UNIVERSITATbe

BARCELONA

Autonomous and non-autonomous regulation
on planarian growth and regeneration: Smed-bls,
canonical Wnt signalling and Fox family

Eudald Pascual Carreras

©0Cle

Aquesta tesi doctoral esta subjecta a la llicencia Reconeixement- NoComercial —
Compartirlgual 4.0. Espanya de Creative Commons.

Esta tesis doctoral esta sujeta a la licencia _Reconocimiento - NoComercial — Compartirlqual
4.0. Espafia de Creative Commons.

This doctoral thesis is licensed under the Creative Commons Attribution-NonCommercial-
ShareAlike 4.0. Spain License.










Salid y disfrutad.

Johan Cruyff






UNIVERSITATbe

BARCELONA

P VaS R
v fl d NE’M“.\ |
: / TR

Facultat de Biologia

Departament de Genetica, Microbiologia | Estadistica
Programa de Doctorat de Genetica
2019

Tesis Doctoral presentada per
Eudald Pascual Carreras

amb el nom

Autonomous and non-autonomous regulation of planarian
growth and regeneration: Smed-bls, canonical Wnt signalling
and Fox family.

Par optar al titol de doctor per la Universitat de Barcelona

Tesi doctoral realitzada al Departament de Genetica, Microbiologia i Estadistica sota la direcci6 de
la Doctora Teresa Adell i el Doctor Emili Salé.

Codirectora Director i Tutor Autor

Dr. Teresa Adell Dr. Emili Salé Eudald Pascual

Barcelona, 30 de Setembre de 2019












Abstract

Development requires an increment of cell growth and cell number, concomitant to a tightly
control of cell differentiation. Thanks to cell communication, cells can be spatiotemporal pat-
terned to acquire the required fate. Planarians are a uniqgue model to study developmental
processes due to their ability to regenerate and modulate their body size according to the nu-
trient availability. This body plasticity is based on the presence of pluripotent adult stem cells
(neoblasts) and the continuous activation of the intercellular communication mechanisms.
This active regulation of stem cells fate make them perfect models to study processes as
growth, patterning, differentiation cell proliferation or cell death. In this thesis we have studied

different molecular mechanisms that control planarian growth and pattern.

We have described a novel gene family, blitzschnell (bls), formed by de novo and taxonomi-
cally restricted genes, which control cell number trough the regulation of cell proliferation and
cell death. Nutrient intake controls its expression suggesting that bls family have evolved in
planarians as a mechanism by which to restrict cell number in nutrient-fluctuating environ-
ments. During growth and regeneration, planarians are not only able regulate their body and
organ size accordingly but they also maintain a proper pattern. This regulation is mediated by
different signalling centres that specify different regions along the 3 body axes (AP, DV and
ML). Particularly, after an amputation, the anterior and the posterior planarian tips behave as
organizers (signalling centre), specifying the fate of each planarian pole. The anterior organi-
zer is defined by notum (a Wnt inhibitor) and the posterior by wntl expression. The inhibition
of any of those elements leads to a shift in polarity. During the first hours of regeneration both
notum and wntl are expressed in both poles, and it’s around 36 hours that their expression
becomes restricted to their respective tip. To decipher the molecular interactions that restrict
the expression of wntl to the posterior tip and confer the organizing activity we used geno-
me wide approaches. ATAC-seq and RNA-seq analysis of regenerating wild-type and wntl
(RNAI) planarians allowed the identification of specific Cis-Regulatory Elements (CREs) of
posterior regeneration. We found that already at 12 hours of regeneration the accessible
CREs in posterior and anterior blastemas have essentially changed, indicating that specific

posterior chromatin changes induced by amputation occur much earlier than the formation of



the organizers. Furthermore, we have identified specific transcription factors (TF) of the Otx
and Fox families, which are enriched in posterior CREs. Particularly, pitx and foxG regulates

wnt1+ cells and are essential for the specification of the posterior cells.

TFs regulate patterning events and developmental specification, particularly the Fox Family
exerts crucial roles defining cell types of all germ cell layers or regulating cell cycle. Befo-
re this Thesis, poorly was known about the Fox family in Schmidtea mediterranea (Smed)
neither in the Lophocotrozoan clade. In this study we have identified 27 Fox genes in Smed,
classified in 13 families: A, At, C, D, E, G, L1t, QD, J1, N2/3, Nt, O and P. We have performed
an extensive phylogenetic study of the family to understand the evolution of the Fox family in
this clade. Furthermore, we have studied the sequence, expression and function of several

planarian Fox genes.

Overall, we studied different molecular mechanisms that regulate planarian growth and rege-

neration, and that provide novel data concerning development and evolution.









Index

Index
GLOSSARY OF FIGURES ... VI
GLOSSARY OF ABBREVIATIONS ... IX
GLOOSARY OF SPECIES ...t Xl
INTRODUGCTION Lottt e e e e e e e aeees 1
1. Developmental DIOIOgY ..o 1
1.1. Regulation of developmental mechanisms ............cciiiiiiiiiiiii e, 1
1.2. Cell-cell commMUNICALION........ociiiiiiiiii i 1
1.2.1. Cell number and Cell SIZE..........cuuviiiiiiiii e 2
1.2.2. Tissue patterning and OrgaNIZEIS. ........ it e e e e e e eeeaeeeee 2
R B (Yo [T aT=T = 1A o o TSR 3
1.3.1. Mechanisms of regeneration ............ccccccoieeiiiiiiiiiiiii e 3
1.3.2. Adult Stem CellS ........ooiiiiiii 5

2. Planarian: a model organism to study regeneration and cell communication ....7

2.1. Schmidtea Mediterran@a .........ooiii oo 8
2.2. Planarian @natOmY ..o e e e et e et e e e e e e e e e eeeaaeane 9
2.2. 1 NEUIAL .. 9
A =l o] 0 [=T 1 01U UUPPPPUPPUPUPPRT 10
2.2.3. INTESHINE .o 10
2.2.4. PhrotOnePNIidia ......ccoee e 11
2.2.5. MUSCIE ...t e e e e 11
2.2.6. PRAINYNX . it 12
2.2.7. ParenChymMa. . ... 12
2.3. Planarian PlastiCity .....coooooooiiiiiiieiie e e e e e e e aeneees 13
2.3. 1. NEODIASTS.....cooiiiiiii e 13
2.3.2. REGENEIAtION ... 14
2.4. Regeneration process in Schmidtea mediterranea .........cccceeevveeeeeiiiiiiiieninnns 14
2.4.1. REgENEratiVe STAgES......cciiiiiiiiiiiiiiiia ittt e e e e e e e e e e e eeeeearanae 14
2.4.2. Regeneration is stem cell dependent .............ooooiiiiiiiiii e, 15

2.4 3. Cell death remodellenig during regeneration .............ccccccveveiiiiiiiiiiiieneeeenn. 15



Index

2.4.4. AXiS €StabliSNMENT .....ooiiiiiiiii e 16

2.4.5. AP axis establishment and WNT signalling pathway ...........ccccceeiiiiiiinnnnnn. 18

2.4.6. From neoblasts 10 Organs ............ueeiiiiiiiiiiiiiiii e 19

2.5. Body and organ Size regulation ..........ccccoooiiiiiiiiieiiiie e 22

3. GENOMIC [ANUSCAPE ettt e e e e e e e e e e e e e e eeeeeeeeenes 23
700 I =t oY To 1= 0] o 4 1= J0 U PPPTPPPRTTTR 23
3.1.1. Epigenetics in regeneration .............ooooiiiiiiiiiiiiiiiii e 25

3.2. EpigenetiCS in PlanarianS..........uuuuuuiiiiiiiie e 26
OBJIECTIVES .o o eaa s 31
] U I 0 N 35

4. Chapter I. Planarian size depends on Blitzschnell, a novel gene family that
controls cell number through balancing cell proliferation and cell death ............. 35

4.1. Blitzschnell is a new gene family organized in two clusters of tandem

repeats in Schmidtea mediterran@a ..........ccccoeeeeiiiiiiiii e 35
4.2. The bls family is taxonomically restricted to the Tricladida order............... 37
4.3. Subfamilies bls2, bls3 and bls5 are expressed in secretory cells ............... 39
4.4. bls inhibition promotes faster regeneration.........cccccoeeevveeeeeeieieeeeeeiiiiiinn 41
4.5. bls attenuates cell proliferation and promotes cell death after injury......... 43

4.6. Cells are more numerous but smaller in starved bls (RNAI) planaran,
resulting in no overall change in body SIZ€........ccoiiiiiiiiiiiiiiii e 45
4.7. bls (RNAI) in fed planarians results in increases in cell number and
oYL 0 NV 4 TSR 48
4.8. bls transcription is regulated accordingly nutrient intake...........c.cccvvvnnnnnn. 51
5. Chapter Il. Genomic and transcriptomic analysis reveals new cWnt-pathway
related elements required for posterior identity specification ............................... 55
5.1. wntl (RNAI) RNA-seq reveals transcriptomic changes during posterior
Planarian regeNEratiON .........cccoii it e e e e e e e e e e e e e e e e e aaaaes 55
5.1.1. Strategy of wntl (RNAI) RNA-seq in regenerating planarians to study the
establishment of the posterior organizer.............ooovvuviiiiiiiii 55

5.1.2. wntl inhibition produces the same transcriptomic profile that can be seen



In just-amputated control anNiMalS .........oouviiiiiiii
5.1.3. RNA-seq of wntl (RNAI) reveals WNT targets in planarian ......................
5.1.4. wntl controls gene expression during all regenerative stages..................
5.1.5. wntl regulates the expression of posterior expressed genes....................

5.1.6. wntl and Bcat1 (RNA-seq) comparison reveals putative canonical WNT

1210011 SRRSO

5.2. ATAC-seq analysis reveals Fox Family as a key elements for posterior
organizer function iN PlaNArians ............ooiiiiiiieecceeeeeeeiiiis e eeeeeaaeees
5.2.1. Specific chromatin changes occurs at anterior and posterior wounds.......
5.2.2. |dentification of enhancers specifically involved in anterior or posterior
planarian regeNEIALION........cocii it e e e e e e e eees
5.2.3. After notum and wntl inhibition chromatin dynamics change....................
5.2.4. cWNT pathway specifically regualtes posterior CRES...............ccccooiinns
5.2.5. pitx is required for wntl expression and posterior identity specification....
5.2.6. foxG is required for early and late wntl expression, and for posterior
identity SPECIfICAtION...........uiiiiiiiii e
5.2.7. FoxK family plays a role regulating the posterior organizer......................
5.2.7.1. foxK1-2.1 regulates wntl expression and impars, posterior
SPECICITICALION ...
5.2.7.2. foxK1-2.1 and foxk1.2.2 act synergistically affecting the posterior
0= 111U
5.2.7.3. FOXK1-2.1 could interact with DVL regulating WNT target genes.....
6. Chapter lll: Characterization of the Fox family of transcription factors in
Schmidtea MedIterTaN@a ........coooiiet e
6.1. Identification and phylogenetic analysis of Smed-fox genes.....................
6.2. Phylogenetic analysis of Platyhelminthes fox genes........ccccccceeiiiiiieeeennn.
6.3. The new FOXQD family ...
6.4. Genomic distribution of fox genes in Smed............ccoiviiiiiiiiiiii e
6.5. Protein domains of Smed Fox family proteins.........ccccovviiiiiiiiiiiinnieeeeeee,

6.6. fox genes are tissue specific in Smed .............cccccco



Index

6.7. Role of Smed fox genes during regeneration .............ooeeuvveiiiiiiiinieneeeeeeeeeenn,
IS CUSSION ..o e e e e e e e e e e e ee
7. Chapter | - Planarian size depends on Blitzschnell, a novel gene family that
controls cell number by balancing cell proliferation and cell death.....................
7.1. bls is a de novo gene family taxonomically restricted to the order
Tricladida (Plan@rianS) .......oooiiiiiiiiiiiiie e e e
7.2. bls is required to restrict cell number during planarian starvation,
and is down-regulated in response to nutrient intake to enable increases
In cell number and DoAY SIZE......cooooiiiiiii
7.3. bls is atumour suppressor, inhibition of which favours regeneration .....
7.4. bls family represents an evolutionary strategy to increase planarian
fitness in changing environments....................oooi i
8. Chapter Il - A posterior wound induces a posterior organizer formation,
eVOCAtiNG tISSUE SUITOUNG ..ottt e e e e e e e e e e e
8.1. wntl inhibition changes the genetic profile during regeneration..............
8.2. Cis-Regulatory Elements (CRE) dynamics during planarian posterior
=To =] aT=T =4 o ] o [ SSSUTPPP
8.3. Organizers and tiSSUE COMPELENCE ...ccoevviieeiiiiiiiiiiiiieee e
8.4. pitx and foxG regulate WNtl eXPreSSION ......ooiviiiiieiiiiiiieie e
8.5. foxk regulates neural differentiation and would act as a cofactor of
BeatT in PlANArTANS .....oooiiiiiie s
8.6. Posterior planarian organizer and mesoectodermal origin...............c........
8.7. notum wound determines the anterior epigenome ..........cccceeeeeeiiiiiieiiiinnnnns
8.8. Cell death and organizer formation...........coooiiiiiiiiiiiiii e
9. Chapter Il - Fox family eVOolUutioN .........cooviiiiiiii e
9.1. The loss Of FOX iN @VOIULION ..ooiiiiiiiiiiiiee e
9.2. Fox diversification in Platyhelminthes ...,
10. General AiISCUSSION ...cciiieiiiiiiiieie ettt e e e e e e e e e e e e aeeereeeerbnn s
CONCLUSIONS . e
MATERIAL AND METHODS ...

111



REFERENCES
ANNEXES .......



Glossary

GLOSSARY OF FIGURES
INTRODUCTION

Figure 11.1: Cell communication.

Figure 11.2: Organizer defines the identity during embryonic development.

Figure 11.3: Species with high regenerative potential in Metazoan, and their classifica-
tion in a phylogenetic tree.

Figure 11.4: Main regulatory signals and their sources in the intestinal crypt.

Figure 12.1: Planarian regeneration and growth.

Figure 12.2: Schmidtea mediterranea evolutionary position.

Figure 12.3: Planarian neural tissues.

Figure 12.4: Planarian epidermis.

Figure 12.5: Planarian digestive system.

Figure 12.6: Planarian excretory system.

Figure 12.7: Planarian muscular system.

Figure 12.8: Planarian pharynx.

Figure 12.9: Planarian parenchyma.

Figure 12.10: Neoblasts, planarian adult stem cells.

Figure 12.11: Model for planarian wound response and initiation of regeneration.
Figure 12.12: Cell proliferation and cell death regeneration.

Figure 12.13: Positional control genes mediate the positional information in plana-
rians.

Figure 12.14: Landmarks in existing tissue at wounds are utilized to generate pattern
In regenerating tissue.

Figure 12.15: Gens involve in anterior and posterior organizers determination.

Figure 12.16: Model of stem cell hierarchies.

Figure 12.17: Eye progenitor specification.

Figure 12.18: Cell proliferation and cell death growth and degrowth.

Figure I3.1 Enhancers: Elements of the epigenome.

Figure 13.2: Chromatin accessibility.

Figure 13.3: Developmental and regenerative enhancers.

Figure 13.4: Epigenetics machinery regulates regeneration in planarians.

RESULTS

Figure R1.1: Bls family is composed by 11 genes and 4 pseudogenes.

Figure R1.2: Genomic features of bls subfamilies in Smed.

Figure R1.3: Proteomic features of bls subfamilies in Smed.

Figure R1.4: Genomic features of bls subfamilies in Tricladida species.

Figure R1.5: Proteomic features of bls subfamilies in Tricladida species.

Figure R1.6: bls2, bls3 and bls5 are expressed in the same cell type in intact animals.
Figure R1.7: bls expression pattern in intact and regenerating animals.

Figure R1.8: dsRNA of bIs3 inhibits all bls genes during regeneration.

Figure R1.9: bls2/3/5 (RNAI) animals regenerate faster.

Figure R1.10: bls2/3/5 (RNAI) animals show an increase in proliferation and a decrease
of apoptosis during anterior regeneration.

Figure R1.11: bls2/3/5 (RNAI) animals presented an increase in proliferation and a de-
crease of apoptosis after any injury.

Figure R1.12: In starved conditions, bls2/3/5 (RNAi) animals show an increase in pro-
liferation and a decrease in cell death, which leads to cell number increment but no
bigger animals.

Figure R1.13: In starved conditions, bls2/3/5 (RNAI) animals show cell number incre-
ment and cell size reduction.

Figure R1.14: In long starved conditions, bls2/3/5 (RNAIi) animals generate over-
growths.

Figure R1.15: In fed conditions, bls2/3/5 (RNAI) animals show an increase in prolife-
ration and a decrease in cell death, which leads to cell number increment and bigger
animals.

Figure R1.16: In fed conditions, bls2/3/5 (RNAi) animals show cell number increment,

\



Glossary

without changing cell size.

Figure R1.17: Cell death and cell proliferation dynamics after feeding.

Figure R1.18: bls2, bls3 and bls5 are down-regulated by food ingestion.

Figure R1.19: bls2/3/5 (RNAI) animals show an increase in proliferation after feeding.
Figure R2.1: RNAI soaking protocol in wntl (RNAI) animals.

Figure R2.2: wntl expression during regeneration in wild type and irradiated animals.
Figure R2.3: Hierarchical clustering of RNA-seq libraries.

Figure R2.4: RNA-seq of wntl (RNAI) and control animals reveal differentially expres-
sed genes at different regenerating time points.

Figure R2.5: wntl (RNAI) during posterior regeneration generates different expres-
sion pattern profiles.

Figure R2.6: wntl (RNAI) produces genetic changes during regeneration.

Figure R2.7: wntl (RNAi) affects genes involved in different stages of the regenerative
respone.

Figure R2.8: RNAI of wntl affects posterior gene expression patterns.

Figure R2.9: wntl (RNAI) and Bcat1 (RNAi) RNA-seq present similar up and down-
regulated genes.

Figure R2.10: Putative cWNT target genes display different regenerative expression
patterns.

Figure R3.1: ATAC-seq of anterior and posterior wounds show specific accessible
chromatin regions.

Figure R3.2: Accessible chromatin landscape after amputation at 12 hR.

Figure R3.3: ChIP-seq of anterior and posterior blastemas reveals specific enhancers.
Figure R3.4: Specific chromatin regions are open during anterior and posterior rege-
neration.

Figure R3.5: wntl and notum (RNAI) change the genomic landscape.

Figure R3.6: wntl inhibition changes transcription factor motif accessibility.

Figure R3.7: pitx (RNAI) animals lack wntl and present a tailless phenotype.

Figure R3.8: foxG is expressed in a subset of muscle cells and coespress with wnt1.
Figure R3.9: foxG (RNAI) animals show a tailless phenotype.

Figure R3.10: foxG (RNAI) animals lavk wntl and posterior markers expression.
Figure R4.1: foxK genes are expressed in the nervous system.

Figure R4.2: RNAI of foxk genes generates anterior and posterior defects.

Figure R4.3: foxK1-2.1 (RNAI) animals show a tailless phenotype.

Figure R4.4: foxK1-2.1 (RNAi) animals show differences in posterior markers expres-
sion.

Figure R4.5: foxK1-2.1 (RNAI) animals show defects in the nervous system.

Figure R4.6: FOXK1-2.1 and FOXK1-2.2 are similar at aminoacidic level

Figure R4.7: foxK1-2.1 and foxk1-2.2 double (RNAI) animals show a tailless-like phe-
notype and an increment of wntl expression.

Figure R4.8: foxK1-2.1 and foxk1-2.2 (RNAIi) animals show a stronger phenotype.
Figure R4.9: Smed-foxK genes could interact with Smed-dvl genes.

Figure R4.10: foxK1-2.1 and wntl (RNAI) animals show an increment of tailless phe-
notype.

Figure R5.1: The ML phylogenetic tree reveals a gene and family losses and some
gene duplications in Schmidtea mediterranea.

Figure R5.2: Distribution of Fox homologs in Metazoan clade.

Figure R5.3: Distribution of Fox homologs in Metazoan species.

Figure R5.4: Fox family evolution in Lophotrochozoan clade.

Figure R5.5: Distribution of Fox homologs in Platyhelminthes clade.

Figure R5.6: Distribution of Fox homologs in Platyhelminthes species.

Figure R5.7: Summary of fox genes in Schmidtea mediterranea.

Figure R5.8: Evolution of FoxQ2 and FoxQD families.

Figure R5.9: Fox are not clustered in planarian genome.

Figure R5.10 : Domains of Fox proteins in Schmidtea mediterranea.

Figure R5.11: fox genes present different expression patterns.

Figure R5.12: Semd-foxN genes are coexpressed with Smed-ror and Smed-roboC.
Figure R5.13: Inhibition of foxN genes generate animal with bad anterior regeneration.
Figure R5.14: foxN (RNAI) animals show small brains and mistargeting of the optic
chiasm.

\l



Glossary

DISCUSSION

Figure D1.1: Model of BLS function in controlling cell number.

Figure D1.2: Model of mTOR/Akt/Insulin regulation by BLS.

Figure D2.1: Organizer evocates surrounding tissue.

Figure D2.2: Working model for the PITX, FOXG and Groucho/TLE regulating wntl
expression.

Figure D2.3: gro-1 and gro-2 coexpress with foxG.

Figure D2.4: Posterior muscle organizer might have a muscle/neural progenitor.
Figure D2.5: wntl+ cells proliferate during regeneration.

Figure D2.6: wntl regulates posterior notum expression.

Figure D2.7: Working model for NOTUM post-translational modification

Figure D2.8: Cell death is a crucial control organizer formation.

Vil



GLOSSARY OF ABBREVIATIONS

Acessible Chromatin Regions ACR
Amino acids Aa
Anterior Ant
Anteroposterior AP
Adult stem cells ASC
giséay for Transposase-Accessible Chromatin - sequen- ATAC-seq
blitzschnell bls
Bone Morphogenetic Protein BMP
bais pairs bp
Body-Wall Muscle BWM
Coiledcoil domain CcC
Chromatin Immunoprecipitation - sequencing ChIP-seq
Centimiter cm
clonogenic Neoblast cNeoblast
Central Nervius System CNS
Core Promoters CP

5 —C—phosphate—G—3’ CpG
Cis Regulatory Elements CRE
canonical WNT pathway CWNT
4 *,6-diamidino-2-fenilindol DAPI
DNA Binding Domain DBD
Distal promoters Dis
Desxaribonucleic acid DNA
days of regeneration dR dR
double stranded RNA dsRN
Dorsoventral DV
Dishevelled DVL
Dorsoventral muscle DVM
emerging Anterior enhancers eAnt
Extracellular matrix ECM
Epidermal Growth Factor EGF
emerging Posterior enhancers ePost
Extracellular signal-regulated kinase ERK
Embryonic stem cells ESC
fold change fc
Flase discovery rate FDR
forkhead associated domain FHA
Fluorescent in situ hybridization FISH
forkhead domain FKD
forkhead gene fox

Glossary



Glossary

follistatin fst
Frizzled 4 Fz4
Green fluorescent protein GFP
Gene Ontology GO
Gene regulatory networks GRN
Groucho/transducin-like enhancer _?[?EUChO/
Growth Zone Gz
27th lysine residue of the histone H3 protein H3K27ac
Hedgehog hh
High Mobility Group HMG
hours of regeneration hR
increasing Anterior ehancers IAnt
Intestinal muscle IM
increasing Posterior ehancers iPost
internal dtructural disorders ISD
c-Jun N-terminal kinase JNK
lipoprotein receptor-related protein LRP
milimiters mm
square milimiters mm2
messenger RNA MRNA
mammalian target of rapamycin mTOR
myogenic Differentiation myoD
Neoblast NB
non-canonical WNT signalling NcWNT
Nuclear Localization Signal NLS
Homeobox Orthodenticle protein Otx
pValue adjusted padj
positional control genes PCG
phospho-histone 3 PH3
Positional information Pl
Paired-like homeodomain transcription factor pitx
Posterior Post
Proximal promoters Pro
guantitative PCR gPCR
regenerating Anterior enhancers rAnt
RNA interference RNAI
regenerating Posterior enhancers rPost
Stem cells SC
Single Cell Sequencing SCS
Signal peptide domain SP
Transcription factor TF
Transforming growth factor beta TFG-B




Tumor necrosis factor alpha TNF a
Taxonomically Restricted Gene TRG
teashirt tsh
transcription starting site TSS
Terminal deoxynucleodityl transferase dUTP nick end

labeling ’ ! TUNEL
Ventral Nerve Chords VNC
Whole mount in situ hybridization WISH
Wingless-related integration site WNT
wild type WT
beta catenina 1 B-cat1
histone H2B h2b
mammalian target of rapamycin mTOR
Proprotein convertase 2 pc2
P-element Induced Wimpy piwi
teashirt tsh
AKR mouse strain that develops thymoma AKT
c-Jun N-terminal kinases JNK

Glossary

Xl



Glossary

GLOOSARY OF SPECIES

Amphimedon queenslandica Amgq
Branchiostoma lanceolatum Bla
Bothrioplana semperi Bose
Capitella teleta Cap
Catenulia Cate
Crassostrea gigas Cgi
Dugesia japonica Djap
Dendrocoelum lacteum Dla
Drosophila melanogaster Dme
Echinoccocus multiocularis Emu
Geocentrophora applanta Geap
Gyrodactylus salaris Gsa
Helobdella robusta Hbo
Homo sapiens Hsa
Leptoplana linguna Lli
Intoshia linei Ili
Lingula anatine Lan
Lottia gigantean Lgi
Mesostoma lingua Meli
Macrostomum lignano Mli
Monocelis sp Mosp
Nematostella vectensis Nvec
Octopus bimaculoides Obi
Ptychodera flava PIf
Polycelis nigra Pni
Polycelis tenius Pte
Planaria torva Pto
Suberites domuncula Sdo
Saccoglossus kowalevskii Sko
Schistosoma mansoni Sman
Schmidtea mediterranea (asexual strain) | Smed
Schmidtea mediterranea (sexual strain) Smes
Schmidtea polychroa Spol
Strongylocentrotus purpuratus Spu
Tribolium castaneum Tca
Taenia solium Tso

Xl









INTRODUCTION






Introduction

Introduction

1. Developmental biology

Developmental biology studies the processes that govern animal development, including em-
bryonic development, growth, sexual maturation, regeneration and aging (1). Different model
organisms such as nematodes Caenorhabditis elegans and Nematostella vectensis, the fruit
fly Drosophila melanogaster, the zebrafish (Dania rerio) and the frog Xenopus laevis (2) have
used to study developmental processes.

The definitive body size of an organism is reached by increasing either cell number or cell
size. When organisms achieve their final body size, sexual maturation starts. This process
consists of a complex transformation from a sexual immature individual into a sexual mature
one, capable of reproduction (3).

During adulthood metazoan species have programs that protect these from physiological
dysfunctions and allow tissue maintenance. In mammals, this capacity is used to restore
particular tissues, being known as tissue repair (4). When missing structures, more complex
processes to restore them, such as developmental programs, are required. This process is
referred as tissue regeneration. Both tissue repair and regeneration affect different tissues
and require cell replacement on a large-scale (5).

In the last decades, the impairment of many developmental mechanisms has been related to
human diseases (6,7), increasing the scientific community’s attention.

1.1. Regulation of developmental mechanisms

As mentioned previously, the regulation of the developmental mechanisms is crucial to sup-
port healthy organisms, from the molecular, cellular and tissue level (8). From a cellular
perspective the mechanisms that regulate development can be classified as autonomous or
non-autonomous. Autonomous mechanisms refer to the cellular behaviour that depends on
its own genetic expression, while non-autonomous mechanism refers to the cellular beha-
viours that do not rely on the function of its own genes or proteins, but on signals received
from other cells or extracellular components (1).

1.2. Cell-cell communication

To allow cell interactions and the regulation of developmental processes as tissue repair or
apoptosis, cells need to be coordinated. Cells perceive and correctly respond to surroun-
ding environment, using a variety of signal molecules that are secreted or expressed on the
membrane surface. Cell communication can be classified as: mechanical, defined by forces
exerted on the cell and the forces produced by the cell (9); or biochemical, with signals being
molecules such as proteins, lipids, ions and gases. Biochemical communication can be ca-
tegorized based on the cell-cell communication distance (Figure 11.1): 1) Intracrine signals
are produced by a cell and stay within. 2) Autocrine signals are released in the extracellular
environment by signalling cell, affecting the same secreting cell. 3) Juxtacrine, secreted sig-
nals target adjacent cells or interact with extracellular matrix (10,11). Juxtacrine signals are
transmitted trough cell membranes via protein or lipid. Tight junctions, gap junctions, des-
mosomes and cell adhesion are examples of juxtracrine signalling. (12). 4) Paracrine factors
(signalling molecules) target cells in the vicinity of the emitting cell. And 5) endocrine signals
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target distant cells, producing hormones that travel through the blood to reach all parts of the
body.

Intracine Autocrine
. o
Juxtacrine Paracrine
. E)
== L |
W )
Signalling ligand ~ <« Cell adhesion Figure 11.1: Cell communication. Cells are able to
. 3 e Cell ligand communicate with each other. Cell non-autonomous
Signalling receptor g mechanisms implies extrinsic cues. These mecha-
h Cell receptor nisms can be paracrine when cells secret ligands
that travel and bind receptors in surrounding cells.
ECM Autocrine, when ligands act at the cell source. And
finally, cell-cell physical contact can occurs. Autono-
Signalling direction mous cell mechanisms are the ones generated by
the cell itself.

1.2.1. Cell number and cell size

Embryonic development implies increases in cell size or cell number until reaching a defi-
nitive body size. Changes in cell size have been described in specific organs, e.g. liver and
imaginal discs in Drosophila (13,14). However, regulation of cell number, achieved by modu-
lating the balance between cell death and cell proliferation, is the main mechanism by which
animals reach their definitive body size (15). In general, the main signalling pathways through
to control growth, regulate cell proliferation and cell death in response to the nutritional en-
vironment. Studies in multiple species have identified the same key signalling pathways that
appear to regulate body size. There are the JNK pathway, the Hippo pathway, and the insulin/
Akt/TOR signalling network. The JNK signalling pathway controls cell death and proliferation,
mainly in response to cellular stress (16). The Hippo signalling pathway regulates prolifera-
tion, apoptosis, and cell differentiation in response to mechanical stimuli (17,18). Genetic per-
turbation of both of these pathways (JNK or Hippo) leads to overgrowths or organ size chan-
ges. Nevertheless, these processes do not affect the overall body size (19,20). In contrast,
activation of the insulin/Akt/TOR signalling network leads to increases in body size in animals
as distant as Drosophila and mice (21). The insulin/Akt/TOR signalling is the most conserved
molecular mechanism that relates nutrient intake, cell proliferation and cell growth. It can
sense energy and amino acid levels, and as a consequence modulate different transcription
factors (22,23).

1.2.2. Tissue patterning and organizers

During embryonic development, signalling factors (morphogens) (24) instruc and pattern tis-
sues around them, therby generating positional information (PI). Morphogens can be grouped
into four major families on the basis of their structure (25). These families are the fibroblast
growth factor (FGF) family, the Hedgehog family, the Wingless (Wnt) family, and the TGF-f
superfamily. Secreted proteins of those families were dicovered as “inducing factors” for
classic embryologist experiments form last century (26—28). During development, morpho-
gens source are known as organizers or signalling centres (25). Examples are the Spemann
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organizer (29), Hensen's node in amniotes (30,31), the notochord (32), the zone of polarizing
activity of the limb bud (33), and the mid-hindbrain boundary (34). Thanks to secreted mole-
cules, organizers are able to instruct the surrounding cells (and tissue) to change their fate
and/or pattern (Figure 11.2). It needs to be mentioned that Ethel Brown reported this same
organizer behaviour 15 years before Spemann and Mangold published their results. Brown
defined that in adult Hydra organisms, the tip head also presented organizer features (35).

Members of the TGF-3 superfamily regulate some of the most important interactions in de-
velopment, including: gastrulation, axis symmetry of the body, organ morphogenesis, and
tissue homeostasis in adults. When TGF- ligands bind to either Type | or Type |l receptors
(36), members of the SMAD family (TF) are activated. The bone morphogenetic protein
(BMP) is a family part of the TGF-8 superfamily, which plays a role in regulating bone forma-
tion, cell division, apoptosis, cell migration, and differentiation (37). BMP ligands also specify
the anterior/posterior axis, induce growth, and regulate homeostasis (38). Spemann and
Mangold firstly describe organizer activity in a Xenopus embryo. During the last century was
revealed that this organizer was expressing inhibitors of BMP (39,40).

The mechanisms described above help to regulate developmental processes that generate
differences between tissues and boundaries, also referred to as spatiotemporal barriers.
These new spatiotemporal barriers are crucial to create new cell fates and tissues specific
function and identity

Figure 11.2: Organizer defines the identity
during embryonic development. Experiment
realized by Spemann and Mangold. Dorsal lip
of an embryo is grafted into a ventral region of
host embryo, resulting in the new axis forma-
tion. Adapted from 426.

1.3. Regeneration

Regeneration is the process by which, after an injury, tissue is able to produce new cells and
regrow missing part (41). During this process, old tissue must be remodelled to adequate to
the new one. The ability to regenerate cells, tissues, appendages or even the entire body is
widely spread all over the animal kingdom (Figure 11.3).

1.3.1. Mechanisms of regeneration

Not all organisms have the same efficiency or potency to regenerate missing structures.
Adult humans have a low regenerative capacity, just some organs and tissues have it, such
as skin or liver. Liver regeneration is considered a compensatory hypertrophy of the pre-exi-
ting tissue, function and mass recovery is accomplished by hepatocytes proliferation. In such
process the exact morphology is not regained. By contrast, other vertebrates such as axo-
lotls are able to regenerate an entire limb, retina and tails. In axolotl, after limb amputation,
cells closely located to the wound start to dedifferentiate forming a proliferative blastema.
Then, these cells differentiate accomplishing the required patterning and growth, of the new
appendices (41). Zebrafish is another example that is able to regenerate fins, heart and spinal
cord. In zebrafish, axonal regeneration after spinal cord injury is mediated by the proliferation
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of glial cells, that migrate to the damage zone (42). Organisms like cnidarians as Hydra are
able to regenerate the whole body after any amputation due to their highly proliferative stem
cell population. In this type of regeneration the pre-existing tissue is remodelled in order to
reshape the new body proportion (41). Summarizing, the regeneration capacity depends on
different mechanisms: dedifferentiation, local proliferation or global proliferation (accompa-
nied by extensive tissue remodelling).

Figure 11.3: Species with high regenerative potential in Metazoan, and their classification in a
phylogenetic tree. Animal silhouettes from Phylopic (www.phylopic.org). Adapted from (4)

It could be considered that regeneration results from the reactivation of embryonic deve-
lopmental processes in adulthood (4,43). Galliot and Glia propose the term development
continuum, which hypothesize that the genetic circuitries supporting development and rege-
neration should be highly similar, although not identical. Thus, regeneration might re-deploy
developmental mechanisms. In newt limbs, regeneration was demonstrated to recapitulate
limb development, with Hh pathway exerting a crucial role (44). In urodels as well as Xenopus
tadpoles, genetic programs that regulate development and regeneration of limbs share simi-
larities (45,46). Thanks to new sequencing approaches underlying processes supported the
development continuum idea. In Xenopus it was confirmed that developing and regenerating
limbs employ FGF signalling (47). Haberman et al. sequenced embryos and day-6 regenera-
ting tail blastemas, identifying that developmental genes related with cell proliferation, cell di-
fferentiation and cell-cell communication are shared between these (45). Results from RNA-
seq of differentiated tissues and regenerating limbs from an axolotl also demonstrated that
some developmental pathways were re-deployed (48). Transcriptomic analysis corroborates
that lizard tail regrowth involves the activation of conserved developmental pathways (49).
In zebrafish it has been reported that adult caudal and larval fin underlie the same genetic
profiles and share pathways, such as WNT and FGF pathways (50).

Although, it has been broadly demonstrated that mechanisms involved during development
are also required for regeneration in different organisms. Other reaserch groups also de-
monstrated the presence of genes specifically activated during development. During motor
nerve development in zebrafish; Notch signalling is crucial for its development but not in
regeneration (51). Another example is HoxclOL in axolotls, which is not expressed during
forelimb development, but is expressed during forelimb regeneration (52). Additionally, other
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research groups have reported genes only required for regeneration in zebrafish, where sox2
is required for hair cell survival and regeneration (53).

1.3.2. Adult stem cells

Development, homeostasis and regeneration require a cell production to generate an orga-
nisms, restore cells for turn-over and regrow missing structures (5). The source of the new
regenerated cells of some adult organisms are stem cells (SCs). For example Hydra can
regenerate a whole body based on SCs. To enable this cell reproduction capacity, two fea-
tures have been described in adult stem cells (ASCs). Firstly, stem cells divide maintaining
themselves. This is referred to as self-renewal. Secondly, stem cells can differentiate all
cell types to the tissue where are displayed. The ability to generate daughter cells that can
undergo differentiation into different cell types is called pluripotency, multipotency or unipo-
tency, depending on the amount of cell types the SC can differentiate into. Combination of
self-renewal and potency define cell’s stemness capacity (54).

SCs can divide symmetrically when their numbers need to be expanded, as it is happening
during embryonic development or tissue regeneration. The way in which SCs balance self-
renewal with the production of daughter cells is unique for each tissue. The microenvironment
that regulates SCs is known as stem cell niche. The niche is crucial in supplying essential
growth factors and adhesion anchors. Additionally, a niche also provides cues to asymmetric
divisions necessary after the loss of stem cells or differentiated cells. The niche is formed
by the vicinity cells and the extracellular matrix (ECM) (55), which generates ligands such as
Notch, WNT and TFG-[3, and a metabolic state that is indispensable to create and maintain
the niche (56). An example are crypts in the intestinal epithelium which present a stem niche
allowing the entire replacement in few days (Figure 11.4).

=+ BMPligands * Respondins || Enterocyte () Tuftcell '/ Goblet cell Paneth cell

—+= BMP inhibitors EGF

Absorptive [ Secretory  [7] Enteroendocrine

' CBC cell progenitor L progenitor & cell

== Wnt ligands == Notch signal
== Notch ligand ==m{ Motch receptor }/__‘_}E Mesenchymal cell

Figure I1.4: Main regulatory signals and their sources in the intestinal crypt. ASC situated in the in-
testinal crypts, referred to as crypt base columnar (CBC) cells. CBC cells are controlled by a surrounded
niche. Paneth cells and surrounding mesenchymal cells secrete important signalling molecules such as
WNT, EGF, TFG-f and Notch After an intestinal injury, WNT signalling seems to control stemness of ISCs
and also participates in the dedifferentiation of late intestinal progenitors. Adapted from (427)
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2. Planarian: a model organism to study regeneration and cell communi-

cation

Planarians are an ideal model to study regeneration and cell-cell communication. These
organims are able to regenerate any missing body structure after any amputation. Planarian
plasticity is sustained by a population of pluripotent adult SCs, known as neoblasts, which
can differentiate into any planarian cell type. After an amputation, different processes such
as cell proliferation, cell death, cell differentiation and patterning need to be regulated (57,58).
Cell communication is crucial to properly integrate newly build cells in space and time. In
planarian the following signalling pathways have been described as essential for cell commu-
nication: WNT (59-61), TFG-B (62,63) or EGF (64—66). Moreover, other pathways that sense
environmental changes, like cell-cell contact or nutrient state are also essential in planarians
to trigger regeneration. These are the JNK (67), mTOR (68-70), Insulin (71), AKT (72), PTEN
(73), Hippo (74,75) pathways.

