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Abstract

Extracellular matrix (ECM) plays a dynamic role during tissue development and re-growth. Body part regeneration efficiency
relies also on effective ECM remodelling and deposition. Among invertebrates, echinoderms are well known for their striking
regenerative abilities since they can rapidly regenerate functioning complex structures. To gather insights on the involvement of
ECM during arm regeneration, the brittle star Amphiura filiformis was chosen as experimental model. Eight ECM genes were
identified and cloned, and their spatio-temporal and quantitative expression patterns were analysed by means of whole mount in
situ hybridisation and quantitative PCR on early and advanced regenerative stages. Our results show that almost none of the
selected ECM genes are expressed at early stages of regeneration, suggesting a delay in their activation that may be responsible
for the high regeneration efficiency of these animals, as described for other echinoderms and in contrast to most vertebrates.
Moreover, at advanced stages, these genes are spatially and temporally differentially expressed, suggesting that the molecular
regulation of ECM deposition/remodelling varies throughout the regenerative process. Phylogenetic analyses of the identified
collagen-like genes reveal complex evolutionary dynamics with many rounds of duplications and losses and pinpointed their
homologues in selected vertebrates. The study of other ECM genes will allow a better understanding of ECM contribution to
brittle star arm regeneration.
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Introduction

Regeneration —the replacement of lost body parts— is wide-
spread in the animal kingdom occurring in both invertebrates
(Bosch 2007; Salo et al. 2009) and vertebrates (Brockes and
Kumar 2002; Gemberling et al. 2013). However, the efficien-
cy and extent of this ability vary between species (Tsonis
2000; Brockes and Kumar 2008; Bely and Nyberg 2009).
Wound healing, tissue remodelling, cell apoptosis and prolif-
eration, differentiation and dedifferentiation, and morphogen-
esis are just a few of the many different events that need to be
finely regulated during the regenerative process (King and
Newmark 2012).

Extracellular matrix (ECM) plays a pivotal and dynamic
role at different levels of animal body part re-growth, provid-
ing structural and mechanical stability during the formation of
new tissues and organs and supporting cell migration, adhe-
sion and proliferation (Bonnans et al. 2014; Swinehart and
Badylak 2016; Keane et al. 2018). The interactions between
ECM and cells control tissue development and structural in-
tegrity and guarantee maintenance and self-renewal (Gelse
et al. 2003). As evidence for this, in tissue engineering and
regenerative medicine ECM scaffolds are commonly used to
support the correct cell proliferation and differentiation of
regenerating tissues (Yi et al. 2017; Sheehy et al. 2018).

ECM comprises several types of macromolecules which
form, among the others, “filling tissues” and basal laminae.
These molecules include, for example, fibrillar and non-
fibrillar collagens, fibronectins, elastins, tenascins, integrins,
fibrillins, glycosaminoglycans, proteoglycans and laminins,
which all play different structural and functional roles
(Alberts et al. 2002; Hynes 2009).

During regeneration, the remodelling of pre-existing and
newly formed ECM, which involves secreted enzymes, such
as metalloproteases (MMPs) and tissue inhibitors of the
MMPs (TIMPs), is a fundamental event (Lu et al. 2011;
Bonnans et al. 2014; Arpino et al. 2015). Among the most
extensively remodelled ECM molecules are laminins, one of
the main components of basal laminae; these molecules are
known to be involved in the regenerative process of different
tissues (Govindan and Iovine 2015; Rousselle et al. 2018).

In vertebrates, ECM is deposited during the early phase of
tissue repair usually prior to cell proliferation (Diegelmann
and Evans 2004; Godwin et al. 2014). Importantly, over-
deposition of ECM in the connective tissue is known to impair
or greatly reduce proper tissue regeneration (Bock and
Mrowietz 2002; Rahban and Garner 2003; Diegelmann and
Evans 2004; Ben Amar and Bianca 2016).

Among invertebrates, echinoderms are non-chordate deu-
terostomes that possess striking regenerative abilities, being
able to regenerate nearly all tissue types and large body parts,
such as the nervous system, appendages and more (Candia
Carnevali 2006). Brittle stars, starfish and crinoids have been
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used to investigate mainly whole body part (i.e. arm) regener-
ative processes (Ben Khadra et al. 2015a, b, 2018; Czarkwiani
etal. 2016) and to identify cellular and molecular mechanisms
underpinning their extensive regenerative ability which con-
trasts with the limited ability of almost all vertebrates (Nye
et al. 2003).

In echinoderm regeneration after traumatic amputation, the
ECM of both stump and newly formed tissues is actively in-
volved (Quifiones et al. 2002; Cabrera-Serrano and Garcia-
Arraras 2004; Miao et al. 2017; Ferrario et al. 2018). In contrast
to mammals, delay in collagen deposition has been observed
during the sea cucumber repair phase (Quifiones et al. 2002).
Furthermore, neither scar formation nor fibrosis have been de-
tected during wound healing stages in any echinoderm so far
investigated (Quiflones et al. 2002; Ferrario et al. 2018).
Therefore, it has been suggested that the delay in ECM depo-
sition and absence of scar tissue may partly explain the regen-
erative efficiency of echinoderms (Quifiones et al. 2002;
Ferrario et al. 2018) as also described for the few
regeneration-competent vertebrates (Erickson and Echeverri
2018). Recent morphological and ultrastructural studies com-
paring arm regeneration in a starfish, Echinaster sepositus, and
in a brittle star, Amphiura filiformis, have confirmed the ab-
sence of collagen over-deposition in the repair phase (Ferrario
et al. 2018). Furthermore, in A. filiformis, the initial collagen
deposition after arm injury occurs at the end of the repair phase,
72 hours post amputation (hpa) (Ferrario et al. 2018), which
coincides with the beginning of cell proliferation detected by
EdU staining (Czarkwiani et al. 2016).

