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1 | INTRODUCTION

The underlying reasons why some animals have the ability
to regenerate complex structures, while others cannot, re-
mains an important and open question. This knowledge
gap has led to intense study of how regeneration-competent
species are able to perform complex multitissue regenera-
tion, with a particular focus on the ability to regenerate
paired appendages, such as limbs and fins. However, this
has long been a pursuit without an understanding of
whether this ability was present when paired appendages
first evolved or was acquired by certain phylogenetic
lineages (e.g., urodele amphibians).

Recent work regarding the evolutionary origins of rege-
nerative capacity has indicated that the ability to regenerate
paired appendages is an inherited feature of the fin-to-limb
transition (Darnet et al., 2019; Frobisch, Bickelmann, Olori,
& Witzmann, 2015; Frébisch, Constanze, & Florian, 2014;
Nogueira et al., 2016). Evidence found in the fossil record
(Frobisch et al., 2014, 2015), functional studies across species
(Darnet et al., 2019), and comparisons of gene expression
profiles of regenerating tissue (Darnet et al., 2019; Nogueira
et al, 2016) support the notion that paired appendage
regeneration is a feature lost by certain lineages and was not
a newly derived capacity in highly regenerative species. This
indicates that the amniote lineage (which includes humans)
has lost regenerative tendencies in appendages over evolu-
tionary time. Therefore, the ability to stimulate regeneration
in nonregenerative species, potentially in a therapeutic
context, may require the reinitiation of a core, evolutionary
conserved program.

All species that are able to regenerate appendages share a
conserved trait: the ability to form a blastema. The blastema
is the morphological structure that forms at the amputation
plane and houses the progenitor cells responsible for regene-
ration. Recent efforts have focused on elucidating the mole-
cular definition of the blastema, with many of these efforts
aimed at the axolotl limb blastema due to the ease of tissue
acquisition and the ability to perform experimentation in the
lab (Bryant et al., 2017; Gerber et al., 2018; Knapp et al., 2013;
Leigh et al., 2018; Monaghan et al.,, 2012, 2009; Stewart
et al., 2013; Voss et al, 2015; Wu, Tsai, Ho, Chen, &
Lee, 2013). These studies provide a wealth of information
about transcriptomic changes over time, cell types, and
blastema-enriched genes. More recently, sequencing efforts
of nonmodel species have allowed for comparisons to the
axolotl limb blastema and indicate a core molecular sig-
nature that is shared between the blastemas of distantly re-
lated species (Darnet et al., 2019; Nogueira et al., 2016). Due
to these similarities and the common evolutionary origin of
limb regeneration capacity, we can use an evolutionarily
informed approach to understand what constitutes a
blastema and for identifying core features required for

regeneration. We expect that expression of a gene within this
core, evolutionarily conserved program would be present,
and possibly enriched, in the blastemas capable of re-
generating appendages of multiple species and be required
for blastema function.

A recent approach to identify the unique gene expression
in the axolotl limb blastema compared blastema gene ex-
pression to a variety of homeostatic and embryonic tissues
and identified over 150 blastema-enriched genes (Bryant
et al., 2017). These blastema-enriched genes may help to
explain the unique functions of the blastema, but the ques-
tion remains as to whether these genes represent a core
program and are functionally required for regeneration. One
of the most blastema-enriched genes in this data set was von
Willebrand factor D and EGF domains (vwde), which to date
has not been functionally studied in any context.

We decided to apply an evolutionary framework to de-
termine if vwde fit the description of an evolutionary-
conserved, blastema-enriched gene and if such an approach
may help to identify genes required for regeneration. We
found that vwde expression is a common feature of both fin
and limb blastemas and was highly enriched in regenerating
appendages as compared with preamputation intact appen-
dages. In addition, using the natural regeneration-competent
and regeneration-refractory periods during Xenopus laevis
development, we observed that vwde expression was tightly
linked to the regeneration-competent environment. This
suggests that vwde may be a critical factor in the regenerative
niche. Finally, we found that vwde is functionally required
for axolotl limb regeneration, with transient knockdown of
protein levels resulting in aberrant regeneration. These data
suggest that an evolutionarily informed approach can help to
prioritize target genes and that genes that are blastema-
enriched across different species may prove to be critical
factors in the ability to regenerate appendages.

2 | METHODS

2.1 | Animal experimentation

All axolotl experiments were performed in accordance with
Brigham and Women's Hospital Institutional Animal Care
and Use Committee in line with Animal Experimentation
Protocol #04160. All animals were bred in house and derived
from crosses between white (d/d strain RRID:AGSC_101A)
parents, but the colony was originally derived from animals
obtained from Ambystoma Genetic Stock Center (AGSC;
Lexington, KY, NIH grant P40-OD019794, RRID:SCR_
006372). Axolotls were housed between 20°C and 21°C in
40% Holtfreter's solution and fed pellets (ordered from
AGSC) three times weekly. For amputations, animals were
narcotized in 0.1% MS-222, confirmed to be fully narcotized
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by pinch test, amputated mid-zeugopod, and the bone was
trimmed. Animals were allowed to recover overnight in 0.5%
sulfamerazine. For all functional experiments, all four limbs
were amputated and injected individually. Functional ex-
periments were performed on animals ranging from 3.8 to
8 cm and 2-5 months of age, before knowing sex and thus
contain a mixture of male and female axolotls.