After any injury, planarians are able to close the wound and regenerate the missing part,
meaning that two parts will regenerate all the missing structures, and will reshape the pre-
existing tissue making tissues and organs smaller accordingly to the new size of the planarian.
This body flexibility is also observed during their normal homeostasis, allowing planrian’s to
grow and degrow (shrink) depending on food availability (Figure 12.1). Such plastic capacities
are sustained by the presence of neoblasts (76—79) as well as the continuous activation of
cell communication mechanism. Regeneration and remodelling processes taken place du-
ring few days giving the opportunity to study key autonomous and non-autonomous mecha-
nisms of regeneration and growth. Particularly, organ regeneration e.g. of brain, gut, eyes or
epidermis can be carefully analyzed.

Their tremendous plasticity makes planarians a perfected candidate to study the regenera-
tion process and the networks that regulate it. In this thesis, | used planarian as a model sys-
tem to understand how cell communication mechanisms regulate regeneration and growth.

Figure 12.1: Planarian regeneration and growth. After an amputation, pla-
narian fragments regenerate missing body parts and will result in a smaller
animal. Small proportionate animals can eat and grow toward the original size.
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2.1. Schmidtea mediterranea

Planarians are Lophotrocozoans, which together with Ecdyzozoa form the Protostomia cla-
de. They belong to the Phylum Platyhelminthes, the Tricladida order and the Dugesiidae
Family (80). Planarians are free-living flatworms found in many habitats; freshwater, marine
and terrestrial. According to the habitats and transcriptomic data Riutort et al. proposed three
taxonomic groups (suborders) within the Tricladida: Continenticola (freshwater planarians),
Terricola (land planarians), and Maricola (marine planarians) (81). Schmidtea meditteranea is
a Dugesiidae and thus belongs to Continenticola (Figure 12.2).
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Figure 12.2: Schmidtea mediterranea evolutionary position. A phylogenetic tree of (A) the metazoan clade. Adapted
from (428). (B) Platyhelminthes clade. Adapted from (80). (C) Tricladida Order. Color codes: light blue, freshwater; deep
blue, marine; green, cavernicolan; brown, terrestrial. Adapted from (12). In each phylogenetic tree, Schmidtea mediterra-
nea is indicated with an asterisk.

Planarians present a bilateral symmetry with two main axis, the anteroposterior (AP) and the
dorsoventral (DV). Planarians are acoelomates; presenting a mass of cells among organs na-
med parenchyma (82—85). They are triploblastic organisms with complex a tissue and organ
structure. The central nervous system (CNS) is formed by two anterior lobes and two ventral
nerve cords. Two eye spots are connected by an optic chiasm (86). Muscle fibers are distri-
buted in four layers under the epidermis (87). The excretory system is composed by widely
distributed protonephridia tubes (85). Food is taken from a pharynx which evaginates through
a mouth, which also functions as an anus to excrete leftovers (57). The digestive system is
formed by a blind gut with one anterior branch and two posteriors, which join altogether in
the esophagus. The absence of a circulatory, skeletal and respiratory system produce the flat
adaptation that allows the 0, diffusion trough the epidermis. Planarian species can be sexual
or asexual. Sexual species present both female and male reproductive systems: ovaries and
testis (57). They are hermaphrodite, and after a cross fertilization, they laie polyembrionic
eggs called cocoons (88). Asexual planarians reproduce by fissioning their tails.

Nowadays, the most common planarian to address regenerative questions is Schmidtea
mediterranea (Smed). Interestingly, Smed presents sexual and asexual strains. The asexual
one is the most commonly used for regenerative studies. The features that make Smed a
successful model are: 1) its fast regeneration capacity (less than 10 days), 2) is easy and
cheap maintenance in the laboratory, 3) a clonal population can be obtained, reducing ge-
netic variability, 4) availability of the genome, allowing to resolve epigenetic, gene regulatory
or evolutionary questions (84); 5) the availability of a number of transcriptomes from different
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regenerating time points and from different genetic backgrounds (90,91); and 6) well esta-
blished molecular techniques, such as RNAi experiments (knockdown) (92), immunohisto-
chemistry and westernblot (59,93,94), ISH (95), FISH (100) and FACS (96). Furthermore,
very recently, sequencing at a single cell level has been successfully applied to planarians,
offering a deeper understanding of the different cell types and unprecedented possibilities for
understanding the cellular and molecular base of planarian plasticity.

2.2. Planarian anatomy

Since the publication of the planarian cell type atlas by Fincher et al. (98) and Plass et al.
(99), the knowledge of planarian anatomy has substantially improved. In the next sections, |
will be described planarian anatomy integrating those new findings with histological and ce-
llular data. Plass et al.’s study will be taken as a guidance to describe cell types, and Fincher
et al’s results study will be used when extra information is provided. It should be mentioned
that both studies facilitate a webpage to visualize the anatomy of the planarian: https://di-
giworm.wi.mit.edu and https://shiny.mdc-berlin.de/pscal.

2.2.1. Neural

The planarian CNS is formed by a bilobed arch-shaped cephalic ganglia connected by a
single anterior commissure (100). It can be structurally divided into a central spongy region
(neuropil) and lateral branches that project towards the periphery of the head. A pair of ven-
tral nerve cords (VNC) runs from the head to the tip of the tail and is interconnected by trans-
verse commissures (Figure 12.3). Neurons are also found innervating other tissues such as
pharynx, subepidermal regions and the intestine (101). The brain is comprised by a myriad of
different neuron types and glia (102,103) (Figure 12.4B). Single cell sequencing (SCS) reveal 8
major neuron types: ChAT 1, ChAT 2, cav-1, spp-11. npp-18, GABA, otf1 and otf2; resembling
the previously identified neuron types: serotonergic (104—-107), dopaminergic (100,105,108),
glutamatergic (105,109), octopaminergic (110,111), gabaergic (105,111), cholinergic (105).

GABA neurons ChAT neurons SYNAPSIN in vivo Chempreceptors

Visual system

Figure 12.3: Planarian neural tissues. Immunostaining using an antibody against SYNAPSIN (3C11) showing the CNS:
cephalic ganglia and two nerve cords. The pharynx plexus innervation can also be observed. in situ hybridization using
twp neural markers show planarian neural diversity. Adapted from (99). Fluorescent in situ hybridization using an chemo-
receptor marker showing its head location. The visual system is visualized by immunostaining using an antibody against
ARRESTIN (VC1), observing the photoreceptors and the optic chiasm. Schematic cartoon of right eye, the disposition of
the optic and photoreceptors cells is observed. Progenitor cells (ovo+) are also added. Adapted from (112)
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Neural cells include sensorial cells as: photoreceptors, mechanoreceptors and chemorecep-
tors. Those cells are mostly located in head area. The visual system is formed by rhabdome-
ric photoreceptor neurons, pigment cells, and a pigmented optic cup structure. Rhabdomeric
cells connect via axon tracts to the brain, and between them thought forming an optic chiasm
(112). Pigment cells are distributed in a cub shape around the photoreceptors to protect them
(113). Chemoreceptors allow planarians to localize food in the media.

2.2.2. Epidermis

Planarian epidermis is a cell monolayer composed by ciliated and non-ciliated cell types
deposited in a basal lamina (114). The epidermis produces mucus protecting the planarian
against external insults. Epidermal ventral ciliated cells are used for gliding locomotion. In-
terestingly, three different epidermal cell populations have been identified according to their
localization: dorsal, ventral and DV boundary (99) (Figure 12.4).

Epidermis

DV boundary epidermis

Figure 12.4: Planarian epidermis. in situ hybridiza-
: i tion in whole mount and tissue sections, using epi-
PR~ Sy dermis and dorsoventral boundary markers. Scale
bars: 500 pm for whole mount in situ hybridizations,

100 pm for in situ on sections. Adapted from (99)

2.2.3. Intestine

A highly branched blind gut distributes nutrients and connects to a muscular pharynx located
centrally (66) (Figure 12.5A). The pharynx evaginates through a ventral opening that functions
as a mouth and anus. The planarian gastrodermis is a monostratified epithelium composed
of two cell types, absorptive phagocytes and secretory goblet cells. These are surrounded by
an enteric muscular plexus (116-118) (Figure 12.5B). The function of phagocytes and goblet
cells is to release enzymes in the lumen that facilitate nutrient digestion. Recently, it has been
described that both intestinal cell types have different populations along the mediolateral axis
(119). Fincher et al. described a third cell type defined as the outer intestine cell layer.

Figure 12.5: Planarian di-

gestive system. (A) Fluo-
ey rescentin situ hybridization
using an intestine marker.
Yellow arrows point to an-
terior and posterior bran-
ches respectively. ph is
pharynx. Gut is ramified
into secondary, tertiary
and quaternary branches.
Adapted from (66). (B)
Double fluorescent in situ
hybridization on sections
using phagocytes and go-
blet cells specific ribopro-
bes. Their overlay shows
not colocalization. Scale
bars: 250 ym in A and 100
um in B. Adapted from (99).

goblet cells
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2.2.4. Phrotonephridia

The planarian excretory and osmoregulatory system consists of branched epithelial tubules
(protonephridia) distributed throughout the entire body plan (120-122) (Figure 12.6), below the
muscular plexus. Protonephridia are comprised of flame cells for filtering fluids, proximal and
distal tubule cells, and a collecting duct.

e
e¥ ol

Figure 12.6: Planarian excretory system. in
situ hybridization in whole mount using proto-
nephridia marker observing its broad distribu-
tion. Scale baris 100 ym. Adapted from (103)

2.2.5. Muscle

The body-wall musculature (BWM) contains circular, longitudinal, diagonal and longitudinal
fiber, constituting the subepidermins in the presented order, from outside to inside (87) (Fi-
gure 12.7A, B). Structure has been described as a non-body wall muscle fiber that connects
the dorsal and ventral planarian part (123) (Figure 12.7A). Altogether, this muscular system
acts as a structural system for planarians. Different organs like the pharynx and the digestive
are stabilized thanks to a musculature plexus (124) (Figure 12.7C, 7D). In addition to the me-
chanical function, all muscle fibers are the source of what are called positional control genes
(PCGs). PCGs are secreted proteins that act as morphogens, instructing the fate of the recei-
ving cells. PCGs are expressed in a well defined manner along the 3 planarian body axis (AP,
DV and ML axis) and thus provide positional information during planarian homeostasis and
regeneration. (125,126). Recently, is has been reported that muscle cells are also the major
source of the extracellular matrix (ECM) and connective tissue. In particular they express a
glycoprotein HMCN-1, which helps to maintain parenchymal cell localization. All the elements
secreted by muscle cells are grouped and known as matrisome (127).

A o C Muscle
i i Epidermis ;
:‘
i
Circular fibres ¢ e M I h
: _ Nerve cord uscile arynx
Diagonal fibres Pharynx p ry
Longiluginal fibres Lumen

o8]

general muscle

Ventral view

Longitudinal fibres

Figure 12.7: Planarian muscular system. (A) Diagram showing body wall muscle layers (circular, diagonal and lon-
gitudinal). Their disposition in transversal sections, are also indicating dorsal-ventral fibres. (B) Immunostaining using
antibodies against muscle cells showing body wall muscle layers. Adapted from (184) (C) in situ hybridization in whole
mount using muscle and muscle pharynx markers. (D) Double fluorescent in situ hybridization on sections using body
muscle and general muscle riboprobes. Their overlay shows a colocalization with an exemption in the pharynx. Scale
bars are 10 ym in (A), 250 ym in (B) and 100 pm in (C). Adapted from (99)
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2.2.6. Pharynx

The planarian pharynx is a cylindrical muscle highly innervated to allow precise movement
(85). It is located in an epithelial cavity and connects to the intestine via the esophagus (Fi-
gure 12.8). SCS data confirmed that the pharynx is composed by specific muscular cell type,
and neural cells.

" Figure 12.8: Planarian pharynx. (A) in
vivo image of planarian with evaginated
pharynx (red arrow). Adapted from (8).
(B) in situ hybridization in whole mount

. - using pharynx marker. Scale bar is 100

i iiaws=um. Adapted from (99).

2.2.7. Parenchyma

The parenchymal tissue surrounds the internal organs (Figure 12.9A). It is a compartment
composed by heterogeneous cellpopulations: phagocyte cells, glands cells, secretory cells,
pigment cells and also glia cells (neural) (Figure 12.9B). The neoblasts and cellular progeni-
tors for all cell types are also located in the parenchyma (76). Fincher et al. propose an extra
parenchymal category: cathepsin+ cells, including cell types such as glia and pigment cells.

aqp+ parenchymal cells

psap+ parenchymal cells

B

Pigment cells Figure 12.9: Planarian parenchyma. (A) in situ

hybridization in whole mount and fluorescent in situ
hybridization in sections using two parenchymal
markers. Their overlay shows not colocalization. (B)
in situ hybridization in whole mount and in sections
using pigment and secretory cells markers, two po-
pulations of parenchyma. Scale bars in (A) are 250
pum for whole mount in situ hybridizations and 100 ym
; i s fluorescent in situ hybridization in sections; and in (B)
== ' are 500 ym for whole mount in situ hybridizations,
100 um for in situ on sections. Adapted from (99)
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2.3. Planarian plasticity

Planarians are able to regenerate from small body fragments (Figure 12.1). They are able to
regenerate after any type of amputation, being either transversal or sagittal. After amputa-
tion, new cells derive from neoblasts and will form the missing tissues, but at the same time
the pre-existing tissue remodels, to give raise a proportioned smaller animal. (58,128). Pla-
narian plasticity is also evident during their normal homeostasis, since the individuals adjust
their body proportions according to nutrient availability (Figure 12.1).

2.31. Neoblasts

Neoblasts (NB) are planarian pluripotent stem cells, which are spread in the parenchyma
tissue. With an exception of the pharynx, inside the digestive system and in front of the pho-
toreceptors (76,79) (Figure 12.10A, 10B). Morphologically, NBs are small cells (5-8 uym) with a
huge nucleus:cytoplasm ratio (Figure 12.10C). They present basophilic cytoplasm, rich in free
ribosomes, and few mitochondria and chromatoid bodies (129). Depending on the planarian
size, NBs represent between 20-30% of the total cell number (76). NBs, like all SCs, are
irradiation sensitive (Figure 12.10A). They present a unique genetic profile, which allows us to
detect them by using WISH (or FISH) with specific riboprobes against genes as piwi (130) or
h2b (131). Additionally, since NBs cyclin cell type these can also be detected by immunohis-
toquemistry with anti-PH3 antibody (136) or by BrdU incorporation (76).

Figure 12.10: Neoblasts,
planarian adult stem cells.
(A) Whole mount in situ hy-
_ bridization using a neoblast
. marker (Smed-h2b). Its ex-
v | pression disappears after
. irradiation. (B) Fluorescent in
. situ hybridization on sections
i using Smed-h2b. Schematic
;. illustration shows where the
. section was approximately
done. b, brain, g, gut; e, eye;
ph, pharynx, adapted from
(131). (C) Electron microgra-
ph of planarian neoblast, its
diameter is 8 ym. Nucleus is
coloured in purple and cyto-
sol in blue. Adapted from
(58). Scale bars: 500 um.

Wagner et al. (77) and recently Zeng et al. (133) demonstrated the pluripotency of NBs. Using
irradiated planarian and single cell transplantation, a population of neoblasts that can form
colonies in irradiated in vivo planarian. This population is known as clonogenic NB (cNB).
This cell type is distributed all over the planarian body, presenting a specific genetic profile
and certain surface molecules which allow investigators to isolate them by FACS (133). A
single cNB is able to rescue a lethally irradiated planarian (77,133).

A | NON Irradiated | Irradiated | B

Smed-H2B

Mitotically active neoblasts are closely associated with the intestine in uninjured animals
(79,132) and after feeding, neoblast proliferation increases dramatically (79,134). In addition,
it has described that intestine-enriched transcripts encode regulators of metabolite proces-
sing, as well as putatively secreted proteins, suggesting an influence on neoblast dynamics
(119). These results suggest a close communication between intestinal cells and neoblasts;
acting as a neoblast “niche”. No further results have been related intestine and nutrient intake
with neither neoblast cycling activity nor gene expression.
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2.3.2. Regeneration

Planarians are known for their regenerative capacity since the XIX century, when Morgan
and Child started to describe regeneration and the underlying mechanisms (128,135). Even
though both scientists left the field, others remained, fascinated by planarians, as commen-
ted by Dalyell who claimed “planarians can almost be called immortal under the edge of the
knife” (136). Nowadays, it is known that after an injury, planarians regenerate based on adult
pluripotent stem cells widely distributed in their body, and the continuous activity and coor-
dination of cell-to-cell communication signalling pathways. Additionally, tight transcriptional
regulation and cell differentiation are required (for successful regeneration).

2.4. Regeneration process in Schmidtea mediterranea

As commented above, the planarian regeneration process is based on neoblast proliferation
and communication via different pathways. Those processes are widely studied, and the next
chapter discusses how planarian regeneration is accomplished.

2.4.1. Regenerative stages

Just after amputation, musculature around the cut site rapidly contracts to minimize the sur-
face of the wound and allow contact between dorsal and ventral epidermis. This process
occurs within 30 minutes (after amputation) and is crucial to wound healing; allowing the con-
frontation of D and V epidermis. It is proposed that this confrontation will form an organizer
enabling regeneration (137). Any type of regeneration, involving or not tissue loss triggers
changes in planarian genetic profile. Wenemoser et al. described that during the first hours
after amputation stress response genes are up-regulated in epidermis, muscle and neo-
blasts. Early transient genes start to be expressed 30 minutes post amputation until six to
twelve hours after (Figure 12.11).

1

Figure 12.11: Model for planarian wound response and initiation
of regeneration. A temporal model of planarian regeneration. Every
injury triggers a prototypical generic response (red). If regeneration is
not required following the injury, the response will decline. Otherwise,
the expression of an injury-specific response emerges (yellow). These
responses involve patterning molecules and neoblast-associated fate
specialization genes. About 3 days following the injury, expression of di-
fferentiated tissue markers appears in association with the emergence
0 12 24 28 b 120 Of the newly regenerated structures (green). Adapted from (91).
Hours post injury

Expressg)n (AU)

Generic = Regeneration Differentiation
response response phase

Early transient genes are activated in the proximity of the wound in a translation-independent
manner (91,138), and encode for signalling and transcription factors. Wurtzel et al. named
those genes as generic wound response genes, being runtl, jun-1, fos-1 or egrll examples
of it (91). Then a second response wave starts close to the wound site. It starts during the
first six hours and involves translation-dependent genes, expressed in muscle, epidermis
and neoblasts (Figure 12.13). These genes are involved in differentiation, proliferation and
patterning. Examples are wntl, notum and follistatin (fst), all of which are crucial for rege-
neration and patterning (139,140). The expression of the early response genes occurs after
any amputation, independently if there is tissue loss or not. However, the expression of the
wave genes occurs only after amputations that remove tissue and require the formation of
new patterned tissue. Finally, the activation of a third genetic wave occurs in the so-called
differentiation phase. (Figure 12.11).
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It has been demonstrated that after an injury, extracellular signal-regulated kinase (ERK)
phosphorylation is triggered within minutes. Pharmacologic inhibition of ERK, blocks wound-
induce genes such as wntl, notum and runtl, impairing regeneration (141). Recently, it was
published that as fast as ERK is expressed, the wound also induces reactive oxygen species
(ROS) expression after an injury, putting forward early signals in the induction of planarian
regeneration (142).

2.4.2. Regeneration is stem cell dependent

The planarian regeneration process happens due to the proliferation of neoblasts. After in-
jury the proliferative ability of neoblasts is activated to provide a new source of cells to rebuild
the missing tissue. This proliferative response is coordinated starting 6 hours after an injury;
a body-wide proliferative peak is observed (Figure 12.12). Neoblasts involved in this first mito-
tic event are in G2 phase (76,132). A second mitotic peak occurs at 48 hR. This is not general
but located next to the wound region (Figure 12.12). This second peak only takes place when
the damage involves tissue loss. Simple poking or small incisions just trigger the first mitotic
response (132,143,144). Even though the blastema continues growing, mitotic cells are res-
tricted to the pre-existing tissue close to the wound (post-blastema) (76). It was proposed that
the neoblast accumulation during the second wave is due to the wound itself, which triggers
migratory response to attract new cells (145,146).

In the undifferentiated tissue (blastema) cells differentiate to form the missing tissues and
organs. Structures such as the eyes are easy to visualize, only four days after amputation.
Animals will completely restore the missing tissue within seven to ten days after amputation
(57).

Figure 12.12: Cell proliferation and cell
death regeneration. Schematic cartoons
illustrating cell death disposition (red cross)
and cell proliferation (blue semicircle) after an
anterior amputation. At 4 hR, a burst of cell
death is localized close to the wound. At 6 hR,
general mitotic events occur broadly over the
planarian body, followed by a second mitotic
response localized close to the wound at 48
48 hR 72 hR hR. Finally, at 72 hR a genereal cell death
event is observed all over the planarian body.

2.4.3. Cell death remodellenig during regeneration

Planarian regeneration is a global process which involves the production of new cells at the
amputation site, as well as remodelling of the pre-existing tissue to adjust organism propor-
tions. Cell death and autophagy modulates the remodelling process eliminating differentiated
cells. The apoptotic response also presents two events associated with injury. A burst of
apoptosis (TUNEL+ cells) occurs proximal to a wound site four hours after any injury (Figure
12.12) (147), and could be associated with the triggering of the early regenerative response.
The second event occurs at 72 hR and it is general (Figure 12.12), being associated with the
remodeling of pre-existing tissue, thus only occurring when tissue was lost (151). Autophagy
is also activated very early during regeneration, with activity observed one day post-amputa-
tion, mainly in the post-blastema region, spreading gradually to all existing tissues as remo-
delling processes occur (148).
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Silencing several signalling pathways, such as the JNK, TOR or Hippo pathways, results in
the formation of smaller blastemas in which cell proliferation and apoptosis are impaired.
JNK is required for the early apoptosis response, since it allows G2-M transition of neoblasts
entering mitosis and the activation of early response genes (67). Akt signalling mediates cell
death activation during tissue repair (72), TOR hyper-activation gives rise to larger blaste-
mas, although they remain undifferentiated (69), and Hippo hyper-activation enhances the
wound response, promoting the expansion of cell populations (74).

2.4.4. Axis establishment

A successful regenerative process does not only require the regeneration of the precise
number of cells but also their proper pattern. Planarians have been an excellent model to
understand patterning mechanism. In adult intact planarians, different molecule patterns,
position and identify the three main axes: anteroposterior (AP), dorsoventral (DV) and medio-
lateral (ML) (Figure 12.13). These axial coordinates are provided by positional control genes
(PCGs). PCG expression is restricted to muscular cells that are peripheral to the neoblasts.
SCS data also confirms that muscles form different regions along the AP and DV axes re-
gionally express PCGs (98,1273,126). PCGs have the prominent role in harbouring positional
information. Indeed, two or more PCGs could be in overlapping spatial domains and expres-
sed together in the same cells to a substantial degree. This leads to suggest that expression
patterns of PCGs are reminiscent of patterning gene expression in animal embryos (such
as Drosophila) but are present in adults (125). Inhibiting PCGs, leads to animals showing a
different gradient of phenotypes, presenting different number, shape or size of organs, such
as eyes, brain, pharynx or mouth. PCGs encodes for secreted proteins, that have been
functionally studied specify the 3 planarian body axes (125,126,149). The AP axis is defined
by the cWNT pathway (Figure 12.13A). The inhibition of certain elements such as wntl and
wntll-2 leads to regeneration of animals with posterior loss identity (150—155). Meanwhile
the inhibition of notum (Wnt inhibitor) produces planarians with anterior loss identity (156).
BMP signalling is another prominent model that involves adult positional information, which
regulates the (DV) axis (Figure 12.13B). The inhibition of BMP components such as bmp4,
smadl, smad4 or tolloid leads to regeneration and homeostatic phenotypes affecting the DV
axis (157-159). bmp inhibition results in progressive ventralization, with ventral tissue and
ciliated epidermis, appearing dorsally. admp (157) and a variety of noggin (nog) and noggin-
like (nlg) genes (62,157) inhibition produces the opposite phenotype, animals dorsalize their
ventral side. bmp4 is expressed dorsally, in a medial-to-lateral gradient. The ML axis is de-
fined by the combination of two molecular pathways: 1) the non canonical Wnt (ncWNT)
or the Bcatenin-independent pathway. ncWNT ligands (WNTS5) act through other receptors
and do not activate BCATENIN. In planarian, this is related axon guidance. 2) On the other
hand, SLIT molecules which bind their receptor Robo are repelling axons. wnt5 is expressed
laterally and inhibits the medially expressed slit. wnt5 and slit (RNAI) expression results in
medial-lateral patterning abnormalities (150,155,160-162) (Figure 12.13C).
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Figure 12.13: Positional control genes mediate the positional information in planarians.
Schematic depicting currently known primary patterning signals and their deployment along the
indicated cardinal body axes: (A) anterior-posterior, (B) dorso-ventral and (C) medio-lateral.
Schematic signalling gradients are hypothetical extrapolations from the expression patterns of
the respective genes. Adapted from (429).

After amputation PCGs are used to pattern, position and identify the new structures. Speci-
fically pre-existing tissue close to the wound contributes to pattern the missing tissue. The
tissue will provide guidance to form the new anterior pole. Oderberg et al. carefully describes
this process. As a first step, anterior pole progenitors form at anterior-facing wounds. The
second step starts when slit, from the pre-existing tissue (ML), specifies the anterior pole pro-
genitors. Those pole progenitors are dispersed in the ML from the dorsal to the ventral part.
This distribution allows the promotion of the new pole in the midline blastema, and connects
the pre-existing ML with the new one, which is forming in the blastema (Figure 12.15A). In the
final step, scattered pole progenitors fuse to the pre-existing DV median plane, from where
they will grow and pattern the AP axis (161) (Figure 12.15B). In that moment three orthogonal
axes will be formed. With those observations, it is corroborated that the pre-existing tissue
close to the wound patterns and promotes the formation of the new anterior pole. Even that
the architecture of anterior formation is well studied, posterior pole is poorly investigated.

A B

D Anterior-Facing D Old Midline D DV Boundary . Anterior Midline
Wound ==l Patterning ::> Patterning
@ foxD+inotum+cell Q@ slit+ cell © /aminB+ cell

Figure 12.14: Landmarks in existing tissue at wounds are utilized to generate pattern in regenerating
tissue. (A) Schematic illustration showing anterior pole formation, which relies on three landmarks at wounds in
order to integrate the pattern of the new and pre-existing tissues: an anterior-facing wound, the prior midline, and
the boundary between the dorsal and ventral sides of the animal. (B) Once the anterior pole is formed, it acts to
help pattern the AP and ML axes of the regenerating head. Adapted from (161).
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2.4.5. AP axis establishment and WNT signalling pathway

After transversal amputation, two signalling centre (pole) types are formed: the anterior (A)
is located in the tip of A-facing wounds (or blastemas) and drives the regeneration of lost A
structures; and the posterior (P), which is located in the tip of P-facing wounds and drives
the regeneration of lost P structures. Each group of cells appears between 12 and 24 hours
after amputation, and is formed by muscle cells. Cell appearance is not dependent of neo-
blast proliferation, making them known as independent SCs (Figure 12.15). Wound induced
expression stops within two—three days after injury, and a new group of cells provided by
neoblast, is established in each pole independently (125,126,150,151,154,155,156,163,164).
A pole expresses notum (Whnt inhibitor) and requires different TFs for its specification, for
instance: foxD (165,166), zic (166,167), prep (168), pbx (169,170), and pitx (105,106). Blocking
anterior pole formation causes smaller head blastemas and midline collapsing (165,169). The
P pole expresses wntl and requires islet (105,163), pitx (105,106), teashirt (tsh) (171,172) and
pbx to be expressed (Figure 12.15). Their inhibition produces animals without tail formation
(“tailless”).

WNT1 belongs to the WNT ligands, a family of glycoproteins that are secreted to modula-
te different developmental steps. When wnt ligands bind with their receptors Frizzled (Fz)
captures Dishevelled (Dvl) in the membrane. This implies the destruction of the BCATENIN
(BCAT) destruction complex. As a consequence, BCAT will be free to enter to the nucleus
and bind the TCF/LET transcription factor, which has a DNA binding site for HMG. This
pathway is known as canonical WNT (cWNT) or Bcatenin-dependent pathway. The cWNT
pathway is one of the most studied pathways in planarians, since its implication has been
related with posterior identity (60,150,151,164,173). This function defining identity has been

stemcellindependent . _______ Stem cell dependent  riqyre 12.15: Gens involved in anterior and pos-

"""" terior organizers determination. During the first
12 hours after amputation notum, wntl and foxD are

U~2ah e =120 expressed in isolated muscular cells. The differen-

Anterior f . tial expres_sio_n_qf notum _duri_ng this early staqe tri-
e ggers the inhibition or activation of the cWNT signal

e0’s® and thus the establishment of the A or the P pro-

gram in each wound, respectively. From 24 hR (after

o notum/lst/foxDrzic-1 + amputation) new muscular cells expressing notum,

© wntl/notum/fst/foxD+  ® foxD/zic-1+ ®notum/fst/foxD/zic-1+  foxD, zic-1 and fst appear in the most A tip. They
@ wntl/notum/fst + .‘gb” .ﬂ%ﬁ,,wmm,h arise from precursor cells that express foxD and zic-

1. In the P tip new muscular cells expressing wntl
and fst apper. From 48 h to 72 h the A and the P

organizers are definitively formed by muscular cells
expressing notum, foxD, zic-1 and fst in the A, and
wntl and wntl11-2, in the P organizer. From 24 hR

the expression of pbx is activated in every wound
with a diffusive pattern, which does not correspond
to muscular cells. Adapted from (305).

reported to be evolutionary conserved, since cWNT’s presence in most of the studied clades.
In planarians, first evidence of its role was studying the phenotype of Bcatenin-1 (Bcat1)
(RNAI), which led to dramatic regeneration: heads were regenerated in place of tails, resul-
ting in “two-headed” animals (61,164,173). Similarly, inhibition of cWNT components as wntl
(150,151), evi/wentless (150), dishevelled (174), or tsh (171,171) can result in two-headed ani-
mals. On the other hand, up-regulating cWNT signalling, through APC (173) or notum (156)
(RNAI) results in the regeneration of tails, resulting in two-tailed animals
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Certain Wnt ligands, such as wntl1-5, wnt11-1, wntl11-2, and wntl are regionally expressed
along the AP axis posterior (also known as posterior wnts) (Figure 12.13A). And their inhibi-
tions produce different degrees of posterior identity loss and trunk duplications, with animals
developing two pharynges rather than one (126,154,175). Conversely, Wnt inhibitors such as
sFRP-1, sFRP-2, and notum are expressed in the anterior pole (155,156,164). Two studies
demonstrated a posterior-to-anterior gradient of BCATENIN-1 protein levels (59,149) (Figure
12.13A), indicating that constitutive regional expression of Wnt ligands in the posterior pole
and Wnt inhibitors in the anterior pole control regionalization of the planarian AP axis.

wntl confers posterior identity since inhibition produces animals with the tailless phenotype.
Animals which are able to close the wound but lose the posterior morphology. Since they
miss posterior organizer, develop without tail extension and VNC is fusioned in U shape.
Stronger phenotypes could be observed depending on the degree of inhibiting, regenera-
ting planarians are able to generate a head instead of a tail, called two-headed phenotype.
(60,150,151). notum (RNAI) animals regenerate tails instead of head, suggesting that notum
promotes head (and anterior identity) (156). Both genes are generically expressed at each
wound site during the first hours of regeneration. The wntl and notum expression cease, and
in the later stages of the regenerating process, a second expression of each gene (stem cell
dependent) is focus in anterior or posterior, respectively. Hence, what is regulating wntl just
in the posterior? Transcriptomic data revealed that notum was the only gene early differentia-
lly expressed at the A facing wound compared to the P pole (95), assuming that the decision
to generate a tail or a head is taken within this period of time. Regenerating tips seem to be
a transient structure since their properties are lost in adult organism, since the inhibition of
notum or wntl produces changes in the head or tail shape, but never produces a head-to-tail
or tail-to-head transformation (60,176). Thus, adult planarians do not have active organizers.

The Hedgehog pathway helps cWNT signalling. Hedgehog (hh) ligand bind its receptor Pat-
ched (ptc). This interaction nulls the effect of the receptor Smoothness (Smo). Smo will initiate
the signalling that triggers GLI (TF) activation, and their target genes (177). In planarians ptc
inhibitions lead to regenerate two-tailed animals. Whereas, hh, smo and gli inhibition produce
tailless planarians; the combination of hh with smo or gli produces a bi-headed phenotype
(177178). Leading to suggest that the Hh pathway regulates cWNT. Moreover, it is supported
that hh regulated wntl expression (178).

2.4.6. From neoblasts to organs

Neoblasts are a heterogenic population formed by truly pluripotent stem cells (cNeoblasts) as
well as lineage-committed progenitors that can differentiate into all cell types present in the
tissues (77,133,165,180,181). Neoblasts and their progenitor populations are characterized
by the co-expression of smedwi-1 (piwil). Zeng et al. sort high content piwil+ cells. After
cell analyses, it was proposed that 11 Nb major types cover 3 germ layers: epidermis, neu-
ral and protonephridia (ectoderm), muscular and pharynx (mesoderm) and gut (endoderm)
(Figure 12.16). Previous studies revealed the presence of different NBs populations: gamma
(y)-class, zeta (€)-class and nu (v)-class (99). y-class is related with gut linage; {-class with
epidermal lineage and v-class with the neural one (180,182) (Figure 12.16).
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Committed progenitors express piwil and transcription factors specific to the different cell
lineages, suggesting that these are characteristic of committed cell progenitors still capable
of proliferating. A homologue of the MEX3 RNA-binding protein is proposed to play a general
role in cell differentiation, since silencing of its expression results in expansion of the stem
cell compartment in parallel with a decrease in the number of lineage-restricted progenitors
(183). Independently and thanks to SCS data, Plass et al. and Fincher et al. could determine
almost all neoblast trajectories, describing progenitors for all cell types and the intermediated
state that they could have (Figure 12.16). Performing cell type atlas, Plass et al. characterized
that some differentiated cell types rise from the same intermediate progenitors, suggesting
that even if specialized NB are avaliable, different cell types could come from the same
progenitor (99). During the last decades, markers for different tissues, cell populations and
their progenitors were identified using homologous genes previously published in other or-
ganism, or based on a genetic screening. SCS data helped to discriminate whether a gene
was expressed in some tissue without properly knowing the specificity of that gene to that
tissue. Thanks to SCS data this problem is almost solved. Particularly, experimental results
provide the planarian community with genes specifically expressed in neoblast populations,
committed progenitors and differentiated cells. For instance, each muscle fibre has a specific
transcription factor related to it: myoD is present in longitudinal muscle dibre, nkx1 with circu-
lar fiber (184) and foxF-1 is present in non-body wall fiber (123).

Specialized Nbs and their progenitors are broadly distributed. During regeneration and ho-
meostasis, different tissues exert a role with organizer or self-organizer activity to properly
target these. Below, different examples will be commented. Eye progenitors are specified in
the pre-pharyngeal region and migrate to precise, predictable locations in the head. The po-
sition in de novo organ formation has been defined as the progenitor target zone (TZ). Eyes
are maintained in a specific region called the targetable zone (TAZ) (Figure 12.17), defined
as the zone where progenitors are able of going to maintain the organ (162). These findings
indicate that it is the combination between self-organization and extrinsic cues (TAZ) that
determines the destination of migrating regenerative progenitors.
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Figure 12.16: Model of stem cell hierarchies. cNeoblasts give rise to all linage-specific neoblasts.
C-neoblasts to epidermis, v-neoblasts to neural tissue, protonephridia progenitors to excretory system,
muscle progenitors to muscle cells, pharynx progenitors to pharynx and y-neoblasts to intestine. Linage-
specific neoblasts will proliferate and cell will be committed to each tissue: ectoderm with epidermal, neural
and protonhephridic tissue; mesoderm with muscle and pharynx; and endoderm with intestine. At last one
gene representing each neoblast population was added. Adapted from (133, 182).

Homeostasis

auoz
jabuey
auoz ajgeabie)

._b
58
&5
£
2%

w

Organism

{ ) Target Zone (TZ)
Targetable Zone (TAZ)
© Self-organizing center

ovo*cell
distribution

Figure 12.17: Eye progenitor specification. eye
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in an area called Target Zone (TZ). Red arrows in-
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Adapted from (162).
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2.5. Body and organ size regulation

In most animals adult body size is determined by growth during embryonic and juvenile
stages, while the adult stage consists of tissue renewal. However, long-living species such
as planarians change their body size according to nutrient availability during their entire live
retaining their body proportions (Figure I11.1). These alterations in planarian body size are me-
diated by changes in cell number (185,186) resulting from modulation of the balance between
cell proliferation and apoptosis (Figure 11.18). Thus, the ratio of proliferation to apoptosis
decreases in starvation conditions and increases in times of nutritional abundance (147,187).
Furthermore, the balance between the SC population and all types of differentiated cells
relies on robust signalling mechanisms that allow continuous adjustment of cell proliferation,
cell death, and cell differentiation.

Figure 12.18: Cell proliferation and cell death growth and degrowth.
Schematic cartoons illustrating cell death disposition (red cross) and cell
proliferation (blue semicircle) during growth and shrinking periods. After
feeding, neoblast proliferate all over the body and cell death is reduced,
resulting in the increment of cell number and body size. Conversely, in star-
ved conditions cell proliferation is reduced and cell death increased <cross
the whole planarian body, resulting in the decrease of the total cell number
and body size.

Mechanisms that allow planarian regeneration also participate in organ adjustment to resha-
pe pre-existing structures. Mechanisms that control planarian body size and growth remain
to be fully elucidated. The insulin/mTOR pathway is the only pathway demonstrated to control
planarian body size. Inhibition of insulin-like peptides or TOR attenuates cell proliferation,
prevents planarian growth after feeding, and accelerates shrinking during starvation (68,71).
Hyper-activation of mTOR using PTEN or smg-1 (RNAI) does not give rise to larger orga-
nisms but does promote over-proliferation and outgrowth formation (69,73). In planarians,
JNK is required for organ remodelling through the induction of apoptotic cell death (67). Mo-
reover, hippo inhibition increases mitosis, inhibits apoptosis, and promotes dedifferentiation,
leading to the formation of overgrowths but not to changes in body size or cell number (75).

