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BRAFL25120 [Branchiostoma floridae, Chordata]

99 AfiCDS.id10652.tr44814 [Amphiura filiformis, Ophiuroidea]
64 ﬂoazae [Ophiocoma echinata, Ophiuroidea]
AVC01010876.1m.3761 [L ias alaskensis, ini

9 {—PMI_007671 [Patiria miniata, Asterinidae] FG F9 /1 6 /20

omp153947_c0_seq1m.23108 [Heliocidaris erythrogramma, Echinoidea]
f
LVA_022100-RA [Lytechinus variegatus, Echinoidea]
. 4 |SPU_006242 Sp_Fgf9/16/20
STPUR004369 | jinqi
98] 0043047m ii, Hemi

Sakowv30043049m [Saccoglossus kowalevskii, Hemichordata]
99 pfl_40v0_9_20150316_1g1232.t1 [Ptychodera flava, Hemichordata]
Sakowv30020781m [Saccoglossus kowalevskii, Hemichordata]

88 [ —BRAFL23916 [Brar floridae, Chordata]
-ASTMX01165 [Astyanax mexicanus, Chordata]
[DANRE06353 [Danio rerio, Chordata]

CHICK10008 [Gallus gallus, Chordata]
99 XENTRO0720 [Xenopus tropicalis, Chordata] FGF16
58 @AOUSEZSO?B [Mus musculus, Chordata]

RATNO21753 [Rattus norvegicus, Chordata]
37 HUMAN30066 [Homo sapiens, Chordata]
21 -GORGO021348 [Gorialla gorilla, Chordata]
99 'PONAB16960 [Pongo abelii. Chordata]
CHICK01780 [Gallus gallus, Chordata]
5 XENTR11658 [Xenopus tropicalis, Chordata]
MOUSE07422 [Mus musculus, Chordata]
IRATNOO7751 [Rattus norvegicus, Chordata] FGF9
UMANO07472 [Homo sapiens, Chordata]
\GORGO05538 [Gorialla gorilla, Chordata]
PONAB02942 [Pongo abelii. Chordata]
8 ASTMX11803 [Asty mexicanus, Chordata]
DANRE06815 [Danio rerio, Chordata]

1
94

ASTMX15906 [Asty mexicanus, Chordata]
DANRE 15698 [Danio rerio, Chordata]
XENTR16873 [Xenopus tropicalis, Chordata]

CHICK10537 [Gallus gallus, Chordata] F G F2 0 b

100 -MOUSE22943 [Mus musculus, Chordata]
RATNO08426 [Rattus norvegicus, Chordata]

GORGO19325 [Gorialla gorilla, Chordata]
51 MOUSE22944 [Mus musculus, Chordata]
67L(HUMAN27465 [Homo sapiens, Chordata]

PONAB15014 [Pongo abelii, Chordata]

99 -—<NEMVE18257 .. PONAB11893
a7
CIOINT3415 ... HUMANO7814

53

54| BRAFL19875 i floridae, Chordata]

1o 35 <CHICK02229 .. PONABO0835

45 <CIOIN05326 .. PONABO1960

0.81

Figure S1: Tree for FGF9/16/20 genes. Maximum likelihood (ML) tree inferred using
Igtree (v.1.5.5) with LG model and 1000 fast bootstraps (1) with sequences derived
from OMA group of FGF9/16/20 compute on 41 species (2,3). Afi-fgf9/16/20, along
with other echinoderm FGF sequences, forms a well-supported group with the sea
urchin Sp-fgf9/16/20 gene (bootstrap 99), therefore considered an orthologous. The
echinoderm fgf9/16/20 genes form group related to vertebrate FGF9, FGF16 and

FGF20 genes. On nodes are fast bootstrap values (1).
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74 NEMVE01733 Nemalostella Cnldarlaé
NEMVI 93 [Nematostella nidaria]
r CIOIN08102 [Ciona intestinalis, Chordata]
67 E CIOSA11701 [Ciona savignyi, Chordata]
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76,