A. filiformis has been used to investigate mainly complex
body part regeneration, due to its ability to re-grow a function-
al arm in a short time. Little is known about the contribution of
ECM to regeneration at the molecular level in this species. A
collagen gene (Afi-acoll) has been identified as a marker of
skeletal differentiation (Czarkwiani et al. 2013). Another
study of the wound healing stage (1-3 days post-amputation
(dpa)) using transcriptomic and proteomic approaches has
shown that a collagen IV-like (the main component of the
vertebrate basal lamina) and the glycoprotein fibronectin are
down-regulated (Purushothaman et al. 2015) in this early
phase, whereas collagen transcripts are present at high level
during early stages of regeneration (7 dpa; Burns et al. 2011).
These findings suggest an overall modulation of ECM genes
during regeneration that needs to be further investigated in
detail.

To this end, in this study, we identify eight ECM genes
from an A. filiformis reference transcriptome (Dylus et al.
2018) and we analyse their spatial-temporal and quantitative
expression during arm regeneration through whole mount in
situ hybridisation (WMISH) and quantitative PCR (Q-PCR).
Our results show an overall delay of ECM gene activation and
a differential spatial gene expression pattern at advanced re-
generative stages.
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Materials and methods

No specific permits were required since the brittle star
Amphiura filiformis is not an endangered or protected species.

Animal collection and maintenance

Adult specimens of A. filiformis were collected at the Sven
Lovén Centre for Marine Sciences in Kristineberg (Sweden)
and transported to London where they were kept at 14°C in
tanks of filtered artificial sea water (ASW) with 34% salinity
(Instant Ocean®). Animals were left to acclimatise around
1 week before regeneration tests were conducted (see below).
Specimens were fed twice a week with Microvore Microdiet
(Brightwell Aquatics) and ASW parameters were constantly
checked and adjusted when necessary.

Arm regeneration tests

Specimens were anaesthetised in 3.5% MgCl,(6H,0) solution
(pH 8.3) in a 1:1 mix of filtered ASW and milliQ water. Two
arms per animal were amputated at 1 cm from the disc by
cutting with a sharp scalpel between two subsequent segments
under a stereomicroscope. Animals were then left to regenerate
until they reached the desired stages (Dupont and Thorndyke
2006; Czarkwiani et al. 2016) when they were collected togeth-
er with two or three segments of the stump for further analyses
(see below).

Identification of A. filiformis extracellular matrix
genes

Collagen-like and other ECM genes of interest were selected
in the following ways:

- gene name/word search in sea urchin Strongylocentrotus
purpuratus and starfish Patiria miniata genomes using
EchinoBase (www.echinobase.org; Cameron et al. 2009;
Kudtarkar and Cameron 2017);

- recent publications on other echinoderms (Ortiz-Pineda
etal. 2009; Sun et al. 2011; Czarkwiani et al. 2013; Mashanov
et al. 2014; Purushothaman et al. 2015).

Selected sequences from other echinoderms were used to
search in the A. filiformis reference transcriptome (Dylus et al.
2018) using BLAST-X. The best-BLAST-hit of A. filiformis
was then used in a BLAST-X search on EchinoBase and on
the non-redundant (NR) National Center for Biotechnology
Information (NCBI) database (http://blast.ncbi.nlm.nih.gov/)
to confirm their identity as ECM genes.

Phylogenetic analyses of collagen genes

Homologous relationships for five collagen-like genes (called
Afi-col-L A, Afi-col-L B, Afi-col-L C, Afi-col-L D and

Afi-acoll, see below) were identified using reciprocal
BLAST of A. filiformis against S. purpuratus (Dylus et al.
2018). In-depth gene families were obtained by querying the
five collagen candidates in hierarchical orthologous groups
(HOGs) of an orthologous matrix algorithm (OMA) run
consisting of 33 species (17 echinoderms) (Altenhoff et al.
2018). For each group, a tree was built using a MAFFT align-
ment (v7.305b) and FastTree (2.1.9). Homology was defined
by proximity on the tree to closest vertebrate species.

Cloning and probe synthesis

To isolate fragments containing the desired genes, total
A. filiformis RNA was extracted from different embryonic
and/or adult arm regenerating stages and first-strand cDNA
was synthesised as described in Czarkwiani and co-workers
(Czarkwiani et al. 2013). This was used to amplify specific
fragments by PCR using specific primers (Table S1) designed
with the PRIMER3 Software version 4.0.0 (http://primer3.ut.
ee/). The following parameters from default setting were
implemented: max Poly-X =3 and max 3’ Stability =8.
Purified PCR products for each gene of interest were
subsequently ligated in pGEM®-T Easy Vector System I
(Promega) and then transformed in Subcloning Efficiency
Invitrogen DH5 Competent Cells (Life Technologies).
Colonies containing the correct recombinant plasmids were se-
lected by PCR and confirmed by sequencing (Source
BioScience). Table S2 summarises clone information.

Digoxigenin (DIG) labelled RNA antisense probes were
transcribed in vitro from each clone using Sp6/T7
Transcription Kit (Roche) and DIG-labelling mix (Roche) ac-
cording to manufacturer’s instructions.

Whole mount in situ hybridisation (WMISH)

Samples of A. filiformis at various regenerative stages were
fixed in 4% paraformaldehyde (PFA) in 1x phosphate buffer
saline (PBS with 0.1% Tween-20; PBT) overnight at 4°C and
stored in 100% methanol at —20°C until use.

WMISH was performed with the antisense probes newly
synthesised along with positive control (Afi-c-lectin; see
Czarkwiani et al. 2016 and Supplementary Materials) as de-
scribed by Ferrario and co-workers (Ferrario et al. 2018). For
each regenerative stage, at least three different individuals in
independent biological replicas were used to test each RNA
antisense probe with the following parameters: hybridisation
time of 5-7 days, temperature of 50-55°C and probe concen-
tration of 0.02—0.04 ng/pl. WMISH parameters are detailed in
figure captions. After WMISH, samples were stored in 50%
glycerol at 4°C and observed under a Zeiss Axiolmager M1
microscope equipped with a Zeiss AxioCam HRc camera.