Polypterus senegalus and Lepidosiren paradoxa were
maintained in individual tanks in a recirculating freshwater
system. Animals were anesthetized before amputations: P.
senegalus in 0.1% MS-222 (Sigma-Aldrich) and L. paradoxa
in 0.1% clove oil diluted in the system water. Experiments
and animal care were performed following animal care
guidelines approved by the Animal Care Committee at the
Universidade Federal do Para (protocol no.: 037-2015).
Pectoral fins in both species were bilaterally amputated. For
L. paradoxa fins were amputated at approximately 1cm
distance from the body, and for P. senegalus, fins were
amputated across the fin endoskeleton. Amputated fins
(regenerating and uninjured) were used for histology, in
situ hybridization and quantitative reverse transcription
polymerase chain reaction (QRT-PCR) analysis.

2.2 | Electroporation

Electroporation was performed while axolotls were an-
esthetized in 0.1% tricaine and subsequently immersed in

TABLE 1

Primer Application

Ax_vwde_ISH_F Riboprobe template

Ax_vwde_ISH_R Riboprobe template

vwde MO1 Antisense morpholino
vwde MO2 Antisense morpholino
vwde MO1 inverted (control (INV))  Control morpholino
Standard control MO (control (SC))  Control morpholino
Ps_Vwde-qPCR_F gPCR
Ps_Vwde-qPCR_R gPCR
Ps_Vwde-ISH_F Riboprobe template
Ps_Vwde-ISH_R Riboprobe template
Lp_Vwde-qPCR_F qPCR
Lp_Vwde-qPCR_R qPCR
Lp_Vwde-ISH_F Riboprobe template
Lp_Vwde-ISH_R Riboprobe template
3’_T7 universal

5’_T7 universal

Riboprobe template, 2nd-round PCR
Riboprobe template, 2nd-round PCR

299
WI LEY—I—

ice cold 1x phosphate-buffered saline (PBS) using a Ne-
paGene Super Electroporator NEPA21 Type II electro-
porator. Settings for electroporation included: three
poring pulses at 150 Volts with a pulse length of 5ms, a
pulse interval of 10 ms, a decay rate of 0%, and a positive
(+) polarity. Transfer pulse consisted of five pulses at
50 Volts with a pulse length of 50 ms, a pulse interval of
950 ms, a decay rate of 0%, and a positive (+) polarity.

2.3 | Quantitative reverse transcription
polymerase chain reaction

Total RNA from regenerating or uninjured pectoral fins
was extracted using TRIzol reagent (Thermo Fisher Sci-
entific). Residual DNA removal and RNA cleanup were
performed following the RNeasy Mini Kit (Qiagen) pro-
tocol. Complementary DNA (cDNA) was synthesized
from 0.5 ug RNA using the Superscript III First-Strand
Synthesis Supermix (Thermo Fisher Scientific) with
oligo-dT. For qPCR, amplification reactions (10 ul) pre-
pared with the GoTaq Probe qPCR Master Mix (Promega)
were run in a StepOnePlus Real-Time PCR System
(Applied Biosystems). Gene-specific oligos (Table 1) for
gRT-PCR assays were designed using Primer 3.0 (http://
bioinfo.ut.ee/primer3/) and used in a final concentration
of 200 nM to each primer. Each qPCR determination was
performed with three biological and three technical

Oligos used for gPCR, morpholinos, and ISH probe templates

Sequence (5'-3’)
TGTGGAAAGAAACTTGTGCATCA
TTTAATCTGAAAATGGACCAGTAGATT
ATATCCCATACATCCTTGCGTTGGC
AGAAACCATCACAGTTCCTCACAGT
CGGTTGCGTTCCTACATACCCTATA
CCTCTTACCTCAGTTACAATTTATA
AGAATTCCTGTGACTGTGCGA
TTCTGGTGTTGTTGGTGAGGG
GGCCGCGGGCATGCGGAATAATGTGTGCT
CCCGGGGCAGTCCAGTCTTCAGCAGTGTG
TTCTTCTTGGAGACCCCTGAT
GGTCTTGCTGGCTAGTGTCAG
GGCCGCGGAGCTAACAGCCTGTGCAACAT
CCCGGGGCATCAGGGGTCTCCAAGAAGAA
AGGGATCCTAATACGACTCACTATAGGGCCCGGGGC
GAGAATTCTAATACGACTCACTATAGGGCCGCGG

Abbreviations: ISH, in situ hybridization; qPCR, quantitative polymerase chain reaction.
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replicates. Relative messenger RNA expressions were
calculated with the 2722¢t method (Livak & Schmitt-
gen, 2001), using sdha (P. senegalus) or polrcl (L. para-
doxa) genes as endogenous control and the uninjured fin
(mean ACt value of the three biological replicates) as
reference sample.

2.4 | In situ hybridization
For in situ hybridization using axolotl samples a gene
fragment from the 3’-untranslated region was amplified
from blastema cDNA and cloned into the pGEM-T Easy
vector and sequenced. Depending upon orientation, T7 or
Sp6 polymerase was used to transcribe the probe. Primers
for in situ probes against axolotl vwde (contig
€1084387_g3_il from Bryant et al., 2017) can be found in
Table 1. Colorimetric in situ hybridization in axolotl tis-
sue harvested from animals with snout to tail lengths of
9.5-11.5 cm and was performed as previously described at
protocols.io  (https://www.protocols.io/view/rna-in-situ-
hybridization-p33dqqgn).

