s senes

Article

WNT-FRIZZLED-LRP5/6 Signaling Mediates Posterior Fate and
Proliferation during Planarian Regeneration

Eudald Pascual-Carreras

1,2,+

, Miquel Sureda-Gémez >*, Ramon Barrull-Mascaré -2, Natalia Jorda -2,

Maria Gelabert 12, Pablo Coronel-Cérdoba 12, Emili Salé 2% and Teresa Adell 1-2*#

check for

updates
Citation: Pascual-Carreras, E.;
Sureda-Gémez, M.; Barull-Mascar6, R.;
Jorda, N.; Gelabert, M.;
Coronel-Cordoba, P; Salg, E.; Adell, T.
WNT-FRIZZLED-LRP5/6 Signaling
Mediates Posterior Fate and
Proliferation during Planarian
Regeneration. Genes 2021, 12, 101.
https://doi.org/10.3390/ genes12010101

Received: 1 December 2020
Accepted: 12 January 2021
Published: 15 January 2021

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional clai-
ms in published maps and institutio-

nal affiliations.

Copyright: ©2021 by the authors. Li-
censee MDPI, Basel,

This article is an open access article

Switzerland.

distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Genetics, Microbiology and Statistics and Institute of Biomedicine, Universitat de Barcelona,
08028 Barcelona, Catalunya, Spain; eudald.pascual@ub.edu (E.P.-C.); msureda@fbg.ub.edu (M.S.-G.);
ramonbbm@gmail.com (R.B.-M.); nataliajorda6@gmail.com (N.].); mariagelabert_611@hotmail.com (M.G.);
pablocoronell4@gmail.com (P.C.-C.); esalo@ub.edu (E.S.)

Institut de Biomedicina de la Universitat de Barcelona (IBUB), Universitat de Barcelona, 08028 Barcelona,
Catalunya, Spain

Correspondence: tadellc@ub.edu

1t Equal contribution.

f These authors jointly supervised this work.

Abstract: An organizer is defined as a group of cells that secrete extracellular proteins that specify
the fate of surrounding cells according to their concentration. Their function during embryogenesis
is key in patterning new growing tissues. Although organizers should also participate in adult
development when new structures are regenerated, their presence in adults has only been identified
in a few species with striking regenerative abilities, such as planarians. Planarians provide a unique
model to understand the function of adult organizers, since the presence of adult pluripotent stem
cells provides them with the ability to regenerate any body part. Previous studies have shown that
the differential activation of the WNT/ 3-catenin signal in each wound is fundamental to establish an
anterior or a posterior organizer in the corresponding wound. Here, we identify the receptors that
mediate the WNT/ 3-catenin signal in posterior-facing wounds. We found that Wnt1-Fzd1-LRP5/6
signaling is evolutionarily conserved in executing a WNT/ 3-catenin signal to specify cell fate and to
trigger a proliferative response. Our data allow a better understanding of the mechanism through
which organizers signal to a “competent” field of cells and integrate the patterning and growth
required during de novo formation of organs and tissues.
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1. Introduction

An organizer can be defined as a group of cells that secrete an extracellular protein
that can specify the fate of the surrounding cells according to their concentration [1-4].
A broader vision of organizers includes other essential properties: (i) the receiving tissue
must be “competent” to receive the signal, and (ii) specifying a pattern must come together
with promoting growth in order to form a new and complete patterned structure [1]. Thus,
organizers pattern a field of cells which is in continuous growth. The term organizer was
used for the first time by Spemann and Mangold, when they discovered the ability of dorsal
cells in the blastopore lip of amphibians to induce the formation of a complete axis when
grafted to the opposite site of a second embryo [5]. The homologous structure has also been
identified in all vertebrates and has been given different names, such as Hensen’s node in
the chick [6]. Organizing centers, referring to organizing cells that pattern a tissue or an
organ but not a complete body axis, have been identified in several stages of development
of all organisms, for instance, in the limb bud of tetrapods [7] or the isthmic organizer at the
midbrain-hindbrain boundary [8]. As observed, organizers or signaling centers have been
mainly studied in embryonic stages. However, the first experiment that suggested their
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existence was performed in 1909 by Ethel Browne using adult Hydra. By transplanting
head tissue into the body column of a host, she observed the induction of a secondary axis
that was predominantly made of host cells, concluding that the Hydra head has the ability
to instruct the fate of the host tissue [9].

Although organizers should also participate in adult development (for instance, when
new structures must be regenerated), the presence of organizers in adult tissues has
received little attention since its discovery in 1909 [2], and their presence has only been
identified in few species with striking regenerative abilities. Molecular and genetic studies
in whole-body-regenerating animals, such as Hydra and planarians, have demonstrated
that the formation of organizers in the wounds is a crucial step to specify the fate of the
regenerating tissue [2,10]. In zebrafish, organizing cells have also been identified in the tip
of the regenerating caudal fin [11]. All of these studies have identified the WNT/3-catenin
(cWNT) as the key signal providing organizing properties. Thus, the cWNT signaling
pathway appears as an evolutionary conserved mechanism to specify the primary body
axis both during regeneration and during embryogenesis in all metazoans [12-14].

Planarians provide a unique model system to understand the function of organizers
during adult development and, more specifically, to study the properties of the organizing
and the receiving cells in the “competent” tissue and its implication in the growth associated
with regeneration. This is because planarians can regenerate any body part due to the
presence of a huge population of adult pluripotent stem cells, called neoblasts [15,16], and
because they are Lophotrochozoa [17], which show bilateral symmetry and cephalization;
thus, their regeneration includes complex organs. After amputation, an apoptotic and a
proliferative response takes place, which should be coordinated to allow proper regeneration
and restoration of the missing structures [18,19]. Muscle cells in the regenerative tips act as
organizers, secreting molecules which will pattern the regenerating blastema according to the
pre-existent tissue [20,21]. As mentioned, the (WNT pathway plays a crucial role in defining
anterior-posterior identity. The secreted element wnt1 is expressed in the posterior-facing
wounds and the secreted Wnt inhibitor, notum, in the anterior [22-24]. Inhibition of wnt1 or
notum during planarian regeneration produces a shift in polarity, giving rise to two-headed or
two-tailed animals, respectively [22,25,26]. However, milder inhibition of the cWNT signal
during posterior regeneration gives rise to the so-called tailless planarians, which are animals
that close the wound without specificating a posterior midline, preventing the formation of
a tail structure [23-26]. In these animals, neither a posterior nor an anterior organizer can
be formed, since no wnt1 or notum is expressed in the wounds [26]. Thus, we hypothesized
that in planarians, organizers, and particularly the (WNT signal, could not only specify the
identity but also enable the growth required to regenerate a complete tail.

In this study we identified fzd1, fzd4-1, and lrp5/6 as cWNT signal receptors that are
expressed in the “competent” cells that receive the c(WNT signal and are required for
posterior identity specification. In addition, we demonstrate the requirement of the (WNT
signal to trigger the growth of the posterior blastema.