Not only the whole body but also organs must maintain proper size and proportions. Plana-
rian brain remodels according to the planarian body size. The mechanism that controls the
size of the brain appears to be a wntll-6/notum signal. notum is expressed in anterior brain
neurons and promotes brain growth. On the contrary, wnt11-6 is expressed in the posterior
brain neurons and acts as an inhibitor of brain growth (150,188). This Wnt/notum negative-
feedback loop regulates brain:body proportions through control of neoblast differentiation
(189).
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3. Genomic landscape

During animal development, a single cell can give rise to a multitude of different cell types
that contain the same genome but show unique morphologies and functions. This cell variety
emerge due to the particular gene expression of each cell, which will define each and very
single cells identity (190,191). Genes are encoded on the DNA, which can wrap to chroma-
tin. Chromatin is a macromolecule formed by DNA and nucleosomes, which are octamers
containing a pair of all known histone proteins: H2A, H2B, H3 and H4. Each nucleosome is
wrapped with 146 base pairs (bp) of genomic DNA and separated by 20-50 bp. This first level
of chromatin organization is called euchromati. In euchromatin regions, genes can be trans-
cribed, it is hence an active gene transcription DNA region. Thanks to folding proteins, the
level of chromatin compaction can increase. The packed chromatin state is known as hete-
rochromatin (192—194) and does no allow for gene transcription. Thus the chromatin state is
crucial to determine if DNA is accessible for the transcriptional machinery. Changes between
the distinct chromatin stages are crucial to dynamically regulate gene expression and define
each cells genetic profile. Histones play a key role in this aspect, since they can be chemi-
cally modified, being: acetylated, methylated, phosphorylated and ubiquitinated (195,196).
Those modifications are driven by internal cell mechanisms, and can influence nucleosome
shifting, gene accessibility and transcription.

3.1. Epigenome

Gene transcription begins with the recruitment of RNA polymerase Il (Pol Il) and auxiliary
factors to core promoters, short DNA sequences located on the genome around transcription
start sites (TSSs). While core promoters are sufficient to recruit Pol Il and drive basal levels of
transcription (197,198), they also require cis-regulatory elements (CREs) or enhancers to be
fully activated (194) (Figure 13.1A). Enhancer sequences on the genome contain short DNA
motifs (specific nucleotide sequences) that act as binding sites for sequence-specific trans-
cription factors (TF). Several such motifs could be identified in a unique enhancer, allowing
cooperation between them (Figure 13.1B). Enhancers could be located upstream or downs-

Figure 13.1 Enhancers: Elements of the epigenome.
(A) Gene (black bars) transcription starts at the TSSs
(straight arrow) within core promoter elements (light
brown). Enhancers (blue boxes) are CREs and are often
found in introns or distal intergenic regions both upstream
and downstream of the gene. (B) Nucleosomes (black
circles) bind to DNA and decrease accessibility to other
proteins, such as TFs (coloured rods). Enhancers contain
TF-binding motifs (coloured boxes), where TFs bind in
competition with nucleosomes. TFs recruit transcriptional
cofactors (coloured polygons) and activate gene expres-
sion. Cofactors often show catalytic activity and post-
translationally modify TFs and histones (small coloured
circles indicate such modifications). Adapted from (194)
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tream from a gene position, and be classified proximal and distal depending on their relative
position to the TSS (199). Enhancers function independently of the distance and orientation
to their target genes, and can do so at large distances of several hundred kilobases or even
megabases by looping (200).

Enhancers are able to recruit and activate Pol Il at target gene promoters. Activity of the
enhancers is determined by the recruitment co-activators and co-repressors. Genes can
present different numbers of enhancers that modulate their spatiotemporal expression (192).
Enhancer activity has been shown to correlate with certain properties of chromatin; active en-
hancers are typically devoid of nucleosomes promoting DNA accessibility by TFs. Nucleoso-
mes in the vicinity of active enhancers contain histones with post-translational modifications,
which modulate DNA accessibility due to 1) enhancing or weaken non-covalent interactions
between DNA and histones, and 2) acting as a platform for recruitment of other proteins that
particularly recognize these modifications (201). Typical active enhancer histone modifica-
tions are histone H3 lysine 4 monomethylation (H3K4me1) and trimethylation (H3K79me3),
and H3K27 acetylation (H3K27ac) (202,203). Histone modifications are dynamically added
and removed by chromatin-modifying enzymes in a highly regulated manner. An example is
acetyltransferase p300/CBP which acetylates H3K27, recruiting chromatin remodelers and
transcription regulators. H3K27ac also decreases nucleosome stability and chromatin de-
compactation due to changes in net charge of histones (204). Another relevant modification
is DNA methylation, which when it occurs at CpG islands of promoters is associated with si-
lencing of genes. The regulation of gene expression by DNA methylation and histone protein
modifications is known as epigenetics. The particular state of DNA methylation and histone
modification in a particular cell is called the epigenome. Interestingly, during the last years
different techniques have emerged to understand the epigenome, and particularly to detect
CREs. The main experimental methods are based on chromatin-immunoprecipitation, high
throughput sequencing (ChlP-seq), and chromatin accessibility techniques in conbination
with high throughput sequencing, such as MNase-, FAIRE-, DNase- and ATAC-sequencing.
ChIP-seq is based on in vivo crosslinking of DNA and a protein (193). Emerging complexes
are pulled-down (of a cellular particle mix) by using a specific antibody and finally sequenced.
This allows consequent sequencing. With this method two main approaches can be taken 1)
Using antibodies identifying specific TFs and detecting their binding sites, or 2) using antibo-
dies against histone modifications or co-factors such as p300 that would reveal active enhan-
cers distribution across the genome. ATAC-seq (or transposase-accessible chromatin using
sequencing) is the most common technique to assess the accessible chromatin distribution
(Figure 13.2). It is based on a modified Tn5 transposase enzyme that thanks to tagmentation
reaction, is able to clave and tag DNA with universal sequences (193).
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Figure 13.2: Chromatin accessibility. Accessibility state is a dynamic continuum
transition across the genome. Closed chromatin is not permissive to transcription
factors, as long as chromatins became permissive, TFs initiates sequence-specific
accessibility remodelling and establish an open chromatin conformation and trans-
cription activity (RNA polymerase Il bonded to chromatin). Adapted from (430)
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Understanding how enhancers regulate gene expression is an area of increasing interest be-
cause these are essential not only for developmental gene expression but also to understand
evolution and human diseases.

3.1.1. Epigenetics in regeneration

Previously, it has been described how regeneration deploys mechanisms from embryonic
development, such as the expression of developmental genes and the use of conserved
signalling pathways. In the same way, some epigenetic changes have also been described to
be recapitulated in regeneration, whereas others have been described to be specific for rege-
neration in different organs and organisms (205-207). Thus, specific genes important to tri-
gger regeneration seem to be regulated by enhancers specifically active during regeneration
(205) (Figure 13.3). For example, Kang et al. discovered that the zebrafish gene leptin b (lepb)
is robustly induced during regeneration in both fin and cardiac tissues. Studying H3K27ac’s
genomic profile putative enhancers distally located to lepb could be identified. These were
associated directly to regeneration-specific gene expression, being inactive during embryo-
nic development (206,2107). Vizcaya-Molina et. al also reported, that in highly regenerative
wing imaginal disc enhancers exclusively active after damage, co-opted enhancers from
other tissues. A set of conserved transcription factors (TF) that control regeneration across
metazoans can bind to those enhancers (208). Revealing TF function, Gehrke et al. found
that whole body regeneration in acoel Hofstenia miamia is driven by a wound induced master
regulatory TF (Egr) (209).

The existence of regeneration/injury-specific enhancers suggests that different enhancers
control the transcription of a subset of genes expressed in both developmental and rege-
nerative contexts. Identifying the essential motifs of regeneration-specific enhancers, their
binding partners, and upstream regulators will uncover how injury signals are transformed to
trigger regeneration programs.

Accessible chromatin regions

/\
/ \

Development /

Regeneration

Figure 13.3: Developmental and regenerative enhan-
cers. Schematic ATAC-seq peaks illustrating enhancers
only open during development (green) or regeneration
(orange), or development peaks de-ployed during rege-
neration.
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3.2. Epigenetics in planarians

The epigenome of planarian cells is poorly studied. Early experiments in this model system
have shown that the knockdown of orthologs of mammalian epigenetic regulators can lead
to different SC defects and errors in lineage commitment of stem cell progeny, culminating in
a loss of regenerative capacity. Particularly, it has been analyzed how DNA methyl-transfe-
rases (mbd2/3) are involved in the methylation of CpG islands. RNAIi of mbd2/3 resulted in a
loss of certain differentiated cell lineages (epidermis, gut and pharynx) without reducing neo-
blats number (210,211). RNAI inhibition of different deacetylases such as Smed-CHD4 (212),
Smed-HDACL1 (213-215) or nucleosome interaction proteins such as RbAp48 (216,217), and
gene p66 (218), led to an abrogation of SC differentiation. It was also reported that a group of
methylases are related with neoblast maintenance and differentiation of different cell lineages
(219,221).

Polycomb proteins mediate gene silencing through post-transcriptional modification (222).
Three planarian genes encoding homologs of Polycomb proteins have been identified.
Smed-ezh, Smed-suz12-1, and Smed-eed-1 were shown to be necessary for stem cell clo-
nal expansion (223).

Interestingly, it has been published, that ChIP analysis in mex-1 (RNAI), a gene related to
differentiation in planarian, revealed changes in chromatin state (224). Although, it was not
further investigated, | think this represents a good starting point to elucidate how chromatin
changes after gene inhibition. Thus, published studies demonstrate that the planarians epi-
genome is regulated by evolutionary conserved mechanisms. However, until today the use
of high throughput epigenome-sequencing techniques allowing to understand the epigenetic
changes during planarian regeneration has not been reported. In the second chapter of this
thesis | will present new data ferived from ATAC-seq and Chip-seq analysis of regenerating
blastemas focusing on the epigenomic differences between anterior and posterior regenera-
ting wounds.

S?\I” ) i ‘ Lack of regeneration
ANA Death

VIRT- N

ANA ) . ® | Ciialoss
LPT RNAI
and = "N
Trr-1/Trr-2 .
double RNAI ‘ — 'y Tumour formation

Death

Figure 13.4: Epigenetics machinery regulate regeneration in
planarians. Schematic illustration showing different phenotypes
after amputation. Set 1 knocdown animals presents a lack of re-
generation and end up dying. MLL1/2 (RNAI) organisms show mo-
bility defects due to cilia loss. The inhibition of LPT in one hand,
and Trr-1 together with Trr-2 on the order hand, leds to tumour
formation and death. Adapted from 431.
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To further understand the molecular mechanisms that regulate planarian growth and regene-
ration, the main objectives of this thesis were:

1.

Study of mechanisms involved in the control of cell number in Schmidtea
mediterranea.

1.1. Characterization of new gene family Blitzschnell (bls): identification and classification
of bls genes.

1.2. Investigation of bls genes role in regulating cell proliferation and cell death during
growth, degrowth and regeneration.

1.3. Study of the bls gene expression regulation.

Study how the cWNT pathway affects the planarian epigenome during posterior

regeneration

2.1. Identification of target genes of wntl related with posterior identity.

2.2. Characterization of the epigenomic landscape during anterior and posterior
regeneration.

2.3. |dentification of TFs related with the posterior organizer formation and/or function.

Characterization of the Fox family of transcription factors in Schmidtea mediterranea.

3.1. Identification all Fox genes in Schmidtea mediterranea and their classification accor-
dingl to their phylogeny.

3.2. Study of Fox Family in Schmidtea mediterranea at genomic, sequence and functional
level.
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4. Chapter I. Planarian size depends on Blitzschnell, a novel gene family
that controls cell number through balancing cell proliferation and cell
death

Planarians are able to change their body size, growing and shrinking accordingly to their
nutrient status. This huge plasticity is based in the context-dependent control of the total
number of cells, which is regulated by the ratio between cell proliferation and cell death. This
chapter will focus in the study of a novel gene which regulates the balance of both processes
and as a consequence planarian cell number and size.

4.1. Blitzschnell is a new gene family organized in two clusters of tandem repeats
in Schmidtea mediterranea

We performed an RNAI screen to find candidate genes involved in planarian eye regenera-
tion, and identified an unknown gene whose inhibition resulted in faster regeneration of the
eyes after head amputation. We named this gene Blitzschnell (bls), which means “quick as a
flash” in German. Surprisingly, upon attempting to identify the genomic locus of this gene in
Schmidtea mediterranea, we found that bls belongs to a gene family composed of 15 mem-
bers distributed on 2 distinct genomic scaffolds (Figure R1.1A).

Although all bls sequences shared more than 70% of identity (Figure R1.1B), a phylogenetic
analysis using the nucleotide sequence, allowed us to classify bls genes into five subfamilies
(Figure R1.1C). Four of them (blsl, bls2, bls4 and bls5) contained two putative genes appa-
rently originated by duplications (named a and b). Subfamily bls3 contained 7 bls sequences
(named bls3a-g). These were also apparently derived from recent successive tandem dupli-
cations, as suggested by their genomic organization (Figure R1.1A) and near identical DNA
sequence (Annex I; Figure R1.1B). One band of the expected size was successfully amplified
using primers spanning the junction between bls3a and bls3b, confirming the existence of at
least 2 repeats (Figure R1.1A, 1D). Interestingly, in the repeated genomic block harbouring
bls3 members and in the vicinity of other bls genes we identified complete or fragmentary
transposon related genes, such as Reverse Transcriptase, RNAse H and Integrase (Figure
R11A).
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Figure R1.1: Bls family is composed by 11 genes and 4 pseudogenes. (A) Cartoon illustrating the genomic organiza-
tion of bls family members. blsl, 2 and 3 subfamilies are found in scaffold 54 and bls 4 and 5 subfamilies in Scaffold 49.
The primers used to amplify the junction of the first bls3 repeats are indicated in blue. Transposon elements are indicated
with squares. Scale bar indicates base pairs. (B) Table comparing the identity among all the bls members in Schmidtea
mediterranea. (C) Phylogenetic analysis of all members of Smed bls family using nucleotide sequences. They group
into 5 subfamilies. Scale indicates expected nucleotide substitution per site. (D) PCR analysis using primers flanking the
junction of the first bls3 repeat (between bls3a and b) showing the expected 1 Kb band.

By mapping reads from the transcriptome of intact planarians (75) against the genome of
S. mediterranea (99), we detected transcripts for subfamilies bls2, bls3, and bls5, but not
for subfamilies blsl or bls4 (Figure R1.2A). Furthermore, the predicted open reading frame
(ORF) for bls2, bls3, and bls5 encoded peptides containing an N-terminal signal peptide
(SP), suggesting that they could be secreted, and a highly conserved C-terminal coiled-coil
(CC) domain (Figure R1.3). Non-detectable transcription, together with a much shorter ORF,
strongly suggests that subfamilies bis1l and bls4 are made up of pseudogenes (V).

Taken together these data demonstrate that bls is a new gene family consisting of 11 genes
and 4 pseudogenes. The genes encode very similar peptides that may be released into the
extracellular space, as suggested by the presence of a signal peptide.
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Figure R1.2: Genomic features of bls subfamilies in Smed. Transcriptomic reads mapping in the three non-consecu-
tive parts of the two scaffolds where bls genes are located. Peaks represent reads accumulation. The absence of peaks
is considered a lack of expression. Lateral number represents the highest summit in each track.

Species Protein SP CcC MOIECU(EQ)Welght SP ccC

Smed BLS2A Y Y 16,89

Smed BLS2B Y Y 16,6

Smed BLS3A Y Y 17,38

Smed BLS3B Y Y 17,43

Smed BLS3C Y N 11,87 Figure R1.3: Poteomic features of bls

Smed BLS3D N Y 16,12 subfamilies in Smed. Sequence analy-

Smed BLS3E Y N 4,87 sis of the BLS proteins: presence of the
signal peptide (SP) and coiled coild (CC);

Smed BLS3F Y N 11,9 their molecular weight, and the sequen-

Smed BLS3G Y Y 19,54 ces. Schematic illustration of BLS protein
domains: signal Peptide (SP) in red and

Smed BLS5A Y N 16,72 Coiled Coil (CC) in blue. Schmidtea me-

Smed BLS5B Y Y 11,37 diterranea (Smed).

4.2. The bls family is taxonomically restricted to the Tricladida order

A BLAST search using S. mediterranea bls sequences against non-redundant transcriptomic
and proteomic databases of all species (NCBI) produced no significant results. More specific
BLAST searches against genomic and transcriptomic datasets for Platyhelminth species (80)
(NCBI and Planmine) indicated that homologs of the bls family are only found in species of
the order Tricladida (planarians) (Figure R1.4A): Schmidtea polychroa (Spol), Dugesia japo-
nica (Djap), and the sexual S. mediterranea strain (Smes) (Figure R1.4B). Although genomic
databases are only available for a few Lophotrochozoa species, this result suggests that
the bls family is taxonomically restricted to order Tricladida. Interestingly, a BLAST search
of the available transcriptomic databases for Tricladida species returned more than one hit
for those species (Figure R1.4C, 1.5), with a high degree of similarity at the nucleotide level
(Annex |). Phylogenetic analysis performed with amino acid sequences revealed that the
bls5 subfamily was present in all Tricladida species studied, the bls3 subfamily was present
in Smed, Spol, and Djap, and the bls2 subfamily was present only in Smed (Figure R1.4C,
4D). However, it should be borne in mind that transcriptomic databases for Tricladida species
other than Smed are incomplete. These findings suggest that the bls family is taxonomically
restricted to Tricladida.
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Figure R1.4: Genomic features of bls subfamilies in Tricladida species. (A) Presence of bls homologs in the trans-
criptomic (Transc) and genomic (Gen) available databases from different Platyhelminth species. Green check means that
presence of some homolog, red cross indicates that no homologs have been identified and blue line indicates no available
data. (B) All used species in the study, belonging to different Platyhelminthes Orders. (P.) indicates bls presence, (N.P.)
indicates non presence and (-) indicates no availability data. (C) Phylogenetic tree of the bls homologs in the Tricladia
Order using amino acidic sequences. bls5 subfamily is present in all species, bls3 was not found in Smes, and bls2 was
only found in Smed. Scale indicates expected amino acidic substitution per site. (D) bls homologs found in the available
genome (Gen) and transcriptomes (Transc) of planarian species. ISH expression detection is indicated. Green check indi-
cates presence; blue line indicates no available data. ISH, in situ hybridization, Smed, Schmidthea mediterranea (asexual
strain); Smes, Schmidthea mediterranea (sexual strain); Spol, Schmidthea polychroa; Djap, Dugesia japonica.

Species SP CcC Planmine Id V\lea(i)glﬁ]iu(lsé)
Djap N Y dd_Djap_v4 77219 2 1 12,77
Djap Y Y dd_Djap_v4 77219 1 1 16,65
Spol N Y dd_Spol_v4 8725 2 1 15,97
Spol Y Y dd_Spol v4 7617 2 1 17,59
Spol Y Y dd_Spol_v4 7617_1_1 17,58
Spol N Y dd_Spol_v4 8725 3 1 7,15
Spol N Y dd_Spol _v4 8725 1 1 10
Smes N Y dd_Smes v1 35718 1 1 15,07
Smes N Y dd_Smes_v1_35718_1 2 15,27
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Figure R1.5: Proteomic featu-
res of bls subfamilies. Amino
acid sequence analysis of Tri-
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cular weight, and the sequences.
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sexual strain.



Results

4.3. Subfamilies bls2, bls3 and bls5 are expressed in secretory cells

Although the 3 transcribed bls subfamilies (bls2, bls3, and bls5) shared a high percentage
of sequence identity at nucleotide level (Figure R1.1B), we designed riboprobes spanning
different gene regions (Figure R1.6A; Annexe |, IV) to specifically detect genes from each
subfamily. Whole-mount in situ hybridization (WISH) with each riboprobe revealed the same
pattern of expression and labelled specific dorsal-prepharyngeal cells (Figure R1.6A, 7A).
Double fluorescence in situ hybridization (FISH) revealed coexpression of genes from the
3 families in the same cells although showing not identical subcellular localization (Figure
R1.6B), confirming riboprobe specificity.

A ISH bis2 p1 | bls2p2 || bls3p2 | biss p1 l
5 part 1 part2 3 5 : L
bis2 K B 7 L B
P P : ey ¥
w oW
bis3
part 1

bls5

bis2 p1 merge merge

-

Figure R1.6: bls2, bls3 and bls5 are expressed in the same cell type in intact animals. (A) Scheme indicating the
riboprobes designed for each gene family. WISH with the different riboprobes in intact animals showing the similar ex-
pression pattern. (B) Double FISH combining all specific riboprobes. Each panel represents each gene combination. A
magnification is also shown. All riboprobes colocalize in most of the cells, and magnifications demonstrate that ribopro-
bes present a different cellular distribution. Images from (B) correspond to confocal images. Scale bars: (A) are 500 pm.
In (B) are 50 yum and 10 ym in magnifications.

The bls3 riboprobe revealed that bls+ cells were located dorsally and in the marginal cells
throughout the body (Figure R1.7A). These bls+ cells were differentiated, since they were
insensitive to irradiation (Figure R1.7B), and corresponded to secretory cells, since they co-
expressed dd4277, a secretory and parenchymal cell marker (98,99) (Figure R1.7C). bls3
was not expressed in blastemas during regeneration, but re-established its expression pat-
tern according to the remodelling of the fragment in question (Figure R1.7D). Interestingly,
WISH in sexual S. mediterranea (Smes) and S. polychroa (Spol) revealed the same expres-
sion pattern as observed for Smed (Figure R1.7E), supporting a conserved function among
Tricladida species (Figure R1.4D).

Taken together, our data indicate that genes from subfamilies bls2, bls3, and bls5 are expres-
sed in a specific subpopulation of secretory prepharyngeal cells in planarians.
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A B | NON Irradiated | Irradiated
— | piwi || bls3 | piwi || bis3

ad4277 merge

Spol

\ bls3

Figure R1.7: bls expression pattern in intact and regenerating animals. (A) bls3 WISH (blue) in whole mount and
FISH (green) in a transversal section. Nuclei are stained with DAPI. (B) WISH of bls3 and piwi in non-irradiated and
irradiated animals. After irradiation the neoblast marker (piwi) expression decreases but not bls3, corroborating that
bls gene family is expressed in differentiated cells. (C) bls2, bls3 and bls5 co-expression with dd4277. (D) WISH of bls3
during regeneration at different time points. From 3hR to 24hR no bls3 expression is observed in the blastemas. From
72hR to 14dR the new expression and redistribution of bls3 is observed. (E) WISH of bls3 in Schmidtea polychroa
(Spol) and Schmidtea mediterranea sexual strain (Smes), showing the same expression pattern than in Smed. Scale
bars: (C), (D) and F are 500 um. In B are 50 um and 10 ym in magnifications. Scale bars: 200 ymin (A). In (B), (D) and
(F) are 500 pum.
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4.4. bls inhibition promotes faster regeneration

Because bls2, bls3, and bls5 genes share a high percentage of identity (Figure R1.1B), spe-
cific inhibition of any of these genes using RNAi was technically impossible. Furthermore, the
high level of shared identity and cellular colocalization (Figure R1.6B) suggested that at least
some paralogs may perform similar functions. For this reason we designed double-stranded
RNAs (dsRNAs) corresponding to a highly conserved region in order to inhibit genes of each
of the 3 subfamilies (Figure R1.8A). gPCR analysis using primers specific to each subfamily
(Figure R1.8B, Annex V) showed that expression levels of each of the 3 subfamilies were
down-regulated after RNAIi. Sequencing of the fragments amplified by each qPCR corrobo-
rated inhibition of the genes of each of the 3 subfamilies (see Materials and Methods; Figure
R1.8C). These animals are referred to henceforth as bls2/3/5 (RNAI) animals.

C
B | gfo (RNAJ)
. . gPCR dsRNA 20 . bls3 p2 (RNAI)
. - 5 part 1 3 B
’ ' bis2 — = &1 .
2 |
@ 1.04 |
JJJ.%; i-?-o _— part1 part 2 5
S
b : e S os
v Z part 1 Pree e wwwn
7’ 4 rd b o 0.0 3 L 1 alle
1st Round 2nd Round bls5 bis2 p1 bis3 p bls5 p

Figure R1.8: dsRNA of bls3 inhibits all bls genes during regeneration. (A) Cartoon illustrating the protocol of
RNAI inhibition during planarians regeneration. One week starved planarians were injected 3 consecutive days and
amputated the following day. The following 3 days, planarians were let to regenerate (this is what is called one round
of inhibition). Planarians were amputated anterior and posteriorly, and a second round of inhibition was performed only
with trunk fragments. At the second round trunks were amputated just anteriorly. (B) Scheme indicating the fragments
used for RNAi and gPCR analysis. (C) gRT-PCR analysis quantifying bls2, bls3 and bls5 expression after bls3 inhibition
at 3dR, demonstrating that all three subfamilies were down-regulated after injection of bls3 dsRNA. Relative expression
is plotted as 224CT values. Data are plotted as mean and error bars represent s.e.m. (****P<0.0001).

RNAI of bls2/3/5 confirmed our initial observation of faster regeneration after head amputa-
tion in planarians. We observed earlier differentiation of the eye spots (Figure R1.9A), and
earlier differentiation of photoreceptor cells (identified by anti-arrestin immunostaining): after
3 days of regeneration (3dR) the optic chiasm was visible in most bls2/3/5 (RNAI) animals but
not in control animals (Figure R1.9B). In addition to the visual system, other anterior structu-
res such as the brain branches and chemoreceptors regenerated faster than controls (Figure
R1.9B), as evidenced by quantification of gpas+ (86) and cintillo+ (225) cells, respectively.
Quantification of pitx+ cells (105,106) revealed an increase the number of differentiated neu-
ral cells in the blastema of bls2/3/5 (RNAI) planarians as early as 18 hours of regeneration
(hR) (Figure R1.9C). These results demonstrate that inhibition of Smed-bls2/3/5 promotes
faster regeneration.
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Figure R1.9: bls2/3/5 (RNAIi) animals regenerate faster. (A) in vivo images of planarians showing that in bls2/3/5
(RNAI) animals regenerating eyes are more evident (yellow arrows) than in controls at 3 and 4dR (n of controls=23, n
of RNAi=23, ***P<0.001). (B) Immunohistochemistry against arrestin (VC1), labelling the visual system, WISH of cintillo
(chemoreceptors) and gpas (brain branches). Quantification of the appearance of the optic chiasm (n of controls=23,
n of RNAi=23, ***P<0.001), cintillo+ cells (n of controls=8, n of RNAi=17, **P<0.01) and gpas+ area (n of controls=3, n
of RNAI=9, *P<0.05) in gfp (RNAI) and bls2/3/5 (RNAIi) animals is shown. lllustration indicating where gpas and cintillo
are expressed, and where arrestin (VC1) is detected, is shown. The amputation level and the area analyzed at 3dR are
indicated (dashed red line and black square, respectively). (C) Representation of pitx expression in control animals. Red
dashed line represents amputation level, and black square represents the area analyzed at 18 hR. FISH of pitx shows an
increase in pitx+ cells in the blastema (dashed red line limits it) at 18 hR. Quantification of pitx+ cells / mm?is showed (n
of controls=8, n of RNAi=5, **P<0.01). Scale bars: 250 ym in (A), 100 ym in (B) and (C).
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4.5. bls attenuates cell proliferation and promotes cell death after injury

To understand the mechanism by which Smed-bls2/3/5 (RNAI) promotes faster regenera-
tion, we analysed the proliferative and apoptotic responses triggered by amputation. In plana-
rians, amputation triggers a general proliferative response, which peaks at 6 hR, and a local
response that peaks at 48 hR. Quantification of mitotic cells using an anti-phospho-histone
3 (PH3) antibody (132) revealed an increase in the mitotic response at both 6 hR and 48 hR
in bls2/3/5 (RNAI) versus control animals (Figure R1.10A, 10B). The apoptotic response after
amputation consists of 2 apoptotic peaks: one at 4 hR, which occurs close to the wound,
and a second at 3 days of regeneration (dR), which is generalized (147). Using a TUNEL
assay (Figure R1.10C) and by quantifying caspase-3 enzymatic activity (Figure R1.10D) we
demonstrated lower rates of apoptosis in bls2/3/5 (RNAI) versus control planarians at both
time points.
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Figure R1.10: bls2/3/5 (RNAI) animals show an increase in proliferation and a decrease of apoptosis during an-
terior regeneration. (A) Cartoon illustrating the protocol of RNAI inhibition during planarians regeneration. One week
starved planarians were injected 3 consecutive days and amputated the following day. The following 3 days, planarians
were let to regenerate (this is what is called one round of inhibition). Planarians were amputated anterior and posteriorly,
and a second round of inhibition was performed only with trunk fragments. At the second round trunks were amputa-
ted just anteriorly. (B) Quantification of PH3+ cells at different regeneration time points (n of controls >5, n of RNAi>5,
*P<0.05) Anti- PH3 immunostaining of gfp (RNAI) and bls2/3/5 (RNAI) animals are showed bellow. (C) Quantification of
TUNEL+ cells in bls2/3/5 (RNAI) and controls (n of controls>7, n of RNAi>7, *P<0.05). TUNEL images are showed bellow.
Images correspond to Z projections. (D) Quantification of caspase-3 activity in bls2/3/5 (RNAI) animals and controls (n
of controls=3, n of RNAIi=3, *P<0.05, ***P<0.001). Each biological replicate represents 5 animals. lllustrations show the
amputation plane and the area analyzed (dashed red line and black square, respectively). Scale bars: 500 um in (B) and
200 ym in (C).
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Figure R1.11: bls2/3/5 (RNAI) animals presented an increase in proliferation and a decrease of apoptosis after
any injury. (A) Quantification of PH3+ cells at different time points after incision shows an increment of mitotic cells/mm?
in bls2/3/5 (RNAI) animals. Time points were 6 hR (n of controls=5, n of RNAi=7, *P<0.05), 18 hR (n of controls=6, n of
RNAI=7, **P<0.01), 24 hR (n of controls=6, n of RNAi=8, *P<0.05) and 48 hR (n of controls=8, n of RNAIi=8, ***P<0.001).
anti-PH3 immunostaining images are shown below. (B) Quantification of TUNEL+ cells show a decrease of apoptotic
cells in bls2/3/5 (RNAI) animals after incision at 4 hR (n of controls=7, n of RNAi=7, **P<0.01) and 72 hR (n of controls=6,
n of RNAi=7, **P<0.01). TUNEL images are shown below. (C) Quantification of PH3+ cells at different time points after
notching shows an increment of mitotic cells/mm? in bls2/3/5 (RNAI) animals at 6 hR (n of controls=8, n of RNAIi=9,
***P<(.001), 18 hR (n of controls=8, n of RNAi=8, ****P<0.0001), 24 hR (n of controls=8, n of RNAi=9, ***P<0.001) and
48 hR (n of controls=8, n of RNAi=8, **P<0.01). anti-PH3 immunostaining images are shown below. (D) Quantification
of TUNEL+ cells show a decrease of apoptotic cells in bls2/3/5 (RNAI) animals after notching at 4 hR (n of controls=7, n
of RNAi=7, *P<0.05) and 72 hR (n of controls=7, n of RNAi=9, **P<0.01). TUNEL images are shown below. All images
correspond to Z projections. lllustrations show the amputation plane and the area analyzed (dashed red line and black
square, respectively). Scale bars: 200 um in all panels.
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Distinct molecular and cellular responses are induced during healing of amputated tissue,
notches (which imply tissue loss), and incisions (in which no tissue is removed). While control
of cell proliferation and cell death is required in all scenarios, incision gives rise to just the first
proliferative and apoptotic peaks. To examine how general was the role of bls2/3/5 in atte-
nuating cell proliferation and promoting cell death, we analysed the response to notching and
incision in bls2/3/5 (RNAI) animals. In both situations, compared with controls RNAi animals
showed an increase in the number of mitotic cells (Figure R111A, 11C) and a decrease in
apoptosis (Figure R1.11B, 11D), indicating that bls2/3/5 attenuates proliferation and promotes
cell death.

These findings indicate that Smed-bls2/3/5 attenuates cell proliferation and promotes cell
death after any injury type, regardless of whether tissue is removed.

4.6.Cells are more numerous but smaller in starved bls (RNAI) planaran, resulting
in no overall change in body size

The pattern of bls2, bls3, and bls5 expression in secretory cells in the prepharyngeal region
and along the planarian margin suggests that these peptides may play a role in controlling
cell proliferation and cell death, not only after injury but also during homeostasis, since plana-
rians undergo continuous growth and degrowth according to nutrient availability. These chan-
ges in size are thought to be primarily due to modulation of cell number (185,189) through
regulation of the balance between proliferation and apoptosis (147,226). In nutrient-poor en-
vironments planarians shrink by decreasing mitosis and increasing cell death. To determine
whether bls2/3/5 participates in regulating the proliferation/apoptosis equilibrium and body
size during degrowth, we injected starved animals with bls2/3/5 dsRNA for 3 weeks (Figure
R1.12A, 12B). After 3 weeks of dsRNA injection, starved bls2/3/5 (RNAI) animals showed
increased mitosis (Figure R1.12C) and decreased apoptosis compared with controls (Figure
R1.12D, 12E). While this alteration in the proliferation/apoptosis equilibrium did not give rise to
larger animals (Figure R1.12F), total cell number was higher in RNAi-injected animals versus
controls (Figure R1.12G). The fact that total cell number but not body size was increased in
bls2/3/5 (RNAI) animals implies a decrease in cell size. To examine changes in cell size we
focused our analysis on the epidermis, since epidermal cells form a monolayer that can be
easily imaged in 3 dimensions.
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Figure R1.12: In starved conditions, bls2/3/5 (RNAi) animals show an increase in proliferation and a decrease
in cell death, which leads to cell number increment but no bigger animals. (A) Scheme of the RNAI procedure to
inhibit bls2/3/5 in starved planarians. Each week, animals were injected 3 consecutive days. At the end of the third week,
animals were fixed and analyzed. (B) qRT-PCR analysis measuring bls2, bls3 and bls5 expression after 3 rounds of
bls3 p2 inhibition, demonstrated that all three genes are down-regulated. Relative expression is plotted as 2-22°T values.
Data are plotted as mean and error bars represent s.e.m. (*P<0.05; ***P<0.001). (C) Quantification of PH3+ cells after 3
weeks of RNAI treatment (n of controls=9, n of RNAi=8, *P<0.05). anti-PH3 immunostaining images of bls2/3/5 (RNAI)
animals and controls. (D) Quantification of TUNEL+ cells after 3 weeks of RNAI treatment (n of controls=7, n of RNAi=7,
**P<0.01). TUNEL assay images of bls2/3/5 (RNAI) animals and controls, corresponding to the posterior region of the
animals. (E) Quantification of caspase-3 activity in bls2/3/5 (RNAi) animals and controls (n of controls=5, n of RNAi=4,
**P<0.01). Each biological replicate represents 5 animals. (F) Area quantification of in vivo animals (n of controls=25, n
of RNAi=30, n.s.). (G) Cell number quantification (n of controls=3, n of RNAi=3, *P<0.05). Each biological replicate repre-
sents 5 animals. Images from C correspond to Z projections. Scale bars: 500 ym in (C), 100 ym in (D) and one side of a
square equate to 1 mm in (F).

Nuclear staining revealed a higher density of epithelial cells in bls2/3/5 (RNAI) animals (Fi-
gure R1.13A, 13B), and quantification of mean epidermal cell area confirmed that this para-
meter was reduced in bls2/3/5 (RNAI) animals as compared with controls (Figure R1.13B’). A
decrease in mean epidermal cell area could be due not to a reduction in the total cell volume
but to narrowing of the cells in bls2/3/5 (RNAI) animals. To quantify epidermal cell volume we
measured epidermal cell height (i.e., the mean distance from the apical to the basal margin
of the cell) in animals immunostained with 6G10 antibody. We observed no differences in api-
cal-basal distance in bls2/3/5 (RNAI) animals with respect to controls (Figure R1.13C, 13C’).
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Figure R1.13: In starved conditions, bls2/3/5 (RNAi) animals show cell number increment and cell size reduction.
(A) Quantification of Nuclei of epidermal cells stained with DAPI per area (n of controls=15, n of RNAi=15, *P<0.05). The
illustration indicates the area quantified with a black square. (B) DAPI staining of epithelial cells of the prepharyngeal
region. (B’) Quantification of the epidermal cell average Area (A) (n of controls=8, n of RNAIi=7, **P<0.01). (C) Transversal
sections of planarian epidermis immunostained with anti-6G10. The distance from the basal to the apical part of the cells
measured (epidermal cells height, H) is indicated with a pink line. (C’) Quantification of the H is shown (n of controls=18,
n of RNAi=17, n.s.). (D) Schematic illustration of the measurements performed to quantify the V. (E) Quantification of the
Epidermal Cell Volume (V) (n of controls=8, n of RNAI=7, *P<0.05). (F) Quantification of cintillo+ cells (n of controls=5, n of
RNAIi=5, ***P<0.001) pitx+ cells (of controls=8, n of RNAi=4, ***P<0.001) tbh+ cells (of controls=3, n of RNAi=3, *P<0.05).
Confocal images of the expression of neural (tbh and pitx) and chemoreceptor (cinillo) markers in bls2/3/5 (RNAI) animals
and controls. The illustration shows the expression of tbh, pitx and cintillo, and the green square shows the area were
pitx was quantified. (G) gRT-PCR quantification of the expression of neural markers (pitx and th). Relative expression
is plotted as 222°T values. Data are plotted as mean and error bars represent s.e.m. (*P<0.05). Images from (B) and (F)
correspond to Z projections. Scale bars: 20 pym in (B) and (C); 200 ym in (F).

Multiplication of mean cell area by mean cell height confirmed a decrease in epidermal cell
volume in bls2/3/5 (RNAI) animals versus controls (Figure R1.13D, 13E). Changes in specific
neural populations were evaluated by confocal imaging (Figure R1.13F) and qPCR (Figure
R1.13G). The density of serotoninergic (pitx+) (105,109), octapaminergic (tbh+) (214), dopa-
minergic (th+) (65) neurons and of chemoreceptors (cintillo+) (225) was increased in bls2/3/5
(RNAI) animals.
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Importantly, continuous inhibition of bls2/3/5 (RNAI) for 4 weeks resulted in the formation of
overgrowths composed of epidermal progenitor cells (nb21+, agatl+) (214) (Figure R1.14).

These data indicate that bls2/3/5 promotes cell death and attenuates mitosis during periods
of shrinkage. bls2/3/5 inhibition in starved planarians prevents the necessary reduction in cell
number. Because cell size is reduced in bls2/3/5 (RNAI) versus control animals, the increase
in cell number observed in the former does not translate to larger body size. However, the
accumulation of cells following long term inhibition does lead to overgrowths.

gfo (RNAI) | bls2/3/5 (RNAI)

in vivo

Figure R1.14: In long starved conditions, bls2/3/5
(RNAI) animals generate overgrowths. Overgrowths
observed after 4 weeks of bls2/3/5 inhibition in starved
animals and FISH with agat and nb.21 riboprobes (n of
controls=40, n of RNAi=35). White arrows point to over-
growths. Images from (F) and K correspond to Z projec-
tions. Scale bars in in vivo imatges are: 500 ym and 200
28 days um in FISH and in vivo images, respectively.