For in situ hybridizations with fish samples, fins of
P. senegalus (5 days postamputation [dpa] and unin-
jured) and L. paradoxa (21dpa and uninjured) were
amputated, embedded in TissueTek O.C.T compound
(Thermo Fisher Scientific), and maintained at —80°C
until use. Frozen sections of 20 um were obtained on a
Leica CM1850 UV cryostat, positioned on slides (Color
Frost Plus/Thermo Fisher Scientific) and fixed as pre-
viously described (Nogueira et al., 2016). Riboprobe
templates containing a gene-specific segment (400-
500 bp) and a T7 promoter sequence were produced by a
two-round PCR strategy (primers are listed in Table 1).
Riboprobes were synthesized with T7 RNA polymerase
(Roche) and DIG-labeling mix (Roche). Controls probes
(sense riboprobes) were synthesized from a template
containing the T7 promoter in a reverse orientation. A
total of 300 ng of DIG-labeled riboprobe was used per
slide during in situ hybridization performed as previously
described (Nogueira et al., 2016). Images were obtained
on a Nikon Eclipse 80i microscope and processed using
the NIS-Element D4.10.1 program.

2.5 | Whole mount RNA-FISH

X. laevis eggs were obtained, fertilized, and cultured as
embryos at 18°C using standard methods as in (Sive,
Grainger, & Harland, 2010). All experimental procedures
using X. laevis were approved by the Institutional Animal
Care and Use Committee (IACUC) and Tufts University
Department of Laboratory Animal Medicine under

protocol number M2017-53. Once embryos reached
regeneration-competent (Stage 40) or regeneration-
incompetent (Stage 46) stages, animals were anesthetized
using 0.005% MS222 in 0.1X MMR and tails were am-
putated at the posterior third of the tail and allowed to
regenerate for 24 hr. Embryos at both stages, which had
not been amputated, were also collected as intact con-
trols. Regenerating and intact control embryos were an-
esthetized in 0.005% MS222 and then fixed at 4°C,
rocking overnight, in either 4% paraformaldehyde in
1x diethylpyrocarbonate (DEPC) PBS or MEMPA buffer
(01M MOPS (pH 7.4), 2mM ethylene glycol-bis(f-
aminoethyl ether)-N,N,N’,N’-tetraacetic acid, 1mM
MgSO04, 3.7% paraformaldehyde). We used a slightly
modified whole-mount mouse protocol (Choi et al., 2016)
using hybridization chain reaction v3.0 (Choi
et al.,, 2018). After overnight incubation, embryos were
washed three times for 5min in PBST and then taken
through a methanol series on ice. This series consisted of
10 min washes on ice in ice-cold 25%MeOH/75% PBST,
50%MeOH/50% PBST, 75%MeOH/25%PBST, 100%MeOH,
and then finally stored in a fresh 100%MeOH solution.
Dehydrated embryos were then stored at —20°C until use.
For in situ, embryos were subsequently rehydrated via a
reverse methanol series, on ice, with 10 min washes of
75% MeOH/25% PBST, 50% MeOH/50% PBST, 25%
MeOH/75% PBST, 100% PBST, and another final wash in
100% PBST. Embryos were then digested with proteinase
K (10 pg/ml) in DEPC PBS for 5min at room tempera-
ture. Postfixation was then performed in 4% paraf-
ormaldehyde (PFA) in 1x DEPC PBS for 20 min at room
temperature. Next, three 5min washes with PBST at
room temperature was followed by 5min at 37°C in hy-
bridization solution (50% formamide, 5% sodium chloride
sodium citrate (SSC), 9mM citric acid (pH 6.0), 0.1%
Tween-20, 50 ug/ml heparin, 1x Denhardt's solution, and
20% dextran sulfate). Samples were prehybridized by full
immersion in hybridization solution without probes for
30 min at 37°C. Hybridization was performed overnight
at 37°C with samples immersed in hybridization
solution containing 20 probe pairs against vwde.L
(XM_018267342.1)  diluted at 1:200 of 1uM
(hybridization chain reaction v3.0 RNA fluorescent in
situ probes were ordered from Molecular Instruments
(https://www.molecularinstruments.com/). The follow-
ing day, samples were washed four times at 37°C in probe
wash buffer (50% formamide, 5x SSC, 9 mM citric acid
(pH 6.0), 0.1% Tween-20, and 50 pg/ml heparin). Samples
were then washed two times in 5x SSC at room tem-
perature. Preamplification was then performed at room
temperature for 30 min in amplification buffer (5x SSC,
0.1% Tween-20, 10% dextran sulfate). During pre-
amplification, hairpin probes (ordered from https://www.
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molecularinstruments.com/) compatible with vwde.L
probe pairs were heated individually at 95°C for 30 s and
then snap cooled for 30 min at room temperature in the
dark. After 30 min, probe pairs were added to amplifi-
cation buffer at 1:50 (3 uM stock) and this probe con-
taining buffer was subsequently added to samples,
ensuring that samples were fully immersed. Incubation
was performed overnight at room temperature. The next
day, samples were washed for 5 min in 5X SSCT, twice for
30min in 5x SSCT, and a 5min wash in 5x SSCT.
Samples were then stained with DAPI for 5min in
1x PBS, washed for 5 min in 1x PBS, and then stored in
1x PBS. Samples were then mounted in low melt agarose
and imaged on a Zeiss LSM 880 Upright. A median 3 X 3
filter followed by maximum projection was applied to
all images.

2.6 | Morpholino design and
administration
Morpholinos were designed and synthesized by

GeneTools. Morpholino sequences can be found in
Table 1. About 1.25 ul of morpholino was injected in the
blastema and electroporation was performed as de-
scribed in electroporation. All morpholinos were 3’
fluorescein conjugated to allow for visualization.
Morpholinos were reconstituted to 1 mM in 2x PBS and
diluted to a working concentration of 500 uM in 1x PBS
before injection.