2. Material and Methods
2.1. Phylogenetic and Sequence Analysis

Protein Irp5/6 sequences were obtained from NCBI (Table S1) and aligned together
using MAFFT [27] with the FFT-NS-i strategy. IQ-TREE [28] was used to generate a
phylogenetic tree with the generated alignment. All the web server options were used by
default, with exceptions for the number of bootstrap alignments (set at 2500), the single
branch test number of replicates (set at 2000), and the approximate Bayes test option
(selected). Dendroscope3 v3.6.3 [29] with default parameters was used to visualize the
tress. To identify the conserved domains, the NCBI web server was used (http://www.
ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) [30].


http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi

Genes 2021, 12, 101

3o0f14

2.2. Gene Cloning

Smed-Irp5/6 fragments were cloned in pGEM-T Easy (Promega, Madison, W1, USA)
and pCRII (Life Technologies, Grand Island, N, USA) vectors for ssRNA and dsRNA
synthesis, respectively. All primers used in this study are shown in Table S2. The re-
ported nucleotide sequence data are available in the Third Party Annotation Section of the
DDBJ/ENA /GenBank databases under the accession number TPA: BK014290.

2.3. Animal Care

Planarians used in this study belonged to the asexual clonal strain of Schmidtea mediter-
ranea BCN-10 and were maintained in PAM water as described in [31]. Animals were
fed twice per week with liver to maintain the population, and the animals selected for
experiments underwent starvation for one week.

2.4. RNAi Experiments

In vitro transcription (Roche) was used to synthesize double-stranded RNA (dsRNA)
as described in [32]. Over three consecutive days per week, injections of dsRNA (3 x 32.2 nL
per animal) into the digestive system were performed using a Nanoject II injector (Drum-
mond Scientific Company, Broomall, PA, USA). Intact RNAi animals were injected for one
week with 1000 ng/uL. The usual regenerative experimental RNAi inhibition consisted
of two or three weeks of inhibition using 1000 ng/pL and amputations at the end of each
week. In simultaneous gene-silencing experiments, the total amount of dsRNA injected in
each animal was maintained constant. The new soaking protocol consisted of one week
of inhibition using 2000 ng/uL, and the animals were amputated one day after the last
injection. Pieces were then soaked in dsRNA diluted in PAM water with a final concentra-
tion of 1000 ng/pL. A laboratory film square piece was folded twice to generate a cross
in the middle of the piece, followed by wrapping to obtain a cone. Then, the cone was
seated and stacked on a Petri dish to avoid movement. A total of 12 uL. of dsRNA diluted
in PAM was placed in the middle of the cone. Using a brush, the planarian pieces were
placed in the drop for 5 h. The folded cones were kept in a humid dark box at 20 °C to
avoid evaporation. Then, the soaking protocol pieces were transferred to a Petri dish for a
recovery period, and two washes with PAM water were performed during the first 15 min.
The control animals were injected and /or soaked in dsRNA of gfp.

2.5. Whole-Mount In Situ Hybridization

RNA probes were synthesized in vitro using SP6 or T7 polymerase and DIG- or FITC-
modified (Roche). For colorimetric whole-mount in situ hybridization (WISH), the previously
described [33] protocol was followed. Animals were sacrificed with 5% N-acetyl-L-cysteine
(NAC), fixed with 4% formaldehyde (FA), and permeabilized with reduction solution. For
double fluorescent in situ hybridization (dFISH), the previous protocol was followed [34].
Animals were sacrificed with 7.5% NAC and fixed with 4% FA. An azide step (150 mM
sodium azide for 45 min at room temperature) was added to quench the first signal probes.
Nuclei were stained with DAPI (1:5000; Sigma, St-Quentin-Fallavier, France).

2.6. Immunohistochemistry Staining

Whole-mount immunohistochemistry staining was carried out as previously de-
scribed [35]. Animals were sacrificed with 2% HCI, fixed with 4% FA and blocked in
1% bovine serum albumin (BSA) in 1x PBST x 0.3% (blocking solution) for 2 h at RT.
Primary antibodies were incubated in blocking solution for 16 h rocking at 4 °C. Washes
were per performed for at least 4 h, and secondary antibodies were diluted in blocking
solution for 16 h rocking at 4 °C. The following antibodies were used in these experi-
ments: mouse anti-synapsin (anti-SYNORF1, 1:50; Developmental Studies Hybridoma
Bank, Iowa City, IA, USA), mouse anti-VC1 (anti-arrestin, 1:15000, kindly provided by
Professor K. Watanabe) and rabbit anti-phosphohistone H3 (Ser10) (D2C8) (PH3) (1:500;
Cell Signaling Technology, Leiden, Netherlands). The secondary antibodies used were
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Alexa 488-conjugated goat anti-mouse (1:400; Molecular Probes, Waltham, MA, USA) and
Alexa 568-conjugated goat anti-rabbit (1:1000: Molecular Probes, Waltham, MA, USA).
Nuclei were stained with DAPI (1:5000; Sigma).

2.7. Imagining and Quantification

In vivo images were obtained using Scmex 3.0 camera in a Zeiss Stemi SV 6 binocular
loupe. WISH and whole-mount immunostaining images were captured with a ProgRes
C3 camera from Jenoptik (Jena, TH, Germany). Cell counting of PH3+ staining was
carried out by eye quantification in a previous defined area of each animal. Areas are
schematically indicated in each figure. The total number of PH3+ cells was divided by the
animal area. Double FISH confocal images were obtained with a Leica TCS SPE confocal
microscope (Leica Microsystems, Mannhiem, BW, Germany). Representative confocal
stacks for each experimental condition are shown. Images were blind analyzed and later
grouped according to each genotype.

2.8. Single-Cell Visualization

PlanExp [36] at PlanNET [37] was used to perform t-SNE plots and gene coexpres-
sion counts with single-cell transcriptomic data [38]. Transcriptomes IDs of the used
Schmidtea mediterranea genes are shown in each figure. Parameters were used by default.

2.9. Statistical Analysis and Visualization

GraphPad Prism 8 was used for statistical analysis and visualization. To compare
the means of two populations, two-sided Student’s t-tests (o = 0.05) and box plots were
used for statistical analysis and visualization, respectively. Box plots depicted the median,
the 25th and 75th percentiles (box), and all included data points (black dots). Whiskers
extend to the largest data point within the 1.5 interquartile range of the upper quartile
and to the smallest data point within the 1.5 interquartile lower ranges of the quartile. To
represent the percentage of the phenotype populations, heat maps were used, and in order
to represent the percentage of gene presence in different cell-type populations, pie charts
were used.

3. Results
3.1. Identification of an lrp5/6 Homolog That, Together with fzd1 and fzd4-2, Is Expressed in
Posterior Blastemas during Regeneration

The S. mediterranea genome contains 9 frizzled (fzd) genes, which are grouped into three
families (fzd-1/2/7, fzd-5/8-4, and fzd4) [39—41]. Two of these fzd appeared as good candidates
to receive the c(WNT signal during posterior regeneration: fzd4-1, which is expressed in the
tip of the tail and when inhibited produces smaller tails [21], and fzd-1/2/7 (fzd1 from now
on), whose inhibition produces a posterior head in intact planarians [40]. Whole-mount
ISH (WISH) shows that fzd1 is expressed in the nervous system and in the pharynx. During
regeneration, it is expressed in both blastemas (Figure 1A and Figure S1A). fzd4-1 is highly
expressed in the tail of intact animals, and during regeneration, it is only detected in
posterior blastemas (Figure 1A and Figure S1A).