4.7. bls (RNAI) in fed planarians results in increases in cell number and body size

Planarians grow in size in nutrient-rich environments. This growth is due to an increase in cell
number resulting from an increase in the mitosis:apoptosis ratio (147,226). Our previous fin-
dings suggest that bls2/3/5 inhibition in continuously fed planarians may lead to an increase
in cell number and possibly also in body size. To test this hypothesis, planarians fed twice per
week were injected with bls2/3/5 dsRNA for 3 weeks (Figure R1.15A,15B).

Compared with controls, these animals showed an increase in the rate of mitosis (Figu-
re R1.15C) and a decrease in rate of apoptosis (Figure R1.15D). Furthermore, during this
3-week period RNAi animals grew faster and reached a larger size (Figure R1.15E) than
controls (Figure R1.15F). Quantification of dissociated cells revealed an increase in total cell
number in bls2/3/5 (RNAI) animals after 3 weeks of RNAI (Figure R1.15G).
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Figure R1.15: In fed conditions, bls2/3/5 (RNAIi) animals show an increase in proliferation and a decrease in
cell death, which leads to cell number increment and bigger animals. (A) Scheme of the RNAI procedure to inhibit
bls2/3/5 in fed planarians. Each week, animals were injected 3 non consecutive days, being feed the other two days. At
the end of the third week, animals were fixed (three days after the last injection) and analyzed. (B) qRT-PCR measuring
bls2, bls3 and bls5 expression after 3 rounds of bls3 inhibition, demonstrating that all three genes are downregulated.
Relative expression is plotted as 224°T values. Data are plotted as mean and error bars represent s.e.m. (*P<0.05;
***P<0.001). (C) Quantification of PH3+ cells after 3 weeks of RNAI treatment (n of controls=6, n of RNAi=7, *P<0.05). An-
ti-PH3 immunostaining images of bls2/3/5 (RNAI) animals and controls showing the increment of the mitotic cells after 3
weeks of the treatment. (D) Quantification of TUNEL+ cells after 3 weeks of RNAI treatment (n of controls=6, n of RNAIi=6,
*P<0.05). TUNEL assay images of bls2/3/5 (RNAI) animals and controls, corresponding to the posterior region of the
animals. (E) Length measurement of the RNAi and control animals (n of controls>35, n of RNAi>35, *P<0.05, **P<0.01).
(F) Area quantification of in vivo animals (n of controls=35, n of RNAi=36, **P<0.01). (G) Cell number quantification (n of
controls=3, n of RNAi=3, **P<0.01). Each biological replicate represents 5 animals. Images from (C) and (D) correspond
to Z projections. Scale bars: 200 um in the entire panel. One side of a square equate to 1 mm in (F).
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Figure R1.16: In fed conditions, bls2/3/5 (RNAIi) animals show cell number increment, without changing cell size.
(A) Quantification of nuclei of epidermal cells stained with DAPI per area (n of controls=15, n of RNAi=15, ***P<0.001).
The illustration indicates the area quantified with a black square. (B) DAPI staining of epithelial cells of the prepharyngeal
region. (B’) Epidermal cell average Area (A) quantification (n of controls=6, n of RNAi=7, n.s.). (C) Transversal sections of
planarian epidermis immunostained with anti-6G10. The distance from the basal to the apical part of the cells measured
(epidermal cell high, H) is indicated with a pink line. (C’) Quantification of the H (n of controls=26, n of RNAi=23, n.s.).
(D) lllustration of the measurements performed to quantify the V. (E) Quantification of the Epidermal Cell Volume (V) (n
of controls=6, n of RNAi=7, n.s.). (F) Quantification of th+ cells (n of controls=9, n of RNAi=6, n.s.) and cintillo+ cells (n
of controls=7, n of RNAIi=8, n.s.). Confocal images of the expression of neural (th) and chemoreceptor (cintillo) markers
in bls2/3/5 (RNAI) animals and controls. The illustration shows the expression of th and cintillo. Images from (B’) and (F)
correspond to Z projections. Scale bars: 20 um in (B) and (C); 200 ym in F.

In contrast to the results obtained for starved planarians, no differences in epidermal cell
area or volume were observed in fed animals with respect to controls (Figure R1.16-E). Fur-
thermore, quantification of neural and chemoreceptor cells revealed no differences in cell
density between RNAI and control planarians (Figure R1.16F).

These data indicate that Smed-bls2/3/5 also promotes cell death and attenuates the rate
of mitosis during growth periods, resulting in an increase in cell number. Remarkably, in fed
animals this increase in cell number translates to an increase of body size, since cell size is
maintained in this nutrient rich context.
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4.8. bls transcription is regulated accordingly nutrient intake

Our results demonstrate that bls2/3/5 subfamilies control the balance of cell proliferation and
cell death in planarians not only after injury but also during normal homeostasis. We hypothe-
size that bls2/3/5-mediated signalling may constitute a general mechanism required to atte-
nuate cell proliferation and promote cell death. According to our hypothesis, bls2/3/5 activity
is required in nutrient-poor environments but not when food is readily available. As previously
mentioned, planarian growth is sustained by increasing mitosis and decreasing cell death.
After feeding, apoptosis remains very low and changes little (Figure R1.17A), but proliferation
increases and mitosis peaks at 3 hours post-feeding (hpf) (79,134) (Figure R1.17B).
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Figure R1.17: Cell death and cell proliferation dynamics after feeding. (A) TUNEL assay at different points after fee-

ding reveals no changes in wild type planarians (n of starved=7, n of 2hpf=6, n.s.). (B) PH3+ cells quantification at different
time points after feeding reveals a proliferative peak at 3hpf (n of starved=6, n of 3hpf=6, ****P<0.0001).
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According to our hypothesis, bls expression is actively regulated a few hours after food in-
gestion to enable subsequent growth. Quantification of mMRNA levels of bls2, bls3, and bls5
by gPCR at 3 hpf and 24 hpf revealed down-regulation of all 3 bls mMRNAs (Figure R1.18A).
This down-regulation was also confirmed by FISH expression analysis: after feeding (24 hpf)
expression of all 3 genes had decreased and/or the expression pattern had expanded with
respect to starved conditions (Figure R1.18B, 18C).
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Figure R1.18: bls2, bls3 and bls5 are down-regulated by food ingestion. (A) Scheme of the experimental procedure.
Animals starved for more than one week, were fed during 30 minutes and fixed at different time points. gRT-PCR quan-
tification of bls2, bls3 and bls5 expression of starved animals (S) and after 3 hours (3 hpf) and 24 hours (24hpf) post fee-
ding. Relative expression is plotted as 2-24°T values. Data are plotted as mean and error bars represent s.e.m. (*P<0.05;
**P<0.01). (B) Representative FISH images of the four expression pattern categories found of bls2, 3 and 5 after feeding:
high intensity and localized, high intensity and delocalized, low intensity and localized, and low intensity and delocalized.
The percentage of each category is shown (B’) (n of starved>7, n of 24hpf>10, *P<0.05, **P<0.01**** P<0.0001). (C)
Representative FISH images of bls2, bls3 and bls5 before feeding and after feeding, demonstrating its expression at 3 hpf
and 24 hpf was reduced. But, it was recovered at 7 dpf.
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Furthermore, forced reduction of bls2/3/5 expression by RNAI at 3 hpf enhanced the prolife-
rative response, demonstrating that bls2/3/5 is essential to attenuate proliferation in homeos-
tatic conditions (Figure R1.19).
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Figure R1.19: bls2/3/5 (RNAi) animals show an increase in proliferation after feeding. Immunostaining with anti-
PH3 in bls2/3/5 (RNAI) animals 3 hpf (n of controls=6, n of RNAi=7, *P<0.05). A scheme with the experimental design is
shown. anti-PH3 immunostaining images of control and bls2/3/5 (RNAi) animals. Scale bars: 500 um in the entire panel.

Overall, these results show that subfamilies bls2/3/5 attenuate the mitotic response triggered
by feeding. During planarian homeostasis Smed-bls transcription may be constantly required
to regulate the cell proliferation/cell death ratio, and actively down-regulated after nutrient
intake to allow planarian growth. bls2/3/5 may represent a novel molecular mechanism to
regulate cell number in response to nutrient intake.
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5. Chapter Il. Genomic and transcriptomic analysis reveals new cWnt-

pathway related elements required for posterior identity specification

During the last years, our group has been interested in the activity of the planarian’s organi-
zing tips and its relation with the cWNT signalling pathway. As explained in the introduction,
the role of wntl and B-catenint in the establishment of the posterior organizer has been dee-
ply studied (59,60,150). However, while working in this thesis, new molecular tools came to
illuminate new aspects of the field. This is why we sought to start new projects to understand
the c(WNT pathway, using genome wide approaches. The new results and their impact on our
knowledge will be presented in the next chapter.

5.1. wntl (RNAI) RNA-seq reveals transcriptomic changes during posterior plana-
rian regeneration

5.1.1. Strategy of wntl (RNAI) RNA-seq in regenerating planarians to study the establis-
hment of the posterior organizer

To identify cWNT-related genes and their putative functions in establishing the posterior or-
ganizer, we performed RNA-seq of wntl (RNAI) regenerating planarians, since it had been
demonstrated that 8-catenin1 is having a regulatory function in posterior wounds (59). Pre-
vious experiments demonstrate that after strong inhibition of wntl (two rounds of inhibition
and amputation), 20% of regenerating planarians regenerate a head instead of a tail (referred
to as two-headed planarians), while the rest (80%) are able to close the wound without esta-
blishing any posterior or anterior identity (referred to as tailless phenotype) (60,150,151,154)
(Figure R2.1A). In order to study the elements involved in the establishment of the posterior
organizer, in this thesis, we decided to modify the previously described protocol and perform
a milder inhibition of wntl to study the tailless and not the two-headed phenotype, which
could interfere with the interpretation of the results (Figure R2.1B). To avoid the formation of
a posterior head we only performed one round of inhibition; planarians were injected on 3
consecutive days (1200ng/ul). Amputation of planarians was carried out on the fourth day, at
postpharyngeal level and amputated pieces were soaked for 3 hours in dsRNA. Performing
this protocol, 7 days after amputation, 40% of the animals were obtained with a tailless phe-
notype, while the rest of the animals appeared normal. However, wntl expression analysis
at 12 hR and 3 dR demonstrates a reduction of wntl at both time points in all the animals
(Figure R2.1C). Analysis of the posterior marker (fz4) (227), also showed a decrease in 85%
of planarians at 3 dR (Figure R2.1C). Thus, with the new RNAi protocol, 40% of the animals
show a tailless phenotype, but none of them regenerates a functional posterior or anterior
organizer.
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Figure R2.1: RNAi soaking protocol in wntl (RNAI) animals. (A) Cartoon illustrating the injection protocol of
wntl (RNAI). One week starved planarians were injected 3 on consecutive days and amputated the following day.
The following 3 days, planarians were allowed to regenerate (this is what is called one round of inhibition). Pla-
narians were amputated anterior and posteriorly, and a second round of injections was performed only with trunk
fragments. Those trunks were then amputated anterior and posteriorly. A small percentage of inhibited animals
presented a biheaded phenotype and the rest of them were tailless. (B) Cartoon illustrating the soaking protocol
of RNAI. Starved animals were injected on 3 consecutive days and amputated the following day. After that, pieces
were soaked for 3 hours in dsRNA diluted in PAM water. As a result, a third of the animals presented a tailless
phenotype and no two-headed animal was obtained. (C) WISH of wntl at 12 hR and 3 dR indicates indicates
the decrease of wntl RNA in wntl (RNAIi) animals. The posterior marker fz4 is also reduced. in vivo images of
planarians at 7 dR shows a tailless phenotype, which is corroborated by synapsin (3C11) immunohistochemistry ,
showing the ventral nerve cords fused in the midline in U shape (white arrows). Scale bar are 200 ym in all panel.

Since we were interested in the formation of the organizer and how tissue around it responds,
we analyzed blastema and postblastema regions (carefully detailed in Material and Methods).
The timepoints studied included early and late wntl expression phases. As explained in the
introduction, after amputation, wntl shows two phases: the early (0-36hR) one shows a cell-
dispersed pattern and is considered a wound response since its activation is SC independent
(Figure R2.2A). It has been suggested that it could trigger the activation of the regeneration
itself, as well as that it could be involved in the decision to make a head or a tail. The second
wntl expression phase (from 36hR), is SC dependent, and corresponds to the formation of
the organizer itself (Figure R2.2B). It has been suggested that this second expression par-
ticipates in the organization of posterior identity (155). To study both wntl expression waves
and the process of how the organizer is formed we analyzed 5 regenerating time points:
0hR, 12hR, 24hR, 36hR, 48hR and 72hR. We assumed that by comparing control with wntl
(RNAI) animals, we should be able to determine how each wntl phase controls different sets
of genes. This would allow to determine which genes could be putative cWNT targets in pla-
narian, and how transcriptional dynamics are affected when lacking the posterior organizer.
The OhR time point allowed us to have a reference of expression and to compare the relative
expression of each gene.
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Figure R2.2: wntl expression during regeneration in wild type and irradiated animals. The illustration shows
the expression of wntl, the amputation plane and the area analyzed (dashed red line and black square, respectively).
(A) After amputation, wntl is expressed both dorsally and ventrally. After 36 h it is restricted to the dorsal part. (B) In
irradiated animals, wntl expression is observed during the first hours, both in dorsal and ventral parts, but from 48 hR

on it is not present anymore (dark arrows). The timepoints analyzed are the same as used for the RNA-seq experiment.
Scale bar are 250 um in all panel.

Three replicates per time and condition were analyzed, ending up with 36 libraries with more
than 45M PE reads. Instead of using another reference transcriptome (90) or ensemble the
reads to produce a new transcriptome, we sought to use the last assembly version of the pla-
narian genome (89); since the assembling and annotation of the last published versions were

substantially improved (89). Most of the reads mapped in a unique region in the genome, and
60% of the total mapped in a gene.
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5.1.2. wntl inhibition produces the same transcriptomic profile that can be seen in just-
amputated control animals

To decipher the genetic profiles among samples and between the two experimental condi-
tions, we performed hierarchical clustering of expression profiles using correlation distance
of the most expressed genes in each sample. Firstly, we analyzed control libraries to observe
the genetic profile compared to other (Figure R2.3A). We could clearly identify two groups:
libraries of 0 hR, 12 hR and 24 hR grouped together, and libraries of 36 hR, 48 hR and 72
hR also grouped together (Figure R2.3A). These results agree with the two phases of wntl
expression already described.

Secondly, we added RNA-seq libraries to identify whether the lack of organizer differs among
samples and compared results to controls. In the second analysis, we could observe that just
after the amputation (0 hR), control and RNA. tissues share the same profile since they repli-
cate clusters together. Interestingly, RNAi regenerating samples at 72 hR seem to cluster with
the previous ones, suggesting their similarity at the gene expression profile. These results
indicate similarity between a just amputated tissue and a completly regenerated wntl (RNAI)
planarians. A feature of both scenarios is the lack of organizer (Figure R2.3B). In contrast,
during regeneration (from 12 hR to 48 hR) the lack of organizer produces huge differences
among samples and replicates, which could be explained by the fact that multiple signalling
pathways are involved in the regenerating steps, amongst these the cWNT pathway.

Overall, these results indicate that wntl (RNAI) animals show a transcriptomic profile similar
to just-amputated animals. Thus, the lack of organizer leads animals to close the wound but
not regenerate any patterned tissue
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Figure R2.3: Hierarchical clustering of the RNA-seq libraries. (A) Hierarchical clustering of regenerating control li-
braries using the correlation distance with the most expressed genes. Two main groups appear: 0 hR, 12 hR and 24 hR;
and 36 hR, 48 hR and 72 hR. (B) Hierarchical clustering using the correlation distance with the most expressed genes of
regenerating control and wntl (RNAI) libraries. The result shows clustering of regenerating and RNAI conditions. Yellow
line indicates one of those correlations.
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5.1.3. RNA-seq of wntl (RNAI) reveals WNT targets in planarian

Plotting wntl expression in all regenerating time points, we could characterize that control
organisms show an increment of wntl expression that reaches a peak at 24hR and subse-
quently decreases stopping at 48hR in a plethora (Figure R2.5A). In wntl (RNAI), the same
dynamics appear, however at each time point wntl expression is below the control levels
(Figure R2.8A). Although statistical analyses reveal that wntl was only significantly down-
regulated at 48hR and 72hR (Figure R2.4).

By comparing the transcriptomes of wntl and control point by point (Ctrl OhR vs wntl (RNAI)
OhR; Ctrl 12hR vs wntl (RNAI) 12hR; ...), we identified a different set of genes that were
differentially expressed in wntl (RNAI) animals compared to the control (padj<0.05, fc>0.5).
Overall, 2708 genes were down- and 1422 were up-regulated. Among the down-regulated
genes, we found some genes previously described as wntl target genes, such as: wntl11-1,
wntll-2 and fz4 (60), which were down-regulated at 48hR, and in the top 6% of down-regu-
lated genes at 72hR (Figure R2.4). In addition to them, we identified evolutionary conserved
genes related with the cWNT signal as: stat, TNF factor, fz4, sp5, axinB, Sox, Rnf43, nkx, ets,
dvl and MMPs. We considered that the new soaking inhibition protocol was a good strategy
to inhibit wntl, their targets and investigate putative transcriptomic changes

In order to discriminate whether the genes affected by the inhibition of wntl could be related
with the first or the second regeneration wave, we separately analyzed genes down-regulated
at OhR, 12hr and 24hR, and the ones at 36 hR, 48 hR and 72 hR. Even thought that not many
genes were down-regulated at first stages, we could identify some interesting ones; such as:
zinc finger NFX1 genes (SMESG000034856.1, SMESG000034891.1, SMESG000081218.1
and SMESG000047510.1) that encoded for proteins related that contain DNA and RNA
binding domains; two cWNT target genes were stat (228) and (SMESG000014122.1), TNF
(229). Interestingly, retinoic acid inducible protein (SMESG000043533.1) and IGFALS
(SMESGO000057458.1) were also down-regulated (Figure R2.4A).

Some genes related to the second wave were also identified. Besides the described above
(fz4, wnt11-1 and wntl11-2), we also identified different transcription factors, all described to
be expressed in posterior, as Hox genes lox5a (149), post2c (149), hox4b (61), or axinB (61),
sp5 (149) and tsh (171,172) (Figure R2.4). tsh has been described to exert a role regulating
posterior identity, being controlled by Bcat? (175,176). Thus, after wntl inhibition, described
posterior genes were down-regulated, confirming that the new protocol appears to efficiently
inhibit the WNT pathway. Performing GO term analysis unveils that most down-regulated ge-
nes were related to regulation of transcription, signal transduction, immune response, protein
ubiquitnation and chromatin remodelling (Figure R2.4B).
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Results

When analyzing up-regulated genes at later stages of regeneration, we did not identify any
anterior markers neither brain nor eye markers, confirming that a lack of posterior organizer
was not replaced by anterior ones. GO term analysis revealed that up-regulated genes were
related to metabolic pathways and transmembrane transport (Figure R2.4B).

Overall, we designed a new inhibition protocol which we used to produce wntl (RNAI) pla-
narians and study the transcriptomic profile of the posterior organizer. The functional study
of newly identified candidate targets of the WNT pathway is currently carried out and new
interesting insights are expected to be gained. In additon, our transcriptomic results were
compared with published transcriptomic data related with the specification of the AP axis, as
presented in the next sections.
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5.1.4. wntl controls gene expression during all regenerative stages

We analyzed the expression of down-regulated genes in control and wntl (RNAI) conditions
and during regeneration. To achieve that, we plotted the expression of each gene at each
time point. Checking the patterns of specific genes, we found that some of the down-regula-
ted genes such as axinB, started to be expressed between 24hR and 36hR in controls, but
in knockdown animals the expression was reduced at every single time point (Figure R2.8A).
Other genes such as SMESG34891, SMESG81218, SMESG47510 or SMESG34905 started
to be down-regulated at first stages of regeneration between OhR and 24hR and remained
so until 48hR. To better understand the gene expression dynamics, we used TCseq to check
temporal patterns in the differentially expressed genes. To perform the analysis, we decided
to pick the following regeneration time points: 24hR, 36hR, 48hR and 72hR, and omited the
first two (OhR and 12hR) due to the huge variance of gene expression in both conditions. By
clustering the different dynamics in 9 clusters (named c1 to c9) (Figure R2.5), we were able
to identify different groups of genes that were down-regulated in every single point as c3, or
being up-regulated as c8. There were others that were down-regulated in two time points
as c4 (Figure R2.5). Previously described down-regulated genes were indentified in ¢3 and
c4 since these were the groups with the biggest negative tendency. In order to decipher
the most affected putative functions affected, we performed a GO analysis of each cluster.
Clusters with up-regulated genes (C2/C6/C7/C8) were linked with different processes of ca-
tabolism. Whereas clusters with down-regulated genes (C1/C3/C4/C5/C9) were connected
with GO terms such as the Wnt signalling pathway, transcriptional regulation and intracellular
signal transduction (Figure R2.6).

Figure R2.5: wntl (RNAIi) during posterior regeneration generates different expression pattern profiles. In all the
clusters, each line represents a single gene expression; colour intensity indicates membership degree. log-Fold change
between samples per time point was plotted in all the clusters. Positive slopes indicate genes increasing expression in
knockdown animals and negative slopes indicated genes reducing expression in knockdown animals. The number of
genes belonging to each cluster is indicated. When possible the number of genes differentially present in each cluster,
it is also indicated between brackets

Figure R2.6: wntl (RNAI) produces genetic changes during regeneration Gene Ontology term enrichment of diffe-
rentially expressed genes in different clusters visualized by ReviGO. The size of the circles denotes the number of genes;
circle colour indicates the p-value of each term. Highly similar GO terms are linked in the graph.
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The previously present temporal patterns indicate that wntl RNAI affects genes related to the
three phases of the regenerative process: wound response (early), regenerating response
(late) and differentiating phase (91) (Figure R2.7). Checking the genes representing each
phase (95) we observe the deregulation of genes corresponding to the three phases (Figure
R2.8).

Altogether, these data suggest that wntl is controlling gene expression during all to the re-
generative process.

11,4% 17% 16,1%
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Figure R2.7: wntl (RNAIi) affects genes involved in different stages of the regenerative response. (A) Schematic
representation of three genetic responses that occurs after any planarian amputation. Adapted from (91). In the upper
part of the graph, the percentage of genes affected was included. An example of each condition was plotted, indicating
whether the gene was up or down-regulated. Plots presented in the panel represent the expression of a gene in control
conditions and wntl (RNAI). Mean expression per each regenerating time point is represented by a dot. Log-fold change
was represented on the X axis. (B) Table was added with all the genes affected indicating their genome and transcriptome
reference number, planarian gene name, time point where they were affected and the log fold change. Orange rows show
genes previously described in planarian
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5.1.5. wntl regulates the expression of posterior expressed genes

In order to check weather after wntl inhibition, not just the main posterior markers were re-
duced, but other posterior genes were affected, we compared our transcriptomic data with
the one generated by Stliickemann and collaborators, which performed a regional RNA-seq
in planarians. In his study 14 sets of genes were differentially expressed along the AP axis of
planarians (149). Among these, one group of genes (12) was differently in the tail, and other
one (14) was was expressed at body edges (Figure R2.8A). Analyzing the behaviour of those
gene sets in wntl (RNAI) animals, we observed that 13.9% of genes from group 12 and 13%
from group 14 were affected (Figure R2.8A). This data confirmed that not just the previously
known posterior markers changed after wntl inhibition, but also the whole posterior specific
landscape.

Li et al. studied posterior pole enriched genes that were expressed in the posterior organizer
(wntl+ and collagen+ cells) (230) (Figure R2.8B). When checking those genes in our data
we found 15 genes (7.6%) affected in knockdown animals, 6 down- and Qup-regulated (Figu-
re R2.8B). Among those genes, we detected: Smed-myoD (87,231) and Smed-NetR (232),
which were down-regulated at 72 hR; and Smed-slc46a-a (120,121), which was up-regulated
at 72 hR. Overall, this data confirms that in our wntl (RNAI) animals, posterior identity is
suppressed.

A
axinB - SMESG000025925.1 wnt? - SMESG000024191.1
]
Genes . S
Groups 1 2 3 45 6 7 8 9 10 11 affected 12 ° i
B SMESG000011797.1 @ Control
® wnt1 (RNAI)
. . | ' down-regulated
! 1 up-regulated
wnt1+ vs collagen+
collagen+
Genes
affected 7.6%

Figure R2.8: RNAI of wntl affects posterior gene expression patterns. (A) Regionalized RNA-seq was performed
according to the illustration (149). Genes were grouped in different clusters from head to tail: 12 group genes were ex-
pressed exclusively in the tail; and 14 group genes in both tips. From each cluster, the percentage of genes affected is
indicated next to each group row. One example per group was plotted (B) Schematic experimental design from RNA-
seq comparing wntl+/collagen+ cells versus collagen+ cells (230). Percentage of genes affected was indicated and one
example plot was added. Plots present in the panel represent the expression of a gene in control conditions and wntl
(RNAI). Mean expression per each regenerating time point is represented by a dot. Log-fold change was represented on
the X axis. The name of Smed was added when it exists.
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5.1.6. wntl and Bcat?1 (RNA-seq) comparison reveals putative canonical WNT targets

In 2014, Reuter et al. published a RNA-seq of Bcat1 (RNAI) regenerating animals (171), and
they were able to describe down- (440 genes) and up- (438 genes) regulated targets of
Bcat1 (Figure R2.9A, 9B). We sought to combine this data with ours in order identify putative
targets of the cWnt pathway in planarians. With this strategy, we identified 13 down- and 8
up-regulated genes in both datasets. Interestingly, seven out of 13 down-regulated genes
were genes previously described to be related with posterior identity in planarians or in other
species: lox5a, post2c, hox4b, axinB, tsh, sp5 and fz4 (Figure R2.9A). Among the others
(8/13), just one gene encoded for a known protein (Troponin | - SMESG000002071.1), and
the rest encoded for genes showing no homolog known gene. Thus, Troponin | would be a
good candidate to be functionally studied.

Among the eight common up-regulated genes, scl22a-5 was previously described in plana-
rians and encodes a protein located at the proximal tube of the protonephridia system (121).
The rest of the genes showed no homology with other known genes (Figure R2.9B).

Interestingly, when we plotted down-regulated genes from Bcat? (RNAI) and wntl (RNAI)
data, it came to our attention that genes were affected at late stages of regeneration. Down-
regulated genes started to be affected between 24 hR and 36 hR, as in the case of sp5, tsh,
lox5a, axinB and SMESG000015861.1 (Figure R2.10). This suggests that the cWNT pathway
could exert a role during the second WNT phase; and could first act through other TF or with
the use of other cofactors. With this strategy, we were able to propose a list (Figure R2.9A,
9B) of putative target genes of the cWNT pathway in planarians.

Overall, we used a novel strategy that allowed the identification of cWNT related genes rela-
ted with the formation and function of the posterior organizer.

A

440 down-regulated genes in Down Genome Id Transcriptome Id Gene Name Time Point logFC 5
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216 genes in SMEDG SMESGO000T2594.1  dd_Smed_v6_10682_0_1 72 0,865241156440074
SMESGO00017151.1  dd_Smed_v6_16489_0_1 72 0,82989965371955

SMESGO00077674.1  dd_Smed_v6_25467_0_1 72 0,688628642579803

SMESGO0D0845281 dd_Smed vB_10803 0 1  sci22a5 72 0,572415827532933

8 genes down-regulated
in wnt1 (RNAI)
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Figure R2.9: wntl (RNAI) and Bcat?1 (RNAI) RNA-seq present similar up and down-regulated genes. (A) Screening
procedure to identify down-regulated canonical Wnt target genes: an RNA-seq dataset of 440 down-regulated genes in
B-catenin (RNAI) planarians (171) was mapped in the planarian genome obtaining 221 genes. These candidates were
compared with the wntl (RNAi) RNA-seq data obtained under regenerating conditions. (B) Screening procedure to
identify up-regulated canonical Wnt target genes: an RNA-seq dataset of 348 up-regulated genes in B-catenin (RNAI)
planarians (171) was mapped in the planarian genome obtaining 216 genes. These candidates were compared with wntl
(RNAI) RNA-seq data obtained in regenerating conditions. Tables were added showing up and down-regulated genes in
wntl and Bcat? (RNAI) animals indicating their genome and transcriptome reference number, planarian name, time point
at which they were affected and the log fold change. Colour dots indicate shared genes between regenerating time points.
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Figure R2.10: Putative cWNT target genes display different regenerative expression patterns. Plots represent the
expression of a gene in control and wntl (RNAI) conditions. Mean expression per regenerating time point is represented
in a dot. log-fold change was represented on the X axis. Name of Smed was mentioned if it appeared in the genome.
Colored dots follow the same as the previous figure.
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5.2. ATAC-seq analysis reveals Fox Family as a key elements for posterior organi-
zer function in Planarians

When using the RNA-seq approach we saw that the establishment of the P organizer requi-
res a specific transcriptional activation. Since transcriptional activity depends on the regula-
tion of the chromatin state, or the epigenome, we next studied the chromatin changes that
occur during the establishment of the posterior organizer in regenerating planarians. To that
purpose we performed ATAC-seq (transposase-accessible chromatin using sequencing), of
regenerating planarians with the aim to compare the chromatin state of anterior versus pos-
terior blastemas (Figure R3.1A). We performed ATAC-seq analysis. ATAC-seq is based on
the Tn5 transposase enzyme, which fragments accessible chromatin regions and simulta-
neously tags the fragments to be sequenced (Figure R3.1B) (89) (descried in Material and
Methods). The final outputs of the technique are peaks distributed along the genome. Each
peak represents a nucleosome free region, where the chromatin is accessible to transcrip-
tional complexes, that is: promoters and enhancers. Each peak has a particular height and
width, and using different statistical methods we could compare and classify them as acces-
sible chromatin regions (open) or non-accessible (closed). ATAC-seq has been used in many
organisms to describe developmental processes (223) and tissue differentiation (234), or in
humans to characterize diseases (235,236). However, there is no published work of ATAC-
seq analysis in regenerating planarians.

5.2.1. Specific chromatin changes occurs at anterior and posterior wounds

We performed ATAC-seq analysis of posterior and anterior wild type wounds at 12hR after
post pharyngeal amputation (Figure R3.1B). Two replicates per point were included, to allow
statistical analysis. This regenerating point is crucial to determine anterior or posterior iden-
tity in Schmidtea mediterranea (237). In order to identify chromatin regions specifically open
during anterior or posterior regeneration, we compared accessible chromatin regions (ACR)
from anterior and posterior blastemas. Sample analysis by PCA reveals that sample repli-
cates cluster together and are differentially distributed, indicating differences among them
(Figure R3.1C). We selected differentially opened peaks (FDR<0.01, fc > 1.5) in one of each
of the tissues. With this strategy, we identified 2484 specific posterior ACR and 611 specific
anterior ACR (Figure R3.1D). Using MACS2, we were able to discriminate peaks that were
emergent or increased in each specific population of ACR. Emerging peaks were the ones
just present in one of the two tissues; increasing peaks were the ones present in both tissues,
but showing a significant increment in one with respect to the other (Figure R3.1E). 91.6% of
the anterior peaks were emerging (eAnt), and the rest were increasing (iAnt). During posterior
regeneration, 60% of the peaks were emerging (ePost) and the remainder ones were increa-
sed (iPost) (Figure R3.1E). These results suggest that some accessible chromatins regions
are shared during A and P regeneration (Figure R3.1F), but most of them are specifically
open in one scenario.
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Figure R3.1: ATAC-seq of anterior and posterior blastemas, show specific accessible chromatin regions. (A) Sche-
matic cartoon of ATAC-seq procedure: 1) chromatin could be non-accessible or accessible. 2) Tn5 is able to bind the acces-
sible chromatin regions (ACR). 3) Tn5 tagmentation fragments the genome that are accessible and tags the resulting DNA
fragments with sequencing adapters. 4) Fragments and tagged DNA are purified in order to prepare the libraries. Adapted
from (432). (B) Planarian cartoon indicating were amputation was performed (red dashed line). In the regenerating plana-
rians the area taken for the analysis is indicated (red lines). (C) Hierarchical clustering using correlation distance of 12 hR
libraries. Anterior replicates cluster together and posterior replicates cluster together, demonstrating their differences bet-
ween anterior and posterior but similarity between replicates. (D) Venn diagram showing anterior and posterior ACR. Re-
gions not present in the intersection were considered specific per each region. Genome distribution of an example of each
specific region was added. (E) Representation of emerging peaks (e) and increasing (i) peaks for each conditions: posterior
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seq profiles of anterior (blue) and posterior (pink) regeneration. (F) Summary of procedure to identify accessible chromatin
regions specific for each regenerating pole.
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Figure R3.2: Accessible chromatin landscape after amputation at 12 hR. (A) Schematic representation of peak
distribution: core promoter, proximal or distal. (B) Bar plots representing the total peak distribution in each experi-
mental condition. Down, same values are plotted but using percentages.

Specific ACR were not equally distributed across genome, and we classified them depen-
ding on their relative position from the transcription starting site (TSS). Thus, peaks located
1+200pb from de TSS were considered core promoter (CP); the ones presented +2kb from the
TSS were considered proximal (Pro) and the ones further £2kb from the TSS were classified
as distal (Dis) (Figure R3.2A). Posterior ACR were enriched in Dis promoters with respect to
the TSS (88.16%), 10.06% were located in proximal regions, and the rest of promoters were
considered proximal (1.77%) (Figure R3.2B). In the case of the anterior ACR, we found simi-
lar percentages, finding that 85.59% of promoters were located at distal parts, and 10,53%
were distributed in proximal regions. A small percentage (3.6%) were found at the core pro-
moter. Those results indicate that during regeneration most posterior and anterior ACR are
located at distal positions.

5.2.2. Identification of enhancers specifically involved in anterior or posterior planarian
regeneration

Chromatin and nucleosomes can be modified allowing transcription or repression of different
genes. This ability realize in the capacity to be less or more accessible. Histone residues
modifications from nucleosomes are one of the key aspects for chromatin regulation. Some
of those modifications are related with active enhancers, such as H3K27ac or H3K27me3.
ChlIP-seq is a technique that combines chromatin immunoprecipitation and massive sequen-
cing that allow us to detect chromatin modifications and transcription binding sites (Figure
R3.3A) (carefully described in Material and Methods). After sequencing, we mapped the
reads in the genome obtaining peaks, being each peak related with protein occupancy.
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Figure R3.3: ChIP-seq of anterior and posterior blastemas reveal specific enhancers. (A) Schematic cartoon of ChIP-
seq procedure: 1) chromatin folds around nucleosomes in which histones could be modified. 2) After nucleosome frag-
mentation, a specific antibody is used to immunoprecipitate the fragments. 3) DNA is purified and amplified to prepare the
libraries. Adapted from (443). (B) In an intact planarian cartoon is indicated where amputated was done (red dashed line).
In the regenerating planarians is indicated were amputations were done to study blastemas (red lines). (C) Venn diagram
comparing peaks between ChlP-seq and ATAC-seq. Intersection peaks were considered active enhancers. (D) Summary
of the procedure to identify active enhancers specifics for each regenerating pole.

To better understand whether ACR found in ATAC-seq analysis could behave as active en-
hancers, we performed ChlP-seq using H3K27ac antibody at 12hR of posterior and anterior
wounds, to characterize putative active enhancers (Figure R3.3B). Samples were collected
at the same postpharyngeal level performed in the ATAC-seq analysis. After sequencing and
mapping the reads in the genome, we identified 6054 peaks specific of the posterior wound
and 10555 peaks of the anterior (Figure R3.3C). Then, we intersected the peaks found with
ChIP-seq with the ones found in ATAC-seq analysis, and selected those that were present in
both datasets. These should be posterior or anterior ACR that function as active enhancers
at 12hR. With this strategy, we identified 1869 posterior putative active enhancers and 555
anterior putative enhancers (Figure R3.3C, 3D).
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To determine if the putative enhancers that we detected with the presented strategy were
accessible only during early regeneration, at 12hR, or were also open at earlier or later sta-
ges, we performed ATAC-seq at OhR and 48hR (Figure R3.4A). The first time point (0 hR)
was selected to analyze a control situation, to see if the enhancers are constitutively open;
we collected the samples just after amputation at the same postpharyngeal zone as collec-
ted previously. The second time point (48 hR) was selected because at this point planarian
anterior or posterior identity has already been determined. The data shows that most of the
putative active enhancers were constitutively open during anterior (75.86%) and posterior
(52.97%) regeneration, since they were already accessible at OhR. However, some enhan-
cers appeared regeneration-specific, since they were closed at 0 hR and open at 12 hR
(Figure R3.4B). During posterior regeneration, 451 (24.14%) enhancers were required just
during regeneration (rPost), and most of them were specifically needed at 12 hR, suggesting
that gene regulation at this timepoint is crucial to allow posterior regeneration. In the anterior
case, we identified 261 (47.03%) enhancers accessible during regeneration (rAnt), half of
them were required at 12 hR and the rest were accessible during all the anterior regenerating
process (Figure R3.4B).

With this analysis we have been able to identify enhancers that are specifically active in an-
terior or in posterior blastemas. Furthermore, some enhancers were regeneration-specific,
since they were found open after amputation only (Figure R3.4C).
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Figure R3.4: Specific chromatin regions regions are open during anterior and posterior regeneration. (A) Schema-
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5.2.3. After notum and wntl inhibition chromatin dynamics change

The Wnt pathway is crucial to determine posterior and anterior identity in planarian. notum
exerts a crucial role to determine anterior identity, and wntl plays a determining role giving
posterior identity (Figure R3.5A). To control cell or tissue identity, the chromatin should chan-
ge its accessible state. To study the chromatin changes triggered by notum and wntl, we per-
formed ATAC-seq in anterior notum (RNAI) blastemas at 12hR, in planarian which have lost
anterior identity; and in posterior wntl (RNAI) blastemas at 12hR, which have lost posterior
identity (Figure R3.5A). We analyzed the state of the enhancers found to be open in posterior
or anterior regeneration in this loss of function context.

As expected, at 12hR, during anterior regeneration, anterior enhancers appeared open and
the posterior ones were closed. However, analyzing the same time point after notum inhibi-
tion, we observed that only 12.2 % of anterior enhancers were open, and the rest of them
were closed or had reduced their accessibility. Moreover, 87.5 % of posterior enhancers,
which were not open in a WT situation, were now accessible (Figure R3.5B). These results
indicate that in notum (RNAI) planarian chromatin state changes as soon as 12hR, being
more accessible for specific posterior enhancers, and less accessible for the anterior ones.
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In the same way, during posterior regeneration, specific posterior enhancers were accessible
and anterior ones were closed. Nevertheless, after wntl inhibition only 25.5 % of the specific
posterior enhancers were open and the rest were closed or had decreased its accessibility.
Specific anterior enhancers, which were closed during posterior regeneration in control ani-
mals, now appeared more accessible: 30.8 % of them changed from closed to accessible,
and 59.6 % became more accessible, (Figure R3.5B). With these findings, we can suggest
that after wntl inhibition, specific posterior enhancers are less accessible, and anterior ones
are more accessible.

Overall, we used the previously identified specific CREs to determine chromatin dynamics
after axis identity shifting. At 12 hR, in notum and wntl (RNAI), chromatin changes had al-
ready occurred, overall it is in the notum gene expression that shows (RNAI) huge differen-
ces between times.