@ Springer
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Post in situ sectioning

After whole mount imaging, hybridised samples were treated as
described by Ferrario and co-workers (Ferrario et al. 2018) to
gain a better resolution of the tissue-specific expression. Briefly,
samples were decalcified for 1-2 days at 4°C in 0.5 M EDTA in
1x PBS (pH 8) or in 1:1 solution (v/v) of 2% L-ascorbic acid
and 0.3 M NaCl in distilled water, then embedded in paraffin
wax following standard procedures and sectioned using a rotary
microtome (Leitz 1512). Xylene was used to remove paraffin
from thick sections (10 pwm), which were then mounted with
Eukitt® and observed under a Jenaval light microscope provid-
ed with a DeltaPix Invenio 3S 3M Pixel CMOS camera and
a DeltaPix ViewerLE Software.

Histology

Non-regenerating and regenerating samples were fixed, paraf-
fin embedded, sectioned and stained with Milligan’s trichrome
technique (Milligan 1946) as described in Czarkwiani and co-
workers (Czarkwiani et al. 2016). Slides were mounted and
observed as previously mentioned.

Results

Identification of collagen and other ECM genes
in A. filiformis

To obtain a better understanding of collagen gene expression
in brittle star arm regeneration, we collected more than 30
collagen-like genes from the echinoderm literature and from
EchinoBase (seec “Materials and methods”) and cross-
referenced them with an A. filiformis transcriptome (Dylus
et al. 2018). In this way, we identified a total of 9 sequences.
In parallel, to be as comprehensive as possible, we searched
the translated proteome with HMM (hidden Markov model)
profile from Pfam (http:/pfam.xfam.org/family/PF01391).
This search identified 135 different transcripts of which 112
included either an orthologue or homologue to a total of 38 sea
urchin genes, indicating the complexity of the collagen gene
complement encoded in the A. filiformis genome and
potentially involved in regeneration.

In this study, we focused on one previously identified col-
lagen gene (Afi-acoll; Czarkwiani et al. 2013) and on 4 as yet
uncharacterised genes (here referred to as collagen-like do-
main containing genes: Afi-col-L A, Afi-col-L B, Afi-col-L C,
Afi-col-L D), which were successfully cloned from the identi-
fied 9 selected genes and further analysed (see below). To
characterise this subset of genes in terms of architecture and
homology to known collagen genes, we used a bioinformatics
approach (Table 1). We employed InterProScan (Jones et al.
2014) and NCBI Conserved Domain Architecture Retrieval
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Tool (¢cDART; Geer et al. 2002) to identify conserved domain
architecture. We also performed a hierarchical orthologous
group (HOG) analysis to better understand the homology re-
lationships of these four genes and the Afi-acoll previously
described (Czarkwiani et al. 2013). Orthology matrix algo-
rithm (OMA; Altenhoff et al. 2018) was run for 33 species
including at least two species from each echinoderm class.

It is important to underline that Afi-col-L B, Afi-col-L C,
Afi-col-L D and Afi-acoll were classified as fibril-forming
collagens (Fig. S1) and that all sequences but Afi-col-L C
contained a collagen triple helix region containing multiple
repeats of collagen-like domain (coll; Fig. S1). Other informa-
tion about these genes is presented in the Supplementary
Materials.

The overall results of the phylogenetic analyses shown in
Fig. S2 highlight the complex clade-specific gene duplication
and loss occurring in the evolution of collagen genes, which
make it difficult to unequivocally identify collagen genes
orthologous to those of the established mammalian classes.

In addition to collagen, other molecules are important for
ECM formation and remodelling during regeneration, such as
laminins, tissue inhibitors of metalloproteases (TIMPs) and
others. Therefore, we searched for other ECM genes using a
similar strategy as for collagen-like genes (see above). We
collected more than 50 ECM genes from the echinoderm lit-
erature and from EchinoBase (see ‘“Materials and methods”)
and cross-referenced them with an A. filiformis transcriptome
(Dylus et al. 2018). We identified a total of 26 sequences and
we focused on the 3 as yet uncharacterised genes that have
been successfully cloned and further analysed (2 laminin sub-
units and 1 TIMP encoding genes). The best-BLAST-hits in
EchinoBase (SPU Best BLAST) and in NCBI (NCBI Best
BLAST) are listed in Table 1.

Taken together, this initial analysis is in agreement with
what described on the complexity of ECM genes in other
echinoderms.

ECM gene expression during A. filiformis arm
regeneration

To determine if the identified ECM genes are expressed in the
process of arm regeneration, we studied their spatial and quan-
titative expression at different regenerative stages and in the
stump tissues using WMISH and Q-PCR. Presence/absence of
expression in the stump tissues was evaluated since the
stump differentiated tissues are comparable to the normal tis-
sues and they can therefore provide a good indication of the
expression of the selected genes in non-regenerating condi-
tions. Furthermore, we performed post in situ sectioning to
gain a better resolution of the tissues expressing the selected
genes.

We initially performed a basic histological analysis to char-
acterise the main tissues and structures of the brittle star arm
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Table1 Best-BLAST-hits of the identified genes using EchinoBase (SPU Best BLAST) and using NCBI (NR Best BLAST) with respective scores and
E-values
Gene name  Afi transcriptome id CDS size (nt)  Best-BLAST-hits Score  E-value
(Afi-CDS nt_v2)
Afi-col-L A AfiCDS.id16823.tr6264 903 SPU  Sp-ClqL (SPU_005500) 207  8,00E-54
NR  alpha-2(VIII) chain-like [S. purpuratus] 203 1,00E-60
(2139033543 1|ref]XP_003724148.1)
Afi-col-L B AfiCDS.id31588.tr64501 507 SPU  Sp-6Afcol (SPU_009076) 353 1,00E-96
NR  collagen alpha-1(V) chain isoform X2 350  2,00E-94
[S. purpuratus] reflXP_011679218.1|
Afi-col-L C AfiCDS.id59066.1r822 4080 SPU  Sp-Col805b 2 (SPU_005167) 895 0
NR  alpha-5 collagen [P, lividus] emb|CAES53096.1| 865 0
Afi-col-L D AfiCDS.id20775.tr36218 4443 SPU  Sp-Fcolf (SPU_013557) 447  E-125
NR  PREDICTED: collagen alpha-1(XXVII) 350  4,00E-101
chain [S. purpuratus] ref XP_011679783.1|
Afi-acoll AfiCDS.1d59033.tr18060 3972 SPU  Sp-Col805b 1 (SPU_014618) 228  3,00E-59
NR  hypothetical protein BRAFLDRAFT 74778 [B. floridae] 274 5,00E-80
Afi-Lama-L  AfiCDS.id50515.tr22425 11,016 SPU  Sp-LamaLf (SPU 020192) 2160 0
NR  laminin subunit alpha-like isoform X2 2615 0
[L. anatina] refXP_013408769.1|
Afi-Lamf3-L  AfiCDS.id27309.tr36214 5982 SPU  Sp-LamB2Lf (SPU_001768) 1570
NR  PREDICTED: laminin subunit beta-2 1438
[S. purpuratus] ref|XP_793215.4|
Afi-TIMP3  AfiCDS.id58489.tr18807 771 SPU  Sp-Timp4b (SPU_008866) 150  1,00E-36
NR  PREDICTED: metalloproteinase 138 1,00E-136