2.7 | 5-Ethynyl-2’-deoxyuridine (EdU)
staining

Stock solutions of EAU dissolved in dimethyl sulfoxide
were prepared per manufacturer's instructions
(Thermo Fisher Scientific). Axolotls (3-6 cm tail to snout)
were narcotized in 0.1% tricaine at 7 dpa and control or
vwde-targeting morpholino was injected and subse-
quently electroporated as described in electroporation
section of methods into the blastema. At 9dpa, in-
traperitoneal injections with 400 uM EdU in 0.7x PBS at
a volume of 20 /g were performed. Eighteen hours later
blastemas were harvested, fixed for 1-2 hr in 4% PFA and
then taken through a sucrose gradient to 30% sucrose in
1x PBS. Tissue was then embedded in optimal cutting
temperature compound and frozen in a dry ice/ethanol
bath. Sections were cut at 16 um with a cryostat, collected
on Superfrost Plus slides (Fisher), and stored at —80°C.
EdU staining was performed with the Click-iT EAU Alexa
Fluor 594 Imaging Kit per manufacturer's instructions
(Thermo Fisher Scientific).
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2.8 | Terminal deoxynucleotidyl
transferase dUTP nick end labeling
(TUNEL) assay

TUNEL assays were performed as previously described
(Bryant et al., 2017).

2.9 | Skeletal preparations and scoring
Limbs were stained with Alcian blue/Alizarin red ac-
cording to Whited et al. (2012). In brief, limbs were in-
cubated with rocking overnight in 95% ethanol and then
rocking overnight an acetone. Limbs were then incubated
for at least 7 days in alcian blue/alizarin red at 37°C.
Limbs were then cleared by incubation in 1% (wt/vol)
KOH, followed by 1% (vol/vol) KOH/25% glycerol, 1%
KOH/50% glycerol, and 1% KOH/75% glycerol. Limbs
were imaged in 1% KOH/75% glycerol. Alcian blue stock
was 0.3% alcian blue in 70% ethanol; alizarin red
stock was 0.1% alizarin red 95% ethanol; the working
solution was 5% alcian blue stock/5% alizarin red stock/
5% glacial acetic acid/volume in 70% ethanol.

Definitions for limbs after regeneration. Normal: All
digits and carpals present, zeugopod and stylopod intact.
Spike: Single outgrowth from amputation plane without
obvious turn at joint. Loss of distal elements: Distal ele-
ments without obvious autopod. Oligodactyly: Loss or
reduction in size at least one digit. Syndactyly: Fusion
of digits. Additional elements: Extra bones in stylopod or
zeugopod. For statistical analysis normal was compared
with all of the above listed abnormalities.

2.10 | Ortholog analysis

The following proteomes were downloaded from uni-
prot.org, human (Homo sapiens, UP000005640, accessed
May 18, 2019), zebrafish (Danio rerio, UP000000437, ac-
cessed May 18, 2019), mouse (Mus musculus, accessed
May 18, 2019), amphioxus (Branchiostoma floridae, ac-
cessed May 27, 2019), chick (Gallus gallus, accessed Au-
gust 27, 2019), sea squirt (Ciona intestinalis, accessed
August 27, 2019), lamprey (Petromyzon marinus, ac-
cessed August 27, 2019), green anole (Anolis carolinensis,
August 27, 2019), frog (X. laevis, UP000186698,
accessed July 11, 2019), and frog (Xenopus tropicalis,
UP000008143, accessed July 11, 2019). The South
American lungfish transcriptome was downloaded
from  https://www.ncbi.nlm.nih.gov/Traces/wgs/?val=
GEHZ01 and converted to a putative reference protein
using TransDecoder (version 5.3.0) like so: “TransDeco-
der.LongOrfs -t.” The Polpyterus transcriptome can be
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found here: https://www.ncbi.nlm.nih.gov/bioproject/
480698 and converted with TransDecoder as referenced
above. The axolotl (Ambystoma mexicanum) predicted
proteome was obtained from https://data.broadinstitute.
org/Trinity/SalamanderWeb/Axolotl. Trinity.CellReports
2017.transdecoder.pep.gz (Bryant et al., 2017). Cloning of
axolotl vwde revealed a sequencing error in the axolotl
transcriptome which eliminated the first ~500 bp of the
sequence. We manually changed the axolotl proteome to
include this corrected version of vwde (Supporting
Information File 1).

To predict orthologs, we wused OrthoFinder2.0
(version 2.3.3; Emms & Kelly, 2019). Orthofinder was
implemented as follows:

“orthofinder -f/path/to/proteomes -M msa -A mafft -T
fasttree -t 20 -o/path/to/output/directory”

Output from Orthofinder was visualized using den-
droscope (Huson & Scornavacca, 2012).

The Uniprot version of mouse vwde (Uniprot ID:
Q6DFV38) in the proteome used did not contain EGF-like
domains, so we manually searched UCSC genome
browser to confirm this lack of EGF-like domains. This
revealed a full length Vwde (ENSMUST00000203074.2),
containing EGF-like domains.