CHICK12107 [Gallus gallus, Chordata]
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Danio rerio, Ch
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065
Figure S2: Gene tree for FGF8/17/18 ligands. ML Tree inferred with sequences
derived from OMA group of FGF8/17/18 compute on 41 species (1, 2, 3). Afi-
fgf8/17/18 forms a group with a sea urchin sequence identified in the S. purpuratus
transcriptome and the S. kowalevskii fgf8/17/18 gene (bootstrap 70;(3)). This group
has a clear relation to the group of chordate FGF8, FGF17 and FGF18 genes. On
nodes are fast bootstrap values (1).
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238

Figure S3: Gene tree for FGF receptors. ML tree inferred with sequences derived
from OMA group of FGF receptors compute on 41 species (1, 2, 3). Three protein
tyrosine kinase (PTK) sequences of the FGF receptor type have been identified in
the A. filiformis transcriptome and here analysed along sea urchin, echinoderms and
vertebrates sequences. Afi-fgfr1, Afi-fgfr2 and Afi-tk9 form well-supported groups with
the S. purpuratus respective sequences (bootstrap of 99 and 100), therefore are
considered orthologs to the sea urchin genes. All the echinoderms PTK in the tree
are weakly related to the group of vertebrates FGFR 2, FGFR4 and FGFR1. The
tree topology suggests independent duplication in echinoderms and in vertebrates of
fgfr genes from a common gene in metazoans. On the right are schematically
reported the protein conserved domain analyses that show the presence of PTK and
trans membrane domains (TM) in each of the A. filiformis sequence, however only
Afi-fgfr1, Afi-fgfr2 encode for the three immunoglobulin extracellular domains (Ig)
necessary to bind FGF ligands. On the contrary, the Afi-tk9 sequence encodes for
two extracellular epidermal growth factor (EGF) domains typical of other classes of
PTK receptors, therefore we consider the Afi-tk9 not a FGF receptor. On nodes are

fast bootstrap values (1).
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DANREO02541 [Danio rerio, Chordata]

100 CHICK01375 [Gallus gallus, Chordata]
100 MOUSE26414 [Mus musculus, Chordata]

100 GORG020988 [Gorialla gorilla, Chordata]

HUMAN29623 [Homo sapiens, Chordata]
XENTRO03280 [Xenopus tropicalis, Chordata]
100 ) CHICK10313 [Gallus gallus, Chordata]
100

99

HUMAN23069 [Homo sapiens, Chordata]
PONAB12058 [Pongo abelii, Chordata]
MOUSE23031 [Mus musculus, Chordata]
RATNOO08362 [Rattus norvegicus, Chordata]
100 @ CAPI106828 [Capitella sp. 1, Chordata]
91 ® CAPTE16191 [Capitella teleta, Protostome]
99 LOTGI20055 [Lotica gigantea, Protostome]
CRAGI10011 [Crassotrea gigas, Protostome]

100 100 pfl_40v0_9_20150316_1g11867.t1 [Ptychodera flava, Hemichordata]
89 Sakowv30004906m [Saccoglossus kowalevskii, Hemichordata]
100 ;@ (i637217489gbGAZ001013041.1m.6772 [Anneissia japonica, Crinoidea]

91 Y—OFLOSEcomp405527seq07m.54668

100 gi6387: AVP01126284.1m.85548 [Henricia leviuscula, Asterinidae]
92 gbr.23.62.t1 [As planci, Astenmdae]

85 STPUR013678 [Strongy purpuratus,

OPHIU012043 [Ophi echinata, Ophiuroidea]
98 [ 3 [Strongylocentrotus purpuratus, Echinoidea]

100 ® AfiCDS. |dg284g tr3884
T—@Amfjmt 31710 [Amphiura ﬁllfcrmis, Ophiuroidea] VEGF3
100 AMPFU023992 [Amphiura filiformis, Ophiuroideal

100 ¢ FLOSEcomp45578_seq0_m.57179
96 l T APOWIcomp14795_seq0m.19275 [Aporometra wilsoni, Crinoidea]
r8523

AfiCDS.id11730.ti
60 B 100 ELVA_003305-RA [Lytechi i inoi VEGF2
A gi639030987gbGAVR01071212.1m.37480 [Sphaerechinus granularis, Echinoidea]
SQ-Vegfz Strongylocentrotus purpuratus, Echinoideal
XENTR14106 [Xenopus tropicalis, Chordata]
4100: ASTMX04635 [Astyanax mexicanus, Chordata]
99 DANRE06281 [Danio rerio, Chordata]