The low receptor protein (LRP) is a transmembrane protein with an evolutionary
conserved function as a coreceptor of the cWNT signal [42,43]. We identified three putative
homologs in the S. mediterranea genome. Two of these were previously identified as
homologs of low- and very low-density lipoprotein receptors (LDLR and VLDLR), which
are closely related to LRP receptors (Smed-ldlr and Smed-vldlr) [40], and the third was not
described (dd_Smed_v6_10112_0_1). The analysis of the conserved domains shows that the
three homologs present low-density lipoprotein domains (Figure S1D). The phylogenetic
analysis demonstrates that the homolog to the LRP5/6 receptor is the new transcript, and
we named it Smed-lrp5/6 (Figure 1B). WISH shows that Smed-Irp5/6 is expressed in the
parenchyma and in the nervous system (Figure 1A). During regeneration, Smed-lrp5/6 can
be observed in the parenchyma, in the pharynx, and in the brain, but also in the posterior
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blastema within a duration of 48 h, suggesting its participation in the specification of the
posterior fate (Figure 1A and Figure S1A).
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Figure 1. fzd1, fzd4-1, and Irp5/6 are expressed in posteriors blastemas after amputation. (A) Whole-
mount in situ hybridization (WISH) of fz1, fzd4-1, and Irp5/6 in intact animals and at 48 h of regen-
eration (48 hR), showing its presence in posterior blastemas (blue arrows). Blue shadows in the
schematic cartoons represent the studied regenerative pieces: heads and trunks. Scale bar: 100 pum.
(B) The phylogenetic tree based on LRP sequences (Table S1) showed that lrp5, Irp6, and Irp5/6 genes
cluster together. At nodes, values for the approximate Bayes (square) and Likelihood (circle) ratio
tests are shown. Colour indicates % of confidence. Dark asterisks indicate Schmidtea mediterranea
(Smed) genes. Scale indicates expected aminoacidic substitution per site. The following species were
used: Homo sapiens (Hsap), Xenopus tropicals (Xtro), Branchiostoma floridae (Bflo), Saccoglossus kowalewski
(Sko), Crassostrea gigas (Cgig), Octopus bimaculoides (Obim), Schistosoma mansoni (Sman), Nematostella
vectensis (Nvec), and Amphimedon queenslandica (Amg).

Overall, fzd1, fzd4-1, and the newly identified Smed-Irp5/6 are expressed in posterior
blastemas during regeneration, suggesting that they might have a role in defining posterior
identity.

3.2. fzd1, fzd4-1, and Smed-lrp5/6 Specify Posterior Identity

To study the function of each receptor during posterior regeneration, we performed
RNAIi experiments and analyzed the posterior blastema of regenerating head and trunk
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fragments. Animals were injected and amputated for 3 weeks (three rounds of inhibition,
see Figure S2A and the Materials and Methods section). On day 7 of regeneration (7dR),
after these three rounds of inhibition, most fzd1 and Irp5/6 (RNAi) regenerating heads
presented a smaller and indented posterior blastema compared to controls, a phenotype
related to a lack of posterior identity (Figure 2). fzd4-1 (RNAi) regenerating heads also
presented smaller posterior blastemas, but in a lower percentage (Figure 2). Regenerating
trunks also presented posterior defects, although they were less penetrant (Figure S2B).
In the trunk fragments, we also observed that all RNAi animals showed some defects in
the regenerating head, which presented smaller blastema and smaller eyes (Figure S2B).
The defects in the eyes were corroborated with anti-arrestin (VC-1) immunostaining, and
the smaller brains were also visualized with nuclear staining (DAPI) (Figure S2B). Despite
the defects in the anterior regeneration, fzd1, Irp5/6, and fzd4-1 (RN Ai) animals presented
normal expression of notum, a marker of the anterior pole [22,44] (Figure 52B).

7dR | gfo (RNAI) || fzd1 (RNAI) lfzd4-1 (RNAIY Irp5/6 (RNAI)
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Figure 2. fzd1, fzd4-1, and Irp5/6 inhibition produces tailless heads. In vivo images of fzd1, fzd4-1, and
Irp5/6 (RNAi) regenerating heads showed indented or rounded blastemas. Immunostaining of the
neural system using a-SYNAPSIN (3C11) showed that fzd1, fzd4-1, and lrp5/6 (RNAi) animals do not
properly close the ventral nerve chords in the posterior tip (white arrows) and that the new pharynx
is not regenerated after fzd1 and Irp5/6 RNAI (cyan asterisks), which is corroborated with nuclear
staining (DAPI). WISH using a slit probe shows the disorganization of the midline (red arrows) in
fzd1 and Irp5/6 (RNAi) animals. WISH of wnt1 in regenerating blastemas shows its delocalization
after the inhibition of the three receptors. On the left, schematic illustrations are added showing
which parts were studied (dark boxes) after amputation (red dashed line) and the expression of 3C11,
slit, and wnt1 in intact animals. Scale bars: 200 uM.

When ¢WNT is silenced, planarians present a shift in polarity or a milder phenotype
that is tailless. In tailless animals, the ventral nerve cords (VINCs) do not fuse at the
posterior tip, and wnt1, which is expressed in the posterior midline in wild type animals, is
absent or delocalized [23,25,26]. The analysis of the VNCs through anti-synapsin (3C11)
staining demonstrates that fzd1, fzd4-1, and lrp5/6 (RNAi) regenerating heads were not able
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to close the VNCs in the posterior tip as controls (Figure 2). Anti-synapsin staining also
shows that inhibition of fzd1 and Irp5/6 but not fzd4-1 prevented the regeneration of a new
pharynx (Figure 2). Analysis of wnt1 by WISH showed a decrease in and a delocalization of
wntl in the posterior blastemas after RN A of the three receptors, with accentuation in fzd1
(RNAI) (Figure 2). This is a trait of tailless planarians generated after cWNT inhibition [26],
which are not able to properly form the posterior midline. In agreement, expression of
slit, a marker of the midline, was absent or disorganized in fzd1 and Irp5/6 (RNAi) animals
(Figure 2). In fzd4 (RNAi) animals, which present a milder phenotype, slit expression was
not affected.

Overall, these results demonstrate that fzd1, fzd4-1, and lrp5/6 present a tailless phe-
notype, phenocopying the one described when inhibiting other elements of the cWNT
pathway as wntl, wnt11-2, or Bcatl in planarians [23,25,26,45]. Thus, fzd1, fzd4-1, and Irp5/6
might be the receptors activated by the cWINT signal to specify posterior identity.

3.3. Smed-fzd1 and Smed-lrp5/6 Cooperate in Specifying Posterior Identity

Since LRP5/6 acts as a coreceptor of Fzd to activate the cWNT signal [46], we studied
their possible cooperation. First, we studied their expression in different cell types. It has
been previously reported that Smed-fzd1 and Smed-fzd4-1 are expressed in neoblasts and
muscle cells [40]. Through double FISH analysis, we demonstrate here that Irp5/6 is also
present in neoblasts and muscle cells (Figure S3A). Analyzing single-cell databases [36],
we found that in intact animals, Smed-fzd1, Smed-fzd4-1, and Smed-Irp5/6 were present in
several cell types (Figure S3B), and there was coexpression between them, mostly in the
epidermis, muscle cells, neurons and neoblasts (Figure S3C). Since we were interested in the
signaling occurring when regenerating a posterior organizer, we analyzed the expression
of wntl, wnt11-2, and the three receptors in the single-cell databases corresponding to
tail fragments [36] using the Plannet interface (https://compgen.bio.ub.edu/PlanNET/
planexp) [36,37]. Interestingly, we observed that very few cells coexpress wntl and wnt11-2
(Figure S3C). Among the wnt1+ or the wnt11-2+ cells, cells expressing any combination of
the three receptors were identified (Figure S3C). Smed-Irp5/6 and Smed-fzd1 showed more
similar phenotypes compared to wntl (RNAi) when silenced. Thus, we hypothesized that
those two receptors can cooperate in specifying posterior identity. To test this hypothesis,
we simultaneously inhibited both receptors and studied regenerating heads and trunks.
The results show that when silencing Smed-lrp5/6 and Smed-fzd1, all knockdown head-
regenerating animals present a tailless phenotype (Figure 3). However, it is in the trunk
fragments where the cooperation of the two receptors is more evident. In this case, only
in the double Smed-Irp5/6 and Smed-fzd1 RNAi condition does the animal partially show
a shift in polarity and become two-headed, while the others all remain tailless (Figure 3).
Immunostaining with anti-arrestin (3C11) demonstrates the appearance of the posterior
head (Figure S4).