inhibitor 3 [S. purpuratus] ref|XP_781027.1]

Afi Amphiura filiformis, nt nucleotide, SPU or Sp Strongylocentrotus purpuratus

that will regenerate post injury. Figure 1 shows the experimen-
tal model (Fig. la—d), anatomical diagrams (Fig. le—g) and
thick paraffin sections of non-regenerating arms of
A. filiformis (Fig. 1h—p). As in all ophiuroids, the arm is
subdivided into repetitive segments (Hyman 1955;
Czarkwiani et al. 2013, 2016). Skeletal elements (i.e. verte-
brae, arm plates and spines) and muscle bundles are sequen-
tially repeated in each segment, whereas three main structures
run longitudinally along the whole arm, namely the aboral
coelomic cavity (ACC), the radial water canal (RWC), with
its associated podia and accessory vesicles, and the orally
located radial nerve cord (RNC) with its adjacent sinuses.
The distal arm-tip has a terminal cap (or ossicle) and terminal
podium (Fig. 1d, e).

All these structures are reformed during different regener-
ative stages (Dupont and Thorndyke 2006; Biressi et al. 2010;
Czarkwiani et al. 2016). Specifically, after a wound healing
phase (stage 1), around 5 days post-amputation (dpa), the
early regenerative phase begins (stage 2), characterised by
the appearance of the regenerative bud with the first out-
growths of the three main longitudinal structures (Fig. S3a,
c). At stage 3/4 (around 8 dpa), complex structures regenerate

and first signs of new segments at the proximal region of the
new arm-tip are visible (Fig. S3b, d). Stage > 50% DI (after 2—
3 weeks post-amputation (wpa)) is an advanced regenerative
phase with new segments regenerated following a proximal-
distal gradient as explained by the distalisation-intercalary re-
generation model (Czarkwiani et al. 2016).

Expression of ECM genes during early arm
regeneration (stage 2)

At stage 2, when the regenerative bud starts to appear and cells
are already actively proliferating (Czarkwiani et al. 2016),
only Afi-col-L B is expressed and localised in the ACC epi-
thelium (Fig. 2a, f, k), whereas none of the other collagen-like
genes show positive staining (Afi-col-L A (Fig. 3a, e, j); Afi-
col-L C (Fig. 4a, f, k); Afi-col-L D (Fig. 5a, f, j); Afi-acoll
(Fig. 6a, f, j)).

Afi-Lama-L is localised in the epidermis (Fig. 7a, g, s). On
the contrary, Afi-Lam{3-L is not detectable in neither regener-
ative nor stump tissues (Fig. S4). Afi-TIMP3 also does not
show expression (Fig. 7k, o, s). Overall, WMISH data are in

@ Springer
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M Muscles

Fig. 1 Amphiura filiformis anatomy. a—d Stereomicroscopy; e—g
diagrams (see colour legend embedded in the figure for the labelling of
the different tissues; the epidermis is shown in black); h—p thick paraffin
sections (Milligan’s trichrome staining) of non-regenerating arms.
Connective tissue (collagen) is stained green/blue, cells are stained
pink/violet. a Aboral view of an adult regenerating specimen of the brittle
star Amphiura filiformis (arrows = regenerating arms). b Aboral view of
the proximal region of a non-regenerating arm. ¢ Oral view of the prox-
imal region of a non-regenerating arm. d Aboral view of the distal tip of a
non-regenerating arm (arrow = terminal podium). e—g Diagrams of a non-
regenerating arm of A. filiformis. e Sagittal (longitudinal) section diagram
(arrow = terminal podium). f Diagrammatic cross section at the level of
the proximal region of the arm. g Diagrammatic cross section at the level
of the distal tip in the growth zone underneath the terminal ossicle. h
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g des  Colour legend:

[ Connective tissue
[] Radial nerve cord
[ Aboral coelomic cavity
[ Skeletal elements

[ Water vascular system

Sagittal section showing the gross anatomy of an arm with its main tissues
and structures. i Sagittal section of the oral region of an arm showing the
epidermis (arrow). j Frontal section of a spine in which the central nerve is
visible. k Cross section of a vertebra. 1 Frontal section of a lateral
arm plate (arrow). m Sagittal section of the aboral coelomic cavity (ar-
row). n Sagittal section of the radial nerve cord (arrow) with its adjacent
sinuses. o Sagittal section of the radial water canal (arrow) with an acces-
sory vesicle. p Frontal section of the podium. Abbreviations: acc-aboral
coelomic cavity; ap-aboral arm plate; av-aboral view; ct-connective tis-
sue; cs-cross section; d-distal region; dcs-distal cross section; fs-frontal
section; m-muscle; ov-oral view; op-oral arm plate; p-proximal region; p-
podium; pes-proximal cross section; rnc-radial nerve cord; rwc-radial
water canal; ss-sagittal section; v-vertebra. Scale bars: h 100 um; i—p
50 um



Cell Tissue Res (2020) 381:411-426

47

Stage 2

e

ss ! ss 1

Fig. 2 Afi-col-L B expression pattern at different regenerative stages.
row: WMISH; 2" row: post in situ sectioning; 3™ row: diagrams. Stage 2
(a, f, k). Afi-col-L B is expressed in the regenerative bud in the aboral
coelomic cavity epithelium (arrowhead). Stage 3/4 (b, g, h, 1). Afi-col-L B
is expressed in the aboral connective tissue of the regenerate (arrowhead).
Stage >50% DI (¢, d, e, i, j, m, n). Afi-col-L B is expressed in the
proximal region in the aboral coelomic cavity epithelium, the rim layer
of the aboral intervertebral muscles, the vertebrae, the lateral arm plates

lst

agreement with Q-PCR results (see Supplementary
Materials).