100 IRATN002421 [Rattus norvegicus, Chordata]

88 MOUSE11421 [Mus musculus, Chordata]
GORGO003710 [Gorialla gorilla, Chordata]
T—Lﬂ’i‘HUMANOABOS [Homo sapiens, Chordata]
PONABO00992 [Pongo abelii, Chordata]

96 ASTMX15099 [Astyanax mexicanus, Chordata]
+ 100 ® MOUSE05129 [Mus musculus, Chordata]
T——e RATNO17536 [Rattus norvegicus, Chordata]

‘W‘ ASTMX14476 [Astyanax mexicanus, Chordata]
ANRE09040 [Danio rerio, Chordata]
i 96 DANRE09039 [Danio rerio, Chordata] VEGFA/ B

ASTMX21070 [Astyanax mexicanus, Chordata]
100 DANRE30842 [Danio rerio, Chordata]
89 % DANRE30841 [Danio rerio, Chordata]
75 8 DANRE30843 [Danio rerio, Chordata]
DANRE30844 [Danio rerio, Chordata]

XENTR18012 [Xenopus tropicalis, Chordata]
XENTR18013 [Xenopus tropicalis, Chordata]
CHICK08951 [Gallus gallus, Chordata]
MOUSE10285 [Mus musculus, Chordata]
RATNO20663 [Rattus norvegicus, Chordata]
PONAB13398 [Pongo abelii, Chordata]
GORGO17600 [Gorialla gorilla, Chordata]
HUMAN25123 [Homo sapiens, Chordata]

60

86

1.30

Figure S4: Gene tree for VEGF ligands. ML Tree inferred with sequences derived
from OMA group of VEGF ligands compute on 41 species (1, 2, 3). Afi-vegf2 and Afi-
vegf3 form well-supported groups with the sea urchin and other echinoderms vegf2
and vegf3 (bootstrap 96 and 98 respectively) genes, we therefore consider them
orthologs to their sea urchin counterparts. The tree suggests that both ligand genes
are descendants from an ancestral vegf gene that got independently duplicated in
chordates. On nodes are fast bootstrap values (1).
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e CRAGI25174 [Cra gigas, P\
100 : ASTMX06174 [Astyanax mexicanus, Chordata]
DANRE24283 [Danio rerio, Chordata]
CHICK01753 [Gallus gallus, Chordata]
GORGO05576 [Gorialla gorilla, Chordata]
HUMANO07519 [Homo sapiens, Chordata]
PONAB02982 [Pongo abelii, Chordata] VG F R1
MOUSE 18555 [Mus musculus, Chordata]
RATNOO05409 [Rattus norvegicus, Chordata]
100 ASTMX08796 [Astyanax mexicanus, Chordata]
100 100 ® DANRE06946 [Danio rerio, Chordata]
DANRE06947 [Danio rerio, Chordata]
CHICK09992 [Gallus gallus, Chordata]
A#_—.‘ ASTMX20812 [Astyanax mexicanus, Chordata]
100 DANREO06457 [Danio rerio, Chordata]
CHICK03352 [Gallus gallus, Chordata]
GORGO17042 [Gorialla gorilla, Chordata]
HUMAN24391 [Homo sapiens, Chordata] VG F R3
PONAB12943 [Pongo abelii, Chordata]
MOUSE03046 [Mus musculus, Chordata]
RATNO03387 [Rattus norvegicus, Chordata]
100 —————® XENTRO01628 [Xenopus tropicalis, Chordatal
———=® CHICK10555 [Gallus gallus, Chordata]
GORGO014833 [Gorialla gorilla, Chordata]
HUMAN22417 [Homo sapiens, Chordata]
PONAB11615 [Pongo abelii, Chordata]
MOUSE17518 [Mus musculus, Chordata] VGFR2
RATNO06893 [Rattus norvegicus, Chordata]
XENTRO05498 [Xenopus tropicalis, Chordata]
DANRE 17818 [Danio rerio, Chordatal