Overall, these results suggest that fzd1 and Irp5/6 cooperate during regeneration to
specify posterior identity and could be the receptors of Wntl.

3.4. The cWNT Pathway Triggers Cell Proliferation during Regeneration

Not only does the tailless phenotype observed after cWNT inhibition [25,26] show
patterning defects, but blastemas also appear smaller, which could result from a decrease
in the proliferative response. After amputation, two proliferative peaks are observed
in planarian wounds: the first is general and appears at 6 h of regeneration (hR), while
the second is local and occurs at 48 hR (hours of regeneration) [18]. To identify which
role could have the cWNT signal in controlling proliferation, we analyzed the levels of
PH3, which label cycling cells in the M phase [47], after wnt]l and wnt11-2 (RNAi). We
analyzed the trunk fragments, because after wnt1 inhibition head fragments produce a high
percentage of two-headed animals [24,26], and the aim was to analyze proliferation in the
tailless phenotype, which does not show any organizing activity [26]. Performing the usual
protocol of RNAi inhibition (two rounds of RNAi and cut) [48], and then immunostaining


https://compgen.bio.ub.edu/PlanNET/planexp
https://compgen.bio.ub.edu/PlanNET/planexp

Genes 2021, 12, 101

8 of 14

with anti-PH3, we observed no significant changes in proliferation at 6 hR and an increase
at 48 after wnt1 RNAIi (Figure S5A). The opposite results were observed after wnt11-2 RNAI,
that is, an increase in proliferation at 6 hR but no differences at 48 h (Figure S5A). According
to the dynamics of expression, this result was not expected, since wntl is expressed in
posterior blastemas already at 6 hR [23,24]. We reasoned that since both genes were already
silenced for two weeks before the analysis of the regenerating wounds, the animals could
have suffered from remodeling before the last amputation, and this could have affected the
regenerative process. Furthermore, 20% of the resulting animals showed a shift in polarity;
thus, they were regenerating an anterior organizer in the posterior wound (Figure S6A,B),
which could also impact the proliferative response. Therefore, we designed an alternative
approach to restrict the time of inhibition of the genes and ensure that none of the animals
suffered from a shift in polarity. In this case, we injected dsRNA for three consecutive days
using a higher concentration of dsRNA, and after amputation, animals were soaked for
6 h in dsRNA diluted in PAM water (Figure 4A and Figure S5A) (see the Materials and
Methods Section for the soaking protocol). When using this protocol and analyzing PH3
levels, we found that both wnt1 and wnt11-2 (RNAi) animals show a reduction on the first
mitotic peak, while the second is increased in wnt1 and not affected in wnt11-2 (RNAi)
animals (Figure 4A).

B D
?'-\\ \3\\ \k“ &g—\
gfp /! gfp fzd1/ gip Irp5/6 / gfp . & & & ©
. d N o'
(RNAI) (RNAI) (RNA) fzd1 ! Irp5/6 (RNAI) . @ \&Q \Q)\&Q\\\&
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& & @ &
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Figure 3. The simultaneous inhibition of fzd1 and Irp5/6 leads to changes in posterior polarity. (A) In vivo images of fzd1, Irp5/6,
and the double RNAi showed that compared to controls, heads presented tailless, rounded blastemas. Trunks of fzd1 or lrp5/6
(RINAi) also presented the tailless phenotype, and the double RNAi presented tailless and two-head planarians (red arrow).
Asterisks indicate the old (white) and new (orange) pharynges. Schematic illustrations are added showing which parts were

analyzed. Scale bar: 500 um. (B) Heat maps show the percentage of phenotypes observed in each experimental condition.

The same soaking protocol was then used to analyze the proliferative response after
inhibition of Irp5/6. In this case, the regenerating heads were analyzed since they showed
more penetrance of the tailless phenotype than the trunk fragments (see Figure 2 and
Figure S2). Irp5/6 (RNAi) animals showed a reduction in the first peak, although it was not
statistically significant, and all differences were observed in the second peak in comparison
to controls (Figure 4B and Figure S5C).

To test whether the cWNT signal could be also controlling proliferation during pla-
narian homeostasis, we analyzed PH3+ cells in wnt1 (RNAi)-intact animals. After one week
of inhibition, the animals did not present the in vivo phenotype (Figure S5D). However, the
proportion of mitotic cells in the posterior region, where wnt1 is expressed, was decreased
when compared to controls (Figure S5D), suggesting that wnt1 controls proliferation in
homeostatic conditions.
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Overall, our results show that c(WNT inhibition produces not only patterning defects but
also a decrease in proliferative cells. Furthermore, our data highlight the impact of the strategy
used to modulate gene expression when early time points of regeneration are studied.

Proliferation in posterior blastemas

Soacking Protocol
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6 hR 48 hR
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Figure 4. wnt1, wnt11-2, and Irp5/6 (RNAi) animals show proliferative changes during posterior regeneration. (A) Schematic

illustration indicating the RNAi procedure using the soaking protocol. The quantified area and the amputated area of
the trunks are indicated with a dark box and dashed red line, respectively. Quantification of PH3+ cells after the soaking
protocol at 6 h of regeneration (hR) (gfp, n = 6; wntl, n = 6; wnt11-2,n = 5;* p < 0.01, *** p < 0.001) and 48 hR (gfp, n = 6; wntl,
n=6; wntll-2,n =5;*p <0.05,n.s.). (B) Schematic illustration indicating the RNAi procedure using the soaking protocol.
The quantified area and the amputated area of the heads are indicated with a dark box and dashed red line, respectively.
Quantification of PH3+ cells after the soaking protocol at 6 h of regeneration (hR) (gfp, n =7; Irp5/6, n = 6; n.s.) and 48 hR
(gfp, n =5;1rp5/6, n = 5; n.s.).

4. Discussion

To specify posterior identity and regenerate a proper tail, the appearance of a posterior
organizer, which is composed of muscular wntl+ cells, is required during the first hours
of regeneration in planarians [23,24]. It is known that the subsequent activation of other
posterior Wnts (mainly wnt11-2) is required to pattern the tail [24,25]. However, the receptors
of the cWNT signal have not been carefully examined in the currently available literature.
Here, we have identified fzd1, fzd4-1, and Irp5/6 as receptors that mediate the (WNT action
during posterior regeneration. According to our results, Fzd1, rather than Fzd4-1, appears to
be the direct receptor of the Wntl signal from the organizing cells, since its RNAi produces
a stronger and more penetrant phenotype during posterior regeneration. Furthermore, fzd1
expression in posterior wounds is detected earlier than that of fz4-1, indicating that it could
be receiving an earlier signal of Wnt1, which could also account for the stronger phenotype
observed after its inhibition. Our data also indicate that LRP5/6 could act as a coreceptor of
Fzd1 since its inhibition produces a very similar phenotype regarding the posterior midline
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disorganization and the inability to regenerate a new pharynx. The absence of a pharynx in
fzdland Irp5/6 RNAi animals could result from their early role in posterior specification [49]
or from their direct role in regeneration of the pharynx, since they are both expressed in it.
The finding that simultaneous inhibition of fzd1 and lrp5/6 produces a synergistic effect and
that it can produce a shift in polarity, also shown in wnt1 (RNAi) animals, further supports
the notion that LRP5/6 acts as an Fzd1 coreceptor. Thus, an Fz1/LRP5-6 signal would be
evolutionarily conserved in receiving the cWNT signal as described in other models [50-53].
Fzd4-1 could act as the receptor of Wnt11-2, since its expression pattern and RNAi phenotype
are very similar, always producing tailless animals, and it could also act as a receptor of the
late Wntl signal (Figure 5).