5.2.4. cWNT pathway specifically regualtes posterior CREs

We described that 12hR after wntl inhibition 62% of posterior enhancers were closed (Figure
R3.5B), suggesting that they could be related with the WNT pathway. We sought to identify
how many of the 451 posterior enhancers that were open during regeneration, were affected
by wntl inhibition (Figure R3.6A). We identified 335 (74%) that were closed or less accessible
in wntl (RNAI) animals, meaning that in wild type conditions, when the WNT the pathway is
not disturbed, those enhancers are open and have a function in posterior identity specifica-
tion.
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To further understand the function of those enhancers and their functional relationship with
the WNT pathway, we analyzed the presence of specific transcription factor (TF) motifs bin-
ding sites using Homer. The most represented motifs were the ones recognized by the HMG
domain, associated with TCF, SOX and LEF TFs; Otx2 and pitx domains (bicoid homeobox
class) where OTX and PTX can bind; and the forkhead domain, associated with the family
of TFs Fox.

TCF has a well described role as a BCAT1 nuclear co-factor, and its motif is normally located
at the enhancers of cWNT target genes (238). In planarians, 5 TCFs have been described
(239,240). Particularly, TCF-2 participates in planarian eye modulation, trough BCAT1 (239);
and TCF-3 is crucial for specifies GABA neural cells (240). Thus, planaria TCF seem to not
participate in posterior identity. pitx has already described regulating posterior identity, but
nothing is known about Fox TF and posterior identity. In the next chapters, their function will
be discussed.

Combining ATAC-seq with the loss-of-function of wntl (RNAI), we were able to identify pu-
tative TFs related with posterior regeneration, posterior identity specification and the WNT
pathway (Figure R3.6C).

5.2.5. pitx is required for wntl expression and posterior identity specification

From the ATACseq analysis, binding sites for OTX-PITX TFs appeared to be highly repre-
sented in posterior regeneration. This result suggests that through the ATAC-seq analysis we
were able to identify a previously reported pitx gene in planarians, which is required for sero-
tonergic neuron differentiation, and also for expression of wntl during posterior regeneration.
pitx inhibition impedes wntl expression and a consequence produces a tailless phenotype
(105,106). Moreover, it has been also shown that pitx and wntl coexpress in the same cells
at 2 and 3 dR, suggesting that pitx plays a role regulating the second wntl expression stage.
Since in previous studies, it could not be identified whether posterior identity was affected in
pitx (RNAI) animals, we studied this further. Our results show that after one round of inhibi-
tion (Figure R3.7A), at 7 dR, 33.3 %of the animals presented an in vivo tailless phenotype as
it was previously described (Figure R3.7B). Additionally, in head fragments the percentage
increased to 75% (data not shown). We also checked that wntl expression was not present
at 3dR; and we could demonstrate that the first wntl wave, at 12 hR, was not affected in
posterior nor anterior (Figure R3.7C). We also show that the tailless phenotype previously
reported in vivo, is supported by synapsin immunostaining, since 80% of the animals showed
U shaped nerve cords (Figure R3.7B), and by the disappearance or down-regulation of pos-
terior markers such as fz4, hox4b and post2d at 3 dR, or wnt11-1 and wnt11-2 at 6 dR (Figure
R3.7C).
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Figure R3.7: pitx (RNAI) animals lack wntl and present a tailless phenotype. (A) Experimental design: one round of
inhibition and amputation. After the amputation, animals regenerate and the phenotype is studied at different timepoints.
(B) in vivo images of pitx (RNAi) animals showing the half of them a tailless at 7 dR. anti-3C11 immunostaining images
confirms the tailless phenotype (white arrows). Nuclei are stained with DAPI. (C) lllustrations, indicating where wnt1, fz4,
post2d, hox4b, wntll-1 and wntll-2 are expressed in intact animals. WISH of wntl, fz4, post2d, hox4b, wnt1l-1 and
wntll-2 in regenerating animals demonstrates their lack of expression in pitx (RNAI) animals, with the exception of wntl at
12 hR. Scale bars: 100 pm in (B) and 200 pm in (C).

These findings indicate that combining genome approaches and RNAI functional strategies
we could identify TFs required for posterior identity specification. Specifically, pitx is contro-
lling wntl expression, and its inhibition does not just perturb wntl expression but also that of
downstream genes.
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5.2.6. foxG is required for early and late wntl expression, and for posterior identity
specification

One of the most representative TF binding sites found with our strategy was the Fox family.
In the planarian transcriptome, there are several transcripts that contain a forkhead domain.
BLAST searches with the specific domain allowed us the identification of a large number of
Fox TFs in Smed (see next chapter). After a first screening of some of them, we identified
Smed-foxG (foxG), a gene not described in planarian yet, which when inhibited lead to the
production of the tailless phenotype.

foxG is expressed in a subset of cells all along the D/V margin, in the dorsal midline and in
some scattered cells in the dorsal and ventral planarian part (Figure R3.8A). SCS data re-
veals that foxG+ cells were muscle and neurons (Figure R3.8B, Annex Ill). Moreover, it has
been recently published that foxG is coexpressed with posterior organizer cells (wntl+ and
collagen+) in intact animals and posterior regenerating blastemas at 72 hR (Figure R3.8C)
(230). These data demonstrate that foxG is expressed in two different subtypes of muscle
and neuronal cells
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Figure R3.8: foxG is expressed in a subset of muscle cells and coespress with wntl. (A) foxG and wntl WISH ex-
pression in intact animals. (B) foxG coexpresses with wntl in muscle cells and in neoblasts. (C) Schematic experimental
design from (230) shows that foxG is present in the top 16% genes in wntl+ and collagen+ population (the organizing
region). Scale bar in (A) is 200 pm
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To study its function, we produced two rounds of RNAI inhibition and amputation (Figure
R3.9A); the 75% of knockdown regenerating animals presented a tailless phenotype (Figure
R3.9B). Analyzing the phenotype through labelling the nerve cords by immunohistochemis-
try, we observed that 80% of the animals showed posteriors with fussioned nerve cords
in U shape (Figure R3.9B) as it has been described after inhibition of other key posterior
genes such as wntl (60), wnt11-2 (60), islet (163) or pitx (105,106). Furthermore, ISH with
fz4, post2d and hox4b riboprobes at 3dR showed that all markers were under-expressed at
posterior blastemas (Figure R3.10).
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Figure R3.9: foxG (RNAI) animals show a tailless phenotype. (A) Ex-
perimental design with two rounds of inhibition and amputation. After the
second amputation, animals regenerate and phenotype was studied. (B) in
vivo images of planarian showing tailless phenotype in foxG (RNAI) animals.
anti-3C11 immunostaining images of control and foxG (RNAI) animals co-
rroborates the tailless phenotype (white arrows). Scale bars:100 ym in (B).

Since foxG coexpresses with wntl, we sought to test whether foxG could also regulate its
expression. ISH of wntl demonstrated that it was absent in foxG knockdowns at 3 dR, su-
ggesting that this gene could participate in the second stage of wntl expression, which is
stem cell dependent. Interestingly, the first wntl expression was also affected after foxG
inhibition, in both blastemas. This result is important, since it is the first gene reported to
date that regulates the early wntl SC independent expression (Figure R3.10). Overall, foxG
is regulating wntl expression at any region and stage. However, we cannot discriminate
whether the observed tailless phenotype is a consequence of affecting the early or late wntl
expression; neither if the second wntl wave of expression is affected because the first one
does not take place.
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Figure R3.10: foxG (RNAI) animals lack wntl and posterior markers
expression. lllustrations, indicating where wntl, fz4, post2d and hox4b are
expressed in intact animals. WISH of wntl, fz4, post2d and hox4b in rege-
nerating animals demonstrates a lack of expression in foxG (RNAI) animals.
Scale bars: 200 pym in all the panels.

All together, these results demonstrate that foxG is a new element of the posterior organizer.
foxG is required for wntl expression in posterior organizer cells and its inhibition produces a
tailless phenotype with suppressed posterior identity.
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5.2.7. FoxK family plays a role regulating the posterior organizer

During the screening to find Fox genes with a putative role regulating the posterior organizer
formation, we found another interesting family of Fox genes, the FoxK family, which after its
inhibition produce a posterior phenotype. It could hance play a role in regulating the posterior
identity. In planarians, there are 3 foxK genes; and thanks to the phylogenetic analysis (see
chapter Ill), we were able to name them as Smed-foxK1-2.1 (foxK1-2.1), Smed-foxK1-2.2
(foxK1-2.2) and Smed-foxK1-1 (foxK1-1). Analysing the expression pattern of the three foxK
genes shows their expression in the CNS and ubiquitously all over the animal (Figure R4.1
A; Annex llI).

foxK1-2.1 H foxK1-2.2 foxK1-1

Figure R4.1: foxK genes are expressed in
the nervous system. foxK1-2.1, foxK1-2.2
and foxK1-1 WISH in whole mount inatct ani-
mals. Scale bars: 250 um in all the panels.

We inhibited separately all three foxK genes for two rounds (Figure R4.2A). The three RNAIs
presented some anterior defects in the head and in the eyes (Figure R4.2B). All foxK1-2.1
knockdown animals showed a delay of anterior blastema formation, and improper eye for-
mation. foxK1-2.2 (RNAI) animals presented a less sever phenotype, with more developed
blastemas but without properly regenerated eyes. And after the inhibition of foxK1-1, animals
showed a delay in regeneration without major defects. Thus, the three foxK genes play a role
in regulating anterior regeneration.

foxK knockdown animals also presented a posterior phenotype. After foxK1-2.1 and foxK1-2.2
(RNAI), trunks showed an in vivo tailless phenotype at 7dR. However after foxK1-1 ablation,
animals did not show the tailless phenotype, but they regenerate smaller tails than control
animals. To better characterize whether the FoxK family could play a role in regulating the
posterior organizer, we analyzed the wntl expression at 7dR. foxK1-2.2 and foxK1-1 (RNAI)
animals did not show differences in wntl expression (Figure R4.2B). However, foxK1-2.1
(RNAI) showed an increment of wntl expression. This increment was just detected in the
second wntl expression wave, since the first wntl expression (at 12hR) was not affected in
posterior neither anterior (Figure R4.2B). Observing that foxK1-2.1 was controlling wntl ex-
pression, and the knockdown animals presented a tailless phenotype, we decided to further
characterize foxK1-2.1.
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Figure R4.2: RNAI of foxk genes generates anterior and posterior defects. in vivo images of planarian showing ante-
rior (trunks) and posterior (trunks and heads) phenotype. wntl WISH at 3dr showing differences in foxk1-2.1 (RNAI) ani-
mals. wntl WISH at 12 hR did not present differences in the same group of animals. anti-3C11 immunostaining images of
control and foxK1-2.1 (RNAi) animals show a lack of posterior nervous system regeneration. lllustration, indicating where
wntl is expressed in intact animals, is shown. Scale bars: 100 um in all the panels.
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5.2.7.1. foxK1-2.1 regulates wntl expression and impars, posterior specicification

Considering that after two rounds of inhibition, most of the foxK1-2.1 RNAI animals died and
their nervous system was highly affected, we sought to inhibit one round only to avoid the
huge mortality and to properly study the possible role of the genes influence within the pos-
terior identity. After one round of inhibition (Figure R4.3A), mortality was reduced, but head
and eye regeneration were still affected (Figure R4.3B). The proportion of tailless phenotype
was maintained, suggesting that one round could be enough to study the foxK1-2.1 role in
the posterior identity specification (Figure R4.3A, B, C). By ISH, we could describe that at 3
dR, fz4 and hox4b were reduced in knockdown animals, but post2d was increased. On the
other hand, after 6 days of amputation, wnt11-2 was unaffected and wntl11-1 expression was
decreased in foxK1-2.1 (RNAI) animals (Figure R4.4). These results suggest that foxK1-2.1 is

controlling some posterior cWNT target genes.
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Figure R4.3: foxK1-2.1 (RNAIi) animals show a tailless phenotype. (A) Experimental design with
one round of inhibition and amputation. After the amputation, animals regenerate and the phenotype
is studied. (B) in vivo images of planarian showing anterior (trunks) and posterior (trunks and heads)
phenotype of control and foxK1-2.1 (RNAI). Posterior blastemas show a tailless phenotype and the
anterior show a lack of eye regeneration. (C) Bar plots showing phenotype penetrance in posterior

heads and trunk regeneration.
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Figure R.4.4: foxK1-2.1 (RNAi) animals show differences in posterior mar-
kers expression. lllustrations, indicating where wntl, fz4, post2d, hox4b, wnt11-
1 and wntl1-2 are expressed in intact animals, are shown. WISH of wntl, fz4,
post2d, hox4b wnt11-1 and wnt11-2 in regenerating demonstrates an increment
of wntl and post2d expression, and a reduction of fz4, hox4 and wnt11-1. Scale
bars: 100 ym in all the panels.
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By immunostaining, we observed that foxK1-2.1 (RNAI) animals showed a non-well regene-
rated ventral nerve cords (VNC); and even thought they presented a U shape, they did not
fussion at the midline (Figure R4.5). For those reasons we named the emerging verion as a
“tailless-like” phenotype. Another interesting aspect was that the pre-existing nervous sys-
tem was disrupted and the synapsin (3C11) was under-expressed compared to the controls,
suggesting that there was no proper regeneration either maintenance of the VNCs.

‘ gfp (RNA) ‘ foxK1-2.1 (RNAI) ‘

Merge 3C Merge

1 Round

Figure R.4.5: foxK1-2.1 (RNAI) animals show defects in the nervous system. At 7 dR, anti-VC1 immunostaining
images of control and foxK1-2.1 (RNAi) animals show a bad formation of the optic chiasm (blue arrows). In anterior,
anti-3C11 immunostaining images of control and foxK1-2.1 (RNAI) animals show a bad formation of the brain (purple
arrows) and in the posterior a lack of fussion of the ventral nerve cords in the tip of the animal (white arrows). Nuclei
are stained with DAPI. Scale bars: 100 um in all the panels

5.2.7.2. foxK1-2.1 and foxk1.2.2 act synergistically affecting the posterior identity

The analysis of the aminoacid sequences of each foxK gene (see next Chapter; Annex lll),
shows that all three genes presented the two typical domains of the FoxK family: forkhead
(FKD), forkhead associated domain (FHA) and different nuclear localization signalling (NLS)
(Figure R4.6A). Analyzing sequence identity, we identified that FOXK1-2.1 and FOXK1-2.2
sequences share more identity in both domains than the other foxK gene (Figure R4.6B).
Moreover, after each gene inhibition, we observed a similar posterior phenotype with diffe-
rent penetrance. This is why we sought to performed a double RNAi experiment in order to
observe a putative strongest posterior phenotype.

We performed a FISH using Smed-pc2 to visualize the nervous system, since with the usual
marker 3C11; the nerve cords were not properly visualized. Both single RNAi animals showed
the rounded U shape of the nerve cords without reaching the posterior midline (Figure R4.7).
Double RNAI organisms also showed that same phenotype. DAPI staining confirms the U
shape of the digestive system in the all knockdown animals. We also checked wntl expres-
sion, since single inhibition of foxK1-2.1 showed an increment of its expression. At 3dR, dou-
ble RNAI planarians also showed an increment of wntl expression (Figure R4.7).
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Figure R4.6: FOXK1-2.1 and FOXK1-2.2 are similar at aminoacidic level . (A) Schematic cartoon of aminoacidic se-
guence and domains in Schmidtea mediterranea proteins: FOXK1-2.1, FOXK1-2.2 and FOXK1-1. (B) Table comparing
the identity among three foxK gene members: at the whole sequence level, at the forkhead domain (FKH) level and the

forkhead associated domain (FHA) level..

gfolfoxK1-2.2 (RNAI) | foxK1-2.1/foxK1-2.2 (RNAI)

Figure R4.7: foxK1-2.1 and foxk1-2.2 double (RNAi) animals show a tailless-like phenotype and an increment of
wntl expression. At 7 dR, dFISH of wntl and pc2 demonstrates the lack of fusion of the ventral nerve chords in the midli-
ne. DAPI staining (nuclei) levels shows intestine shape, being not elongated and fussioned in the midline. wntl is increased

in double RNAi compared to the control animals (white arrow).
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Interestingly, single RNAIi animals showed similar phenotype proportions as in the previous
experiments, being more tailless-like and showing more anterior defects in foxK1-2.1 (RNAI)
animals than foxK1-2.2, respectively (Figure R4.8). Any double RNAI trunks presented eyes,
and most of them also showed a tailless-like phenotype, increasing the proportion of the
taillless-like phenotype. Death animal percentage was no modified among the inhibitions
(Figure R4.8).
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Figure R4.8: foxK1-2.1 and foxk1-2.2 (RNAi) animals show a stronger phenotype. in vivo images of planarian showing
anterior (trunks) and posterior (trunks and heads) phenotype of control and foxK1-2.1/gfp (RNAI), foxK1-2.2/gfp (RNAI)
and foxK1-2.1/foxK1-2.2 (RNAI). Double RNAI animals presented more percentage of phenotype. Bar plots corroborates
the increment phenotype penetrance in posterior of double RNAIi heads and trunk fragments. Scale bars: 100 pm in all the
panels.

Altogether, this data suggest that both foxK genes could act synergistically in the posterior
organization, since their double inhibition increased the penetrance of the phenotype.
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5.2.7.3. FOXK1-2.1 could interact with DVL regulating WNT target genes

We have shown that foxK genes regulate wntl expression and their RNAI impairs tail rege-
neration. Wang et al. (241) described that foxK genes and the WNT pathway were interacting
in vertebrates. They described that FOXK interacts with DVL in the cytoplasm allowing its
nuclear translocation and transcriptional activation together with BCAT (CWNT signalling).
To allow FOXK-DVL interaction, FOXK proteins require three conserved hydrophobic ami-
noacids located adjacent to FHA (241); in Schmidtea mediterranea two amino acids are
conserved and the third conserves its polarity (Figure R4.9A; Annex Il). DVL protein contains
at least 4 domains: DAX; Dishevelled (DVL) domain which is a cyctoplasmic phospoprotein
that acts down frizzled; PDZ domain, playing a key role in anchoring receptor proteins in
the membrane to cytoskeletal; and DEP, a domain being a G-protein regulator. Moreover,
DSH_C is a domain related to DSH usually found in the C terminal position and only found
in vertebrates. In order to permit DVL interaction, it needs PDZ domain and some particular
residues which are able to be phosphorylated (242). Two DVL proteins in Schmidtea medi-
terranea contain the four main domains, including the PDZ; also preservinf two complete
phosphorylation sites (2 and 4), and the others conserve their polarity (Figure R4.9B; Annex
I). This suggests that in Schmidtea mediterranea FOXK and DVL show the domains allowing
their functional interaction.

To test whether FOXK and DVL proteins were expressed in the same cells we analyzed the
SCS data. Besides the three foxK and the two dvl, we also included Bcat? in the study as the
TF that FOXK should be the cofactor; and the two cWNT receptor: fz1 and LRP. Analyzing
the presence of these genes in the most differentially expressed genes per cell reveals as
third common combination foxK1-2.1 and dvll, indicating that both genes are in the same cell
(Figure R4.9C). foxK1-2.1 and Bcat1, foxK1-2.1, fzZ1 and LRP combinations were also present.
Altogether, these data also agrees with the hypothesis that foxK1-2.1 could also be related
with cWNT through DVL regulation, as described in vertebrates.

To prove this hypothesis we could have inhibited dvl with foxK to see whether the phenotype

is stronger. However dvl-1 and dvl-2 (RNAI) produce a strong anteriorized phenotype that
would interfere in the interpretation of the results (174).
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Figure R4.9: Smed-foxK genes could interact with Smed-dvl genes. (A) FOXK aminoacidic analysis of Schmidtea
mediterranea (Smed), Xenopus laevis (Xlae) and Homo sapiens (Hsap). Domains are marked in different colours: forkhead
domain (green), nuclear localization signal (gray) and forkhead associated domain (blue). Yellow line marks the localization
of hydrophobic motifs. Sequence magnification of this region (yellow line) demonstrated its high level of conservancy. (B)
DVL aminoacidic analysis of Schmidtea mediterranea (Smed), Xenopus laevis (Xlae) and Homo sapiens (Hsap). Domains
are marked in different colours: DAX domain (light blue), DVL domain (red), PDZ domain (green), DEP domain (dark blue)
and DSH_C domain (dark purple). Magenta line marks the localization of phosphorilation sites. Sequence magnification of
this region (magenta line) demonstrated its high level of conservancy. (C) Upset plot intersection showing the presence of a
single gene and the combination of them in planarian cells from (98). On top of each column, number of cells was indicated.
Dark red lines indicated the colocalization at single cell level of different gene combination.
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Since one round of wntl (RNAI) produces a mild phenotype, we performed a double foxK1-
2.1/ wntl (RNAI) to test whether foxK-2.1 increases the posteriorization of wntl (RNAI) ani-
mals. The result shows that each single RNAi showed a tailless phenotype in low percenta-
ge, but the simultaneous silencing of wntl and foxK1-2.1 produces an increment of animals
with tailless phenotype (Figure R4.10A). To validate whether foxK1-2.1 could be acting as a
cofactor of the BCATL, we characterize some posterior target genes after double inhibition.
At 3dR, post2d was absent in wntl (RNAI), increased in foxK1-2.1 (RNAI), but their double
inhibition shows its absence. hox4b was absent after the ablation of wntl, reduced after the
inhibition of foxK1-2.1, and missing again after the double inhibition. At 6dR, meanwhile half
of the single RNAI animals presented a reduction of fz4, double RNAI animals showed se-
vere reduction of fz4 or its absence (Figure R4.10B). This result together with in vivo tailless
phenotype suggests that foxK1-2.1 could be acting as a cofactor of BCAT1, and as a conse-
quence it is acting through the cWNT pathway. This action could be via DVL interaction as it
has been proposed in vertebrates.
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Figure R4.10: foxK1-2.1 and wntl (RNAi) animals show an increment of tailless phenotype. (A) in vivo images
of planarian showing posterior (trunks and heads) phenotype of control and wntl/gfp (RNAI), foxK1-2.1/gfp (RNAI) and
foxK1-2.1/wntl (RNAI). Double RNAI animals presented more percentage of tailless phenotype. Bar plots corroborates
the increment phenotype penetrance in posterior of double RNAi heads and trunk fragments. (B) lllustrations, indicating
where fz4, post2d and hox4b are expressed in intact animals, are shown. WISH of fz4, post2d and hox4b in regenerating
demonstrates a reduction of all posterior markers in double RNAi animals. Scale bars: 100 pm in all the panels.

Overall, we demonstrated that foxK1-2.1 could have two putative roles. First, it could be regu-
lating the regeneration and homeostasis of the nervous system. The second could be linked
with posterior identity, helping with the nuclear translocation of DVL and act as a cofactor of
CcWNT signalling and regulating some of their targets.
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6. Chapter Ill: Characterization of the Fox family of transcription factors

in Schmidtea mediterranea

Transcription factors (TFs) are key elements to regulate DNA transcriptional activity. TFs in-
teract with DNA at the Cis Regulatory Elements (CRES) to regulate transcription (199). TFs
respond to cellular signals activating or repressing specific target genes. Specific TFs are
grouped according to the structure and degree of homology of their DNA binding domain
(DBD). Forkhead genes are a group of specific TFs of the ‘winged helix’ superfamily (DBDs).
The Forkhead family comprise over 2000 proteins identified in 108 animal and fungi species
(243). Kaestner phylogenetically classified all Forkhead genes as Fox (Forkhead box), and
grouped them in letters (A to S) indicating their membership to a family (244).

The role of fox genes during embryonic development of many organisms has been described.
They are playing multiple roles during different developmental steps, influencing gastrulation
or regulating of the differentiation and maintenance of several tissues. Specific functions
have been described for FoxO, which is related with metabolism and cell growth, or FoxM
which is associated to cell cycle and proliferation (245). Despite the vast number of fox genes
identified in many species, very little is known about their presence in Smed and any other
Lophocotrozoan clade. For that reason, and because Fox families appeared to be important
for specifying planarian poles, according to our data in the previous chapter, we sought to
identify the TF Fox family in Smed and analyze their phylogeny as well as their function du-
ring regeneration.
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6.1. Identification and phylogenetic analysis of Smed-fox genes

In order to identify fox genes in Smed, we used TBLASTN searches in planarian genome (89)
and transcriptome (90) for a Forkhead domain (FKH); we were able to identify 27 predicted
fox genes, containing a FKH domain (Annexe lll). In order to classify Smed fox in each family,
we performed a phylogenetic analysis of the 27 FHK domains found in Smed (Figure R5.1).
In the analysis, sequences available from different species were considered, including the
Deuterostomia, Lophotrocozoa and Ecdysozoa clade. Since planarians are Platyhelminthes
we specifically included Platyhelminthes species such as Macrostomum lignano (Mli) and
Schistosoma mansoni (Sman) in the analysis. We also included three basal species contai-
ning fox genes. These were Nematostella vectensis (Nvec) (246), Amphimedon queenslan-
dica (Amq) (247) and Suberites domuncula (Sdo) (248). The result of the analysis shows that
the 27 fox genes found in Smed can be grouped in 11 families: A, C, D, F, G, Q/D, J1, K, N,
O and P. Two fox genes were not able to classify in any Fox family (Figure R5.1, 5.2, 5.3).

According to their evolution, Fox families are subdivided in two clades: Clade |l was proposed
to be the ancestor Clade, from which all Fox TFs evolved, since families belonging to it were
present in stem opisthokont and fungi. In this second Clade, eight families have identified:
J1, J2/3, K, M, N1/4, N2/3, O and P. Five out of these eight families of Clade Il were found to
be present in Smed: J1, K, N, O and P (Figure R5.2, 5.3). Clade | includes Fox families that
appeared more recently during evolution. In this family we find families: A, AB, B, C, D, E,
F, G, L1, L2, Q1, Q2 (247,249). In Smed, six out of these twelve families were present: A, C,
D, F, G and Q/D (Figure R5.2, 5.3). Additionally, the two unclassified fox genes were related
to FoxAB and Foxl families, respectively (Figure R5.1). Interestingly, eight fox genes were
previously described in planarian (Figure R5.8). All of them were also presented in our data,
being: FoxD (166,167,250), FoxJ1 family with four genes (251), FoxA (252,253), FoxP (254)
and FoxF (123).

Figure R5.1: The ML phylogenetic tree reveals gene and family losses and some gene duplications in Schmidtea
mediterranea. Smed genes are in purple. Dark asterisks indicate classified genes, and unclassified are indicated by an
orange asterisk. Scale bar indicates amino acid substitution. At nodes are showed values for the approximate likelihood
ratio test. Scale indicates expected aminoacidic substitution per site = 0.7. Species used are the following ones. Bilateria
species: Homo sapiens (Hsa), Xenopus tropicals (Xtr), Branchiostoma lanceolatum (Bla), Strongylocentrotus purpuratus
(Spu), Saccoglossus kowalevskii (Sko) and Ptychodera flava (Pfl). Protosomia: Ecdysozoa clade: Drosophila melanogas-
ter (Dme) and Tribolium castaneum (Tca). Lophochotrozan clade: Crassostrea gigas (Cgi), Lottia gigantean (Lgi), Octopus
bimaculoides (Obi), Lingula anatine (Lan), Intoshia linei (Ili), Capitella teleta (Cap), Helobdella robusta (Hbo). Ecdysozoa
clade: Drosophila melanogaster (Dme) and Tribolium castaneum (Tca). Platyhelminthes: Macrostomum lignano (Mli) and
Schistosoma mansoni (Sman). Porifera: Nematostella vectensis (Nvec), Amphimedon queenslandica (Amq) and Suberites
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Figure R5.3: Distribution of Fox homologs in Metazoan species. Coloured boxes indicate the presence of an ortholog
based on the phylogenetic analysis. When there were no evidences of ortholog, box remains white. A number (x N°) inside

a box indicates paralogs per family and specie. Families are divided in two main clades. Number of genes and number of
families per specie are indicated.

Thanks to our analysis, we found that the Fox family in Schmidtea mediterranea is highly
diverse, having 27 fox genes divided in 13 families. Comparing those numbers with other
Lophocotrozoan species, we observe no differences in gene number but family number of
Fox is reduced.
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6.2. Phylogenetic analysis of Platyhelminthes fox genes

Thanks to our phylogenetic study we have been able to classify Smed fox genes. However,
there were two genes in Smed not properly classified with the completed phylogenetic analy-
sis. We sought to build a new phylogenetic tree using just Platyhelminthes species data (Fi-
gure R5.4, 5.5). To that aim, we included a minimum of one species per Platyhelminth order.
Additionally, we also included additional Fox sequences from Tricladida species, which is the
order to which Smed belong.

FoxA

FoxJ1

Figure R5.4: Fox family evolution in Lophotrochozoan clade. The ML phylogenetic tree reveals a specific gain
Fox gene formation in Schmidtea mediterranea. Previous unclassified genes (orange) are classified in specific fami-
lies. Scale bar indicates amino acid substitution. At nodes are showed values for the approximate likelihood ratio test.
Species used are the following ones. Scale indicates expected aminoacidic substitution per site = 0.7 Species used are
the following ones. Plathylemintes: Taenia solium (Tso), Echinoccocus multiocularis (Emu), Gyrodactylus salaris (Gsa),
Bothrioplana semperi (Bose), Monocelis sp.(Mosp), Mesostoma lingua (Mosp), Leptoplana lingua (Leli), Geocentrophora
applanta (Geap) and Catenulia (Cate). Tricladida: Planaria torva (Pto), Polycelis nigra (Pni), Polycelis tenius (Pte), Den-
drocoelum lacteum (Dla), Dugesia japonica (Dja), the sexual strain of Schmidtea mediterranea (Smes) and Schmidtea
polychroa (Spol).
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Figure R5. 5: Distribution of Fox homologs in Platyhelminthes clade. Coloured boxes indicate the presence of an ortholog based on the phylogenetic analysis. When there were no
evidences of ortholog, box remains white. A question mark is disposal for putative ortholog. A number (x N°) inside a box indicates paralogs per family and specie. Families are divided
in two main clades. Number of genes and number of families per specie are indicated. Platyhelminthes phylogeny was used (80) to classify all the Orders. Grey box indicates Tricladida
Order, species were classified accordingly to (12). Species belonging to Tricladida Order show different losses, gains and specialization events.
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Comparing Smed families within Platyhelminthes, we could evaluate their presence in each
Clade. FoxM and FoxN1/4 families were missing in all analysd Platyhelminthes species (Fi-
gure R5.5, 5.6). However they were present in other Lophocotrozon species (Figure R5.2).
FoxJ1, FoxK and FoxN families presented a higher number of paralogs in Platyhelminthes
(from 2 to 8) compared with other Lophocotrozon species (Figure R5.2, 5.5). These results
suggest that during evolution Platyhelminthes lost FoxM and FoxN1/4 families, and gained
gene copies of the FoxJ1, FoxK and FoxN2/3 families.

In most animal species the FoxN family is divided in FoxN1/4 and FoxN2/3 families. In Pla-
tyhelminthes, only FoxN2/3 is present (Figure R5.4). Furthermore, an interesting aspect was
the presence of a homolog which was only present in the Tricladida order (Figure R5.5, 5.6).
Thus, we named it as foxNt, and T is for Tricladida.

In this phylogenetic study, the presence of the FoxJ2/3 family inside the FoxN2/3 family was
observed (Figure R5.4). Interestingly using general species analysis (Figure R5.1), FoxJ2/3
was a differentiated group (Family). Carefu analysis (Figure R5.4), allowed to observe that all
FoxJ2/3 genes rise separately missing a unifying branch for all of them. This lead us to su-
ggest that even some Platyhelminthes present FoxJ2/3 genes, those are genetically diverse
among them.

Regarding Clade |, it was interesting to note the absence of several families in Platyhel-
minthes: FoxAB, FoxB, FoxE, FoxL2, FoxQ1 and FoxQ2 (Figure R5.5, 5.6). In addition, four
families (FoxA, FoxC, FoxD, FoxF) presented two or more paralogs in different Platyhelminth
species (Figure R5.5, 5.6). The new phylogenetic analysis allowed us the classification of the
two previously unclassified Fox genes. One of them is related with the A family and is only
present in the Dugesiidae Family. The second one falls into the FoxL family and was present
in most of the Tricladida species, as exception of Ptor and Pten. Thus, we decided to name
them foxAt and foxL1t, where T is for Tricladida (Figure R5.5, 5.6).
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Figure R5. 6: Distribution of Fox homologs in Platyhelminthes species. Coloured boxes indicate the presence of an
ortholog based on the phylogenetic analysis. When there were no evidences of ortholog, box remains white. A question
mark is disposal for putative ortholog. A number (xN) inside a box indicates paralogs per family and specie. Families are
divided in two main clades. Number of genes and number of families per specie are indicated.
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Comparing the number of Fox families and fox genes among Platyhelminthes and Lophoco-
trozoan species, we could observe differences in the number of families, since most of the
families were lost in Platyhelminthes. These results indicate evolutionary loss events of Fox
families in Platyhelminthes, although the gene number is maintained.

The presented analysis allowed us to identify, classify and name all Smed fox genes. In pre-
vious reports some fox genes had already been identified, but with our phylogenetic study
we renamed some of them. In (Figure R5.7) we summarize the previous and current nomen-
clature.

Genome id transciptome id Family New Gene Name Previous Name Other homolgs Published in Clade
SMESGO000E56T0.1/S
MESGO00065671.1/5M|  dd_Smed_v6_10718_0_1 Smed-foxA1-1 Smed-FoxA Djap-FoxA / Spol-FoxA Adler, et al, 2014; Koinuma, et al, 2000, Martin-Duran, et al, 2010
ESGOO0E5ET2 1 A

SMESGO00067799.1 | dd_Smed v§_39758 0 1 Smed-foxA1-2
SMESGO00028135.1 | dd_Smed v6_30453 0 1 Smed-foxAt
SMESGO00015673.1 | dd_Smed v6_16287 0 1 Smed-foxC2-1
1 | dd_Smed v6_18389 01 Smed-foxC2-2
SMESGOO007TOT51 | dd_Smed v _23249 0 1 Smed-foxD3-1 Smed-FoxD Djap-FoxD Vogg, et al, 2014; , et al., 2002, Vasquez-Doorman, etal , 2014 I
1
1
1

SMESGO00065690.1 | dd_Smed v 17748 v} Smed-foxD2

SMESGO00021761.1 | dd_Smed v 3072 Smed-foxD3-2
SMESGO00075920.1 | dd_Smed v6_15035 E Smed-foxF1-1 Smed-FoxF Scimone et al, 2014
SMESGO00066497 1 | dd_Smed v6_6910_0_1 Smed-foxF1-2 Smed-FoxF-1 He, etal, 2017, Scimone, et al, 2018
SMESGO00010270.1 | dd_Smed vB_16466 0_1 G Smed-foxG Djap-FoxG Koinuma, et al, 2002
SMESGO00021434.1 | dd_Smed v6_19255 0 1 L1 Smed-foxl 1t
SMESGO00062928.1 | dd_Smed v 50245 0 1 Q0 Smed-foxQD Smed-FoxQ2 Lapan, et al 2002, Scimane et al, 2014
SMESG000072183.1 | dd_Smed v§_14635 0 1 Smed-foxJ1-1 Smed-FoxJ1-1 Vijetal 2012
no transcrit Smed-foxJ1-2 Smed-FoxJ1-2 Vij et al. 2012

dd_Smed_v6_103874 0_1 1 Smed-foxt1-3 Smed-FoxJ1-3 Vij etal 2012
SMESG000010030.1 | dd_Smed v6 10152 0 1 Smed-foxJ1-4 Smed-FoxJ1-4 Vijetal 2012
SMESGO00017088.1 | dd_Smed v6_13009 0_1 Smed-foxJ1-5
SMESGO00061695.1 | dd_Smed v6_4500 0 1 Smed-foxK1-2.1 van Wolfswinkel et al, 2014
SMESGO00040645 1 dd_Smed _vB_57TET 0 1 K Smed-foxK1-2.2 van Wolfswinkel et al | 2014 i
SME: 1731 | dd_Smed v 7583 01 Smed-foxk1-1
SMESGDWH; 193.1 | dd_Smed v6 11337 01 Smed-foxN2-1 van Wolfswinkel et al, 2014
SMESGO00015734.1 | dd_Smed vB_13005 0 1 N2 Smed-foxNz-2

dd_Smed_v6_4078 0 1 Smed-foxN2-3 wvan Wolfswinkel et al, 2014
SMESGO00044628.1 | dd_Smed v6 12170 0 1 Smed-foxNt
SMESGOM0037781.1 | dd_Smed v6_3040 01 o] Smed-fox( wvan Wi etal, 2014
SMESGO00068148.1 | dd_Smed v6 6316 0 1 P Smed-foxP Smed-Albino van Wolfswinkel et al, 2014; He, et al, 2017

Figure R5.7: Summary of fox genes in Schmidtea mediterranea. In the table is indicated the genome and transcripto-
me id of each gene. For each gene, it is also added the family, the new name, the previous name and orthologs of close
planarian species. Literature of previous fox mentions in planarian was included.

99



Results

6.3. The new FoxQD family

FoxQ2 family was widely described in many species (255,256). Furthermore, a couple of Fox
families could derive from it, such as: FoxQD (257) or FoxQM (258), which were described
in Sko and Ech, respectively. However, while we were carrying out phylogenetic analysis at
different levels, we realized that inside the branch of the FoxQ2 family, a secondary branch
including foxQD genes existed. Some of the foxQD genes were previously described as
foxQ2 genes, and others were newly annotated (Figure R5.1). Thus, the presence of the Fox-
QD family is suggested in different species, which were never described. To further validate
the existence of this family, we sought to build a phylogenetic tree just using foxQ2 and puta-
tive foxQD sequences. Two clear groups appeared, dividing foxQ2 and foxQD genes (Figure
R5.7). Thus, we decided to rename all old previously refeered to as foxQ2 genes and unna-
med genes, and gave them the name as foxQD genes. For instance, genes that previously
belonged to another Fox family, such as: FoxQ2, Foxl or FoxD, turned into being FoxQD. As
happened in Smed, Bla and Cgi. Thanks to the new search and classification of fox genes,
we could annotate new foxQD genes never reported from different species, such as: Pfl, Sko,
Dme, Tca, Sman, Mli, lli, Cte, Hro, Lan, Lgi, Obi and Nve.

From an evolutionary point of view, FoxQD wass lost in the Chordata phylum, and it seems
to be lost completely in Echinodermata. Particularly, some Platyhelminthes species do not
present it. As for other families, the FoxQD family also presents loss and duplication events.

& &

" <<o+

Branchiostoma lanceolatum . .
Ptychodera flava . -
Saccoglossus kowalevskii . .
Strongylocentrotus purpuratus . |:|
Drosophila melanogaster D .
Tribolium castaneum D.
Schistosoma mansoni D .
Schmidtea mediterranea [:‘ .
Macrostumum lignano |:|.
Intoshia linei D.
Capitella teleta - .
Helobdella robusta . .
Lingula anatina . .
Lottia gigantea - .
Octopus bimaculoides I:‘.
Crassostrea gigas . .
Nematostella vectensis . .