100

100

100

99

100

100 AfiCDS.id89175.tr20202 [Amphiura filiformis, Ophiuroidea]
100 OPHIU035241 [Ophi echinata, Ophi ]
99 100 E LVA_005427-RA [Lytechinus variegatus, Echinoidea]
SPU_000310_Sp_Pdgfr_vegfrL [: gy pur|
FLO 163_seq0_m.38970
100 AfiCDS.id31368.4r50530 [Amphiura filiformis, Ophiuroidea]
53 100 ® OPHIU034681 [Ophi echinata, Ophiuroi

OPHIU086299 [Ophi echinata, Ophiuroideal VGFR112/3

OPHIU086300 [Ophiocoma echinata, Ophiuroidea]

100 100 @ gbr.44.60.t1 [Ancathaster planci, Asterinidae]
> w——‘f 0ki.90.83.t1 [Ancathaster planci, Asterinidae]
60 PMI_009696 [Patiria miniata, Asterinidae]
> e

100
100 % gi638771337gbGAVP01093903.1m.62341 [Henricia leviuscula, Asterinidae]
gi6. gbGAVC01030115.1m.13983 [L
100 pfl_40v0_9_20150316_1918455.t1 [Ptychodera flava, Hemichordata]
Sakowv30038071m [S i, Hemic

1.21
Figure S5: Gene tree for VEGF receptor. ML Tree inferred with sequences derived
from OMA group of VEGF receptors compute on 41 species (1, 2, 3). A single Vegf
receptor sequence has been identified in the A. filiformis transcriptome. Afi-vegfr
groups to S. purpuratus vegfr gene (bootstrap 99) and is related to the chordate
group of Vegfr genes (VEGFR1, VEGFR2 and VEGFR3). On nodes are fast
bootstrap values (1).
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Amphiura filiformis embryonic development and
arm regeneration stages at 15 °C
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Figure S6: A. filiformis developmental and regeneration timeline. A) Embryonic
timeline in hours post fertilization (hpf) with highlighted major event occurring, the
specification of the skeletogenic mesodermal (SM) lineage and the formation of
biomineralized skeleton(4). B) Timeline of major regenerative events and staging
system expressed in days post amputation (dpa)(5). The wound healing,
epithelialization and the absence of active cell proliferation characterize stage 1. At
Stage 2 cell proliferation became very prominent and a small regenerative bud (or
blastema) is visible. Stage 3 is characterized by a well-structured regenerative bud
with clear regenerating radial water canal (RWC), radial nerve chord (RNC) and the

appearance of skeleton primordia. Stage 4 shows the formation of the first metameric
unit in most proximal position, while Stage 5 is considered when several metameric

units are visible.
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Figure S7: Expression profiles of FGF and VEGF signalling component genes
during embryonic development and arm regeneration in A. filiformis. A) Levels
of expression of Afi-fgf9/16/20, Afi-fgf8/17/18, Afi-fgfr1 and Afi-fgfr2 in embryos and
adult non-regenerating and regenerating arms at different stages. B) Expression
profiles of Afi-vegf2, Afi-vegf3, and Afi-vegfr in embryos and adult non-regenerating
and regenerating arms at different stages. Transcript abundance is represented as
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NanoString counts per 100ng of Total RNA. Hpf — hours post fertilization, hpa —
hours post amputation, prox — proximal, dist — distal, NR — non-regenerating. C)
WMISH on Afi-fgf8/17/18 and Afi-tk9 at different embryonic developmental stages
and in early and late stages of adult arm regeneration in A. filiformis. Afi-fgf8/17/18
shows expression in the apical region of the ectoderm throughout all the embryonic
stages analysed and in the apical organ of the pluteus larva. In the regenerates
WMISH identifies specific expression in spines at stage 4/5 and in late regeneration
also in the vertebras. Afi-tk9 shows no expression during embryonic development.
Specific staining is identified in the foregut of the larva. In the early regenerating
stages and the distal tip of the late regenerates the probe for Afi-tk9 stains
specifically the epidermis, while in proximal elements the vertebras are also showing
expression. White arrows — expression in vertebrae, Black arrowheads — expression
in spines. LV — lateral view, AV — aboral view, OV — oral view. Embryos are all
oriented with apical pole at the top and vegetal pole at the bottom; regenerating arms

are oriented with proximal on the left and distal on the right.
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Afi-fgf9/16/20 Afi-fgfr2 Afi-vegf3 Afi-vegfr