wnt1

’i\}\ wnt11-2 POSTERIOR FATE

wnt ~ &

Wnti1-2 ~ GROWTH
wnt1 W‘Lj‘ =

£
& A

v

o

LRP5/6

(-

LY
wntl+ cell £ wnt11-2+ cell Y\A,cmﬂ

ORGANIZER [ | 'COMPETENTRECEIVING CELL | YV Fzos-1

Figure 5. Model of how FZD and LRP5/6 receptors could be receiving the c(WNT signal in the organizer (wnt1+) and in the
receiving cells (wnt11-2+) to specify the fate and promote growth of the posterior wound during planarians regeneration.

Interestingly, despite the fact that the Fdz1/LRP5-6 receptors seem to mediate the signal
from the organizer, they are not expressed specifically in posterior wounds, but fzd4-1 is
the receptor found specifically in posterior-facing wounds. According to our data and
others [21,23,25,26], we propose that, during posterior regeneration, the early Wnt1 interacts
with the Fzd1/LRP5-6 receptors in the nearby cells, and, then, in these cells, the expression
of wnt11-2 and fzd4-1 is activated, generating a broader field of cells around the posterior
organizer that corresponds to the “competent” field of cells responding and executing the
posterior program (wnt11-2+ and fzd4-1+). In these cells, Fzd4-1 may be the receptor of Wnt11-
2 or the late Wntl signal (Figure 5). We have found that the three receptors are coexpressed
with wnt1+ or wnt11-2+ cells, at least in intact tails, suggesting that both cell types may be
activating their own transcription, thereby establishing a robust posterior program (Figure 5).
Using the cell-sequencing database, we also found that wnt1 and wnt11-2 do not coexpress
but can be identified as two different cell populations, which in the proposed model would
correspond to the organizing and receiving cells, respectively (Figure 5).

The Wntl-Fz1/LRP5-6 signal appears not only necessary to specify the posterior fate
but also to trigger the proliferative response required for proper regeneration. This is not
surprising since the requirement of Wnt-Fzd-LRP signaling to mediate proliferation has
been extensively reported in other stem-cell-based systems, such as in intestinal crypts [54],
among others [55]. In acoels, it was recently demonstrated that inhibition of wnt3, which is
expressed in posterior muscular cells [56], also affected stem cell proliferation [57], although
in this case, the receptors remain unknown.

The inhibition of wntl, wnt11-2, or lrp5/6 affected the proliferation of neoblasts at
6 h of regeneration, but not at 48 hR. It must be noted that the mitotic response that
occurs at 6 hR is general, and that at 48 hR is localized in the wounds. Thus, this result
means that inhibition of the function of the posterior organizer has a very early role in
the proliferative response of the stem cells, but it does not affect the later mitotic peak,
which is responsible for the formation of the blastema observed in tailless animals. Since
during planarian regeneration a very early apoptotic peak of apoptosis appears locally
in the wounds (4 hR) [19], interfering with the function of the organizer may directly
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affect the apoptotic response and, by extension, proliferation. In other systems, it has been
reported that dying cells generate cWNT ligands that modulate stem cell proliferation, as
in Hydra [58], in epithelial tissue in zebrafish [59], and in Drosophila imaginal discs [60,61]
(also reviewed in [62]). In Nematostella, it has also been proposed that cell death might
trigger regeneration and proliferation [63]. Thus, the analysis of cell death in wnt1 (RNAi)
animals may help in clarifying the role of the organizer with respect to cell death and
cell proliferation.

A further aspect to note regarding the role of the organizer in the control of prolifera-
tion is the finding that the results were highly dependent on the protocol used for gene
inhibition. This observation must be considered for further studies on early events in
regeneration. When the protocol of gene inhibition takes several days, which is usually
the case, planarians begin to remodel according to the new signals, and this can influence
the early regenerative response. This observation is related to the finding that inhibition
of wnt1 in homeostatic animals also produces a decrease in the proliferative rates of the
cells nearby. The wnt1+ cells in the posterior midline of adult animals do not maintain
the identity, since a shift in the polarity during homeostasis is observed just after fcatl
inhibition [45], but they do have a role in maintaining the homeostasis of posterior tissues.

5. Conclusions

The formation of organizers or organizing centers is a conserved mechanism in evo-
lution to pattern a growing field of cells. This continuously occurs during embryonic
development, but it is also required during regeneration of new structures in adult animals.
In highly regenerative animals, such as Hydra, planarians, or zebrafish, the existence of
regenerative organizers has been proved, and the molecular mechanism underlying their
properties is currently being deciphered. Through the study of these plastic models, it has
been shown that the cWNT signal appears as an evolutionary conserved signal providing
organizing properties. The identification of the cells in the organizer and the factors associ-
ated with them, expressed both in the organizer itself and in the surrounding cells, provides
us with a new frame to understand regeneration. A crucial property of organizers is that
they integrate patterning and growth, which are both the basis of a successful regenerative
process. We envisage that mirroring the knowledge gained through the study of organizers
in animal models to mammals and humans will provide a new frame to further explore the
field of regenerative medicine.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
425/12/1/101/s1: Figure S1. fzd1, fzd4-1 and Irp5/6 expression patterns in regenerating animals,
Figure S2. fzd1, fzd4-1 and Irp5/6 (RNAI) regenerating trunks present anterior and posterior defects,
Figure S3. fzd1 and Irp5/6 are broadly expressed in intact animals and colocalize in different cell
types, Figure S4. fzd1 / Irp5/6 (RNAi) regenerating trunks showed a two-head phenotype, Figure S5.
cWNT elements control proliferation in intact animals and during posterior regeneration, Figure
Sé6. Efficiency of the injection and injection + soaking protocols, Table S1. LRP sequences, Table S2.
Primers used in this study.

Author Contributions: Conceptualization, E.P-C., M.S.-G., E.S., TA.; formal analysis, E.P-C.,
M.S.-G,; investigation, E.P.-C., M.5.-G., R.B.-M., N .J.,, M.G,, P.C.-C.; writing—original draft prepa-
ration, E.P.-C., M.S.-G. and T.A; supervision, E.S., T.A.; project administration, E.S., T.A.; funding
acquisition, E.S., T.A. All authors have read and agreed to the published version of the manuscript.

Funding: E.P-C. is the recipient of an FPI (Formacion del Profesorado Investigador) scholarship from
the Spanish Ministerio de Ciencia, Innovacién y Universidades. M.S.-G. received an FI fellowship
from the Generalitat de Catalunya. The funder had no role in the study design, data collection
and analysis, decision to publish, or manuscript preparation. E.S. and T.A. received funding from
the Ministerio de Educacién y Ciencia (grant number BFU2017-83755-P and BFU2014-56055-P).
E.S. and T.A. received benefits from 2017SGR-1455 from AGAUR (Generalitat de Catalunya). E.S.
received funding from AGAUR (Generalitat de Catalunya: grant number 2009SGR1018). The funders
had no role in study design, data collection and analysis, decision to publish, or preparation of
the manuscript.


https://www.mdpi.com/2073-4425/12/1/101/s1
https://www.mdpi.com/2073-4425/12/1/101/s1

Genes 2021, 12,101 12 of 14

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Acknowledgments: We wish to thank all members of the Emili Sal6, Teresa Adell and Francesc
Cebria labs for their suggestions and discussion of the results.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript,
or in the decision to publish the results.