211 | Protein domain diagrams

The R package, drawProteins (Brennan, 2018) was used
to draw protein domains for different species Vwde. For
all genes contained within Uniprot, these were down-
loaded directly with drawProteins. For genes not avail-
able via Uniprot (https://www.uniprot.org/; UniProt
Consortium, 2019; e.g., Polpyterus, axolotl, and lungfish),
the amino acid sequence of the protein was queried via
Interpro with default settings (https://www.ebi.ac.uk/
interpro/; Hunter et al., 2009) and positions and domain
annotations were extracted and made into a matrix that
matched the required structure for drawProteins.

212 | Vwde knockdown confirmation

Two separate constructs to test the target specificity of
each morpholino used. GFP was removed from pCAG-
GFP (pCAG-GFP was a gift from Connie Cepko (Ad-
dgene plasmid # 11150; http://n2t.net/addgene:11150;
RRID: Addgene_11150) (Matsuda & Cepko, 2004)) and
replaced with vectors containing td-Tomato sequence
and the morpholino binding site (Supporting Information
File 2). To confirm knockdown we coinjected and elec-
troporated into medium-bud blastemas the generated
constructs and the appropriate fluorescein-conjugated

morpholino. Fluorescein fluorescence was used to con-
firm injection efficiency and td-tomato expression was
used to measure ability to block translation.

2.13 | Statistics

Nested one-way analysis of variance was used to de-
termine significance between blastema lengths. Each limb
was considered a technical replicate within one biological
(i.e., animal) replicate. Nested ¢ tests were used to de-
termine significance in EAU and TUNEL experiments,
again treating each limb as a technical replicate and pla-
cing limbs from the same animal within one biological
replicate. Fisher's exact tests (control vs. treated) were
used to determine significance of outgrowth phenotypes.
Significant results were considered as p < .05. All statistical
analyses were performed with GraphPad Prism
(RRID:SCR_002798) version 8.1.2 for Mac OS X, Graph-
Pad Software, La Jolla California, www.graphpad.com.

3 | RESULTS
With the goal of identifying genes enriched to the re-
generating blastema, a tissue-mapped axolotl tran-
scriptome was recently published (Bryant et al., 2017). Of
particular interest are blastema-enriched genes with high
expression in the blastema and relative low expression in
all other tissues sampled. We found that vwde was highly
enriched to the axolotl limb blastema (Figure 1a). This
analysis was limited to one-time point, the medium-bud
blastema, and analysis of publicly available data indicates
that vwde is likely expressed in limbs before amputation,
with expression increasing with blastema formation
((Voss et al.,, 2015) https://ambystoma.uky.edu/). We
next sought to determine spatial information about the
expression of vwde across the regenerating limb. To un-
derstand the spatial and temporal regulation of vwde, we
performed RNA in situ hybridizations over a time course
of axolotl limb regeneration. We found vwde expression
evident upon blastema formation and expressed ex-
clusively in the blastema and not the overlying wound
epidermis (Figure 1b-e). Thus, vwde fits the description
of an axolotl limb blastema-enriched gene and we were
interested in pursuing whether vwde may be a core
component of blastemas able to regenerate appendages.
We next sought to determine if vwde was present in a
selection of deuterostomes, including species with var-
ious regenerative abilities. Using a comparative geno-
mics approach (Emms & Kelly, 2019) focusing only on
deuterostome genomes and not protostomes, we found
vwde to have orthologs across deuterostomes (though no
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FIGURE 1 von willebrand factor D and EGF-like domains (vwde) is a blastema-enriched gene that is found across deuterostomes.
(a) vwde (contig c1084387_g3_i1) expression in FPKM across tissues sampled from Bryant et al. (2017). Proximal and distal blastema samples
are combined. (b-e) RNA in situ hybridization for vwde at (b) wound healing (3 days postamputation), (c) early-bud blastema, (d) medium-
bud blastema, and (e) palette stage regenerating limbs. Black arrows indicate vwde expression, scale bar is 100 um. (f) OrthoFinder 2.0
phylogeny with corresponding protein domain structure for putative Vwde orthologs. Protein domain pictures were generated with
drawProteins (Brennan, 2018). Species and Uniprot ID or transcriptome contig number are included. Polypterus vwde contained multiple
splice isoforms and the closest match to axolotl Vwde is shown here. Axolotl Vwde is denoted with “*” and other species Vwde that are
described in this manuscript are marked with “#.” Orthologs to the Vwde studied in this study are indicated with brackets, paralog is also
denoted with brackets. FPKM, fragments per kilobase of exon mapped [Color figure can be viewed at wileyonlinelibrary.com]

ortholog was detected in C. intestinalis), as well as a
nonblastema-enriched paralogous gene in axolotl and
other species (Figures 1f and S1). We compared axolotl
Vwde to proteins from other species, and we found
putative orthologs harboring predicted von Willebrand

factor D domains and EGF-like domains. The number of
EGF domains may be more variable across species.
However, since this gene has not yet been studied
in-depth in any species, additional experimental work
may be required to fully characterize the expressed
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transcripts and proteins for individual species. Using
these identified orthologs, we moved forward to ask
whether vwde was a blastema-enriched gene during
paired fin regeneration.

