-expressed gene clusters deployed during appendage 
regeneration in the brittle star and leg development in Parhyale. Clusters in 
Parhyale (clusters PE1 to PE4) correspond to the clustering reported in Sinigaglia 
et al.48, but clusters were renamed to follow temporal activation (PE1 corresponds 
to E2, PE2 to E4, PE3 to E1, PE4 to E3). Coloured links indicating significant 
overlaps (permutation-based over-representation p-values with Benjamini-
Hochberg correction <0.05, Methods). F. Comparison of co-expressed gene 
clusters deployed during development in the brittle star and leg development 
in Parhyale, as in E. G-K. Gene list enrichment tests, for genes with a conserved 
expression profile during appendage regeneration, as in Fig. 5d, but sub-divided 
by cluster and species comparisons (hypergeometric tests, p-values corrected 
for multiple testing with the BH procedure, * p-values < 0.05, ** p-values < 0.01,  
*** p-values < 0.001).
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Extended Data Fig. 10 | Differential transcriptional activity of repetitive 
elements in the immune and proliferative phases of brittle star arm 
regeneration. A. Differentially expressed repetitive elements in early 
regeneration (immune phase: 48 hpa and 72 hpa samples) versus middle 
regeneration (proliferation: Stage3, Stage4, Stage5 samples). Coloured dots 
represent repeat families with significant up-expression in immune (blue) or 
proliferation phases (orange) (absolute log fold change > 1, FDR < 0.001, two-
sided Wald test p-values corrected for multiple testing using the BH procedure, 
Methods). B. Immune up-expressed repeat families (n = 80) have a higher 
genomic coverage than proliferation up repeat families (n = 23), regardless of 
repeat class. Coverage is shown subdivided by repeat class, where classification 
was performed first using the homology-based approach of RepeatModeler, 
then with DeepTE for repeats that could not be classified by RepeatModeler 
(Methods). We note that the DeepTE classification has higher false positives than 
the RepeatModeler classification. C. Immune up-expressed repeat families have 
significantly lower divergence to their consensus (Kimura distance, Methods) 
than proliferation up-expressed repeat families (Mann–Whitney U test, one-
sided p-value corrected for multiple testing with the BH procedure,  
* p-values < 0.05), indicating they are younger repeats with a higher potential to 

still be active mobilisable transposable elements. Distribution details [minima, 
bottom whisker, q1, median, q3, top whiskers and maxima] are as follows: not  
DE [0, 0, 5.02, 10.48, 17.75, 36.81, 49.97], up immune [0.4, 0.4, 4.62, 8.76, 15.44, 
31.43, 33.7], up proliferation [0.88, 0.88, 6.56, 15.12, 22.26, 35.93, 35.93].  
D. Immune up-expressed repeat families with low divergence from their consensus 
have significantly higher fraction of intergenic repeat instances, suggesting 
up-expression is less likely to be a side-effect of host gene transcription. P-values 
and boxplot colours are as in C (grey = no significant differential expression, blue 
= up in immune, orange = up in proliferation). Repeat families were subdivided in 
4 balanced categories based on their divergence to consensus (Kimura distance, 
d): d < 5.02 (very low), 5.02 < d < 10.48 (low), 10.48 < d < 17.73 (medium), 17.73 < d 
(high). Distribution details as in C are as follows (boxes from left to right): [0.0, 
0.19, 0.46, 0.56, 0.64, 0.91, 1.0], [0.34, 0.34, 0.47, 0.53, 0.61, 0.66, 0.66], [0.18, 
0.35, 0.39, 0.47, 0.5, 0.65, 0.65], [0.0, 0.2, 0.46, 0.56, 0.64, 0.9, 1.0], [0.18, 0.41, 
0.52, 0.6, 0.66, 0.76, 0.76], [0.41, 0.41, 0.44, 0.57, 0.62, 0.62, 0.94], [0.0, 0.19, 0.46, 
0.56, 0.64, 0.9, 1.0], [0.2, 0.57, 0.6, 0.63, 0.66, 0.71, 0.78], [0.31, 0.31, 0.36, 0.43, 
0.47, 0.47, 0.64], [0.0, 0.22, 0.48, 0.58, 0.66, 0.91, 1.0], [0.33, 0.47, 0.58, 0.64, 0.67, 
0.79, 0.79], [0.29, 0.29, 0.37, 0.43, 0.48, 0.56, 0.56].
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