Expression of ECM genes during advanced arm
regeneration (stages 3/4 and > 50% DI)

At stage 3/4, when the advanced regenerative phase begins,
almost all the five collagen-like genes are expressed with
the exception of Afi-col-L D (Fig. 5b, g, k). In particular,
Afi-col-L A is localised in the epidermis of the regenerate as
visible from both whole mount samples (Fig. 3b) and post
in situ sections (Fig. 3f, g, k). Afi-col-L B (Fig. 2b, g, h, 1),
Afi-col-L C (Fig. 4b, g, h, 1) and Afi-acoll (Fig. 6b, c, g, k)

> 50% DI Distal

Cs

and the podia wall (arrowheads), whereas in the distal region, it is detect-
able only in the aboral coelomic cavity epithelium (arrowhead). Violet =
presence of signal. Red dotted lines = amputation plane. Abbreviations:
av-aboral view; cs-cross section; Iv-lateral view; ov-oral view; ss-sagittal
section. Scale bars: a, b, e, f, g 50 um; ¢ 100 pum; i, j 25 pm. WMISH
parameters for all samples: 5 days of hybridisation and 0.02 ng/pl probe
concentration

are present in the aboral dermal layer of the regenerate,
with the first one more localised in the aboral dermal layer
of the regenerate tip.

Afi-Lama-L is expressed in the epidermis (Fig. 7b, h, t),
whereas Afi-Lamf-L (Fig. S4b, f, j) and Afi-TIMP3 (Fig. 71,
p, t) are not detectable in neither regenerating nor stump
tissues.

In the late regenerates (> 50% DI), when all structures are
well differentiated, the identified collagen-like genes show
different expression patterns along the proximal-distal axis.
Afi-col-L A is confined to the ACC epithelium along the whole
regenerate (Fig. 3¢, d, h, i, 1). Afi-col-L B is detectable at the
proximal end (Fig. 2¢, d, i, m) in the inner lining of the podia,
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Stage 2 Stage 3/4

A

Fig. 3 Afi-col-L A expression pattern at different regenerative stages. 1™
row: WMISH; 2" row: post in situ sectioning; 3™ row: diagrams. Stage 2
(a, e, j). Afi-col-L A is not expressed in the regenerative bud. Stage 3/4 (b,
f, g, k). Afi-col-L A is expressed in the epidermis (arrowhead). Stage >
50% DI (e, d, h, i, 1). Afi-col-L A is expressed in the aboral coelomic
cavity epithelium (arrowheads) along the whole regenerating arm.

in the coelomic lining of the aboral intervertebral muscles, in
the lateral arm plates, in the vertebrae and in the ACC epithe-
lium, whereas in the distal tip (Fig. 2e, j, n), itis visible only in
the ACC epithelium. The latter and the RWC epithelium of the
non-regenerating stump tissues also display a signal (Fig. 2f;
Fig. S5a—d). Afi-col-L C shows a strong expression at the
proximal end (Fig. 4c, d, i, m) in the lateral arm plates, the
base of the spines, the ACC epithelium and the coelomic
lining of the aboral intervertebral muscles, whereas it is con-
fined to the lateral arm plates only in the distal end of the late
stage regenerating arm (Fig. 4e, j) and no expression is detect-
able in the distal-most tip immediately proximal to the termi-
nal ossicle (Fig. 4e, n). In the non-regenerating stump tissues
(Fig. S5e—g), a signal is detectable in the lateral arm plates and
the RWC epithelium. Afi-col-L D shows a clear expression
localised in the proximal region (Fig. 5c, h, 1) of the late
regenerate in the ACC epithelium and the lateral arm plates,
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>50% DI Proximal >50% DI Distal

,SS,

Violet = presence of signal. Red dotted lines = amputation plane.
Abbreviations: av-aboral view; cs-cross section; lv-lateral view; ss-
sagittal section. Scale bars: a, b, d, e, f, h 50 pm; ¢ 100 pm; i 25 pm.
WMISH parameters for all samples: 5 days of hybridisation and 0.02 ng/
ul probe concentration

whereas in the distal tip (Fig. 5d, e, i, m), the signal is detect-
able in the aboral dermal layer and in the tip of the terminal
podium. No staining is visible in the non-regenerating stump
tissues (Fig. Sé6e, f). Afi-acoll expression pattern at stage >
50% DI was described by Czarkwiani and co-workers
(Czarkwiani et al. 2013) and it was used as positive control
in our experiments along with the Afi-c-lectin gene
(Czarkwiani et al. 2016; Fig. S7). Our results confirm a signal
for Afi-accoll in the lateral arm plates and in the spines in the
proximal region of the regenerate but reveal an expression
also in the oral arm plates and in the ACC epithelium (Fig.
6d, h, 1) and in the latter also in the distal tip of the regenerate
(Fig. 6e, i, m). A similar expression pattern in the lateral and
oral arm plates and in the spines is also visible in the stump
tissues (Fig. S6a—d). Post in situ sectioning shows that a signal
is present also in the stump water vascular system and in
the ACC epithelium (Fig. S6a—d).
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Stage 2 Stage 3/4