We explored the possibility that vwde could be a
common feature of blastemas responsible for regenerat-
ing paired fins, which share a deep homology with limbs
(Shubin, Tabin, & Carroll, 1997), and likely share an in-
herited gene regulatory program for regeneration (Darnet
et al., 2019; Nogueira et al., 2016). We chose two highly
regenerative, but distantly related fish species to de-
termine if vwde expression was a conserved feature of
blastemas capable of regenerating paired appendages.
These include a species in the sister group to tetrapods,
the lungfish (L. paradoxa), which is a lobe-finned fish,
and P. senegalus, a ray-finned fish that is capable of re-
generating after amputation through skeletal elements
that develop by endochondral ossification. We first in-
spected publicly available transcriptome datasets of
lungfish and Polypterus regenerating fins for the vwde
orthologs we previously identified (Figure 1f). The lung-
fish LG29893_gl_il contig was upregulated in blastemas
21 dpa relative to uninjured fins (Nogueira et al., 2016),
and the Polypterus PS64836c0_gl_il contig was upregu-
lated in 9 dpa blastemas relative to uninjured fins (Darnet
et al., 2019). Assessment of expression levels via qPCR at
various regeneration stages showed an upregulation of
vwde coinciding with blastema formation during lungfish
fin regeneration (Figure S2A). A similar pattern was seen
for Polypterus fin regeneration, with expression reaching
highest levels at 5 dpa (Figure S2B).

L. paradoxa
L(a)‘ "f""‘ "”""",‘:". ;.;,’ I ;

FIGURE 2

Next, we assessed the spatial pattern of vwde in his-
tological sections of regenerating fins. lungfish 21 dpa
blastemas show distal mesenchymal expression of vwde
(Figure 2a). In 5dpa Polypterus blastemas, expression is
observed distal to the amputation plane in mesenchymal
cells but also in the epithelium, suggesting that Polpyterus
may use vwde in both compartments (Figure 2c and
S2C,2D). In situ hybridization with control sense probes
did not yield specific signal (Figure S2E-S2G). Histolo-
gically, these samples are similar to the medium-bud
blastema time point in which we identified vwde in the
axolotl limb (Figures 2b and 2d). Together, these data
indicate that vwde is expressed in regenerating fins and
limbs and that vwde expression is a conserved feature of
blastemas.

Limbs are not the only appendages that highly re-
generative animals are capable of regenerating. Many
species, including X. laevis, can also regenerate tails
at certain developmental stages (Beck, Christen, &
Slack, 2003). Tails and limbs share similar tissue com-
positions (i.e., connective tissue and muscle), and
both require the use of a blastema to regenerate lost tis-
sue. To further investigate vwde during regeneration, we
took advantage of the regeneration-competent and
regeneration-refractory periods during X. laevis tail de-
velopment (Aztekin et al., 2019; Beck et al., 2003). In X.
laevis, a blastema forms in response to tail amputation
during both distinct developmental stages, but only in the
regeneration-competent setting is full regeneration ac-
complished. This developmental feature provides an ideal
situation to compare regeneration-competent versus

P. senegalus
e

vwde is enriched in the regenerating fin of lungfish (Lepidosiren paradoxa) and Polypterus (P. senegalus). Expression pattern

of vwde in the fin blastema tissues of L. paradoxa and P. senegalus. Longitudinal histological sections of fins from L. paradoxa at 21 dpa (a,b),
and from P. senegalus at 5dpa (c,d). (a,c) In situ hybridization using an antisense riboprobe to vwde. (b,d) H&E staining on sequential

sections. All panels show posterior view, dorsal to the top. Dotted lines indicate amputation site (Scale bars = 1 mm in all panels). H&E,

hematoxylin and eosin [Color figure can be viewed at wileyonlinelibrary.com]
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regeneration-refractory environments. We reasoned that
finding factors that differentiate these two contexts may
provide clues for identifying the core requirements
for successful regeneration. We probed for the
expression of vwde during the regeneration-competent
and regeneration-refractory periods of X. laevis tail de-
velopment. Interestingly, we found that vwde expression
was present in tails before amputation in both the
regeneration-competent and regeneration-refractory
setting (Figures 3a,b and 3g,h). We found robust vwde
expression along the peripheral edge of the amputation
plane and near the blastema in regeneration-competent
tails (Figure 3c-f). In contrast, in the regeneration-
refractory setting, vwde expression was restricted to the
peripheral edges of the amputation plane and was not
detected near the blastema (Figure 3i-1). This indicated
a striking correlation between vwde expression and

FIGURE 3 vwde expression is tightly
linked with the regeneration-competent
environment. In situ hybridization chain
reaction probing for vwde in (a—f)
regeneration-competent Xenopus laevis tails
(a,b) before amputation, (c,d) blastema 24 hr
postamputation, and (e,f) the peripheral edge
of the amputation plane 24 hr
postamputation. (g-1) Regeneration-
refractory tails (g,h) before amputation, (i,j)
blastema 24 hr postamputation, and (k,l) the
peripheral edge of the amputation plane

24 hr postamputation. White arrows indicate
the location of vwde expression. Scale

bars = 100 um. DAPI, 4',6-diamidino-
2-phenylindole [Color figure can be viewed
at wileyonlinelibrary.com]

regeneration, providing evidence that vwde may be an
important factor in forming a proregenerative niche.
These expression data across a range of species indicate
that vwde fits the profile of an evolutionarily conserved,
regeneration-enriched gene and that vwde may play an
important role in the blastema niche.