Figure R5.8: Evolution of FoxQ2 and FoxQD families. (A) The ML phylogenetic tree reveals two clear families distribu-
ted in different species trough evolution. Scale bar indicates amino acid substitution. At nodes are showed values for the
approximate likelihood ratio test. Species used are the following ones. Species used are listed in the figure. (B) Coloured
boxes indicate the presence of an ortholog based on the phylogenetic analysis. When there were no evidences of ortholog,
box remains white. A number (xN) inside a box indicates paralogs per family and specie. New (red N) FoxQD annotations
were indicated. And previous annotated FoxQ2 converted (red C) to FoxQD were also indicated.
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6.4. Genomic distribution of fox genes in Smed

The analysis of the genomic distribution of fox genes from different species, allowed the
identification of two Fox family clusters: FoxD-FoxE, and FoxC-FoxF-FoxL1-FoxQ1 (259). We
sought to investigate whether this or other cluster could be found in Smed, although this is
currently a difficult task. The sequencing and ensemble of the planarian genome has recently
been improved, but not at the level of chromosome organization. Analyzing the available ge-
nomic database, we identified that just two fox genes (foxAl-1 and foxD2) were found in the
same genomic scaffold, and were separated by 200kB (Figure R5.9). Although, they are far
from each other, the distance between them is 0.1 to 1% of the planarian genome size (259),
and as a consequence they could be considered a cluster. This gene cluster had never been
reported before. The rest of fox genes were found to be spread in different scaffolds, being
impossible to relate to each other.

Family |[New Gene Name| Scaffold
Smed-foxA1-1 61 *
A Smed-foxA1-2 67
Smed-foxAt 207
c Smed-foxC2-1 153
Smed-foxC2-2 113
Smed-foxD3-1 88
D Smed-foxD2 61 *
Smed-foxD3-2 181
£ Smed-foxF1-1 85
Smed-foxF1-2 63
G Smed-foxG 133
L1 Smed-foxL 1t 17
Q2/D Smed-foxQ/D 57
Smed-foxJ1-1 76
Smed-foxJ1-2 78
J1 Smed-foxJ1-3 65
Smed-foxJ1-4 132
Smed-foxJ1-5 15
Smed-foxK1-2.1 55
K Smed-foxK1-2.2 298
Smed-foxK1-1
Smed-foxN2-1 26
Smed-foxN2-2 154
ezt Smed-foxN2-3 238
Smed-foxNt 31
o] Smed-foxQO 26
P Smed-foxP 68

Figure R5.9: fox are not clustered
in planarian genome. Table showing
scaffold disposition of each fox gene.
Asterisks mark the two genes in the
same scaffold.
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6.5. Protein domains of Smed Fox family proteins

All Smed fox genes analyzed contained a forkhead domain (FKD). This was the property
used to select the initial transcripts. Moreover, Smed FOXK proteins also showed a forkhead
associated domain (FHA) at the N terminal part (Annexe Ill), mostly associated with the
FoxK family but also present in other proteins (260). The Smed FOXP protein also shows an
evolutionary conserved FOXP coiled-coil domain at the N terminal part (Annexe Ill), which
allows dimerization and stabilization (261). Additionally, nuclear localization signals (NLS)
were found in 13 Smed Fox, according to their nuclear function (Figure R5.9; Annexe llI).
The non-conserved regions appeared highly divergent, indicating their different protein inte-
ractions and functions. This variation could be explained by their different cellular functions.

foxA1-1 . FKH : forkhead domain
foxA1-2
foxAt

S
—_—
S
foxC2-1 —— —
_

| NLS : nuclear localization signal

) FHA : fkh associated domain

foxC2-2 FoxP coiled

foxD3-1 —— oy ————————

foxD2 g —

foxD3-2 —E———————

foxF1-1  —a—m————

foxF1-2 S
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foxK1-2.1 — N ——————————
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Figure R5.10: Domains of FOX proteins in Schmidtea mediterranea. Conserved domains in
planarians: forkhead (green), forkhead associated (blue), FoxP coiled (yellow) and nuclear locali-
zation signal.
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6.6. fox genes are tissue specific in Smed

Previous studies of fox genes expression in Schmidtea mediterranea showed that they were
tissue and cell type specific. To support this information and to better understand fox gene
expression, we performed ISH with riboprobes corresponding to the new fox genes identified
(Figure R5.11).

Within the FoxA family, foxAl-1 was expressed in the pharynx and its progenitors (253).
foxAl-2 was marginally expressed in a dotted pattern all along the animal body. We were
not able to detect the new foxAt using ISH, even tought SCS data suggests that it could be
expressed in early epidermal progenitors and/or non-ciliated neurons (Annex lll).

foxC genes were expressed around the pharynx. Additionally, foxC2-1 was also expressed
at the pharynx itself.

foxD3-1 was expressed in muscle cells at the anterior tip (165,166). The other two foxD genes
were not detected by FISH. SCS data reveals that foxD3-2 could be present in some neural
progenitors and non-ciliated neuronal cell type. foxD2 could be found at different muscle cell
types, early epidermal progenitors and neurons otf+2 cells (Annex Ill).

One member of the FoxF family, foxF1-2, was previously described to be expressed in mus-
cle (non-body wall) and pigment cells (123). foxF1-1 was expressed in cells in the margin of
the head and in the lateral dorsal part of the animal, between the pharynx and the margin of
the organism.

foxG was expressed in a subset of muscles all along the DV margin, in the dorsal midline and
some scattered cells in the dorsal and ventral part.

foxL1t was not detected by ISH. Thanks to SCS data, it seems that it could be found in a
muscular pharynx cell type (Annex IlI).

foxQ/D was expressed in differentiated eye cells (rhabdomeric photoreceptor neurons), some
brain progenitors and in ventral nerve cords (262).

All previous foxJ1 described genes were expressed in ciliated cells, located in different pat-
terns and being more dorsally or more ventrally located depending on the gene (251). The
non-previously described foxJ1-5 was also expressed in the epidermis more concentrated in
the head area and in the pharynx.

The three FoxK family genes were expressed ubiquitously and specifically in the CNS.

The FoxN family contains four genes. foxN2-2 and foxN2-1 were expressed ubiquitously, with
the latter one was also being expressed in the SNC. foxN2-3 was not detected by ISH. foxNt
was expressed in the brain branches.

foxO was expressed ubiquitously, but not in the SNC neither the pharynx.

foxP is ubiquitously expressed throughout the body of a whole worm (254).
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Figure R5.11: fox genes present different expression patterns. WISH of new fox genes in intact animals. For the new

and the previously described genes a schematic cartoon showing where the genes is expressed, is added. Gene names
are located laterally of each image. Scale bar: 250 ym.

The expression of some fox genes was not possible to be detected, although we designed
at least two riboprobes
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6.7. Role of Smed fox genes during regeneration

Fox families have been related with regeneration and in fact they control some specific as-
pects of tissue regeneration and/or turn over (263). We decided to use planarian to study
whether some fox genes could be involved in the regeneration process. In the previous chap-
ter we described for the first time the foxG and foxK function during regeneration processes.
We choose another family which was never reported in planarian: FoxN. The reason to do
so is that this family has been described to act downstream of Wnt5 in other species (264)
and wnt5 function has a well described function in regulating the mediolateral (ML) axis in
planarian (150,155,160).

In the case that FoxN regulates the ML axis in planarian downstream of Wnt5, this should
coexpress with ror (wnt5 receptor) or roboC (slit receptor). We sought to investigate if foxN
genes were expressed in the same neuron cells. We used SCS data to validate this hypothe-
sis. 25% of the neurons expressed a foxN gene and a receptor (Figure R5.12), suggesting
that they could play a role in the ML axis specification. We performed functional experiments
with the three foxN genes, and double knockdown with foxN2-1 and foxNt, since they were
the two paralogs showing higher colocalization with the receptors in neurons (Figure R5.12).

8000 -
6000 1
4000

2000 A

. Iew e . _ _
ot o’ !
EREER DIttt

Figure R5.12: Semd-foxN genes are coexpressed with Smed-ror and Smed-roboC. Upset plot intersection showing
the presence of each gene and the combination of them, in neuronal cells.

After two rounds of inhibition and amputation, most of the animals showed eye defects and
anterior delay regeneration compared to controls (Figure R5.13). Since the inhibition of any
element of the ML axis generates mistargeting of axons, we sought to perform an immunos-
taining, using synapsin (3C11) and arrestin (VC1) to label brain and eyes, respectively. RNAI
animals showed reduced size brains and optic chiasm misconnections (Figure R5.14). These
results suggest that FoxN members could play a role during nervous system regeneration
and ML axis identity development.

‘ gfp (RNAI) ' foxN2-1 (RNA) ‘ foxIN2-2 (RNAI) | foxNt (RNAI) ‘ foxN2-1/foxNt (RNAi)‘

[l _.. '_va" J P il Y 448 ! ‘ L
2 Rounds

Figure R5.13: Inhibition of foxN genes generate animal with bad anterior regeneration. in vivo images of planarian
showing anterior (trunks) phenotype of control and foxN (RNAI) genes. Anterior blastemas seem smaller and some of them
present bad eye formation or not present eyes. Scale bar: 250 um
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gfp (RNAI)

Merge

7dR

i o 2 Rounds

Figure R5.14: foxN (RNAI) animals show small brains and mistargeting of the optic chiasm. anti-VC1 immunostai-
ning images of control and foxN (RNAI) animals show bad eyes formation and mistargeting of optic chiasm connections.
anti-3C11 immunostaining images of control and foxN (RNAi) animals show smaller brains than controls. Nuclei are stai-
ned with DAPI. lllustration, indicating where arrestin (VC1) and synapsin (3C11) are detected, is shown. The amputation
level and the area analyzed. Scale bar for the entire panel is 100 pm.

In this results chapter, we have identified 27 fox genes in Smed. The phylogenetic analysis
including Lopochotrozoan and Platyhelminthes species, allowed the classification of 13 fa-
milies and their designation. We have analyzed them at genomic and sequence level confir-
ming their diversity. This diversity was also confirmed by ISH, since fox genes display tissue
specificity. Finally, we functionally analyzed foxN genes, which were found to be related with
brain regeneration.
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DISCUSSION

This thesis comprises three subprojects: 1) identification of bls as a novel gene family that
controls cell number by balancing cell proliferation and cell death; 2) study planarian epi-
genome during regeneration and identify new elements that regulates posterior organizer
formation and function; and 3) characterization of the transcription factor family Fox in plana-
rian. Here, the three subprojects will be discussed independently, and at the end a final and
integrative discussion will be presented.

7. Chapter | - Planarian size depends on Blitzschnell, a novel gene family

that controls cell number by balancing cell proliferation and cell death.

Cell number and cell size regulation has been studied during embryonic development and in
tissue renewal in adulthood. Particularly, cell number regulation is based the cell proliferation
and cell death modulation. Planarians became an extraordinary tool to understand how tho-
se mechanisms regulate their body size, because 1) cell number mainly drive body size and
2) cell proliferation and cell death are well described and are technically easy to study.

7.1. bls is a de novo gene family taxonomically restricted to the order Tricladida
(planarians)

In this chapter, we have identified a new gene family, blitzschnell (bls), which appears to be
an evolutionary novelty of Triclads (planarians), and is essential for the control of cell number
in response to nutrient intake. In S. mediterranea, bls family is composed by 15 members,
grouped in five subfamilies (bls1- 5). Members of blsl and bls4 subfamilies are pseudogenes,
while members of bls2, bls3 and bls5 subfamilies encode for short peptides that contain a
signal peptide (SP) and a coiled coil domain (CC). FISH analysis with specific riboprobes,
demonstrates that bls2, 3 and 5 are all expressed in a subset of secretory cells, seeming
tissue specific. Furthermore, we have only been able to find homologs of bls in species of
the Tricladida order. Although the genomic databases of Platyhelminthes are incomplete, bls
family appears to be Taxonomically restricted (265). All described features: gene duplication
and presence of pseudogenes (266), short open reading frame with a signal peptide and a
ISD (267-270), being expressed in specific cell types (275-277), and being Taxonomica-
lly restricted (274), are shared by genes that originated de novo during evolution. de novo
genes, previously known as orphan genes (275), could originate from an existing gene in
the genome (276), from non codifying genomic regions (275), or from transposon domesti-
cation (277). Although further phylogenetic studies are required to understand the origin of
bls family, our data favours the last two possibilities, since we could not find any homolog in
species outside Tricladida, and we found transposable elements in the same genomic region
where bls family is found.

7.2. bls is required to restrict cell number during planarian starvation, and is down-
regulated in response to nutrient intake to enable increases in cell number and
body size

Our results demonstrate that bls2/3/5 attenuates proliferation and triggers apoptosis in all
scenarios analysed. In homeostatic animals, the imbalance in the mitotis:apoptosis ratio pro-

111



Discussion

duced by bls2/3/5 inhibition led to an increase in cell number. Strikingly, this increase in cell
number resulted in normal body size but smaller cell size in starved planarians, and in larger
body size and normal cell size in fed animals (Figure D1.1). We observed down-regulation
of bls2, bls3, and bis5 a few hours after food ingestion. In other organisms de novo genes
have been shown to play an important role in the response to biotic and/or abiotic stresses
(273,278,279). Our results suggest that the appearance of bls in Tricladida during evolution
may be linked to the requirement for continuous modulation of cell number in response to nu-
trient availability in these organisms. According to this hypothesis, bls expression is required
to restrict cell number (and maintain cell size) in starvation conditions, but is down-regulated
after nutrient intake to allow for increases in cell number and body size (Figure D1.1). The
increase in the number of copies of bls family members and their tandem disposition suggest
that they may be regulated by the same promoter, facilitating rapid regulation of their protein
levels according to cell energy status.
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Figure D1.1: Model of BLS function in controlling cell number. In starving conditions, bls is expressed
and limits cell number and body size by attenuating the mitotic rate and promoting apoptosis. After fee-
ding, bls is down-regulated allowing the increase in cell number. In starved bls (RNAi) animals, the mitotic/
apoptotic rate increases as does total cell number. However, cells cannot maintain their size and body size
does not increase. In fed bls (RNAI) animals, the mitotic/apoptotic rate is even higher than in controls and
cell number increases, as does body size, since cells maintain their normal size.

Because bls genes share 70-100% of identity at the nucleotide level, we were unable to in-
hibit specific copies using RNAI, and were therefore unable to determine which gene copies
perform the described function. For this reason, in this study we have described this function
to “bls2/3/5”. However, because all bls genes appear to follow the same expression dyna-
mics and share almost identical amino acid sequences, we hypothesize that the gene copies
encoding the SP and CC domains may perform the same function. This is in agreement with
the aforementioned hypothesis of simultaneous regulation enabling rapid changes in expres-
sion. Nonetheless, we cannot rule out the possibility that copies that do not encode the CC
domain may act as inhibitors.

Because bls2/3/5 appears to function as a sensor of cell energy status, it may interact with
members of the insulin/Akt/mTOR pathways, which regulate growth in all organisms in res-
ponse to nutrient intake. It has been described that de novo and TRG lack catalytic domains
and normally interact with proteins in conserved networks (280). The presence of a SP su-
ggests that bls2, bls3, and bls5 may be secreted and interact with components of those con-
served pathways. TORC-1 is down-regulated during starvation and its inhibition in planarians
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decreases proliferation without affecting cell death. mTOR is up-regulated in response to
food intake in planarians, and its inhibition decreases proliferation and increases cell death,
impeding growth (68,281). mTOR hyper-activation, through PTEN or smg-1 (RNAI), does not
give rise to larger animals but promotes over-proliferation and outgrowths (225,226). Thus,
bls2, bls3, and bls5 may inhibit the mTOR signalling pathway.
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Figure D1.2: Model of mTOR/Akt/Insulin re-

gulation by BLS. BLS could be sensing the

nutrient intake and as a consequence inhibiting

mTOR/Akt/Insulin pathway at different levels.

The lack of this regulation would decrease the

number of cycling cells.
One possible explanation for the inability of starved animals to maintain cell size is that
bls2/3/5 silencing in these conditions may promote entry into M phase before cells reach
their proper size. It is possible that in wild-type planarians cell cycle length varies according
to nutritional status. Recent data suggest the existence of crosstalk between cell division and
mitochondrial dynamics and metabolic pathways (282). For example, yeast grown in nutrient-
poor conditions adjust their cell-cycle duration to accommodate slower growth, so that the
size at which cells divide is similar to that observed in nutrient-rich environments (283). It
is possible that the duration of the cell cycle is longer in starved than fed animals, thereby
ensuring that daughter cells reach the appropriate size. Promoting entry into M phase after
bls2/3/5 silencing could give rise to smaller cells in starved but not in fed animals. Since a
mechanism through which mTOR signals regulate cell size is by controlling cell cycle (284),
and as described above planarian mTOR activity is regulated by food intake, interaction of
bls2/3/5 with this pathway could account for the smaller size of cells in starved animals (Fi-
gure D1.2)

7.3. bls is a tumour suppressor, inhibition of which favours regeneration

As observed in tumoral processes, the hyperplasia promoted after sustained inhibition of
bls2/3/5 in starved animals leads to the formation of overgrowths (Figure R1.14). bls thus
acts as a tumour suppressor during planarian degrowth, acting as a break for proliferation.
This observation presents us with a paradox: although caloric restriction extends lifespan
(285), in bls2/3/5 (RNAI) planarians food deprivation promotes hyperplasia and the formation
of overgrowths, while fed bls2/3/5 (RNAI) animals only increase body size with no apparent
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changes in patterning. A second key observation is that while bls2/3/5 inhibition in starved
animals promotes overgrowths, it favours regeneration after any kind of injury. This is con-
sistent with the view that tumour suppressors evolved not to suppress tumour growth but to
control cellular processes such as proliferation, cell death, and cell differentiation, which are
essential during embryogenesis and are activated during regeneration of complex tissues
(286). Perturbation of tumour suppressor function can enhance the regeneration of somatic
stem cells in the hematopoietic system or endocrine cells (287). Furthermore, inhibition of the
Hippo pathway and consequent YAP/TAZ activation results in increases in organ size and
promotes tumour formation in adult mice, but also promotes regeneration of the liver, gut,
muscle, and heart in mouse models (288).

Silencing of several known vertebrate tumour suppressors including mTOR, p53, and Hippo,
also induces the formation of overgrowths in planarians, but despite increasing proliferation
does not promote proper regeneration. While TOR hyper-activation results in larger blaste-
mas, these remain undifferentiated (226). Hippo hyper-activation also enhances the wound
response and promotes expansion of the epidermal and muscle cell populations and rege-
neration of larger structures such as the eyes (74). However, this new tissue is not properly
patterned (75). bls is the first gene described whose inhibition promotes faster but apparently
normal regeneration. One possible explanation is that bls specifically controls cell number
(through regulation of the cell proliferation:cell death ratio) but not cell differentiation, as des-
cribed for other signalling pathways such as Hippo (75). In this scenario, an increase in
the number of cells during early stages of regeneration could accelerate the expression of
wound-induced genes (138), as we observed for pitx, and thereby promote more rapid ap-
pearance of regenerated structures.

7.4. bls family represents an evolutionary strategy to increase planarian fitness in
changing environments

In most animal species the adult stage is distinguished from the embryonic stage by the
maintenance of body size, cell number, and proportions. However, long-lived animals such
as planarians continuously regulate body size in adulthood by controlling cell number accor-
ding to nutrient availability. Thus, the mechanisms described for other organisms, such as
Drosophila, in which tissues “know” their final size, may not apply to planarians (289). Given
that nutrient availability always fluctuates in nature, the bls family may represent an example
of de novo genes that evolved in planarians to fulfil the requirement for continuous regulation
of cell number according to nutrient availability. Other de novo genes have been implicated
in increasing the fitness of the organism (275,290). Examples are described in cnidarians,
in which Hym301 regulates tentacle number (291), and in molluscs, in which each species
expresses a unique set of secreted proteins that drives shell diversity (292). de novo genes
are usually integrated into existing pathways, adding additional levels of regulation. bls ge-
nes may interact with members of the insulin/Akt/mTOR signalling pathways, which regulate
growth in response to nutrient intake in planarians and in vertebrates (Figure D1.2). RNAI of
components of these pathways does not fully phenocopy bls2/3/5 (RNAI). However, this sig-
nalling pathway should be thought of as a network in which each of these signals functions
in a complex and dynamic manner, as opposed to a linear pathway. Future studies will need
to determine whether the primary function of bls is to control proliferation, apoptosis, or both,
and to elucidate the molecular integration of bls within the insulin/Akt/mTOR network. Given
that the molecular signals controlling body and organ growth are also key players in most hu-
man cancers, understanding the mechanism by which bls genes act as tumour suppressors
would help identify novel targets for the design of therapeutic strategies to modulate tissue
growth.
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8. Chapter Il - A posterior wound induces a posterior organizer formation,

evocating tissue surround

Organizers were described for the first time by Spemann and Mangold (29). During the last
century many studies were published describing organizer features in embryos of other mo-
del organisms as: birds, chicken, zebrafish or mouse (293,293). Anderson defines organizers
in the context of an embryo as “group of cells that harbour the ability to instruct fates and
morphogenesis in surrounding cells, steering their development into specific organs and
tissues” (295). This definition is mainly useful for all vertebrates’ embryos. However, it can
also be applied to the regenerating planarian tips. In this thesis, we focused on the study of
the posterior organizer, covering aspects ranging fom its formation until interpreting genetic
changes induced in the surrounding tissue. The reason to study the posterior and not the
anterior organizer is because posterior regeneration shows less complexity at tissue level.
During anterior regeneration, the formation of new eyes, chemoreceptors, brain and other
organs involves the appearance of additional signalling centres (163, 189,296) that would
compliacte the interpretation of the results

8.1. wntl inhibition changes the genetic profile during regeneration

Regeneration implies huge changes in gene expression. Nowadays, transcriptomic ap-
proaches such as microarrays (297) or RNA sequencing (RNA-seq) (298) allow us to stu-
dying those changes. The RNAseq technique has been applied to study different regene-
rating time points, allowing to identify genes involved in different steps the of regeneration
process, e.g. in Drosophila imaginal disc (208), Nematostella (299,300), Hydra (301), in limb
bud of axolotls (302,303) zebrafish (207) and also planarians (95). Our RNA-seq data reveals
that two transcriptomic profiles are activated during posterior regeneration. An early one from
0 to 24 hR and a late one from 36 to 72 hR. These data agrees with two previous studies in
planarian, from Kao et al. (304) and Wurtzel et al. (91), which also observed these two pha-
ses of transcriptomic changes during P regeneration.

A goal of this thesis was to indentify genes related with posterior identity. This is why we also
studied how the inhibition of wntl affects genetic profiles. Our results demonstrate that the
genetic profile of wntl (RNAI) animals at 0 hR and 72 hR is similar to the one of controls at 0
hR (just after amputation). This result indicates that in wntl (RNAI) animals the transcriptomic
changes required for P regeneration do not occur. This suggests that during regeneration
wntl is required to achive P transcriptomic profile.

As observed in other organisms, the canonical WNT pathway regulates directly (target ge-
nes) or indirectly (many genes) as compiled in (306,307). In planarian, we found that after
wntl inhibition, thousands of genes were up- and down-regulated. In the down-regulated
genes group, we found genes known to be expressed in the posterior part or related with
posterior identity, such as: wntl1-1, wnt11-2, tsh, fz4, hox4b, post2d, lox5a or post2c. Some of
them were previously described by other groups (150,154,155), confirming that our inhibiting
strategy was powerful enough to inhibit wntl and detect target genes. Interestingly, studying
GO terms of specificly up and down-regulated genes reveal some specific terms related to
metabolism, such as: glutamine biosynthesis, glycolysis or the Krebs cycle. cWNT pathway
has related with metabolic regulation (308). In hepatocytes, the cWNT regulates glutamine
metabolism genes (309). TCF/LEF binding sites (Bcatenin cofactor) have been found in pro-
moters of metabolic genes related with the carbohydrate and glutamine metabolism (310).
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Lipid mobilization in adipose tissue have been also related with cWNT (311). These features
could also be useful in planarians not just to obtain energy to regenerate as it has been pro-
posed by Plass et al. (99), but also to grow and store energy (186). Additionally, our results
also indicate that wntl is controlling posterior pole genes (organizer).

8.2. Cis-Regulatory Elements (CRE) dynamics during planarian posterior regene-
ration

During the period that this thesis was completed, the planarian genome quality increased its
reliability since it was better assembled (reducing the number of scaffolds) and better anno-
tated (89). This aspect leads us to board new questions about the chromatin landscape and
the epigenome during planarian regeneration. Part of this thesis was focused on the study
of organizers and the genetic changes that they produce in the surrounding tissue. Thus, the
question where: Do A and P planarian wounds show specific epigenomes? Are there specific
A or P active enhancers? Are those related with regeneration? In order to solve these ques-
tions, we performed ATAC-seq (312) and ChIP-seq (313) at A and P blastemas at different
regenerating time points. This strategy allowed us to: 1) describe regions differentially open
in A and P blastemas and classify them according to their relative increment, being emerging
or increasing regions; 2) identify which of those regions were active enhancers specifically
open during A or P regeneration; and 3) determine which transcription factors could bind to
those enhancers.

Once we analyzed the chromatin landscape during A and P regeneration, we could compare
it with the chromatin landscape after wntl and notum inhibition at 12 hR, when an identity
decision was taken. Importantly, notum knockdown animals showed a drastic change, since
they presented a P chromatin profile during A regeneration. This result confirms its master
role as an A to identity specifying factor in planarians (156). Although, wntl (RNAI) animals
also presented changes during P regeneration, they were not as severe as in notum (RNAI).
The reason could be that the lack of organizers in a tailless phenotype does not imply a com-
plete change in the chromatin landscape

In this thesis, we have used for the first time ATAC-seq and ChlP-seq to describe the geno-
me landscape during planarian regeneration. Analyzing this landscape in notum and wntl
(RNAI) reveals that chromatin changes are happening globally in a tissue context. Particu-
larly, notum seems to exert a crucial role in the chromatin defining A identity. Overall, these
results suggest that organizers are very powerful and can define planarian identities.

8.3. Organizers and tissue competence

The organizer acts as a force defining identities. During recent years many studies started to
describe the genetic profile of organizers. Anderson identified genes expressed in different
chicken organizers as: Hense’s node, notochord and ventral tube, and wing bud (295). The
laboratory of Brigitte Galliot also tried to decipher the molecular profile of the Hydra organi-
zer (301). In Nematostella some studies tried to identify genes related to organizer activity
(299,300). And recently, Atekin and collaborators describe the regenerating-organizing cells
(ROC) in Xenopus laevis (314). In the last months, planarian community also tried to identify
the genetic profile of P and A organizer (234). They described genes specifically expressed
in the posterior pole (wntl + and collagen+ cells). In the top expressed genes. there were
previously described wntl regulators, such as pitx (105,106) and islet (163). Nevertheless,
other secreted molecules important for patterning regulation were also present. Some exam-

116



Discussion

ples are: BMP (62,63), SLIT (155,160) or FGF(126). Interestingly, the genetic profile of the
planarian P organizer does not differ from other organizers previously described, suggesting
that organizers are not different among them as it has been proposed by Aztekin et al. and
Martinez Arias et al. (314,315).

Then, even tought the organizers are not different among each other, what is it that makes
the difference to instruct the tissue? Martinez Arias (315) reviews that one important aspect
of the function of organizers relies on the competence of the surrounding tissue to be ins-
tructed. Whether the tissue is no already prepared to receive the information, then organizer
function would not be accomplished. Following those terms, Waddington suggests that orga-
nizers rather “evocate” than “induce” (293) (Figure D2.1). This idea could be confirmed with
our data, since one of the most regulated genes was fz4, which is the putative receptor of
the cCWNT in planarian. axinB was also down-regulated and could be another example, since
it belongs to c(WNT and its inhibition produced an over activation of cWNT and as a conse-
qguence two tail planarian regeneration (316). To properly investigate the organizer induction
idea, we could try to identify TCF binding sites in promoter and enhancer regions of those
genes.

In case a feature of an organizer would evocate the surrounding tissue, the first step of the
organizer function would be to prepare the tissue surrounding it to make it competent to itself
(Figure D2.1). This idea is along the lines with the observation that organizers are transient
structures that need to be functional in a certain time of the developmental or regenerative
process. This idea is also linked with the fact that early developmental stages should have
a broad competence allowing to respond to the signals of an organizer. However, as de-
velopment progresses, tissue starts to be more competence restricted. In planarian, after
postpharyngeally amputation both injured facing tissues will be similar, and during the first
stage of regeneration they will present the same genetic profile. In that moment, tissues are
plastic and could regenerate a head or a tail, as it has been demonstrated inhibiting genes of
the cWNT pathway (154-156,316). As regeneration takes place, A and P organizer are well
defined and tissue is less competent to change its fate. This is why we also propose that in
planarians, the decision to regenerate a head or a tail (gain the identity) is taken during the
first stages of regeneration, when organizers are active and tissue is more plastic.
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Organizer cell
Figure D2.1: Organizer evocates surrounding tissue. Ligands
secreted from the organizers could induce the expression of its

own receptors in receiving cells.making them more sensitive to
the signal itself.
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8.4. pitx and foxG regulate wntl expression

One of the objectives of this thesis was to identify new transcription factors able to identity
posterior organizer activity. We could determine that some enhancers were non-accessible
after wntl inhibition, indicating that in normal wild type conditions they could be open. After
performing motif discovery in those enhancers, we noted that one of the most present were
forkhead and homeobox domains, suggesting that Fox and Homeobox transcription factors
can bind in those regions. In other organisms, it has been reported that cWNT ligands pre-
sented homeobox domains in their proximal enhancers, as pax in fruit flies (317,318), zebra-
fish (319) and mice (320), and otx in fruit flies (321). This result suggests that at least one
homeobox gene could be directly regulating wntl expression in planarians.

After screening of genes, we could determine that at least one member of each family has a
relation with wntl expression, and as a consequence with organizer formation and activity.
pitx (Homeobox family) and foxG (Fox family) regulates the second wntl wave expression SC
dependent). Additionally, foxG also regulates wntl early expression at the wounds (SC inde-
pendent), which leads to new questions, such as: when early wntl expression is affected, is
the second one also affected? Is foxG participating in both wntl regulations? Interestingly,
after the inhibition of foxG and pitx, we could show that all cWNT target genes were reduced
or absent indicating the strength of the phenotype.

PITX is a transcription factor which belongs to the subfamily of bicoid class (Homeodomain)
(322). As described in C. elegans PITX and OTX can bind redundantly to the bicoid domain
(323), which would explain the huge presence of the otx domain in our data. Yasuoka et
al. demonstrated that OTX could regulate a huge battery of genes in the head organizer
in Xenopus laevis (324), as it might have happened with the posterior organizer (wntl+) in
planarians (Figure D2.2A). Moreover, in this regulation Liml was also present (islet in plana-
rian); both genes were specifically up-regulated in the anterior planarian organizer. islet also
regulates second wntl expression after amputation (SC dependent) (163,230). Interestingly
islet is also expressed in a subset of neuronal cells (163).
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We reported that the transcription factor (FOXG) regulates the expression of wntl. This could
be mediated in different manners: 1) wntl presents its promoter and enhancers binding si-
tes for FOXG. 2) FOXG interacts with another factor that regulates wntl expression; and 3)
FOXG regulates other wntl TF regulators. To further investigate first the hypothesis, we could
identify whether wntl promoters or enhancers present forkhead binding site (Figure D2.2B).
Related to the second explanation, we could suggest different scenarios. foxG could be re-
lated with the Hh pathway, since in planarians this signalling pathway regulates the first wntl
expression (178,179). Then, FOXG could act as a cofactor of GLI (TF of the Hh pathway) (Fi-
gure D2.2C), or alternativeli it could be a target of Hh (Figure D2.2D). Another possible sce-
nario related to point two is the putative groucho/TLE (gro) inhibition by foxG, as it has been
demonstrated in zebrafish, amphioxous (325), and Xenopus (326,327). GROUCHO/TLE is
a family of TFa factor that co-represses different pathways: cWNT, Notch, TFGB and EGF
(328—-333). When cWNT pathway is OFF, GROUCHO/TLE binds to TCF (co-transcription
factor of BCAT) acting as a repressor (Figure D2.2E). When the cWNT pathway is ON, BCAT
displaces the union between GROUCHO/TLE and TCF, and binds to TCF (341). In plana-
rian, FOXG would be acting as a suppressor of GROUCHO/TLE, and as a cWNT activator
(Figure D2.2E). This regulation could take place in wntl expressing cells where FOXG could
be regulating its expression, or in cWNT receiving cells acting as a BCAT1 cofactor. Finally,
linked to the third explanation, FOXG could be regulating other factors that regulate wntl
expression (Figure D2.2F). In order to advance in this idea we could look for homeodomains
in promoters or enchancers of previously wntl regulators as such pitx or islet.

OTX (PITX) could also bind GROUCHO/TLE to avoid some specific gene expression (324),
suggesting a main GROUCHO/TLE role in posterior identity regulation. As demostrated in
the thesis of Elliot, planarian present two groucho/TLE homologs (grol and gro2), both of
which conserve two interaction domains (334). Both homologs were broadly expressed. grol
was also specifically expressed in the brain (Figure D2.3A). gro2 was also expressed in the
margin of the cells and in the midline, resembling foxG expression (Figure D2.3A). SCS data
confirms that gro2 is expressed in different cell types, including progenitors and differentiated
cells of muscle cells (Figure D2.3B). Moreover, we could confirm that gro2 and foxG highly
coexpress in muscle cells in silico (Figure D2.3C). Unfortunately, functional analysis has not
yet been carried out in planarian. A future line of research could focus on the analysis of P
regeneration and wntl expression after gro2 inhibition.

Altogether, we confirmed the role of pitx regulating wntl and also added foxG as a new TF
that participates in this complex GRN regulating wntl expression.

Figure D2.2: Working model for the PITX, FOXG and Groucho/TLE regulating wntl expression. (A) PITX binds to bi-
coid domain, in wntl promoter or enhancer, actively regulating its expression. (B) FOXG binds to forkhead domain located
in a promoter or enhancer of wntl, regulating its expression. (C) FOXG acts as a cofactor of GLI binding in a wnt1 promoter
or enhancer, regulating its expression. (D) GLI binds to a promoter or enhancer of foxG, and modulates its expression.
(E) When cWNT is OFF. Groucho/TLE is binding TCF repressing cWNT target gene expression. When is ON, BCATENIN
shifts Groucho/TLE and binds with TCF allowing cWNT target genes expression. FOXG would be also inhibition Groucho/
TLE in order to favour cWNT target gene expression. (F) FOXG might bind to a forkhead domain located in a promoter or
enhancer of pitx, modulating its expression.
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Figure D2.3: gro-1 and gro-2 coexpress with foxG in muscle cells. (A) WISH of gro-1 and gro-2 in intact
animals from (334). (B) SCS data reveals that both genes are broadly expressed in all the planarian cell types,
particularly in the muscle and some neural populations. (C) gro-1 coexpress with foxG in neoblast; and gro-2
coexpress with foxG in neoblast and neural and muscle progenitors.

8.5. foxk regulates neural differentiation and would act as a cofactor of Bcat7 in
planarians

Most of times, the cWNT pathway is presented as a continuous linear of events that ends
when BCATENIN is able to interact with TCF and mediate the expression of target genes.
However, many molecules are able to interact and regulate different steps of it. For instance,
it has been demonstrated that BCAT could also interact with other TFs such as FOXO, SOX
or OCT4 (335). In the same way, other elements of the pathway are regulated by other mole-
cules. In vertebrates, DVL can interact with FOXK, enabling its nuclearization and stabilizing
BCAT, allowing for some cWNT target genes expression (336). We could demonstrate that
motifs to allow the interaction between FOXK and DVL are conserved in planarians. Indeed,
both genes coexpress in same cells. This is why we could explain that after the inhibition of
foxk1-2.1 some cWNT target genes were down-regulated, these are fz4, hox4b and wntl11-1.
Thus, foxk1-2.1 could interact with the cWNT pathway regulating the effect of the posterior
organizer. However, the possible interaction between all three foxk genes and the fact that
two foxK genes also presented a tailless-like phenotype; make it impossible to determine
foxk1-2.1's unique role with posterior identity.

Other foxk gene functions have reported. In mammals, foxK have been related with antivi-
ral gene regulation (337). In nutrient rich environment, it is regulated by the mTOR pathway
entering to the nucleus and transcriptionally repressing autophagy genes (338). Moreover,
foxK has been related with glioma (brain cancer), which throught the cWNT pathway could
regulate cell proliferation, cell cycle and apoptosis (339). Regarding foxK expression in bra-
ins of mammals, it has also been described that foxK plays a role regulating ectoderm and
mesoderm tissues in Xenopus (340,341). This last ectoderm relation could link with the fact
that our results show foxk1-2.1 as a key element of the nervous system regeneration (Figure
D2.4). This hypothesis is also confirmed by unpublished data no published from Dr. Francesc
Cebria’s group, demonstrating that strong inhibtion of foxk1-2.1 produces a reduction in pro-
genitors and differentiated neural cells.

foxk1-2.1 seems to control wntl expression. One possible explanation is that foxK only acts
as a cofactor for certain cWNT target genes. A second interpretation would be that the lack

120



Discussion

of CWNT target expression acts as a call for the source (wntl), and as a consequence it
would increase its expression. As a third explanation, it should be considered that neuronal
and muscle cells derived from the same progenitor as it is demonstrated in planarians (99)
(Figure D2.4), and Xenopus (340,341); and the muscular cells expressing wntl (Figure D2.4).
Hence, the lack of neural cells produced by the inhibition of foxK would change the balance
between the two differential paths increasing muscular cells. Excess of muscular cells would
contribute to increment wntl expression, which could be linked to the increment of post2d.
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Figure D2.4: Posterior muscle organizer might have a muscle/neural progenitor. Graphical representation of set of
genes expression that participates in muscle and neural differentiation. Graphical representation of wntl and foxk1-2.1 of
gene expression; presenting their expression in muscle and neural progenitors.

A final explanation, and not excluding any of the previous ones, is the possibility that FOXK
could be related with the Notch pathway. This particular pathway regulates cell-cell inte-
raction (342). Notch is a receptor located in the membrane, when it interacts with its ligand
(Delta); cellular cleavage results in intercellular Notch (NICD) formation. Then, NICD can
move to the nucleus, bind with Su(H) and promote target gene expression (343). The relation
between WNT and Notch pathways in organisms such as: Drosophila, sea urchin and ver-
tebrate (343) has been previously demostrated. Notch could negatively regulate BCATENIN,
and DVL; or GSK3 (elements of Wnt pathway) which could negatively regulate NICD (344).
Moreover, during developmental stages, the WNT pathway is related with stemness beha-
viour (345), as it could also be related in planarian since its inhibition was misregulated by SC
markers. The Notch pathway is related to transient amplifying (TA) cells. Specifically, during
mES differentiation Wnt and Notch pathways act to determine neuroectodermal (by Notch)
(346,347) or endomesodermal (by Wnt) fate (348—350). FOXK trough DVL could be involved
in Notch regulation and as a consequence modulate differentiation states between muscular
and neural fate, and modulate wntl expression (as discussed above). Additionally, the inhi-
bition of elements of the Notch pathway (notch-2) generates changes in genes expressed in
the planarian muscle middle (125), such as slit, which is absent, or wntl, which increases its
expression.