==

Fig. 4 Afi-col-L C expression pattern at different regenerative stages. 1™
row: WMISH; 2™ row: post in situ sectioning; 3™ row: diagrams. Stage 2
(a, f, k). Afi-col-L C is not expressed in the regenerative bud. Stage 3/4 (b,
g, h, 1). Afi-col-L Cis expressed in the regenerate in the aboral connective
tissue (arrowhead). Stage >50% DI (¢, d, e, i, j, m, n). Afi-col-L C is
expressed in the proximal region in the lateral arm plates, at the base of
the spines, in the aboral coelomic cavity epithelium and in the rim layer of

Afi-Lama-L is expressed in the RWC epithelium, in the
spine tips of the proximal segments (Fig. 7c, d, e, i, u), and
in the distal part, it is visible in the epidermis but absent in the
terminal podium (Fig. 7f, j, u). In the stump tissues, expression
is visible in the epidermis and in the RWC epithelium as well
as in the ectoneural component of the RNC (Fig. S8). On the
contrary, Afi-Lam/[3-L is not detectable in neither regenerative
nor stump tissues (Fig. S4). Of course, we cannot exclude the
presence of technical problems in the detection of the expres-
sion of Afi-Lam3-L during A. filiformis regeneration; however,
this datum is supported by the Q-PCR analysis that shows Afi-
Lamp-L expression levels 100-200 times less than the internal
standard (Log2 from — 6.3 to —8.5; Fig. S9) and up to 1000
times less than Afi-accoll (Log2 from — 8.5 to — 10.5; Fig. S9).
Therefore, it is likely that this ECM gene is either not
expressed or expressed at non-detectable levels by chromo-
genic WMISH. Afi-TIMP3 displays a faint signal in the ACC

>50% DI Proximal

>50% DI Distal

Ccs Ccs

the aboral intervertebral muscles, whereas in the distal region, it is
expressed in the developing lateral arm plates but not in the distal tip.
Violet = presence of signal. Red dotted lines = amputation plane.
Abbreviations: av-aboral view; cs-cross section; ov-oral view; ss-sagittal
section. Scale bars: a, b, e, f, g, j 50 um; h, i 25 pm; ¢ 100 um. WMISH
parameters for all samples: 5 days of hybridisation and 0.02 ng/pl probe
concentration

epithelium from both whole mount and post in situ sectioning
in the proximal region of the late regenerate (Fig. 7m, q, u),
whereas no signal is present in the distal tip (Fig. 7n, 1, u).
Overall, the two positive controls Afi-acoll and Afi-c-lectin
run in each experiment show consistent and reproducible
staining pattern and the Q-PCR results are largely consistent
with the WMISH (see Supplementary Materials and Fig. S9).
This supports the expressions of the newly studied ECM
genes.

Discussion

ECM macromolecules, especially collagens, are structural
supporting molecules important for remodelling, deposition
and differentiation of pre-existing and developing structures
(i.e. skeletal elements and muscles) (Okazaki and Inoué 1976;
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Stage 2

Stage 3/4

/

Fig. 5 Afi-col-L D expression pattern at different regenerative stages. 1™
row: WMISH; 2™ row: post in situ sectioning; 3™ row: diagrams. Stage 2
(a, f, j). Afi-col-L D is not expressed in the regenerative bud (2
individuals). Stage 3/4 (b, g, k). Afi-col-L D is not expressed in the
regenerate (4 individuals). Stage >50% DI (¢, d, e, h, i, 1, m). Afi-col-L
D shows expression in the proximal region of the late regenerate in the
aboral coelomic cavity epithelium and in the lateral arm plates, whereas in
the distal tip, the signal is detectable in the aboral connective tissue and in

Blankenship and Benson 1984). A better understanding of
ECM gene activation and expression will help us to shed light
on the possible relationships between echinoderm ECM
remodelling/deposition pattern and their regenerative abilities
in comparison with the limited equivalents displayed by most
vertebrates (Erickson and Echeverri 2018). For this purpose,
in this work, we identified eight ECM genes and analysed
their spatial-temporal and quantitative expression patterns
during brittle star arm regeneration.

Firstly, we focused on collagen-like genes. We performed a
bioinformatics and phylogenetic analysis to better characterise
them in relation to collagens of other echinoderms and meta-
zoans. From the domain search analysis, only Afi-col-L A
cannot be considered unambiguously a collagen-like gene
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>50% DI Proximal > 50% DI Distal

the tip of the terminal podium (4 individuals). Violet = presence of
signal. Red dotted lines = amputation plane. Abbreviations: av-aboral
view; cs-cross section; lv-lateral view; ss-sagittal section. Scale bars: a,
b, d, f, g h,i50 um; ¢ 200 um. WMISH parameters for samples of stages
2 and 3/4: 5 days of hybridisation and 0.02 ng/ul probe concentration.
WMISH parameters for samples of stage >50% DI: 7 days of
hybridisation and 0.04 ng/ul probe concentration

due to the presence of a C/q domain (Fig. S1). Indeed, this
is typical of proteins of the complement system (Kishore and
Reid 2000), which are mainly involved in immune functions.
Therefore, we should consider the possibility that this gene
has immunological rather than structural functions (which are
typical of collagens). Further phylogenetic and functional
studies should address this issue.

Overall, the phylogenetic analyses revealed the complex-
ity in the evolution of collagen genes (Fig. S2). All genes
identified in the OMA run are part of very large HOGs (>
500 genes). Considering that only 33 species were used, this
indicates a high incidence of duplication and loss. Moreover,
echinoderm collagens grouped mostly together indicating the
separate evolutionary paths for echinoderms and chordates.
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Stage 2 Stage 3/4

SS

Fig. 6 Afi-acoll expression pattern at different regenerative stages. 1%
row: WMISH; 2™ row: post in situ sectioning; 3™ row: diagrams. Stage 2
(a, £, j). Afi-acoll is not expressed in the regenerative bud. Stage 3/4 (b, ¢,
g, k). Afi-acoll is expressed in the aboral connective tissue of the regen-
erate. Stage >50% DI (d, e, h, i, 1, m). Afi-acoll is detectable in the
proximal region in the lateral arm plates, the spines, the oral arm plate
and the aboral coelomic cavity epithelium (arrowhead), whereas in the

This, together with the high incidence of duplication and
loss, makes direct evaluation of orthology very difficult.
However, the overall lower fibrillar collagen type diversity
described so far in echinoderms in comparison with verte-
brates (Whittaker et al. 2006) needs to be further investigated
to strengthen the phylogenetic results and implement data
already present in the literature (Exposito et al. 2010).
From our conserved domain analysis, only Afi-col-L C can
be clearly assigned to the A clade of fibrillar collagens iden-
tified in vertebrates due to the presence of the VW domain
(Exposito et al. 2010).