To investigate if vwde is required for regeneration, we
performed morpholino-mediated knockdown at its peak
expression in the medium-bud limb blastema. We found
a substantial reduction in the length of the blastemas
when Vwde was knocked down with two separate
translation-blocking morpholinos (Figure 4a,b). Fluor-
escent reporter constructs with vwde-morpholino binding
sites confirmed that both unique vwde-targeting mor-
pholinos were capable of blocking translation (Figure S3).
Due to the dramatic reduction in blastema length,
we investigated if vwde was important for blastema
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FIGURE 4 Vwde is essential for limb regeneration. (a) Representative images of blastemas 16 days postamputation (9 days
postmorpholino administration) from standard control morpholino (“Control (SC)”), vwde-targeting morpholino 1 (vwde MO1), and vwde-
targeting morpholino 2 (vwde MO2). Dotted line indicates amputation plane, blastemas are all tissue distal to amputation plane. Scale
bars = 1 mm. (b) Quantification of blastema length 16 days postamputation. Median and quartiles noted with dotted lines, **p < .01, *p < .05
by nested T test. (c) Representative EdU stained sections of blastemas 10 dpa (3 days postelectroporation) of vwde morpholino 1 inverted
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versus normal from experiment with Control (INV) and vwde MO1. *p < .05 by Fisher's exact test comparing outcomes from Control
(INV) compared to vwde MO1. Edu, 5-ethynyl-2’-deoxyuridine [Color figure can be viewed at wileyonlinelibrary.com]
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proliferation and/or cell survival. We found that knock-
down of Vwde substantially reduced the number of EAU
+ cells in the blastema (Figure 4c,d) and did not alter cell
survival compared to control limbs (Figure S4). Due to
the observed delay in blastema growth, we questioned
whether blastemas treated with translation-blocking
morpholinos were capable of recovering from the tran-
sient knockdown of Vwde and produce fully regenerated
limbs. We, therefore, performed the same Vwde
morpholino-mediated knockdown on a separate group of
axolotls, and then allowed for the full course of re-
generation to complete, harvesting limbs more than
8 weeks postamputation. We observed that one-time in-
jection of Vwde-targeting morpholino caused substantial
abnormalities in regenerated limbs, suggesting an
essential role for vwde during limb regeneration
(Figure 4e,g). We found defects in 4.2% (1/24) standard
control (“Control (SC)”) treated limbs compared to 46%
(13/28) of limbs treated with vwde MO1 and 31% (5/16) of
limbs treated with vwde MO2 (Fisher's exact test p < .05;
Figures 4f and S5; Table 2). A second experiment using
an inverted control (“Control (INV)”) yielded similar
results, with defects at endpoint in 20% (8/39) of
Control (INV) treated limbs compared to 47% (18/38) of
limbs treated with vwde MO1 (Fisher's exact test p < .05;
Figures 4g and S6; Table 3). We found a variety of
defects, some of which are reminiscent of limb develop-
ment phenotypes where limited distal elements are pre-
sent such as has been observed in fgf4,8-double-knockout
mice (Mariani, Ahn, & Martin, 2008) and in the absence
of sonic hedgehog (ssh) (Chiang et al., 1996). In addition,
these phenotypes also resemble the defective regenerative
spike characteristic of Xenopus limb regeneration
(Dent, 1962). Altogether, these data highlight the func-
tional requirement for vwde during limb regeneration.

4 | DISCUSSION

Recent work, most notably next generation sequencing,
has led to a plethora of information about the genes and
cells that define the blastema (Bryant et al., 2017;
Darnet et al., 2019; Gerber et al., 2018; Knapp et al., 2013;

TABLE 2
vwde MO2)
Normal Spike Loss of distal elements
Control (SC) 23 0 0 0
vwde MO1 15 4 5 4

vwde MO2 11 0 0 3

Oligodactyly Polydactyly

Leigh et al., 2018; Monaghan et al., 2012, 2009; Nogueira
et al.,, 2016; Stewart et al.,, 2013; Voss et al., 2015;
Wu et al.,, 2013). However, it is difficult to determine
which genes may have functional relevance based purely
on their expression. We decided to investigate a single
blastema-enriched gene, vwde, using an evolutionarily
informed approach, assuming that a gene whose ex-
pression is enriched in blastemas of multiple, distantly
related, species is likely a key factor during regeneration.

The in vivo assays used here implicate Vwde as a
putative growth factor during axolotl limb regeneration.
Proliferation is a complex, but fundamental aspect of
regeneration, as there are many different cell types and
potential origins of proliferative signals. Previous work
indicates that proliferative signals are produced directly
following amputation independent of the nerve or wound
epidermis (Johnson, Bateman, DiTommaso, Wong, &
Whited, 2017; Mescher & Tassava, 1975), but are also
provided by the nerve (Brockes & Kintner, 1986; Farkas,
Freitas, Bryant, Whited, & Monaghan, 2016) or wound
epidermis (Sugiura, Wang, Barsacchi, Simon, & Tana-
ka, 2016). There are thus multiple sources of proliferative
signals in the regenerating limb, but it is unclear if pro-
liferative signals from multiple tissues are required si-
multaneously or perhaps in a more stepwise fashion to
maintain blastema proliferation. Our data indicate that
Vwde may be a growth factor derived from cells residing
in the blastema, which adds to the potential sources of
such signals in the regenerating limb. Interestingly, the in
situ profiles in axolotl appear to have rather ubiquitous
expression, but due to the high cellular heterogeneity of
blastema-resident cells it will be important to determine
if vwde is produced by mesenchymal progenitor cells,
blastema-resident hematopoietic cells, or both. It has
been previously postulated that nerve-derived signals are
required early on during blastema formation and growth,
but a fibroblast-derived factor is required for complete
regeneration (Endo, Bryant, & Gardiner, 2004). We
speculate that vwde, which appears to be expressed across
the majority of cells in the blastema, may provide one of
the essential proliferative cues derived from blastema
cells that is important after the nerve has provided
sufficient input. While there is limited knowledge of

Phenotypic outcomes of morpholino-mediated knockdown in axolotl (standard control (“Control (SC)”) vs. vwde MO1,

Syndactyly Additional elements

0 1 0
0 0 0
1 1 0
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TABLE 3
Normal Spike Loss of distal elements
Control (INV) 30 0 4 4
vwde MO1 20 6 9 1

blastema cell-derived growth factors, in vitro cultures
have shown that blastema protein extracts are able to
drive blastema cell proliferation (Boilly & Albert, 1990).
More generally, a global and temporally based view of the
cellular origins of growth factors and the cell types that
require these factors will provide a better understanding
of what is driving proliferation during different stages of
regeneration.