References

1. Arias, AM,; Steventon, B. On the nature and function of organizers. Development 2018, 145, dev159525. [CrossRef] [PubMed]

2. Vogg, M.C.; Wenger, Y.; Galliot, B. How Somatic Adult Tissues Develop Organizer Activity. In Current Topics in Developmental
Biology, 1st ed.; Elsevier Inc.: Amsterdam, The Netherlands, 2016; Volume 116, pp. 391-414.

3. Anderson, C.; Stern, C.D. Organizers in Development. In Current Topics in Developmental Biology; Elsevier Inc.: Amsterdam,
The Netherlands, 2016; Volume 117, pp. 435-454.

4. De Robertis, E.M.; Larrain, J.; Oelgeschldger, M.; Wessely, O. The establishment of spemann’s organizer and patterning of the
vertebrate embryo. Nat. Rev. Genet. 2000, 1, 171-181. [CrossRef] [PubMed]

5. Spemann, H.; Mangold, H. Uber Induktion von Embryonalanlagen durch Implantation artfremder Organisatoren. Dev. Genes Evol.
1924, 100, 599-638.

6. Inagaki, T.; Schoenwolf, G. Axis development in avian embryos: The ability of Hensen’s node to self-differentiate, as analyzed
with heterochronic grafting experiments. Brain Struct. Funct. 1993, 188, 1-11. [CrossRef] [PubMed]

7.  Zuniga, A. Next generation limb development and evolution: Old questions, new perspectives. Development 2015, 142, 3810-3820.
[CrossRef]

8.  Anderson, C.; Khan, M.A.F,; Wong, F.; Solovieva, T.; Oliveira, N.M.M.; Baldock, R.A.; Tickle, C.; Burt, D.W.; Stern, C.D. A strategy
to discover new organizers identifies a putative heart organizer. Nat. Commun. 2016, 7, 12656. [CrossRef]

9.  Browne, E.N. The production of new hydranths in Hydra by the insertion of small grafts. J. Exp. Zool. 2005, 7, 1-23. [CrossRef]

10. Vogg, M.C.; Beccari, L.; Ollé, L.I.; Rampon, C.; Vriz, S.; Perruchoud, C.; Wenger, Y.; Galliot, B. An evolutionarily-conserved
Wnt3/3-catenin/Sp5 feedback loop restricts head organizer activity in Hydra. Nat. Commun. 2019, 10, 1-15. [CrossRef]

11.  Wehner, D.; Cizelsky, W.; Vasudevaro, M.D.; Ozhan, G.; Haase, C.; Kagermeier-Schenk, B.; Roder, A.; Dorsky, R.I.; Moro, E.;
Argenton, F; et al. Wnt/-Catenin Signaling Defines Organizing Centers that Orchestrate Growth and Differentiation of the
Regenerating Zebrafish Caudal Fin. Cell Rep. 2014, 6, 467—481. [CrossRef]

12.  Lengfeld, T.; Watanabe, H.; Simakov, O.; Lindgens, D.; Gee, L.; Law, L.; Schmidt, H.A; Ozbek, S.; Bode, H.R.; Holstein, T.W.
Multiple Wnts are involved in Hydra organizer formation and regeneration. Dev. Biol. 2009, 330, 186-199. [CrossRef]

13. Holstein, T.W. The Evolution of the Wnt Pathway. Cold Spring Harb. Perspect. Biol. 2012, 4, a007922. [CrossRef] [PubMed]

14. Petersen, C.P; Reddien, P.W. Wnt Signaling and the Polarity of the Primary Body Axis. Cell 2009, 139, 1056-1068. [CrossRef]
[PubMed]

15. Wagner, D.E.; Wang, LE.; Reddien, P. Clonogenic Neoblasts Are Pluripotent Adult Stem Cells That Underlie Planarian Regenera-
tion. Science 2011, 332, 811-816. [CrossRef] [PubMed]

16. Bagufa, J. Regeneration and pattern formation in planarians. J. Embryol. Exp. Morphol. 1984, 80, 63-80.

17. Riutort, M.; Alvarez-Presas, M.; Lazaro, E.; Salé, E.; Paps, J. Evolutionary history of the Tricladida and the Platyhelminthes:
An up-to-date phylogenetic and systematic account. Int. J. Dev. Biol. 2012, 56, 5-17. [CrossRef]

18.  Wenemoser, D.; Reddien, P. Planarian regeneration involves distinct stem cell responses to wounds and tissue absence. Dev. Biol.
2010, 344, 979-991. [CrossRef]

19. Pellettieri, J.; Fitzgerald, P.; Watanabe, S.; Mancuso, J.; Green, D.R.; Alvarado, A.S. Cell death and tissue remodeling in planarian
regeneration. Dev. Biol. 2010, 338, 76-85. [CrossRef]

20. Witchley, ].N.; Mayer, M.; Wagner, D.E.; Owen, ].H.; Reddien, P. Muscle Cells Provide Instructions for Planarian Regeneration.
Cell Rep. 2013, 4, 633-641. [CrossRef]

21.  Scimone, M.L.; Cote, L.E.; Rogers, T.; Reddien, P. Two FGFRL-Wnt circuits organize the planarian anteroposterior axis. eLife 2016, 5.
[CrossRef]

22. Petersen, C.P,; Reddien, P. Polarized notum Activation at Wounds Inhibits Wnt Function to Promote Planarian Head Regeneration.
Science 2011, 332, 852-855. [CrossRef]

23. Gurley, K.A,; Elliott, S.A.; Simakov, O.; Schmidt, H.A.; Holstein, TW.; Alvarado, A.S. Expression of secreted Wnt pathway
components reveals unexpected complexity of the planarian amputation response. Dev. Biol. 2010, 347, 24-39. [CrossRef]
[PubMed]

24. Petersen, C.P,; Reddien, P. A wound-induced Wnt expression program controls planarian regeneration polarity. Proc. Natl. Acad.
Sci. USA 2009, 106, 17061-17066. [CrossRef] [PubMed]

25. Adell, T, Salo, E.; Boutros, M.; Bartscherer, K. Smed-Evi/Wntless is required for 3-catenin-dependent and -independent processes
during planarian regeneration. Development 2009, 136, 905-910. [CrossRef] [PubMed]

26. Sureda-Gomez, M.; Pascual-Carreras, E.; Adell, T. Posterior Wnts Have Distinct Roles in Specification and Patterning of the