Considering their expression patterns during regeneration,
the activation of almost all the identified collagen-like genes
from stage 3/4 is in agreement with Burns and co-workers
(Burns et al. 2011). Their activation starts after cell

>50% DI Proximal >50% DI Distal

distal tip, it is visible in the aboral coelomic cavity epithelium (arrow-
heads). Violet = presence of signal. Red dotted lines = amputation plane.
Abbreviations: av-aboral view; cs-cross section; lv-lateral view; ss-
sagittal section. Scale bars: a, b, e, f, g, h, i 50 um; d 100 um. WMISH
parameters for samples of stage 3/4: 5 days of hybridisation and 0.02 ng/
ul probe concentration. WMISH parameters for samples of stages 2 and
>50% DI: 7 days of hybridisation and 0.04 ng/ul probe concentration

proliferation begins (Czarkwiani et al. 2016), suggesting that
collagen deposition follows and supports cell proliferation and
migration, facilitating regeneration efficiency (Quifiones et al.
2002; Cabrera-Serrano and Garcia-Arraras 2004). Overall, da-
ta on regeneration-competent invertebrate and vertebrate
models (Gonzalez-Rosa et al. 2011; Satoh et al. 2012; Yun
2014) suggest that a delay in collagen gene activation and
protein production/deposition helps to avoid scat/fibrotic tis-
sue formation and promote subsequent regeneration.

It is noteworthy that different tissues are involved in colla-
gen deposition: the epidermis, the coelomic lining and the
dermal tissue (including that of the skeletal elements).
Epithelia of all animals usually produce collagen (i.e. type
IV) for their basal laminae, and skeletal elements of echino-
derms include a conspicuous collagenous component within
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dFig. 7 Afi-Lama-L and Afi-TIMP3 expression pattern at different regen-
erative stages. a—j Afi-Lama-L; k—r Afi-TIMP3; s—u diagrams
representing expression patterns of both genes where violet represents
the Afi-Lama-L signal and yellow represents the Afi-TIMP3 signal. 1%
and 3" rows: ‘WMISH; 2" and 4™ rows: post in situ sectioning; 5% row:
diagrams. Afi-Lama-L: stage 2 (a, g, s). Afi-Lama-L is expressed in the
epidermis (arrowheads) of the regenerative bud. Stage 3/4 (b, h, t). Afi-
Lama-L is expressed in the epidermis (arrowheads) of the regenerate.
Stage >50% DI (¢, d, e, f, i, j, u). Afi-Lama-L is expressed in the prox-
imal region in the radial water canal epithelium (arrowhead), the aboral
coelomic cavity epithelium and at the tip of the spines (arrow), whereas it
is expressed in the epidermis in the distal region of the late regenerate. Afi-
TIMP3: Stage 2 (k, o, s). Afi-TIMP3 is not expressed in the regenerative
bud. Stage 3/4 (1, p, t). Afi-TIMP3 is not expressed in the regenerate.
Stage >50% DI (m, n, q, r, u). Afi-TIMP3 is detectable in the aboral
coelomic cavity epithelium in the proximal region of the late regenerate,
whereas no expression is visible in the distal tip. Note that the blueish
staining visible in the late regenerate tip (q, r) cannot be considered a
specific signal. Violet (and yellow in u) = presence of signal. Red dotted
lines = amputation plane. Abbreviations: av-aboral view; cs-cross section;
Iv-lateral view; ov-oral view; ss-sagittal section. Scale bars: a, b, f, h, i, j,
k,0,p 50 um; ¢, g, 1, m, n, q 100 pm; r 25 um. WMISH parameters for
all samples of stages 2, 3/4 and Afi-Lama-L>50% DI: 5 days of
hybridisation and 0.02 ng/pl probe concentration. WMISH parameters
for Afi-TIMP3 samples of stage >50% DI: 7 days of hybridisation and
0.04 ng/ul probe concentration

the lacunae formed by the calcitic trabeculae (as in the typical
dermal skeleton; Hyman 1955; Byrne 1994). Czarkwiani and
co-workers (Czarkwiani et al. 2013) have described Afi-accoll
expression in some skeletal elements, thus highlighting that
some cells filling or associated with the trabecular stereom
produce collagen during regeneration. The expression in the
aboral dermal layer, particularly at stage 3/4, suggests that the
selected fibril-forming collagen genes are expressed at the
beginning of the advanced regenerative phase where spicule

formation and biomineralisation occur and collagen fibrils are
needed to create a well-organised scaffold for skeletal re-
growth (Czarkwiani et al. 2016).

A significant feature is that all selected genes are expressed
in the coelomic lining, even if at different regenerative stages
and in different tissues of coelomic origin (i.e. ACC epitheli-
um or inner lining of the podia). This may indicate that the
coelomic lining of both well-differentiated (i.e. proximal end
of the late regenerate) and undifferentiated (i.e. re-growing
area of the distal tip of the late regenerate) tissues is actively
involved in collagen production. It is known that the coelomic
epithelium is one of the most likely sources of coelomocytes
during regeneration (Hernroth et al. 2010), and spherule cells
(one of the coelomocyte sub-population; Smith 1981; Karp
and Coffaro 1982) produce collagenous materials to help
wound closure and the following regenerative process (Chia
and Xing 1996). Cell tracking experiments will help to con-
firm this hypothesis.

The absence of expression of some collagen-like genes in
the stump is in agreement with Q-PCR results (Fig. S9) and
can suggest either that they are not activated when the tissues
are already well differentiated, as in the stump, or that they are
expressed at such a low level as to be undetectable by chro-
mogenic in situ techniques. Also, a probe penetration issue
cannot be excluded, although not for all tissues.