Proximal

& Distal LV Distal LV Distal

Figure S8: Expression of FGF and VEGF genes at late stages of arm

regeneration in A. filiformis. WMISH conducted in 50% regenerative arms reveal:
Afi-fgf9/16/20 (A, E and |) still expressed in the epidermis both of proximal and distal
structures. Afi-fgfr2 (B,F and J) probe detects the developing skeletal elements such
as vertebras and lateral shields in the proximal, most developed, part of the
regenerates, while in the distal tip the staining is confined to the dermal cells.
Similarly, the Afi-vegf3 (C, G and K) is detected epidermal structured throughout the
late regenerate, while the Afi-vegfr is revealed in developing skeletal elements and
dermal cells. Av — aboral view, OV — oral view, LV — lateral view. Regenerating arms
are oriented with proximal on the left and distal on the right.
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Figure S9: Expression of VEGF signalling components and axitinib treatment
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51h

= \' B2 ds ;
101/123 102/119

89/118 -

36/40 Merged

in embryos and early regenerating arm stages of A. filiformis. A) Top: WMISH
on embryos at blastula, mesenchyme blastula and gastrula stages of development
showing the expression of Afi-vegf3 and Afi-vegfr. Bottom: schematic diagram of
major relevant cellular domains. B) Top: WMISH on regenerates at stages 3, 4 and 5
showing the expression of Afi-vegf3 and Afi-vegfr. Insets show detail of expression
patterns. Bottom: Schematic diagram of major relevant cellular domains in
regenerates. C) Phenotypic analysis of axitinib-treated embryos (75 nM) and controls
at 51 hpf shows that perturbation of VEGF signalling results in embryos with one
skeletal spicule forming. Numbers at the bottom show counts for embryos observed
with the represented phenotype/total embryos counted. D) Phenotypic analysis of
axitinib-treated regenerates and controls at 24 hours post treatment (stage 3) show
that perturbation of VEGF signalling either results in normal or slightly reduced
skeletal spicules. Numbers at the bottom show counts for explants observed with the
represented phenotype/total explants counted. Insets show magnification of skeletal
phenotypes. Embryos are all oriented with apical pole at the top and vegetal pole at
the bottom; regenerating arms are oriented with proximal on the left and distal on the

right.
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Fig S10: Comparison of differential expression values obtained from

quantitative data collected on the same sample using all three technologies
(RNA-seq, QPCR and NanoString). Linear regression was used to identify
conversion factors as means to bring all data from different biological replicates on a
comparable quantitative scale (Transcriptome). A) Comparison between
Transcriptome and NanoString quantification strategies in embryos of A. filiformis. A
significant linear regression was found (F(1,111)= 292.3, p-value: < 2.2e-16), with an
R2 of 0.7247. B) Comparison of Transcriptome and QPCR quantification strategies in
same embryo RNA samples of A. filiformis. A significant linear regression was found
(F(1,29)= 78.25, p-value: <9.877e-10), with an R2 of 0.7203. Details are available in
Methods.
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Figure S11: Standard deviations of differential expression are significantly
lower in embryos than in arms. Boxplot was obtained using standard deviation
values taken from at least 3 biological replicates for arm and embryo respectively as
presented in Fig S12. A higher median in arm indicates that individual replicates in
arms are displaying a higher dispersion than in embryos. This difference is significant
(Wilcox-rank test p-value=0.002329).
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Figure S12: Comparison of genes affected by SU5402 treatment in embryos
and regenerating arms of the brittle star. Boxplot showing the median and data
distribution of at least 3 biological replicates across different technologies (analysed
as described in methods) of gene quantification in SU5402 treated embryos (grey)
and regenerates (yellow) relative to DMSO controls. A) Downregulated genes that
show similar trends between embryos and regenerates; B) similar trends in
upregulated genes. C) Genes that have opposite trend in expression between
embryos and regenerates. In D) are genes expressed above background levels
exclusively during embryonic development; and E) only during regeneration. The
relative abundance is expressed in log2(SU5402/DMSO) and threshold is set at £1
log2(SU5402/DMSO) corresponding to 2-folds of difference (grey horizontal line).
Genes downregulated in the SU5402 treatment have negative values and genes
upregulated positive. Genes have been divided in functional categories: CC — cell
cycle; EG — endoderm/gut; IS — internal standard; NS — nervous system; S —
signalling; SC — stem cells; | — immunity; SDU — skeletogenic downstream/unknown;