Planarian Posterior Region. Int. J. Mol. Sci. 2015, 16, 26543-26554. [CrossRef] [PubMed]


http://doi.org/10.1242/dev.159525
http://www.ncbi.nlm.nih.gov/pubmed/29523654
http://doi.org/10.1038/35042039
http://www.ncbi.nlm.nih.gov/pubmed/11252746
http://doi.org/10.1007/BF00191446
http://www.ncbi.nlm.nih.gov/pubmed/8214619
http://doi.org/10.1242/dev.125757
http://doi.org/10.1038/ncomms12656
http://doi.org/10.1002/jez.1400070102
http://doi.org/10.1038/s41467-018-08242-2
http://doi.org/10.1016/j.celrep.2013.12.036
http://doi.org/10.1016/j.ydbio.2009.02.004
http://doi.org/10.1101/cshperspect.a007922
http://www.ncbi.nlm.nih.gov/pubmed/22751150
http://doi.org/10.1016/j.cell.2009.11.035
http://www.ncbi.nlm.nih.gov/pubmed/20005801
http://doi.org/10.1126/science.1203983
http://www.ncbi.nlm.nih.gov/pubmed/21566185
http://doi.org/10.1387/ijdb.113441mr
http://doi.org/10.1016/j.ydbio.2010.06.017
http://doi.org/10.1016/j.ydbio.2009.09.015
http://doi.org/10.1016/j.celrep.2013.07.022
http://doi.org/10.7554/eLife.12845
http://doi.org/10.1126/science.1202143
http://doi.org/10.1016/j.ydbio.2010.08.007
http://www.ncbi.nlm.nih.gov/pubmed/20707997
http://doi.org/10.1073/pnas.0906823106
http://www.ncbi.nlm.nih.gov/pubmed/19805089
http://doi.org/10.1242/dev.033761
http://www.ncbi.nlm.nih.gov/pubmed/19211673
http://doi.org/10.3390/ijms161125970
http://www.ncbi.nlm.nih.gov/pubmed/26556349

Genes 2021, 12,101 13 of 14

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

Katoh, K.; Rozewicki, J.; Yamada, K.D. MAFFT online service: Multiple sequence alignment, interactive sequence choice and
visualization. Brief. Bioinform. 2019, 20, 1160-1166. [CrossRef]

Trifinopoulos, J.; Nguyen, L.-T.; Von Haeseler, A.; Minh, B.Q. W-IQ-TREE: A fast online phylogenetic tool for maximum likelihood
analysis. Nucleic Acids Res. 2016, 44, W232-W235. [CrossRef]

Huson, D.H.; Scornavacca, C. Dendroscope 3: An Interactive Tool for Rooted Phylogenetic Trees and Networks. Syst. Biol. 2012,
61,1061-1067. [CrossRef]

Lu, S.; Wang, J.; Chitsaz, F; Derbyshire, M.K.; Geer, R.C.; Gonzales, N.R.; Gwadz, M.; Hurwitz, D.I.; Marchler, G.H.; Song, ].S.; et al.
CDD/SPARCLE: The conserved domain database in 2020. Nucleic Acids Res. 2020, 48, D265-D268. [CrossRef]

Fernandéz-Taboada, E.; Moritz, S.; Zeuschner, D.; Stehling, M.; Schéler, H.R.; Sal6, E.; Gentile, L. Smed-SmB, a member of the
LSm protein superfamily, is essential for chromatoid body organization and planarian stem cell proliferation. Development 2010,
137, 1055-1065. [CrossRef]

Alvarado, A.S.; Newmark, P.A. Double-stranded RNA specifically disrupts gene expression during planarian regeneration. Proc.
Natl. Acad. Sci. USA 1999, 96, 5049-5054. [CrossRef]

Currie, KW.,; Brown, D.D.R;; Zhu, S.; Xu, C.; Voisin, V.; Bader, G.D.; Pearson, B.J. HOX gene complement and expression in the
planarian Schmidtea mediterranea. EvoDevo 2016, 7, 1-11. [CrossRef] [PubMed]

King, R.S.; Newmark, P.A. In Situ hybridization protocol for enhanced detection of gene expression in the planarian Schmidtea
mediterranea. BMC Dev. Biol. 2013, 13, 8. [CrossRef] [PubMed]

Ross, K.G.; Omuro, K.C,; Taylor, M.R.; Munday, R.K.; Hubert, A.; King, R.S.; Zayas, R.M. Novel monoclonal antibodies to study
tissue regeneration in planarians. BMC Dev. Biol. 2015, 15, 1-21. [CrossRef] [PubMed]

Castillo-Lara, S.; Pascual-Carreras, E.; Abril, J. PlanExp: Intuitive integration of complex RNA-seq datasets with planarian omics
resources. Bioinformatics 2019, 36, 1889-1895. [CrossRef] [PubMed]

Castillo-Lara, S.; Abril, ].F. PlanNET: Homology-based predicted interactome for multiple planarian transcriptomes. Bioinformatics
2017, 34, 1016-1023. [CrossRef]

Fincher, C.T.; Wurtzel, O.; De Hoog, T.; Kravarik, K.M.; Reddien, P. Cell type transcriptome atlas for the planarian Schmidtea
mediterranea. Science 2018, 360, eaaq1736. [CrossRef]

Liu, S.-Y,; Selck, C.; Friedrich, B.; Lutz, R.; Vila-Farré, M.; Dahl, A.; Brandl, H.; Lakshmanaperumal, N.; Henry, I.; Rink, J.C.
Reactivating head regrowth in a regeneration-deficient planarian species. Nat. Cell Biol. 2013, 500, 81-84. [CrossRef]
Stiickemann, T.; Cleland, J.P.; Werner, S.; Vu, H.T.-K,; Bayersdorf, R.; Liu, S.-Y.; Friedrich, B.; Jiilicher, E; Rink, ].C. Antagonistic
Self-Organizing Patterning Systems Control Maintenance and Regeneration of the Anteroposterior Axis in Planarians. Dev. Cell
2017, 40, 248-263.e4. [CrossRef]

Currie, K.W.; Molinaro, A.M.; Pearson, B.]. Neuronal sources of hedgehog modulate neurogenesis in the adult planarian brain.
eLife 2016, 5, €19735. [CrossRef]

Dieckmann, M.; Dietrich, M.E; Herz, J. Lipoprotein receptors—An evolutionarily ancient multifunctional receptor family.
Biol. Chem. 2010, 391, 1341-1363. [CrossRef]

Gordon, M.D.; Nusse, R. Wnt Signaling: Multiple Pathways, Multiple Receptors, and Multiple Transcription Factors. J. Biol. Chem.
2006, 281, 22429-22433. [CrossRef] [PubMed]

Hill, E.M.; Petersen, C.P. Wnt/Notum spatial feedback inhibition controls neoblast differentiation to regulate reversible growth of
the planarian brain. Development 2015, 142, 4217-4229. [CrossRef] [PubMed]

Iglesias, M.; Gomez-Skarmeta, J.L.; Sal6, E.; Adell, T. Silencing of Smed- cateninl generates radial-like hypercephalized planarians.
Development 2008, 135, 1215-1221. [CrossRef] [PubMed]

Macdonald, B.T; He, X. Frizzled and LRP5/6 Receptors for Wnt/-Catenin Signaling. Cold Spring Harb. Perspect. Biol. 2012, 4, a007880.
[CrossRef]

Hendzel, M.].; Wei, Y.; Mancini, M.A.; Van Hooser, A.; Ranalli, T.; Brinkley, B.R.; Bazett-Jones, D.P.; Allis, C.D. Mitosis-specific
phosphorylation of histone H3 initiates primarily within pericentromeric heterochromatin during G2 and spreads in an ordered
fashion coincident with mitotic chromosome condensation. Chromosoma 1997, 106, 348-360. [CrossRef]

Pascual-Carreras, E.; Marin-Barba, M.; Herrera-Ubeda, C.; Font-Martin, D.; Eckelt, K.; De Sousa, N.; Garcia-Fernandez, J.; Sald,
E.; Adell, T. Planarian cell number depends on blitzschnell, a novel gene family that balances cell proliferation and cell death.
Development 2020, 147, dev184044. [CrossRef]