In planarians, foxK seems to have a dual role regulating neural differentiation and cWNT tar-
get genes, and these functions could be medited by cWNT and Notch pathways.
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8.6. Posterior planarian organizer and mesoectodermal origin

The first organizer described by Spemann and Mangold was only related with new axis
formation, but nowadays it is known that it underlies gastrulation, being is the embryo reor-
ganization that allows the appearance of the three germ layers (for triplobastic organisms)
(315). Thus, the organizer does not only define an axis but induces neural and mesoder-
mal derivates (351). In planarians, this idea could help to understand why genes specifically
expressed in the nervous system such as hh (178), pitx (105), islet (105,163), foxG or foxK
could have a role in the regulating posterior organizer. This idea was previously reported by
(163,178) suggesting that the Hh pathway could induce wntl expression. In fact Yazawa et al.
(178) demonstrates that at 18 hR wntl is expressed in the surrounding ventral nerve cords.
In the same way, during planarian regeneration it has been demonstrated that wntl coloca-
lizes with pitx, islet and foxG (neural markers). However, this colocalization is not reported in
homeostatic conditions. In addition, wntl is expressed in different neoblast progenitor, such
as: muscle, neural or parenchymal (Figure D2.4). These results suggest that the origin of the
posterior organizer is a progenitor that could turn into muscle or neural cell type.

The progenitor is defined by the capacity to proliferate. It was reported that a certain percen-
tage of islet cells coexpress piwi (neoblast marker), suggesting that a certain wntl precursor
could proliferate (163). Nevertheless, this does not imply that wntl+ and islet+ cells also
express piwi. We could demonstrate that at 3 dR some wntl+ cells coexpress wntl with h2B
(neoblast marker) (Figure D2.5). This fact leads us to think that the organizer is acting as a
growth zone (GZ). This behaviour has described in Tribolium castaneum to allow posterior
elongation (352), and in spider development regulating posterior specification (353). Fur-
thermore, in somitogenesi, GZ induces production of new paraxial mesoderm cells (354). In
those last two examples, WNT signalling has been reported for the specification and mainte-
nance of growth-zone cells.

3dR

Figure D2.5: wntl+ cells proliferate during regeneration. Double FISH combining wntl and h2b
riboprobes. Riboprobes colocalize in few cells (white arrows) at 3 dR. Scale bar is 50 ym.

In this thesis, it is suggested that the posterior organizer origin could have neural origin acting
as a infintinum GZ. And since it is formed and established, it remains in muscle cells which
express positional control genes (PCG) in planarians.

8.7. notum wound determines the anterior epigenome
The cWNT pathway could be regulated by different inhibitors, the most important one in pla-
narian is notum (156), which by WISH is only detected in the anterior pole of intact planarian.

After amputation notum, as well as wntl are expressed in A- and P- facing wounds. It was
proposed that wntl (trough BCAT1) allows wound notum expression.
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These findings suggest that induction of wntl and notum result in a high Wnt-signaling envi-
ronment at posterior-facing wounds, which will lead a tail formation. In anterior facing wounds,
a Wnt-inhibitory (low Wnt) environment will be created promoting head formation (156). Our
RNA-seq results reveal that notum is also expressed during posterior regeneration (Figure
D2.6A). First during the wound response; but as regeneration goes, it is continuously expres-
sed. This findings has so far never been reported by WISH. A personal communication of
Dr. Sureda may clarify this situation. He states that he could detect notum expression in pos-
terior blastemas at 3 dR in the sister planarian species Schmidtea polychroa (Figure D2.6B).
This leads to suggest that in one hand WISH in Smed is not a sensitive technique to detect
those transcriptomic changes.
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Figure D2.6: wntl regulates posterior notum expression during

posterior regeneration. (A) notum expression plotted during poste-

rior regeneration in control animals and wntl (RNAI) animals showing

a reduction of its expression at late stages of regeneration. Log fold

change was represented in X axis. (B) WISH of notum in Schmidtea

polychroa in intact animals and regenerating heads at 3 dR. Showing

anterior and posterior expression. Scale bar are 100 pm.
And on the other hand, that NOTUM could present post-translational modifications (not de-
tectable by WISH either RNA-seq) that inhibits its function in the posterior (Figure D2.6C). An
antibody against NOTUM might help us to determine if our detection of notum by RNA-seq

correlated with its translation and its extracellular localization in posterior.
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Figure D2.7: Working model for NOTUM post-translational mo-
dification. After translation, NOTUM is modified and degradated
before its secration.
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Interestingly, late notum expression in posterior blastemas could be regulated to by wntl (Fi-
gure D2.6A), as reported in anterior. However, the function of this second notum expression
was never reported in planarian. One transcriptomic analysis was performed by Reuter et
al. (171) of notum (RNAI) anterior-facing wound, but they did not further analyse differentially
expressed genes. Understanding the notum and wntl relation is crucial to understand when
the decision to regenerate a head or a tail is taken. Our study of the epigenome reveals that
just after 12 hours post amputation the regenerating blastemas has already take this decision
(Figure R3.5B). Indeed, it was after notum inhibition that we observe major changes in ante-
rior regenerating blastemas. In the following analysis, we investigate which genes are close
to active enhancers that are less accessible in notum (RNAI) and we identify which TF could
bind there. Additionally to that we also need to elucidate which TF could regulate notum ex-
pression. Is this behaviour related with wound signalling? Is notum truly regulated by c(WNT?
Or might it be regulated indirectly?

8.8. Cell death and organizer formation

The cell death process related with development and homeostasis is apoptoic, which implies
a genetic program that triggers cell death. Cells condensate chromatin and generate apopto-
tic bodies, which will attract phagocytes. Apoptosis is a tightly regulated event, that can also
affect surrounding tissue (355).

Apoptosis has been described as a crucial step at different developmental stages in tissue
remodelling and regeneration. After amputation, apoptosis wound response has been repor-
ted necessary in different organisms for cell proliferation induction and whole regeneration
process triggering (356). Xenopus tadpoles needs apoptosis to trigger cell proliferation (357)
and in mice liver it plays a crucial role regulating wound healing and regeneration. Recently,
apoptosis was reported to be crucial for Nematostella regeneration, where the whole cell
death program was involved in triggering proliferation and regeneration (300). During ima-
ginal disc regeneration, Serras groups demonstrated that dying cells trigger regeneration in
living cells (358,359). In Hydra, a similar connection was made where apoptotic cells produce
wnt3 (C(WNT gene), which was responsible to trigger cell proliferation in the neighbouring
cells (360).

In planarians only few publication tried to relate cell death and wntl expression, or vice ver-
sa. In my opinion there are two ways when cell death and wntl could be related: 1) cell death
at wound response induces wntl expression (Figure D2.78A). Or 2) wntl regulated cell death
triggers regeneration (Figure D2.8A). Even though that in planariansit is impossible to speci-
fically induce cell death, we have different evidence that allow to discuss them. Related with
the first hypothesis, ERK signalling is related with differentiation (361), and activated ERK
(PERK) rapidly increases after amputation (141). Pharmacologically inhibition of the ERK
pathway demonstrates that pERK is controlling apoptosis responses. Interestingly, wound
induced and pole expression of wntl and notum were also reduced. Indeed, Bcat! seemed
to be activated in an ERK-dependent manner. This might suggest that wound expression
of wntl and notum (tip organizers) might be regulated by pERK. Related with the second
hypothesis, previous results of our group might help to elucidate such a behaviour. We inhi-
bited wntl and investigated cell death affections. After wntl inhibition, it was determined that
first and second apoptotic peaks were increased (Figure D2.8B). This suggested that wntl
was attenuating cell death response during regeneration. Interestingly, those animals pre-
sented less proliferation at 6 hR and an increment at 48 hR (Figure D2.8C).
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These could suggest that wntl inhibition produces a slower regeneration kinetic, generating
posterior smaller blastemas.

These findings leads to propose that both process seem interconnected during the first stage
of regeneration. And Perrez-Carrijo (355) proposed that apoptosis could be a key source of
signals required for wound signalling to organize cell formation and tissue regeneration. It
could be considered as a first step to rewire genetic connections and reestablish the new cell
pattern and tissue identity.
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Figure D2.8: Cell death could control organi-
zer formation. (A) Two putative models of how cell
death induces wntl expression and wntl regulates
cell death. (B) Quantification of caspase-3 activity in
wntl (RNAI) animals and controls (n of controls=3, n
of RNAi=3, *P<0.05, **P<0.01) at 4 hR and 72 hR. (C)
Quantification of PH3+ cells at after amputation shows
misregulation of mitotic cells/mm? in wntl (RNAI) ani-
mals at 6 hR (n of controls=6, n of RNAi=6, **P<0.01)
and 48 hR (n of controls=5, n of RNAi=6, *P<0.05).
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9. Chapter Il - Fox family evolution

Transcription factors (TF) regulate patterning events and developmental specification. Du-
ring metazoan evolution TFs participate in the new evolutionary events as multicellularity
and embryogenesis (247). Comparative analysis of genomes from the species at the base
of Metazoan clade demonstrate the presence of most of the TF families and the signalling
pathways with influence on developmental processes (247,362). Characterizing how those
elements evolved, and are present in the lives species of nowadays helps us to understand
the mechanisms that underlie developmental processes.

9.1. The loss of Fox in evolution

Previous phylogenetic analyses were performed to understand Fox family relationship in
different organisms (259) and within the Lophotrocochoan clade (249). Those studies collec-
ted published data and focused their attention on understanding how evolutionary events
succeeded. Additionally, they performed some phylogenetic analysis using particular close
species. In this thesis, we used genome and transcriptome databases to annotate planarian
fox genes and phylogenetically analyzed the relation of these between species.

fox genes previously described at the base of the Metazoan clade, these were also present
in our study as Amq (247) and Sdo (248) from Porifera, and Nvec (246) from Cnidaria. Addi-
tionally, Fox in the Chordata species were identified as Blan (363), Xlae (340) and Hsa (364)
were identified during this thesis.

In opitstokon species, the FoxJ1 family has been identified as the last common ancestor of
fungi and metazoan. It was proposed that after the Fox family appearance, it grew by gene
expansion and duplication (247). Our results also confirm this hypothesis since most of the
species presented FoxJ1 family, and Eumetazoan presented a huge variety of gene number,
gene families and paralogs within the families (Figure R5.2). Interestingly, some gene loss
events were are also present during Fox evolution. The lost of FoxQ2 in Drosophila (365) and
FoxE family lost in Spur (366) has been reported.

Even tought FoxH and Foxl families appear to be restricted to Deutorostomia (365), previous
data demonstrate the presence of both families in some Lophocotrozoan species. Cgi and
Lotia present FoxH, and Cte presents a Foxl (367). Our data confirms these presences su-
ggesting different independent loses during Bilateria evolution, as it was proposed for the
FoxQ1 family in Protostomia clade (249) (Figure R5.2). FoxH has been described to determi-
ne mesoderm in Xenopus (368) through TFGR/SMAD regulation; the same function could be
occurring in Cgi and Lotia. Foxl has been reported to regulate endoderm specification (366)
in Sea urchin, which could also be in Cte.

FoxN is usually subdivided in two main families: FoxN1/4 and FoxN2/3. It has been proposed
that FoxN1/4 was first generated and the FoxN2/3 family appeared based on it (247). Howe-
ver, our phylogenetic analysis suggested that the process could have happened the other
way around, since in the first analysis, the principal FoxN branch is related with the N2/3
family, and later genes related with FoxN1/4 appear (Figure R5.1). We could suggest that the
division between both families is not that clear and it could be just a huge family with a very
big interspecific variation inside.
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To summarize, we could confirm some predicted previous hypotheses of gain and loss of
genes, which give the confirmation that our phylogenetic analysis was well performed. Mo-
reover, it is clear that the Fox family rapidly changes within species shuffling its family com-
position in the GRn and their development.

9.2. Fox diversification in Platyhelminthes

Our results show that despite the number of fox genes in Smed is maintained compared to
other species, the number of families is reduced. The average family number in Platyhel-
minthes is around 12 (Figure R5.4), but close species of the Lophochotrozoan clade present
higher family number: Cte, 24; Hro, 29; Lingulia, 22; Lottia, 29; Octopus, 20 or Crassostea, 21.
Even Ecdyzozoan species present even more families than Platyhelminthes (Figure R5.2).
What it is interesting, is that the amount of fox genes does not change within Platyhelminthes,
neither Lophocotrozoan species (Figure R5.2, 5.4). In flatworms different gene family loss
events have been reported, such as: Wnt (369,370) and Hox genes (371-373). This suggests
that the reduction of genes is compensated with an increment of paralogs of each present
family which would have lead to and explain the increased tissue and function diversification
as it has been proposed by different authors (276,374).

In this thesis, we could also confirm that some fox genes seem to be hardly classified and
some of them were presented in out groups (Figure R5.2). After the second phylogenetic
analysis, we could determine their relation with some families and confirm their presence just
in the Tricladida order, suggesting that those were taxonomically restricted to the Tricladida
order (Figure R5.4). It has been proposed that gene duplication could be the origin of orphan
genes, (266) or as we known taxonomically restricted genes (TRG). This gene variability in
side families could be explained by the fact that those families were subdued to selective
pressure and erased specific functions. Functional analysis should be done to confirm this
idea.

Further analysing families in Tricladida, we could clearly determine that some of the families
were lost: B, E, L2, Q2, M and N1/4. The loss of FoxB could be explained since it was rela-
ted with FoxQ2 regulating neural development in humans (245), Drosophila (375) and Clytia
hemisphaerica (256). The lack of FoxQ2 in Smed together with the missing of FoxQD with
axis formation (112) would explain FoxB absence. FoxE is related with thyroid (376—378) and
lents development (379-382) in humans. Planarians lack homolog organs for thyroid and
their eye develop without lents (112). In chordates, FoxM is related with cell cycle progression
through cyclinA regulation and in adults, it was reported as an oncogene (245). The lack of
FoxM in planarian could be justified by the fact that cyclins have been hardly found in plana-
rian, suggesting an independent cell cycle regulation. In Platyhelminthes, none of the chec-
ked species presented FoxN1/4 genes. However, they presented at least 4 paralogs of the
FoxN2/3 family, which in our analysis seems to be diversified including the presence of foxNt.
This family expansion could explain the absence of FoxJ2/3. FoxJ2/3 and FoxN families are
similar in our Platyhelminthes and Metazoan phylogenetic analysis. This resemblance might
suggest the co-option of FoxJ2/3 by FoxN as it has been described to have happened in
other Fox families (257), or other TFs (383,384).

In the genome, genes can arrange in a cluster, a group of two or more genes that encode
for similar proteins. Analysing different genomes from insects to chordates, two Fox clusters
have been identified: FoxD-FoxE and FoxC-FoxF-FoxL1-FoxQ1 (259). Even thought the first
cluster is not further investigated; the second demonstrated to be involved in the develop-
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ment of the endo-mesodermal tissue. Members of this cluster are expressed and in those
tissues and functional analysis demonstrated their relation with endo-mesodermal structures
(385). Our analyses do not reveal similar scaffold position of those genes, but not having a
linear genome does not allow us to confirm the negative result.

We further characterize the FoxC-FoxF-FoxL1-FoxQ1 cluster since most genes are present
in Smed. We have already discussed the loss of the FoxQ1 in the Protostomia Clade, and
its putative independent loss. FoxL1 has previously been detected in mesoderm tissues in
Drosophila (386), mouse (387,388), and humans (389). SCS data reveals that foxL1t is ex-
pressed muscle pharynx cells in Smed (Annex Ill). FoxC is also expressed in mesodermal
tissues in different organisms such as Drosophila (386,390), zebrafish (391,392), Xenopus
laevis (393,394), chicken (395) and mouse (396,397). Its function in humans is linked with
cardiac muscle, skeletal iris and lymphatic system development (245). Smed shows two pa-
ralogs expressed in muscle cells (Annex lll) around the pharynx and the pharynx itself. Fi-
nally, FoxF is also involved in mesodermal tissue in C. elegans (398), Drosophila (399) or
mouse and humans (245). Both FoxF paralogs are expressed in different types of muscle
cells. foxF1-2 regulates non-body wall muscle in Smed (123). Overall, we could demonstrate
that even thought no gene cluster arrangement of FoxC-FoxF-FoxL1 was demostrated in
Smed; those genes might conserve their function determining endo-mesodermal tissues in
Schmidtea mediterranea.

Conclusively, Smed has suffered family Fox event, that might be compensated by family

diversification. Which could increase the plasticity of the GRN, modifying developmental
pathways.
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10. General discussion

In this thesis, we have studied different autonomous and non-autonomous mechanisms that
regulate different aspects of planarian growth and regeneration. First, we studied a secreted
molecule that controls cell number through balancing cell proliferation and cell death ratio.
Next we analyzed how wntl, a secreted ligand of the c(WNT pathway, could be regulated;
and how its diffusion could genetically change cells that are far from the source. We deeply
discussed how those secreted and non-secreted changes could be mediated by interactions
of cellular components of cWNT and TFs, or how other TFs could cooperate with BCAT1 to
modulate cWNT target genes. Finally, we described and classified all fox genes in Schmidtea
mediterranea. Moreover, we discuss why some of them were gained or lost during evolution.

Studying the Fox family and the new bls family that we identified in Schmidtea mediterranea
indicate us that de novo gene formation has occurred in the Platyhelminthes clade. Speci-
fically, those genes regulate developmental process that increases their diversity to better
adapt to biotic and abiotic changes. Discovering new TRG and their function help us to un-
derstand evolution as a not straight forward process. TFs, signalling pathways and GRN are
conserved among the species, but every single evolutionary path would have their specific
genes that can interact with them. Species will use TRG and GRN to increase their fithess in
the environment where they live. In particular, this thesis results could be helpful to decipher
new elements of GRN in planarians. We have done an important step to relate TFs and GRN,
and the expression of certain genes related to the regeneration and organizer activity.

Nowadays, organizers are well studied and are considered fundamental for developmental
processes. However, their essential role in regeneration has not been studied in depth. The
study of organizers in regenerative medicine is becoming indispensable since many labora-
tories all over the world for instance are establishing organoids as a model system. Organoi-
ds are useful to model diseases, drug testing, cell therapies and to study organ development
(400). SCs have a remarkable ability to self-organize and reproduce in culture forming some
homologous structures and broad array of functionality, including muscle contractility, epithe-
lial barrier function, neuronal activity, hepatocyte detoxification, gastric acid secretion and
insulin secretion. However, there is still a lack of control to finally produce an organ or proper
size organoids with 3D cellular structure (400). In order to increase organoids complexity and
produce 3D structures, researches mainly focus in the properties of stem cells and signalling
pathways, but we think that the knowledge concerning the organizer must be applied. If we
are able to instruct a tissue to grow, differentiated and pattern correctly, then we will be able
to transplant it, replacing missing structures such as the skin. Additionally, little is known
about organizer activity in regenerative model systems such as spinal cord in zebra fish and
mice. In my opinion, organizer activity function should be further investigated in these rege-
nerative scenarios. Finally, this thesis can also be integrated in cancer knowledge. Tumour
suppressors and oncogenes are TFs, such as the Fox family (243,245,364). Studying how
these TFs evolve helps to understand how cancer evolves and why some genes were selec-
ted through evolution.

131






CONCLUSIONS






Conclusions

CONCLUSIONS

1. We found a new family of genes in Schmidtea mediterranea (Smed-bls) made up of 15
members, grouped in five subfamilies. Members of bls2, bls3 and bls5 subfamilies are
transcriptionally active, while blsl and bls3 are pseudogenes.

2. Bls family genes are de novo genes taxonomically restricted to the Tricladida Order.

3. Bls genes are expressed in secretory cells and their function is to control cell number
through regulating cell proliferation/cell death ratio. Nutrient intake down-regulates bils,
enabling the increase in cell number and body size. During starvation periods, bls at-
tenuates proliferation, acting as a tumour suppressor. Bls could appear in Tricladida
during evolution and could respond to their requirement of continuous regulation of cell
number in a nutrient-fluctuating environment.

4. RNA-seq transcriptomic analysis of wntl RNAi animals allowed the identification of new
genes required for P regeneration at different stages.

5. ATAC-seq analysis reveals that anterior and posterior planarian early regeneration pre-
sents two different genomic landscapes, regulated by notum and wntl, respectively.
Analysis of ATAC-seq data allowed us to the identification of specific transcription fac-
tors required for posterior specification: pitx and foxG.

6. pitx and foxG regulate wntl expression and are essential for posterior identity especi-
fication. Particularly, pitx only regulates the stem cell dependent response, and foxG is
the first gene reported to regulate the early stem cell independent response

7. 27 fox genes were found in Schmidtea mediterranea, which could be phylogenetically
classified in 13 families: A, At, C, D, F, G, L1t, QD, J1, N2/3, Nt, O and P.

8. The Fox TF family has suffered different lost events during evolution. Although, Pla-
tyhelminthes clade has lost 10 families, the number of genes has been maintained
through diversification of genes of each family, such as the apparence of three fox ge-
nes just present in Tricladida.
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MATERIAL AND METHODS

While working on this thesis different methodologies have been used. Since some methodo-
logies were used in several projects these are grouped and referred to as general methodo-
logies. Apart from that techniques specific to individual chapters are introduced after the
general part relative to the chapter they appear in.

Planarian culture

The planarians used in this study are the asexual clonal strain of S. mediterranea BCN-10
biotype and were maintained as previously described (401) in PAM water (232). Animals
were fed twice per week with liver, and those used in starvation experiments were starved
for 1 week.

Whole-mount in situ hybridization (WISH)

Probes were synthesised in vitro using SP6, T7 or T3 polymerase and DIG- or FITC- modified
(Roche). RNA probes were purified by ethanol precipitation and the addition of 7.5 M ammo-
nium acetate. For colorimetric whole-mount in situ hybridization (WISH) animals were sacrifi-
ced with 5% N-acetyl-L-cysteine (NAC), fixed with 4% formaldehyde (FA), and permeabilized
with Reduction Solution. The fixative and WISH protocol used has been previously described
(402). For whole-mount fluorescent in situ hybridization (FISH) animals were sacrificed with
7.5% NAC and fixed with 4% FA. FISH was carried out as described previously (96). For dou-
ble FISH (dFISH) an azide step (150 mM sodium azide for 45 min at room temperature [RT])
was added. Nuclei were stained with DAPI (1:5000; Sigma). For FISH of paraffin sections ani-
mals were sacrificed with 2% HCI and fixed with 4% PFA. Paraffin embedding and sectioning
were carried out as previously described (43) and slides were de-waxed, re-hydrated; and an
antigen retrival step was performed as previously described (59). Sections were hybridized
with the corresponding probes for 16 hours and incubated with antibody diluted 1%BSA, for
16 hours. Both steps were carried out in a humidified chamber (43).

Immunohistochemistry

Whole-mount immunohistochemistry was performed as previously described (403). Animals
were killed with 2% HCI and fixed with 4% FA. The following antibodies were used in these
experiments: anti-synapsin (anti-SYNORF1, 1:50; Developmental Studies Hybridoma Bank,
lowa City, IA, USA) and anti-phospho-histone H3 (Ser10) (D2C8) (pH3) (1:500; Cell Signaling
Technology). The secondary antibodies used were Alexa 488-conjugated goat anti-mouse
(1:400; Molecular Probes, Waltham, MA, USA) and Alexa 568-conjugated goat anti-rabbit
(1:1000; Molecular Probes). Nuclei were stained with DAPI (1:5000). For immunohistoche-
mistry of paraffin sections animals were killed and treated as described previously. Sections
were blocked in 1% bovine serum albumin (BSA) in 1X PBS for 1 h at RT and then incubated
with primary antibodies diluted in blocking solution (mouse anti-muscle fibre antibody, 6G10,
1:400; Developmental Studies Hybridoma Bank) for 16 h at 4°C in a humidified chamber.
Subsequently, the sections were washed in 1X PBS and incubated with secondary antibo-
dies (anti-mouse Alexa 488-conjugated antibody, 1:400; Molecular Probes) in blocking solu-
tion for 3 h at RT in a humidified chamber. Nuclei were stained with DAPI (1:5000; Sigma).
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dsRNA synthesis

Double strand RNA (dsRNA) was synthesised by in vitro transcription (Roche) as previously
described (92). dsRNA (3 x 32.2 nl) was injected into the digestive system of each animal on
3 consecutive days (1 round).

TUNEL assay

For the whole-mount TUNEL assay animals were sacrificed with 10% NAC, fixed with 4%
FA, and permeabilized with 1% sodium dodecyl sulfate (SDS) solution. TUNEL assay was
carried out as described previously (147) using the ApopTag Red In situ Apoptosis Detection
Kit (CHEMICON, S7165). Nuclei were stained with DAPI (1:5000; Sigma). For TUNEL assay
on paraffin sections animals were killed and treated as described above. Sections were trea-
ted as described previously (147) and after the dewaxing step a proteinase K step was added
for permeabilization. Next, we used the ApopTag Red In situ Apoptosis Detection Kit (CHE-
MICON, S7165). Positive cells were counted in at least 6 representative sagittal sections per
animal and the overall mean value was determined.

Caspase-3 activity assay

For each condition protein extraction was performed in 5 planarians. The protein concentra-
tion of the cell lysates was measured using BioRad protein reagent. Fluorometric analysis
of caspase-3 activity was performed as described previously (405) using 20 mg of protein
extract, which was incubated for 2 hours at 37°C with 20 yuM caspase-3 substrate Ac-DEVD-
AMC or 2 ml from a stock of 1 mg/ml for a final volume of 150 ul. Using a Fluostar Optima mi-
croplate fluorescence reader (BMG Labtech) fluorescence was measured in a luminescence
spectrophotometer (Perkin- EImer LS-50), applying the following settings: excitation, 380 nm;
emission, 440 nm. Three technical replicates were analysed per condition.

Imaging

Whole-mount WISH, FISH, and immunohistochemistry images were captured with a Pro-
gRes C3 camera from Jenoptik (Jena, TH, Germany). A Leica MZ16F microscope (Leica Mi-
crosystems, Mannhiem, BW, Germany) was used to observe the samples and obtain FISH,
immunostaining, and TUNEL images. A Leica TCS SPE confocal microscope (Leica Mi-
crosystems, Mannhiem, BW, Germany) was used to obtain confocal images of whole-mount
FISH, immunostaining, and TUNEL assays. Representative confocal stacks for each experi-
mental condition are shown.

Statistical analyses

Statistical analyses were performed using GraphPad Prism 6. Two-sided Student’s t-tests (a
= 0.05) were performed to compare the means of 2 populations. Two-sided Fisher’s exact
tests were used to compare 2 phenotypic variants between 2 populations. fisher.test (R
function) was used to compare more than 2 phenotypic variants between 2 populations.

Statistical data presentation

Results were plotted using GraphPad Prism 6. To compare 2 populations, we used box plots
depicting the median, the 25th and 75th percentiles (box), and all included data points (black
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dots). Whiskers extend to the largest data point within the 1.5 interquartile range of the upper
guartile and to the smallest data point within the 1.5 interquartile lower range of the quartile.
To plot data points over time we used XY plots, in which each dot represents the mean and
bars represent the standard error. Each dot is connected with the next in an arbitrary manner.
To visualize the percentage phenotype in each population we used the Stacked Bars plot in
R. Each phenotype is assigned a distinct colour.

Chapter |
Sequence and phylogenetic analyses

A fragment of Smed-bls3 was identified from Li et al (406). Other members of the families
were identified from the genome (89) and amplified using specific primers (Annex IV). The
signal peptide was identified with SigalP v5.0 (407) and the coiled-coil domain was charac-
terized using the PRABI tool (Pole Rhone-Alpes de Bioinformatique) avaliable online; https://
npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_lupas.html (408). Sequence identity
comparison was carried out using the pairwise alignment tool in Jalview suite v2.11 (409).

To determine which members of each bls subfamily were expressed, we mapped the RNA-
seq paired reads from adult wild-type animals (75) against assembly 2 of the S. mediterranea
genome (89) using Bowtie2 (410) v2.3.4, selecting the -end-to-end option. After alignment,
we extracted the reads mapping the scaffolds of interest using samtools view (411) v1.9. The
final assessment was performed manually using the Integrative Genomics Viewer (412) (IGV
v2.4.4) to verify the families with mapped reads.

Sequence comparison against the GenBank database was performed using the NCBI
BLAST network server (http://www.ncbi.nim.nih.gov/Structure/cdd/wrpsb.cgi). Potential or-
thologs were searched for using tBLASTx where possible to allow a certain level of tolerance
in case of a high degree of divergence. The search for orthologs was performed against
transcriptomes and genomes from several Platyhelminthes species (Figure R1.4B) (80).

The 1Q-tree web server (413) was used to reconstruct the phylogenetic relationships between
Smed-bls families. The nucleotide or protein sequences were first aligned using the align-
ment servers in JalView suite (MUSCLE for nucleotides and MAFFT for amino acids). Substi-
tution model selection was performed automatically by the software, the number of bootstrap
iterations was set to 1500 and default options were selected for the remaining parameters.
The trees were visualized using FigTree v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/) with
the default parameters.

RNAI experimental design

The experiments in which regeneration was studied consisted of 2 consecutive rounds of
injections and an amputation at the end of each round (Figure R1.8A). In experiments in
which planarians were starved animals underwent three or four consecutive rounds of injec-
tion, without amputation (Figure R1.12A). In experiments involving fed animals, planarians
received dsRNA injections on three non-consecutive days per week and were fed on the 2
intervening days. This process was repeated for three weeks in total. All control animals were
injected with dsRNA of green fluorescent protein (GFP). RNAI of subfamilies bls2, bls3, and
bls5 was carried out using 2 different RNA sequences (Annexe Ill), both of which produced
the same phenotype when injected in regenerating planarians. The sequences correspon-
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ded to the full bls3 sequence and to a smaller region showing the greatest similarity between
the bls2, bls3, and bls5 subfamilies. In the case of the second RNA sequence, inhibition of
all members of the transcribed families was demonstrated by qPCR analysis (Figure R1.8C,
12B, 15B)

Quantitative real-time PCR

Total RNA was extracted from a pool of 5 planarians per condition using TRIzol reagent
(Invitrogen). cDNA was synthesized as previously described in (67). Expression levels were
normalized to that of the housekeeping gene ura4. All experiments were performed using 3
biological and 3 technical replicates for each condition. The design of specific primers co-
rresponding to the 5’ region for subfamilies bls2, bls3, and bls5 allowed verification of the in-
hibition of the 3 gene families after RNAi (Annexe ). All primers used in this study are shown
in Annex IV.

Feeding experiments

In long term growth experiments involving RNAI, animals were fed twice per week: food was
provided in the morning and removed at the end of the day (Figure R1.15A). PAM water (pla-
narian artificial medium) was replenished three times per week. In RNAIi experiments, after 2
weeks of injections in starvation conditions animals were fed for 30 minutes (Figure R1.18A).
Next, food was removed and PAM water replenished. To study gene expression after feeding
we analysed planarians that had been starved for 1 week and then fed for 30 minutes. Next,
we removed the food and replenished the PAM water (Figure R1.19). Hours post feeding (hpf)
were counted from the moment of removal of the last piece of food.

Cell number and cell volume analyses

To quantify total cell number planarian cells were dissociated with trypsin and the nuclei stai-
ned with DAPI (97). The cell suspension was transferred to a Neubauer chamber, cells were
manually counted on three occasions, and the mean value calculated. Five planarians were
analysed per biological replicate, and three replicates were analysed per condition. Mean
cell volume (V) was calculated by multiplying mean epidermal cell area (A) by epidermal cell
height (H). To quantify the mean epidermal cell area, the prepharyngeal epidermal area was
imaged and the number of nuclei per area was quantified. To determine the mean epider-
mal cell height, the distance between the apical to the basal part of the cell was measured.
Measurements were taken in three different regions of the same section and the mean value
obtained (Figure R1.13 A-E, 16A-E).

Chapter Il
RNAI experimental design

The experiments in which regeneration was studied were divided in two strategies. Injecting,
consisted of one or two consecutive rounds of injections (1000 ng/ul) and an amputation at
the end of each round (Figure R2.1A, 5A). Socking, consisted of one round of injection at hig-
her concentration (1200 ng/ul), amputation, and right after sock the pieces in dsRNA diluted
in PAM water (1000 ng/ul) per three hours in the dark (Figure R2.1B). The soaking step was
done in double folded parafilm wax forming a cross. In the centre, a drop of dsRNA is placed
and animals are deposited thanks to a brush. Next, animals were removed and place in a
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new container where PAM water is replaced two times to remove the remaining dsRNA. The
socking step was also performed for control animals and dsRNA green fluorescent protein
(GFP) was diluted in PAM water. All control animals were injected with dsRNA of GFP. In
double gene-silencing experiments, the total amount of dsSRNA injected for each gene and
also the total amount of dsRNA injected in each animal was maintained constant by injecting
the amount of GFP required

RNA-sequencing, sample preparation

RNA-sequencing samples were obtained after the soaking step, except for 0 hR samples.
First animals were displaced in a petri dish with cold 1%HCI diluted in water for 2’. Next, ani-
mals were transferred in a new petri dish with cold PBS 1X. Two washedes were performed.
Then, animals were transferred in cold RNAlater for 20’. Afterwards, planarians were transfer
and amputated in a Peltier Cell with a clean blade, to obtain the blastemas and post-blaste-
mas. Fragments were washed with RNAlater and 50% RNAlater /Trizol. Finally, liquids were
removed and 100 pl of Trizol was added. Total mMRNA extraction was performed and the final
diluted in 20 ul of water. Three biological replicates were used per time point. Each biological
replicate was composed by eight pieces. Libraries preparation and sequencing was carried
out by Centre Nacional d’Analisi Genomic (CNAG).

RNA-sequencing, analysis

RNA reads were mapped against the planarian genome version S2F2 (98) using the STAR
software tool (414). Lowly expressed genes were filtered by removing genes with less than 1
count-per-million (CPM). Two biological replicates were removed due to ineffective Wnt1 inhi-
bition. Differentially expressed genes were detected using the lima-voom pipeline (415), using
an FDR cut-off of 0.05 and a log fold change cut-off of + 0.5. Gene Ontology enrichment
analyses were performed with the package TopGO (416), using the “weight01” algorithm and
a Fisher statistic cut-off of 0.05. The GO annotations for the planarian genes were obtained
from PlanMine (90).

TCseq (417) was used to determine clusters of gene behaviour based on their expression
patterns over the analyzed time points. The z-score transformed log fold changes between
Wntl-RNAi samples and control samples were used as input, and the algorithm “cmeans”
was selected for computing the cluster scores. Clusters were assigned to genes by introdu-
cing a cut-off of 0.7 to the product of the maximum cluster score (as reported by the cmeans
algorithm) and the standard deviation of all scores.

Assay for transposase-accessible chromatin sequencing (ATAC-seq)

ATAC-seq samples were obtained after RNAI treatment and amputation or from wild type ani-
mals after amputation (Figure R2.5A). Planarian mucous was removed by washing in 2%L-
Cystein (pH7) for 2'. Afterwards, animals were transferred in a petri dish with CMFH (2.56mM
NaH2PO4x2H20, 14.28mM NaCl, 10.21mM KCI, 9.42mM NaHCO3, 1%BSA, 0.5%Glucose,
15mM HEPES pH 7.3). Post-blastemas and blastemas were obtained to be analyzed. Next,
they were transferred in an eppendorf tube to be dissociated using a solution of liberase/
CMFH (1:10) at room temperature for ten minutes. Twenty animals were used per biological
replicate. ATAC-sequencing was carried out as first described in (418) and then adapted by
(419)
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ChlIP-mentation

ChIPmentation combines ChIP with library preparation using Tn5 transposase, similar to
ATAC-sequencing. ChlIP-mentation samples were obtained from wild type animals after am-
putation. Planarians were placed in Peltier cells to amputate post-blastemas. Obtained pieces
were transferred to 1M MgCI2 solution, for 15-30” rocking, RT. PBS 1X was added to remove
salts. Next, blastemas were fixed with formaldhyde 1,85% for 15’ rocking, RT. Glycine was
added to obtain a final concentration of 0.125M to quench formaldehyde, for 5’ at RT, rocking.
Then, blastemas were washed 3X with cold PBS1X. Finally PBS excess was removed, and
samples were stored at -80°C. 2000 anterior and posterior blastemas were used. Groups of
100 blastemas were done at a time. ChIP-mentation was carried out as described by (420).

ATAC-seq and ChlP-seq analysis

Reads were aligned using bowtie1 using -m 3 -k 1 arguments. Bam reads were filtered using
a <=100bp insert size threshold to identify nucleosome free regions (NFR) (421). Bam files
were converted to bed and then the coordinates were shifted +4 and -5 positions to overco-
me the Tn5 cut position. MACS2 were used for peak calling and HOMER for motif discovery.
Differential binding analysis was carried out using DiffBind (R function) (422).

Chapter I
Sequence and phylogenetic analyses

For generating the phylogenetic trees, we had to obtain the FOX protein sequences from
several different sources. In some of the cases we were able to collect them from the public
databases, like in the case of Hsa or Xtr. For the rest of the organisms a manual annotation
was required. If the only resource available was a trancriptome, like in the case of Tsol, we
used Transdecoder (v5.5.0) to obtain the translated proteins. Using Hammer (v3.1b2) and
the Pfam (423) motive for the Forkhead domain, we extracted the Forkhead-containing pro-
teins. For annotation purposes, we grouped the organisms phylogenetically and aligned the
proteins obtained using MAFFT with the L-INS-I strategy with the amphioxus FOX set. The
amphioxus set was selected due to the existence of at least one member of every FOX family
described in this cephalochordate. The alignment was cropped to select the Forkhead do-
main and used as input in the webserver of IQ-TREE with all the parameters left by default.
We then named the proteins according to their relationship with amphioxus FOX proteins. For
Smed FOX domains disposition was used (http://www.ncbi.nim.nih.gov/Structure/cdd/wrpsb.
cgi) to identify FKD, FHA and FOXP coiled coild; and (424) to identify NLS.

The whole set of named proteins acquired by the described methods, was aligned again
using MAFFT (425) with the L-INS-i strategy and the aligning Forkhead domain was selected.
This alignment was the input used for IQ-TREE (413) to generate the definitive phylogenetic
tree. The options use to run the webserver of IQ-TREE were the ones set by default, inclu-
ding the automatic substitution model selector and the ultrafast bootstrap analysis, except
for the number of bootstrap alignments (set at 2000) and the single branch test number of
replicates (set at 1500). The trees were visualized using FigTree v1.4.4 (http://tree.bio.ed.ac.
uk/software/figtree/) with the default parameters.
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Organism Abbreviation | Source of FOX Proteins
Hsa Public Domain

Xtr Public Domain

Bla Manual Annotation
Spu Public Domain
Sko Public Domain
Cca Manual Annotation
Dme Manual Annotation
Tca Manual Annotation
Hro Manual Annotation
1] Manual Annotation
Lgi Manual Annotation
Mli Manual Annotation
Nve Manual Annotation
Obi Manual Annotation
Pl Manual Annotation
Cqi Public Domain
Sman Manual Annotation
Smed Manual Annotation
Tsol Manual Annotation
Ina Manual Annotation
Sdo Public Domain
Amg Public Domain

Material & Methods

RNAI experimental design

The experiments in which regeneration was studied were performing injections in two con-
secutive rounds (1000 ng/ul) and the amputation was caried out at the end of each round.
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Annex | — Nucleotide and amioacidic sequences of bls genes.