TF — transcription factors.
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Figure S13'; Spatial downregulation of selected genes in regeneréiing arm
samples treated with SU5402 compared to controls. A-C) WMISH on

regenerating arms shows normal expression of Afi-egr in epidermis is downregulated
in SU5402-treated samples. A'-C') Same images at higher magnification. D-F)
WMISH on regenerating arms shows normal expression of Afi-msp130L in the
skeletogenic dermal layer is downregulated in SU5402-treated samples. D'-F') Same
images at higher magnification. G-I) WMISH on regenerating arms shows normal
expression of Afi-slc4a10 in the skeletogenic dermal layer is downregulated in
SU5402-treated samples. G'-I') Same images at higher magnification. J-L) WMISH
on regenerating arms shows normal expression of control gene Afi-p58b in the
skeletogenic dermal layer is maintained SU5402-treated samples. J'-L') Same

images at higher magnification. Scale bars: 100um.
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>
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Figure S14: Novel identified genes are expressed in skeleton forming cells.
WMISH on five genes: Afi-rreb1, Afi-cara7La, Afi-tr31926, Afi-tr9107, and Afi-tr35695
at (A) mesenchyme blastula and gastrula stages of embryogenesis and (B) early and

50% distal

late stages of adult arm regeneration in the brittle star. All genes are expressed in
skeletal cells sometime in development and regeneration. Exception is Afi-tr9107 that
shows expression in the ectoderm in a domain similar to the two ligands fgf9/16/20
and vegf3. White arrows — expression in vertebrae, Black arrowheads — expression
in spines. LV — lateral view, AV — aboral view. Embryos are all oriented with apical
pole at the top and vegetal pole at the bottom; regenerating arms are oriented with
proximal on the left and distal on the right.
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Movie 1: Control and SU5402-treated regenerating arm explants are alive and

motile after 48h of treatment.
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Table S1. Annotations of Fgf and Vegf genes using BLAST
against Swissprot database.
eval, E value; pident, BLAST percentage identity.

Click here to download Table S1

Table S2. Heatmap of embryonic gene expression time-courses based on normalized
Nanostring counts.
hpf, hours post fertilization.

Click here to download Table S2

Table S3. Heatmap of regenerating arm gene expression time-courses based on normalized
Nanostring counts.
hpa, hours post amputation; NR, non-regenerating; St, stage; prox, proximal; dist— distal.

Click here to download Table S3

Table S4. Nanostring codeset sequences and their source.

Click here to download Table S4

Table S5. Summary of Nanostring experiments in embryos and regenerating adult arms
of A. filiformis treated with SU5402.

Values shown are Log2(SU5402/DMSO). Threshold of significance is +1. Positive values
indicate upregulation, negative values indicate downregulation. TB, transcriptome batch;
NB, Nanostring batch; N/D, not detected; Yellow highlight, internal standards. Red,
significantly upregulated; Green, significantly downregulated.

Click here to download Table S5

Table S6. Summary table of differential transcriptome analysis of Fgf inhibition experiment.
Normalised values and log2 folds of difference (fc) are shown for 140 transcripts downregulated by
SU5402 at 27 hours of embryonic development. Peptides encoded by the identified transcripts are
annotated using BLAST against the S. purpuratus (SPU) genome and developmental transcriptome,
functional annotation categories and BLAST against the NCBI non-redundant database.

Click here to download Table S6

Table S7. Summary table of protein prediction of five novel genes downregulated by FGF
perturbation with unknown function.

BLAST results reveal that two of the genes have no immediate similarity to any other species found
in the NCBI non-redundant (NR) database, while the other three find poor similarity with genes in
other organisms. All genes can be identified in another brittle star species (O. brevispinum or O.
spiculata) with high confidence and often at least partial hits were found in other eleutherozoa
(echinoid E. tribuloides or asteroid A. muricatum) but not crinoids. Four of the five genes are likely
to encode for secreted proteins due to the signal peptide prediction using SignalP. The CDART tool
only found conserved domains in two out of the five genes.

Click here to download Table S7
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