In addition to the dramatic reduction in number of
cells undergoing DNA synthesis, we observed striking
end point phenotypes after the transient knockdown of
Vwde. The loss of distal elements and spike-like pheno-
types observed after Vwde knockdown suggests the pos-
sibility that Vwde could play a role in proximal-distal
determination in the regenerating limb. These pheno-
types showing similarities to ssh and fgf4,8-double-
knockout mice, suggest that Vwde may be working
similarly to—or in concert with—FGFs during regenera-
tion. In line with this notion, genes similar to human
VWDE include fibulins, which in mice have previously
been shown to directly interact with FGF8 (Fresco, Kern,
Mohammadi, & Twal, 2016). Though many FGFs are
epidermal factors during limb development in mice and
chick, FGFs are expressed in the mesenchyme during
axolotl limb development (Purushothaman, Elewa, &
Seifert, 2019) and regeneration (Nacu, Gromberg, Oliveira,
Drechsel, & Tanaka, 2016). Thus, it may be that during
axolotl limb regeneration, blastema-derived factors are
primarily responsible for proximal-distal patterning and
that Vwde is working to promote the formation of distal
elements. However, Vwde may not directly influence
patterning and it will be important to determine if Vwde
could be working with or promoting/inhibiting known
regulators of skeletal patterning. Intriguingly, vwde has
remained unexplored in highly studied, but less re-
generative species such as mouse and human, so whether
vwde plays a role in limb development in these species is
unknown.

Due to the dearth of information on vwde, considering
the function of protein domains or paralogs may provide
insights to potential functions. The repeated EGF-like
domains, as well as the von Willebrand factor D domain
and the relationship with fibulins, suggest that vwde may
be an extracellular matrix (ECM) glycoprotein. The ECM
plays an integral role in limb regeneration, instructing
cellular behaviors such as DNA synthesis and migration

Phenotypic outcomes of morpholino-mediated knockdown in axolotl (Inverted control (“Control (INV)”) vs. vwde MO1)

Oligodactyly Polydactyly Syndactyly Additional elements

0 0 0
0 1 1

(Calve, Odelberg, & Simon, 2010). Further, fibulins have
been shown to be an essential component of the ECM
during limb development (Debeer et al., 2002). Thus, it
will be interesting to tease apart how vwde fits into the
complex, proregenerative ECM and which domains are
required during regeneration as EGF-like domains have
been implicated in a variety of functions required for
successful regeneration including proliferation, migra-
tion, and differentiation (Singh & Harris, 2005). Previous
work in newt (Wang, Marchionni, & Tassava, 2000) and
axolotl (Farkas et al.,, 2016) with neuregulins, which
feature EGF domains, have implicated EGF/EGFR in
nerve-dependent limb regeneration. Future experiments
may intersect the function of Vwde with those factors
described in one or more of these existing studies.

It is interesting to speculate on what has been lost in
amniotes that prevents appendage regeneration. One
possibility is genes that are lost in amniotes and present
in anamniotes can explain differences in regenerative
capacity (Korotkova et al., 2019). However, the absence of
a gene in amniotes is not necessarily a prerequisite when
considering which candidate genes might be responsible
for high regenerative capacity. Alternative scenarios in-
clude, but are not limited to, genes that have lost
ancestral proregenerative function or have altered ex-
pression domains/kinetics. Vwde may fit the paradigm of
a gene that is present in both regeneration-competent
and regeneration-incompetent species, but may ex-
clusively be used in the blastema, a structure that cannot
be produced by most regeneration-incompetent species.

While the blastema is required for regeneration,
wound healing and activation of progenitor cells required
for the formation of the blastema must precede blastema
formation. Based on the expression profile, we do not
expect vwde to be a driver of blastema formation, but
more likely a downstream effector once a blastema has
been established. In most cases of amputation in less
regenerative species, the blastema is not able to form, and
thus we suspect that a more upstream or systemic factor
may prevent blastema formation. While there may have
initially been one primary cause of the loss of re-
generative ability, such as the rise of adaptive immunity
(Godwin, Pinto, & Rosenthal, 2017) or trade-offs asso-
ciated with endothermy (Hirose et al., 2019), it is likely
that other aspects of the regenerative response have now
been lost due to their lack of utility. If vwde played a
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relatively specialized function in the blastema and blas-
temas generally do not exist in less regenerative species
then the use for vwde decreases. This could explain why
42.7% of human genomes have a predicted loss-of-
function copy of VWDE, leading to speculation that
VWDE is potentially drifting towards inactivation in the
human population (MacArthur et al., 2012). While the
blastema remains the elusive feature required for ap-
pendage regeneration, this study illustrates that taking an
evolutionarily informed approach can lead to identifica-
tion of functionally important genes. This also suggests
that further work to understand the similarities between
different species blastemas may help to elucidate the core
molecular program of the blastema.
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