Overall, our molecular results are in agreement with micro-
scopic analyses recently performed on collagen deposition
during regeneration in this same species (Fig. S8; Ferrario
et al. 2018) as well as immunolabelling of the sea cucumber
gut (Quifiones et al. 2002) and RNC (Mashanov et al. 2014)
regeneration.

Stage 3/4 Stage >50% DI
/
ACC CT SE RNC

Stage 2
_=——
Tissues | cc &8 H!SE RNC
Genes
Afi-col-L A (1416823 1r6264)
Afi-col-L B (id31588 1r64501)
Afi-col-L C (1459066 822)
Afi-col-L D (id20775.1r36218)
Afi-acoll (id59033.1r18060)
Afi-lam a-L (id50515.122425) .
Afi-TIMP3 (id58489 1r18807)
Afi-lam B-L (id27309.r36214)

Fig. 8 Summary of the expression patterns of the eight identified genes
during the whole regenerative process in the regenerates (the expression
pattern detected in the stump tissues is not considered). For colour legend
of the diagrams, see the caption of Fig. 1. Red dotted lines = amputation

plane. White square = absence of expression. Abbreviations: ACC-aboral
coelomic cavity; CT-connective tissue; E-epidermis; RNC-radial nerve
cord; SE-skeletal elements; WV S-water vascular system
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Together with collagen-like genes, we focused on other
ECM genes. Afi-Lama-L and Afi-TIMP3 show a delay in their
activation.

In particular, laminin, one of the main components of
basal laminae, is involved in ECM repair and re-growth after
injury (Tassava et al. 1996; Govindan and Iovine 2015; Iorio
et al. 2015). Since laminin normally forms a heterotrimer
composed of one «, one (3 and one ~ chain, the absence
of 3 subunit gene expression at any regenerative stage was
surprising. The A. filiformis gene analysed in this study is
similar to subunit 3-2, but in the S. purpuratus genome, two
different (3 subunits (1-like and 2-like) are described. Hence,
it may be possible that the identified gene in A. filiformis is
encoding for the other subunit or it is not expressed in the
regenerative stages here investigated. On the contrary, the
expression pattern of the « subunit gene better fitted our
expectations. Indeed, laminin is usually synthesised by the
epithelial cells and a signal in the epidermis at all regenera-
tive stage is detected. However, its presence in only stages 2
and 3/4 and only in the distal tip at advanced stages may
suggest that this gene is not or little expressed in the epider-
mis when the arm is already well differentiated. Its expres-
sion in the RWC epithelium only in late stages of regener-
ation and in the stump suggests that this tissue is also in-
volved in basal lamina production and differentiation. This
is consistent with ultrastructural analysis showing that the
RWC basal lamina is the most developed among epithelia
of different structures (personal observation). The signal in
the stump RNC and in the tips of the new spines in the late
regenerate is understandable when it is remembered that
laminin is known to be involved also in nervous system
development, remodelling, regeneration and cell migration
(Liesi et al. 1984; Barros et al. 2011), and that the spines
of brittle stars possess sensory functions (Delroisse et al.
2014). Considering other echinoderms, laminin « subunits
have been shown to be up-regulated during Holothuria
glaberrima gut (Ortiz-Pineda et al. 2009) and Apostichopus
Japonicus gut and body wall regeneration (Sun et al. 2011),
suggesting its involvement during this process, as described
for A. filiformis.

Among ECM molecules, tissue inhibitors of metallopro-
teinases (TIMPs) are particularly important for tissue re-
modelling and regeneration (Stevenson et al. 2006;
Mashanov et al. 2014). The absence of expression of Afi-
TIMP3 during the first ~8 days after injury suggests its
delayed activation. Therefore, high levels of ECM remod-
elling may take place via metalloproteinase (MMP) activity.
Depending on the species, three to six TIMPs are present in
ophiuroids (Clouse et al. 2015), but until now, no molecular
data have been available on their expression patterns during
arm regeneration. From our protein domain analysis, Afi-
TIMP3 contains an NTR-like domain (also called netrin
module), typical of this protein class. So far, TIMP
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expression during regeneration has been evaluated only in
the sea cucumber H. glaberrima, where TIMPs are up-
regulated in the radial organ complex (i.e. RNC, RWC
epithelium and longitudinal muscle bands) throughout the
whole regenerative process (Mashanov et al. 2014). Afi-
TIMP3 is homologous to the TIMP3 described as being
up-regulated at days 2 and 20 in the sea cucumber.
Therefore, our gene expression diverges partially from that
of the radial organ complex. This could be explained by the
great difference in tissue complexity between the two ex-
perimental models. Hence, a similar expression to that de-
tected in sea cucumber could be shown by a different
A. filiformis TIMP that was not investigated here.

Conclusion

ECM gene expression patterns during arm regeneration in the
brittle star Amphiura filiformis are summarised in Fig. 8.
Overall, our results, supported by quantitative analyses, reveal
that almost all the identified ECM genes show a delayed acti-
vation since they are not detectable in the early stage of regen-
eration (stage 2). It is noteworthy that, once activated, they
display differential spatial expression patterns, suggesting that
diverse tissues are involved in ECM remodelling and deposi-
tion during the whole regenerative process and that they are all
expressed in at least one regenerative stage in the ACC epi-
thelium. Moreover, the fact that the majority of the ECM
genes is activated after cell proliferation has occurred
(Czarkwiani et al. 2016) may be connected to the high effi-
ciency of regeneration, a process typical of many other echi-
noderms (Quinones et al. 2002; Cabrera-Serrano and Garcia-
Arraras 2004; Ferrario et al. 2018) and that seems to have been
lost by several vertebrates, including mammals (Mescher and
Neff 2005; Zhao et al. 2016).

The selection of more genes (both other collagens and
ECM molecules, such as MMPs, fibronectins, integrins, etc.)
will help to detail the overall involvement of all ECM com-
ponents during A. filiformis arm regeneration and to confirm
the hypothesis that delayed ECM gene activation and conse-
quently ECM deposition are strictly connected to the remark-
able regenerative abilities of echinoderms.
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