Hayashi, T.; Motoishi, M.; Itomi, K.; Tanegashima, C.; Nishimura, O.; Agata, K.; Tarui, H. A LIM-homeobox gene is required for
differentiation of Wnt-expressing cells at the posterior end of the planarian body. Development 2011, 138, 3679-3688. [CrossRef]
Guder, C.; Philipp, I; Lengfeld, T.; Watanabe, H.; Hobmayer, B.; Holstein, T.W. The Wnt code: Cnidarians signal the way. Oncogene
2006, 25, 7450-7460. [CrossRef]

Minobe, S.; Fei, K; Yan, L.; Sarras, M.P, Jr.; Werle, M.]. Identification and characterization of the epithelial polarity receptor
“Frizzled” in Hydra vulgaris. Dev. Genes Evol. 2000, 210, 258-262. [CrossRef]

Adler, PN. Planar signaling and morphogenesis in Drosophila. Dev. Cell 2002, 2, 525-535. [CrossRef]

Adell, T.; Nefkens, I.; Miiller, W.E. Polarity factor ‘Frizzled’ in the demosponge Suberites domuncula: Identification, expression
and localization of the receptor in the epithelium/pinacoderm1. FEBS Lett. 2003, 554, 363-368. [CrossRef]

Gehart, H.; Clevers, H. Tales from the crypt: New insights into intestinal stem cells. Nat. Rev. Gastroenterol. Hepatol. 2019,
16, 19-34. [CrossRef] [PubMed]


http://doi.org/10.1093/bib/bbx108
http://doi.org/10.1093/nar/gkw256
http://doi.org/10.1093/sysbio/sys062
http://doi.org/10.1093/nar/gkz991
http://doi.org/10.1242/dev.042564
http://doi.org/10.1073/pnas.96.9.5049
http://doi.org/10.1186/s13227-016-0044-8
http://www.ncbi.nlm.nih.gov/pubmed/27034770
http://doi.org/10.1186/1471-213X-13-8
http://www.ncbi.nlm.nih.gov/pubmed/23497040
http://doi.org/10.1186/s12861-014-0050-9
http://www.ncbi.nlm.nih.gov/pubmed/25604901
http://doi.org/10.1093/bioinformatics/btz802
http://www.ncbi.nlm.nih.gov/pubmed/31647529
http://doi.org/10.1093/bioinformatics/btx738
http://doi.org/10.1126/science.aaq1736
http://doi.org/10.1038/nature12414
http://doi.org/10.1016/j.devcel.2016.12.024
http://doi.org/10.7554/eLife.19735
http://doi.org/10.1515/bc.2010.129
http://doi.org/10.1074/jbc.R600015200
http://www.ncbi.nlm.nih.gov/pubmed/16793760
http://doi.org/10.1242/dev.123612
http://www.ncbi.nlm.nih.gov/pubmed/26525673
http://doi.org/10.1242/dev.020289
http://www.ncbi.nlm.nih.gov/pubmed/18287199
http://doi.org/10.1101/cshperspect.a007880
http://doi.org/10.1007/s004120050256
http://doi.org/10.1242/dev.184044
http://doi.org/10.1242/dev.060194
http://doi.org/10.1038/sj.onc.1210052
http://doi.org/10.1007/s004270050312
http://doi.org/10.1016/S1534-5807(02)00176-4
http://doi.org/10.1016/S0014-5793(03)01190-6
http://doi.org/10.1038/s41575-018-0081-y
http://www.ncbi.nlm.nih.gov/pubmed/30429586

Genes 2021, 12,101 14 of 14

55.

56.

57.

58.

59.

60.

61.

62.

63.

Yang, K.; Wang, X.; Zhang, H.; Wang, Z.; Nan, G.; Li, Y.; Zhang, F,; Mohammed, M.K.; Haydon, R.C.; Luu, H.H.; et al. The evolving
roles of canonical WNT signaling in stem cells and tumorigenesis: Implications in targeted cancer therapies. Lab. Investig. 2016,
96, 116-136. [CrossRef] [PubMed]

Raz, A.A; Srivastava, M.; Salvamoser, R.; Reddien, P. Acoel regeneration mechanisms indicate an ancient role for muscle in
regenerative patterning. Nat. Commun. 2017, 8, 1260. [CrossRef]

Ramirez, A.N.; Loubet-Senear, K.; Srivastava, M. A Regulatory Program for Initiation of Wnt Signaling during Posterior
Regeneration. Cell Rep. 2020, 32, 108098. [CrossRef]

Chera, S.; Ghila, L.M.; Dobretz, K.; Wenger, Y.; Bauer, C.R.; Buzgariu, W.C.; Martinou, J.-C.; Galliot, B. Apoptotic Cells Provide an
Unexpected Source of Wnt3 Signaling to Drive Hydra Head Regeneration. Dev. Cell 2009, 17, 279-289. [CrossRef]

Brock, C.K.; Wallin, S.T.; Ruiz, O.E.; Samms, K.M.; Mandal, A.; Sumner, E.A.; Eisenhoffer, G.T. Stem cell proliferation is induced
by apoptotic bodies from dying cells during epithelial tissue maintenance. Nat. Commun. 2019, 10, 1-11. [CrossRef]
Bergantifios, C.; Corominas, M.; Serras, F. Cell death-induced regeneration in wing imaginal discs requires JNK signalling.
Development 2010, 137, 1169-1179. [CrossRef]

Santabdrbara-Ruiz, P.; Lopez-Santillan, M.; Martinez-Rodriguez, 1.; Binagui-Casas, A.; Pérez, L.; Milan, M.; Corominas, M.;
Serras, F. ROS-Induced JNK and p38 Signaling Is Required for Unpaired Cytokine Activation during Drosophila Regeneration.
PLoS Genet. 2015, 11, €1005595. [CrossRef]

Pérez-Garijo, A.; Steller, H. Spreading the word: Non-autonomous effects of apoptosis during development, regeneration and
disease. Development 2015, 142, 3253-3262. [CrossRef]

Warner, ].F.; Amiel, A.R.; Johnston, H.; Rottinger, E. Regeneration is a partial redeployment of the embryonic gene network.
bioRxiv 2019. [CrossRef]


http://doi.org/10.1038/labinvest.2015.144
http://www.ncbi.nlm.nih.gov/pubmed/26618721
http://doi.org/10.1038/s41467-017-01148-5
http://doi.org/10.1016/j.celrep.2020.108098
http://doi.org/10.1016/j.devcel.2009.07.014
http://doi.org/10.1038/s41467-019-09010-6
http://doi.org/10.1242/dev.045559
http://doi.org/10.1371/journal.pgen.1005595
http://doi.org/10.1242/dev.127878
http://doi.org/10.1101/658930

	Introduction 
	Material and Methods 
	Phylogenetic and Sequence Analysis 
	Gene Cloning 
	Animal Care 
	RNAi Experiments 
	Whole-Mount In Situ Hybridization 
	Immunohistochemistry Staining 
	Imagining and Quantification 
	Single-Cell Visualization 
	Statistical Analysis and Visualization 

	Results 
	Identification of an lrp5/6 Homolog That, Together with fzd1 and fzd4-2, Is Expressed in Posterior Blastemas during Regeneration 
	fzd1, fzd4-1, and Smed-lrp5/6 Specify Posterior Identity 
	Smed-fzd1 and Smed-lrp5/6 Cooperate in Specifying Posterior Identity 
	The cWNT Pathway Triggers Cell Proliferation during Regeneration 

	Discussion 
	Conclusions 
	References