Schmidtea mediterranea (Smed) bls members GenGank IDs and their scaffol distribution.

ORF of the bls genes in Schmidtea mediterranea. Amino acid sequence analysis of Smed
BLS protein. The presence of the signal peptide (SP) and coiled coild (CC) were indicated

Species | Gene | Scaffold Accession
Number
Smed blsla 54 BK010973
Smed blslb 54 BK010974
Smed bls2a 54 BK010975
Smed bls2b 54 BK010976
Smed bls3a 54 BK010977
Smed bls3b 54 BK010978
Smed bls3c 54 BK010979
Smed bls3d 54 BK010980
Smed bls3e 54 BK010981
Smed bls3f 54 BK010982
Smed bls3g 54 BK010983
Smed bls4a 49 BK010984
Smed bls4b 49 BK010985

>BLS2A
MNLKLSLLILSCFACMYVNGILGLRLLTGLKLNVDGLIKADLGLRLGLYLGAGNYRSVLEI-
PAINNFLLGLRARVAGPIYAEVKAHLEEIGQISSGMYGLGIDRETVDNLVHHIRQLERRRYE-
LEALRRKYFRSQILIDYLVKLLKIKM

>BLS2B
MNLKLSLLILSCFACMYVNGILGLRLLTGLKLNVDGLIKADLGLRLGLYLGAGNYRSVLEI-
PAINNFLLGLRARVAGPIYAEVKAHLEEIGQISSGMYGLGIDRETVDNLVHHIRQLERRRYE-
LEALRRKYFRSQNIDRLFSEAIKN

>BLS3A
MNLKLSLLILSCFTCMYVNGFVDLRLLTGLKLNVAGLIKTDLGLRLGLYLGAGYYRSVLEI-
PAINHFLIGLRARVSGPIYANVQAHLEDIGKISSGIYGLGIDREKINRLVYQIRKLERRRYE-
LEALRRTHFPDQDVNKVFEKCCVEVVEESS

>BLS3B
MNLKLSLLILSCFTCMYVNGFVDLRLLTGLKLNVAGLIKADLGLRLGLYLGAGYYRSVLEI-
PAINHFLIGLRARVSGPIYANVQAHLEDIGKISSGIYGLGIDREKINRLVYQIRKLERRRYE-
LEALRRTHFPDQDVNKVFEKMLCGSCRRIE

>BLS3C
MNLKLSLLILSCFTCMYVNGFVDLRLLTGLKLNVAGLIKADLGLRLGLYLGAGYYRSVLEI-
PAINHFLIGLRARVSGPIYANVQAHLEDIGKISSGIYGLALTEKRSTD

>BLS3D
MHVCEWFCGSQTFDGTEIECGGLIKADLGLRLGLYLGAGYYRSVLEIPAINHFLIGLRAR-
VSGPIYANVQAHLEDIGKISSGIYGLGIDREKINRLVYQIRKLERRRYELEALRRTHFPDQD-
VNKVFEKCCVEVVEESSNAK

191



Annexes

>BLS3E

MNLKLSLLILSCFTCMYVNGFVDLRLLTGLKLNVAGLIRLTWD

>BLS3F
MNLKLSLLILSCFTCMYVNGFVDLRLLTGLKLNVAGLIKADLGLRLGLYLGAGYYRSVLEI-
PAINHFLIGLRARVSGPIYANVQAHLEDIGKISSGIYGLGIDRERSTD

>BLS3G
MNLKLSLLILSCFTCMYVNGFVDLRLLTGLKLNVAGLIKADLGLRLGLYLGAGYYRSVLEI-
PAINHFLIGLRARVSGPIYANVQAHLEDIGKISSGIYGLGIDREKINRLVYQIRKLERRRYE-
LEALRRTHFPDQDVNKVFENVVWKLSKNRVMQNDLVNKCEIFHIYSK

>BLS5A
MNLKLSLLILSCFACMYLNGVVGLGLLTGLRVNVDGLIDVDLGLALGLKLGAGNYRSVLEI-
PAINHFLLGLRARLPGAIYAKVQARLEYMGRISSRIYGLGINQETVNNLVYYIRQLERRRYE-
LEALRRRYFRNQNIDEIFRAVNKK

>BLS5B
MNLKLSLLILSCFACMYLNGVVGLGLLTGLRVQARLEYMGRISSRIYGLGINQETVNNL-
VYYIRQLERRRYELEALRRRYFRNQNIDEIFRAVNKK

Nucleotide sequences of bls homologs in Tricladida species. Djap, Dugesia japonica. Spol,
Schmidtea polychroa. Smes, Schmidtea mediterranea sexual strain.

>dd_Djap_v4_77219 2 1
TCGTAAGGCTTCTAATTCGTATCGTCTTCGTTCAAGTTTTCTTATTTGATAAACTAATCT-
GTTGATCTTTTCTCTGTCAATGCCTAAACCGTAAATTCCACTTGATATTTTTCCAATG-
TCTTCCAAATGTGCTTGTACATTTGCATAGATTGGACCCGATACACGGGCCCTGAGTC-
CAAGTAGAAAATGATTGATTGCCGGGATCTCTAATACTGATCGATAATTGCCGGCTCC-
CAAGTACAGACCCAATCTTAATCCCAAGTCAGCCTTAATGAGGCCCTCCACATTCA-
ATTTCAGTCCCGTCAAAAGTCTGAGATCCACAAAACCATTCACATACATGCATGTGAAG-
CAAGAAAGTATTAAAAGAG

>dd_Djap_v4_77219 1 1
GTCATCGTCAAGGTTTAACATTTTTCATTTTCACGTTTTACTTTTTATTAACTGCAC-
GAAATATTTCATCAATATTTTGATTTCTGAAATATCTTCTTCGTAAGGCTTCTAATTCG-
TATCTTCTTCGTTCAAGTTGTCTAATGTAATTAACTAGGTTGTTGACCGTTTCTTGG-
TTAATTCCTAAACCGTAAATCCTACTTGATATTCGTCCCATGAGTTCCAAACGGGCTT-
GTACCTTTGCATAGATTGCACCCGGTAGACGGGCTCTGAGTCCAAGTAAAAAATGATT-
GATTGCCGGGATCTCTAATACTGATCGATAATTGCCGGCTCCCAATTTCAGACCCAAT-
GCTAATCCCAAGTCAACATCAATGAGGCCGTTCACATTCACTCTTAATCCCGTCAAAAG-
TCCGAGACCCACAACACTATTCAGGTACATGCATGCGAAGCAAGAAAGTATTAAAAGA-
GATAGTTTCAAATTCATGCATGTACCTGA

>dd_Spol_v4_8725 2 1
TTTTAATACTTTCATGCTTCGCATGCATGTACGTGAATGGTATTCTGGGTCTCAGA-
CTTTTGACGGGACTGAAATTGAATGTGGAGGGCCTCATTAAGGCTGACTTGG-
GATTAAGATTGGGTCTGTACTTGGGAGCCGGCAATTATCGATCAGTATTAGAGATCC-
CGGCAATCAATCATTTTCTACTTGGACTCAGGGCCCGTGTATCGGGTCCAATCTATGCA-
AATGTACAAGCACATTTGGAAGACATTGGAAAAATATCAAGTGGAATTTACGGTTTAGG-
CATTGACAGAGAAAAGATCAACAGAT TAGTTTATCAAATAAGAAAACTTGAACGAAGAC-
GATACGAATTAGAAGCATTACGACGAACTCATTTCCCTGACCAAGATGTAAACAAAGTG-
TTTGAAAAATGTTGTGTGGAAGTTGTCGAAGAATCGAGTAATGAAAAATGATTTAGTGA-
ATAAATGTGAAATTTTTC
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>dd_Spol_v4_7617_2_1
CTTTGCTAACAAGATCATTTATTGATGATAGATATGCTAAATTTCACAATTCATTCACT-
CAATCATTTTGCATTATTTGATTCTTCAACTACTTCCACACAACATTTTTCAAAAACTT-
CATTTACATCTTTTCTCGGGAAATGAGTTTTTTGTAAGGCTTCTAATTCGTATCG-
TCTTCGTTCAAGTCTTCTAATGTAATCCACTAAGATGTTGATGATTTTTCTATCAATACC-
GAAACTGTAAATTCTTCTTGATAGTCGTCCCATGTCTTTGAATATGTTTTTGACTTTAG-
CATATATTCTAATCGGTAGTTGGGCTCTGATTCCAAGTAGAAAATTTTTGATTTCCGG-
GATCTGTAATACGGATCCAAAATGGCCTGCTCCCAATTTCAAACCCAATCCTAATCCTA-
TATCAGCTTTAACAATATCACATACATTCAGTTTCAGTCCAGCCAAAAGATTCAAAAGAC-
CATTCACATACAAGCATGTGAAGCAAGAAAGTATTAAAAGAGATAATTTCAAATTCATAT-
CACATACATTCAGTTTCAG

>dd_Spol_v4_7617_1_1
CTTTGCTAACAAGATCATTTATTGATGATAGATATGCTAAATTTCACAATTCATTCACT-
CAATCATTTTGCATTATTTGATTCTTCAACTACTTCCACACAACATTTTTCAAAAACTT-
CATTTACATCTTTTCTCGGGAAATGAGTTTTTTGTAAGGCTTCTAATTCGTATCG-
TCTTCGTTCAAGTCTTCTAATGTAATCCACTAAGATGTTGATGATTTTTCTATCAATACC-
GAAACTGTAAATTCTTCTTGATAATCGTCCCATGTCTTTGAATATTGTTTTGACTTTAG-
CATATATTCTAATCGGTAGTTGGGCTCTGATTCCAAGTAGAAAATTTTTGATTTCCGG-
GATCTGTAATACGGATCCAAAATGGCCTGCTCCCAATTTCAAACCCAATCCTAATCCTA-
TATCAGCTTTAACAATATCACATACATTCAGTTTCAGTCCAGCCAAAAGATTCAAAAGAC-
CATTCACATACAAGCATGTGAAGCAAGAAAGTATTAAAAGAGATAATTTCAAATTCATAT-
CACATACATTCAGTTTCAG

>dd_Spol_v4_8725 3 1
CTTGGACTCAGAGCCCGTCTACCGGGTGCAATCTATGCAAAGGTACAAGCCCGTTT-
GGAACTCATGGGACGAATATCAAGTAGGATTTACGGTTTAGGAATTAACCAAGA-
AACGGTCAACAACCTAGTTAATTACATTAGACAACTTGAACGAAGAAGATACGAATTA-
GAAGCCTTACGAAGAAGATATTTCAGAAATCAAAATATTGATGAAATATTTCGTGCAG-
TTAATAAAAAGTAAAACGTGAAAATAAAAAATGTTAAACCTTGACGATCACTTTCA-
AATAAAATATA

>dd_Spol_v4_8725 1 1
CCGGTAGACGGGCTCTGAGTCCAAGTAAAAAATGATTGATTGCCGGGATCTCAGA-
GCCCGTCTACCGGGTGCAATCTATGCAAAGGTACAAGCCCGTTTGGAACTCATGGGA-
CGAATATCAAGTAGGATTTACGGTTTAGGAATTAACCAAGAAACGGTCAACAACCTAG-
TTAATTACATTAGACAACTTGAACGAAGAAGATACGAAT TAGAAGCCTTACGAAGAAGA-
TATTTCAGAAATCAAAATATTGATGAAATATTTCGTGCAGTTAATAAAAAGTAAAACGT-
GAAAATAAAAAATGTTAAACCTTGACGATCACTTTCAAATAAAATA

>dd_Smes_v1_35718 1 1
TTTTTTTTTATTAATGCATATATTTTATTTGAAAGTGATCGTCAAGG -
TTTAACATTTTTTATTTTCACGTTTTACTTTTTATTAACTGCACGAAATATTTCATCA-
ATATTTTGATTTCTGAAATATCTTCTTCGTAAGGCTTCTAATTCGTATCTTCTTCGTTCA-
AGTTGTCTAATGTAATAAACTAGGTTGTTGACCGTTTCTTGGTTAATTCCTAAACCG-
TAAATCCTACTTGATATTCGTCCCATGTATTCCAAACGGGCTTGTACCTTTGCATAGATT-
GCACCCGGTAGACGGGCTCTGAGTCCAAGTAAAAAATGATTGATTGCCGGGATCTC-
TAATACTGATCGATAATTGCCGGCTCCCAATTTCAGACCCAATGCTAATCCCAAGTCA-
ACATCAATGAGGCCGTCCACATTCACTCTTAATCCCGTCAAAAGTCCGAGACCCACAA-
CACCATTCAGGTACATGCATGC
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>dd_Smes_v1_35718_1 2
TTTTTTTTTTTTAATTAAAGCATATTTTATTTGATAGTGATCGTCA-
AGATTAAACTTTTTTAATTTTCACATTTTAATTTTTAATAGCTTCACTAAATAATCTATCA-
ATATTTTGACTTCTGAAATATTTTCTTCGTAAGGCTTCTAATTCGTATCTTCTTCGTTCA-
AGTTGTCTAATGTAATAAACTAGGTTGTTGACCGTTTCTTGGTTAATTCCTAAACCG-
TAAATCCTACTTGATATTCGTCCCATGTATTCCAAACGGGCTTGTACCTTTGCATAGATT-
GCACCCGGTAGACGGGCTCTGAGTCCAAGTAAAAAATGATTGATTGCCGGGATCTC-
TAATACTGATCGATAATTGCCGGCTCCCAAGTACAGACCCAATCTTAATCCCAAGTCA-
GCCTTAATGAGGCCATCCACATTCAATTTCAGTCCCGTCAAAAGTCTGAGATCCACA-
AAACCATTCACATACATGCATGT

ORF of the bls homologs in Tricladida species. Amino acid sequence analysis of Tricladida
BLS protein homologs. The presence of the signal peptide (SP) and coiled coild (CC) were
indicated. Djap, Dugesia japonica. Spol, Schmidtea polychroa. Smes, Schmidtea mediterra-
nea sexual strain.

>dd_Djap_v4_77219 2 1
MYVNGFVDLRLLTGLKLNVEGLIKADLGLRLGLYLGAGNYRSVLEIPAINHFLLGLRARVSG-
PIYANVQAHLEDIGKISSGIYGLGIDREKINRLVYQIRKLERRRYELEALR
>dd_Djap_v4_77219 1 1
MNLKLSLLILSCFACMYLNSVVGLGLLTGLRVNVNGLIDVDLGLALGLKLGAGNYRSVLEI-
PAINHFLLGLRARLPGAIYAKVQARLELMGRISSRIYGLGINQETVNNLVNYIRQLERRRYE-
LEALRRRYFRNQNIDEIFRAVNKK

>dd_Spol_v4_8725 2 1
MYVNGILGLRLLTGLKLNVEGLIKADLGLRLGLYLGAGNYRSVLEIPAINHFLLGLRARVS-
GPIYANVQAHLEDIGKISSGIYGLGIDREKINRLVYQIRKLERRRYELEALRRTHFPDQD-
VNKVFEKCCVEVVEESSNEK

>dd_Spol_v4_7617_2_1
MNLKLSLLILSCFTCLYVNGLLNLLAGLKLNVCDIVKADIGLGLGLKLGAGHFGSVLQI-
PEIKNFLLGIRAQLPIRIYAKVKNIFKDMGRLSRRIYSFGIDRKIINILVDYIRRLERRRYELEAL-
QKTHFPRKDVNEVFEKCCVEVVEESNNAK

>dd_Spol_v4_7617_1_1
MNLKLSLLILSCFTCLYVNGLLNLLAGLKLNVCDIVKADIGLGLGLKLGAGHFGSVLQI-
PEIKNFLLGIRAQLPIRIYAKVKTIFKDMGRLSRRIYSFGIDRKIINILVDYIRRLERRRYELEAL-
QKTHFPRKDVNEVFEKCCVEVVEESNNAK

>dd_Spol_v4_8725 3 1
MGRISSRIYGLGINQETVNNLVNYIRQLERRRYELEALRRRYFRNQNIDEIFRAVNKK
>dd_Spol_v4_8725 1 1
MIDCRDLRARLPGAIYAKVQARLELMGRISSRIYGLGINQETVNNLVNYIRQLERRRYE-
LEALRRRYFRNQNIDEIFRAVNKK

>dd_Smes_v1_35718_1_1
MYLNGVVGLGLLTGLRVNVDGLIDVDLGLALGLKLGAGNYRSVLEIPAINHFLLGLRARLP-
GAIYAKVQARLEYMGRISSRIYGLGINQETVNNLVYYIRQLERRRYELEALRRRYFRNQNI-
DEIFRAVNKK

>dd_Smes_v1_35718_1_2
MYVNGFVDLRLLTGLKLNVDGLIKADLGLRLGLYLGAGNYRSVLEIPAINHFLLGLRARLP-
GAIYAKVQARLEYMGRISSRIYGLGINQETVNNLVYYIRQLERRRYELEALRRKYFRSQNI-
DRLFSEAIKN
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Alignments using bls gene members together with riboprobes sequences used in this study.

Forward primers are in

bls2a/1-504
bls2b/1-472
bls2_pl/1-204
bls2 _p2/1-116
bls3a/1-475
bls3b/1-487
bls3c/1-487
bls3d/1-484
bls3e/1-484
bls3f/1-485
bl1s3g/1-485
bls3 _p2/1-108
bls5a/1-505
bls5b/1-487
bls5 pl/1-186

bls2a/1-504
bls2b/1-472
bls2_pl/1-204
bls2 _p2/1-116
bls3a/1-475
bls3b/1-487
bls3c/1-487
bls3d/1-484
bls3e/1-484
bls3f/1-485
bl1s3g/1-485
bls3 _p2/1-108
bls5a/1-505
bls5b/1-487
bls5 pl/1-186

bls2a/1-504
bls2b/1-472
bls2_pl/1-204
bls2 _p2/1-116
bls3as/1-475
bls3b/1-487
bls3c/1-487
bls3d/1-484
bls3e/1-484
bls3f/1-485
bl1s3g/1-485
bls3 _p2/1-108
bls5a/1-505
bls5b/1-487
bls5 pl/1-186

bls2a/1-504
bls2b/1-472
bls2_pl/1-204
bls2 _p2/1-116
bls3a/1-475
bls3b/1-487
bls3c/1-487
bls3d/1-484

and reverse are in blue.

AGTTT-TTTTCAGTCATGAATTTGAAATTATCTCTTTTAATACTTTCATGCTTCGCATGC
AGTTT-TTTTCAGTCATGAATTTGAAATTATCTCTTTTAATACTTTCATGCTTCGCATGC

AGTTGATTTTCAGTCATGAATTTGAAATTATCTCTTTTAATACTTTCTTGCTTCACATGC
AGTTGATTTTCAGTCATGAATTTGAAATTATCTCTTTTAATACTTTCTTGCTTCACATGC
AGTTGATTTTCAGTCATGAATTTGAAATTATCTCTTTTAATACTTTCTTGCTTCACATGC
AGTTGATTTTCAGTCATGAATTTGAAATTATCTC-TTTAATACTTTCTTGCTTCACATGC
AGTTGATTTTCAGTCATGAATTTGAAATTATCTCTTTTAATACTTTCTTGCTTCACATGC
AGTTGATTTTCAGTCATGAATTTGAAATTATCTCTTTTAATACTTTCTTGCTTCACATGC
AGTTGATTTTCAGTCATGAATTTGAAATTATCTCTTTTAATACTTTCTTGCTTCACATGC
AGTTT-TTTTCAGTCATGAATTTGAAACTATCTCTTTTAATACTTTCTTGCTTCGCATGC
AGTTT-TTTTCAGTCATGAATTTGAAACTATCTCTTTTAATACTTTCTTGCTTCGCATGC

ATGTACGTGAATGGTATTCTGGGTCTCAGACTTTTGACGGGACTGAAATTGAATGTGGAT
ATGTACGTGAATGGTATTCTGGGTCTCAGACTTTTGACGGGACTGAAATTGAATGTGGAT

TATTCTGGGTCTCAGACTTTTGACGGGACTGAAATTGAATGTGGAT
ATGTATGTGAATGGTTTTGTGGATCTCAGACTTTTGACGGGACTGAAATTGAATGTGGCG
ATGTATGTGAATGGTTTTGTGGATCTCAGACTTTTGACGGGACTGAAATTGAATGTGGCG
ATGTATGTGAATGGTTTTGTGGATCTCAGACTTTTGACGGGACTGAAATTGAATGTGGCG
ATGTATGTGAATGGTTTTGTGGATCTCAGACTTTTGACGGGACTGAAATTGAATGTGG-C
ATGTATGTGAATGGTTTTGTGGATCTCAGACTTTTGACGGGACTGAAATTGAATGTGGCG
ATGTATGTGAATGGTTTTGTGGATCTCAGACTTTTGACGGGACTGAAATTGAATGTGGCG
ATGTATGTGAATGGTTTTGTGGATCTCAGACTTTTGACGGGACTGAAATTGAATGTGGCG
ATGTACCTGAATGGTGTTGTGGGTCTCGGACTTTTGACGGGATTAAGAGTGAATGTGGAC
ATGTACCTGAATGGTGTTGTGGGTCTCGGACTTTTGACGGGATTAAGAGTGAATGTGGAC

GGCCTCATTAAGGCTGACTTGGGATTAAGATTGGGTCTGTACTTGGGAGCCGGCAATTAT
GGCCTCATTAAGGCTGACTTGGGATTAAGATTGGGTCTGTACTTGGGAGCCGGCAATTAT
GGCCTCATTAAGGCTGACTTGGGATTAAGATTGGGTCTGTACTTGGGAGCCGGCAATTAT
GGCCTCATTAAGACTGACTTGGGATTAAGATTGGGTCTGTACTTGGGAGCCGGATATTAT
GGCCTCATTAAGGCTGACTTGGGATTAAGATTGGGTCTGTACTTGGGAGCCGGATATTAT
GGCCTCATTAAGGCTGACTTGGGATTAAGATTGGGTCTGTACTTGGGAGCCGGATATTAT
GGGCTCATTAAGGCTGACTTGGGATTAAGATTGGGTCTGTACTTGGGAGCCGGATATTAT
GGCCTCATT-AGGCTGACTTGGGATTAAGATTGGGTCTGTACTTGGGAGCCGGATATTAT
GGCCTCATTAAGGCTGACTTGGGATTAAGATTGGGTCTGTACTTGGGAGCCGGATATTAT
GGCCTCATTAAGGCTGACTTGGGATTAAGATTGGGTCTGTACTTGGGAGCCGGATATTAT
GGCCTCATTGATGTTGACTTGGGATTAGCATTGGGTCTGAAATTGGGAGCCGGCAATTAT
GGCCTCATTGATGTTGACTT-GGATTAGCATTGGGTCTGAAATTGGGAGCCGGCAATTAT
GGCCTCATTGATGTTGACTTGGGATTAGCATTGGGTCTGAAATTGGGAGCCGGCAATTAT

CGATCAGTATTAGAGATCCCGGCAATCAATAATTTTCTACTTGGACTCAGGGCCCGTGTA
CGATCAGTATTAGAGATCCCGGCAATCAATAATTTTCTACTTGGACTCAGGGCCCGTGTA
CGATCAGTATTAGAGATCCCGGCAATCAATCATTTTCTACTTGGACTCAGGGCCCGTGTA
CGATCAGTATTAGAGATCCCGGCAATCAATCATTTTCTAATTGGACTCAGGGCCCGTGTA
CGATCAGTATTAGAGATCCCGGCAATCAATCATTTTCTAATTGGACTCAGGGCCCGTGTA
CGATCAGTATTAGAGATCCCGGCAATCAATCATTTTCTAATTGGACTCAGGGCCCGTGTA
CGATCAGTATTAGAGATCCCGGCAATCAATCATTTTCTAATTGGACTCAGGGCCCGTGTA
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bls3e/1-484
bls3f/1-485
bl1s3g/1-485
bls3 p2/1-108
bls5a/1-505
bls5b/1-487
bls5 p1/1-186

bls2a/1-504
bls2b/1-472
bls2_pl/1-204
bls2_p2/1-116
bls3a/1-475
bls3b/1-487
bls3c/1-487
bls3d/1-484
bls3e/1-484
bls3f/1-485
bl1s3g/1-485
bls3 p2/1-108
bls5a/1-505
bls5b/1-487
bls5 p1/1-186

bls2a/1-504
bls2b/1-472
bls2_pl1/1-204
bls2_p2/1-116
bls3a/1-475
bls3b/1-487
bls3c/1-487
bls3d/1-484
bls3e/1-484
bls3f/1-485
bl1s3g/1-485
bls3 p2/1-108
bls5a/1-505
bls5b/1-487
bls5 p1/1-186

bls2a/1-504
bls2b/1-472
bls2_pl1/1-204
bls2_p2/1-116
bls3a/1-475
bls3b/1-487
bls3c/1-487
bls3d/1-484
bls3e/1-484
bls3f/1-485
bl1s3g/1-485
bls3 p2/1-108
bls5a/1-505
bls5b/1-487
bls5 p1/1-186

bls2a/1-504
bls2b/1-472
bls2_pl1/1-204
bls2_p2/1-116
bls3a/1-475

CGATCAGTATTAGAGATCCCGGCAATCAATCATTTTCTAATTGGACTCAGGGCCCGTGTA
CGATCAGTATTAGAGATCCCGGCAATCAATCATTTTCTAATTGGACTCAGGGCCCGTGTA
CGATCAGTATTAGAGATCCCGGCAATCAATCATTTTCTAATTGGACTCAGGGCCCGTGTA
CGATCAGTATTAGAGATCCCGGCAATCAATCATTTTTTACTTGGACTCAGAGCCCGTCTA
CGATCAGTATTAGAGATCCCGGCAATCAATCATTTTTTACTTGGACTCAGAGCCCGTCTA
CGATCAGTATTAGAGATCCCGGCAATCAATCATTTTTTACTTGGACTCAGAGCCCGTCTA

GCAGGTCCAATTTATGCAGAAGTAAAAGCACATTTGGAAGAAATTGGACAAATATCAAGT
GCAGGTCCAATTTATGCAGAAGTAAAAGCACATTTGGAAGAAATTGGACAAATATCAAGT
GCAGGTCCAATTTATGCAGAAGT === === === ———mm e
TCGGGTCCAATCTATGCAAATGTACAAGCACATTTGGAAGACATTGGAAAAATATCAAGT
TCGGGTCCAATCTATGCAAATGTACAAGCACATTTGGAAGACATTGGAAAAATATCAAGT
TCGGGTCCAATCTATGCAAATGTACAAGCACATTTGGAAGACATTGGAAAAATATCAAGT
TCGGGTCCAATCTATGCAAATGTACAAGCACATTTGGAAGACATTGGAAAAATATCAAGT
TCGGGTCCAATCTATGCAAATGTACAAGCACATTTGGAAGACATTGGAAAAATATCAAGT
TCGGGTCCAATCTATGCAAATGTACAAGCACATTTGGAAGACATTGGAAAAATATCAAGT
TCGGGTCCAATCTATGCAAATGTACAAGCACATTTGGAAGACATTGGAAAAATATCAAGT
CCGGGTGCAATCTATGCAAAGGTACAAGCCCGTTTGGAATACATGGGACGAATATCAAGT
CCGGGTGCAATCTATGCAAAGGTACAAGCCCGTTTGGAATACATGGGACGAATATCAAGT
CCGGGTGCAATCTATGCAAAGGTACAAGCCCGTTTGGAATACA-————————————————

GGGATGTACGGTTTAGGTATTGACAGAGAAACGGTCGACAACCTAGTTCATCACATTAGA
GGGATGTACGGTTTAGGTATTGACAGAGAAACGGTCGACAACCTAGTTCATCACATTAGA
ACATTAGA
GGAATTTACGGTTTAGGCATTGACAGAGAAAAGATCAACAGATTAGTTTATCAAATAAGA
GGAATTTACGGTTTAGGCATTGACAGAGAAAAGATCAACAGATTAGTTTATCAAATAAGA
GGAATTTACGGTTTA-GCATTGACAGAGAAAAGATCAACAGATTAGTTTATCAAATAAGA
GGAATTTACGGTTTAGGCATTGACAGAGAAAAGATCAACAGATTAGTTTATCAAATAAGA
GGAATTTACGGTTTAGGCATTGACAGAGAAAAGATCAACAGATTAGTTTATCAAATAAGA
GGAATTTACGGTTTAGGCATTGACAGAGAAA-GATCAACAGATTAGTTTATCAAATAAGA
GGAATTTACGGTTTAGGCATTGACAGAGAAAAGATCAACAGATTAGTTTATCAAATAAGA
GATTAGTTTATCAAATAAGA
AGGATTTACGGTTTAGGAATTAACCAAGAAACGGTCAACAACCTAGTTTATTACATTAGA
AGGATTTACGGTTTAGGAATTAACCAAGAAACGGTCAACAACCTAGTTTATTACATTAGA

CAACTTGAACGAAGACGATACGAATTAGAAGCCTTACGAAGAAAATATTTCAGAAGTCAA
CAACTTGAACGAAGACGATACGAATTAGAAGCCTTACGAAGAAAATATTTCAGAAGTCAA
CAACTTGAACGAAGACGATACGAATTAGAAGCCTTACGAAGAAAATATTTCAGAAGTC-A
AAACTTGAACGAAGACGATACGAATTAGAAGCATTACGACGAACTCATTTCCCTGACCAA
AAACTTGAACGAAGACGATACGAATTAGAAGCATTACGACGAACTCATTTCCCTGACCAA
AAACTTGAACGAAGACGATACGAATTAGAAGCATTACGACGAACTCATTTCCCTGACCAA
AAACTTGAACGAAGACGATACGAATTAGAAGCATTACGACGAACTCATTTCCCTGACCAA
AAACTTGAACGAAGACGATACGAATTAGAAGCATTACGACGAACTCATTTCCCTGACCAA
AAACTTGAACGAAGACGATACGAATTAGAAGCATTACGACGAACTCATTTCCCTGACCAA
AAACTTGAACGAAGACGATACGAATTAGAAGCATTACGACGAACTCATTTCCCTGACCAA
AAACTTGAACGAAGACGATACGAATTAGAAGCATTACGACGAACTCATTTCCCTGACCAA
CAACTTGAACGAAGAAGATACGAATTAGAAGCCTTACGAAGAAGATATTTCAGAAATCAA
CAACTTGAACGAAGAAGATACGAATTAGAAGCCTTACGAAGAAGATATTTCAGAAATCAA

~ATATTGATAGATTATTTA-———————————— GTGAAGCTATTAAAAATTAAAATGTGAA
AATATTGATAGATTATTTA-————————mm—— GTGAAGCTATTAAAAATTAAAATGTGAA
AATATTGATAGATTATTTA=——— oo GTGAA-——————mmm e e

GATGTAAACAAAGTGTTTG-AAAAATGTTGTGTGGAAGTTGTCGAAGAATCGAGTA--—-



bls3b/1-487
bls3c/1-487
bls3d/1-484
bls3e/1-484
bls3f/1-485
bls3g/1-485

bls3_p2/1-108

bls5a/1-505
bls5b/1-487

bls5_pl/1-186

Annexes

GATGTAAACAAAGTGTTTGAAAAAATGTTGTGTGGAAGTTGTCGAAGAATCGAGTAATGC
GATGTAAACAAAGTGTTTG-AAAAATGTTGTGTGGAAGTTGTCGAAGAATCGAGTAATGC
GATGTAAACAAAGTGTTTG-AAAAATGTTGTGTGGAAGTTGTCGAAGAATCGAGTAATGC
GATGTAAACAAAGTGTTTG--AAAATGTTGTGTGGAAGTTGTCGAAGAATCGAGTAATGC
GATGTAAACAAAGTGTTTG-AAAAATGTTGTGTGGAAGTTGTCGAAGAATCGAGTAATGC
GATGTAAACAAAGTGTTTG--AAAATGTTGTGTGGAAGTTGTCGAAGAATCGAGTAATGC

7
AATATTGATGAAATATTTC-————— - GTGCAGTTAATAAAAAGTAAAACGTGAA
AATATTGATGAAATATTTC-————— - GTGCAGTTAATAAAAAGTAAAACGTGAA

Aligments using bls gene members together sequence used to perform RNAI experiments.

Forward primer is in

bls2a/1-504
bls2b/1-472
bls3a/1-475
bls3b/1-487
bls3c/1-487
bls3d/1-484
bls3e/1-484
bls3f/1-485
bls3g/1-485

bls3_p2/1-108

bls5a/1-505
bls5b/1-487

bls2a/1-504
bls2b/1-472
bls3a/1-475
bls3b/1-487
bls3c/1-487
bls3d/1-484
bls3e/1-484
bls3f/1-485
bls3g/1-485

bls3_p2/1-108

bls5a/1-505
bls5b/1-487

bls2a/1-504
bls2b/1-472
bls3a/1-475
bls3b/1-487
bls3c/1-487
bls3d/1-484
bls3e/1-484
bls3f/1-485
bls3g/1-485

bls3_p2/1-108

bls5a/1-505
bls5b/1-487

bls2a/1-504
bls2b/1-472
bls3a/1-475
bls3b/1-487
bls3c/1-487
bls3d/1-484

and reverse is in blue.

AGTTT-TTTTCAGTCATGAATTTGAAATTATCTCTTTTAATACTTTCATGCTTCGCATGC
AGTTT-TTTTCAGTCATGAATTTGAAATTATCTCTTTTAATACTTTCATGCTTCGCATGC
AGTTGATTTTCAGTCATGAATTTGAAATTATCTCTTTTAATACTTTCTTGCTTCACATGC
AGTTGATTTTCAGTCATGAATTTGAAATTATCTCTTTTAATACTTTCTTGCTTCACATGC
AGTTGATTTTCAGTCATGAATTTGAAATTATCTCTTTTAATACTTTCTTGCTTCACATGC
AGTTGATTTTCAGTCATGAATTTGAAATTATCTCTTT-AATACTTTCTTGCTTCACATGC
AGTTGATTTTCAGTCATGAATTTGAAATTATCTCTTTTAATACTTTCTTGCTTCACATGC
AGTTGATTTTCAGTCATGAATTTGAAATTATCTCTTTTAATACTTTCTTGCTTCACATGC
AGTTGATTTTCAGTCATGAATTTGAAATTATCTCTTTTAATACTTTCTTGCTTCACATGC
AGTTT-TTTTCAGTCATGAATTTGAAACTATCTCTTTTAATACTTTCTTGCTTCGCATGC
AGTTT-TTTTCAGTCATGAATTTGAAACTATCTCTTTTAATACTTTCTTGCTTCGCATGC

ATGTACGTGAATGGTATTCTGGGTCTCAGACTTTTGACGGGACTGAAATTGAATGTGGAT
ATGTACGTGAATGGTATTCTGGGTCTCAGACTTTTGACGGGACTGAAATTGAATGTGGAT
ATGTATGTGAATGGTTTTGTGGATCTCAGACTTTTGACGGGACTGAAATTGAATGTGGCG
ATGTATGTGAATGGTTTTGTGGATCTCAGACTTTTGACGGGACTGAAATTGAATGTGGCG
ATGTATGTGAATGGTTTTGTGGATCTCAGACTTTTGACGGGACTGAAATTGAATGTGGCG
ATGTATGTGAATGGTTTTGTGGATCTCAGACTTTTGACGGGACTGAAATTGAATGTGGCG
ATGTATGTGAATGGTTTTGTGGATCTCAGACTTTTGACGGGACTGAAATTGAATGTGGCG
ATGTATGTGAATGGTTTTGTGGATCTCAGACTTTTGACGGGACTGAAATTGAATGTGGCG
ATGTATGTGAATGGTTTTGTGGATCTCAGACTTTTGACGGGACTGAAATTGAATGTGGCG
ATGTACCTGAATGGTGTTGTGGGTCTCGGACTTTTGACGGGATTAAGAGTGAATGTGGAC
ATGTACCTGAATGGTGTTGTGGGTCTCGGACTTTTGACGGGATTAAGAGTGAATGTGGAC

GGCCTCATTAAGGCTGACTTGGGATTAAGATTGGGTCTGTACTTGGGAGCCGGCAATTAT
GGCCTCATTAAGGCTGACTTGGGATTAAGATTGGGTCTGTACTTGGGAGCCGGCAATTAT
GGCCTCATTAAGACTGACTTGGGATTAAGATTGGGTCTGTACTTGGGAGCCGGATATTAT
GGCCTCATTAAGGCTGACTTGGGATTAAGATTGGGTCTGTACTTGGGAGCCGGATATTAT
GGCCTCATTAAGGCTGACTTGGGATTAAGATTGGGTCTGTACTTGGGAGCCGGATATTAT
GG-CTCATTAAGGCTGACTTGGGATTAAGATTGGGTCTGTACTTGGGAGCCGGATATTAT
GGCCTCATT-AGGCTGACTTGGGATTAAGATTGGGTCTGTACTTGGGAGCCGGATATTAT
GGCCTCATTAAGGCTGACTTGGGATTAAGATTGGGTCTGTACTTGGGAGCCGGATATTAT
GGCCTCATTAAGGCTGACTTGGGATTAAGATTGGGTCTGTACTTGGGAGCCGGATATTAT
GGCCTCATTGATGTTGACTTGGGATTAGCATTGGGTCTGAAATTGGGAGCCGGCAATTAT
GGCCTCATTGATGTTGACTT-GGATTAGCATTGGGTCTGAAATTGGGAGCCGGCAATTAT

CGATCAGTATTAGAGATCCCGGCAATCAATAATTTTCTACTTGGACTCAGGGCCCGTGTA
CGATCAGTATTAGAGATCCCGGCAATCAATAATTTTCTACTTGGACTCAGGGCCCGTGTA
CGATCAGTATTAGAGATCCCGGCAATCAATCATTTTCTAATTGGACTCAGGGCCCGTGTA
CGATCAGTATTAGAGATCCCGGCAATCAATCATTTTCTAATTGGACTCAGGGCCCGTGTA
CGATCAGTATTAGAGATCCCGGCAATCAATCATTTTCTAATTGGACTCAGGGCCCGTGTA
CGATCAGTATTAGAGATCCCGGCAATCAATCATTTTCTAATTGGACTCAGGGCCCGTGTA
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bls3e/1-484
bls3f/1-485
bl1s3g/1-485

bls3 p2/1-108

bls5a/1-505
bls5b/1-487

bls2a/1-504
bls2b/1-472
bls3a/1-475
bls3b/1-487
bls3c/1-487
bls3d/1-484
bls3e/1-484
bls3f/1-485
bl1s3g/1-485

bls3 p2/1-108

bls5a/1-505
bls5b/1-487

bls2a/1-504
bls2b/1-472
bls3a/1-475
bls3b/1-487
bls3c/1-487
bls3d/1-484
bls3e/1-484
bls3f/1-485
bl1s3g/1-485

bls3 p2/1-108

bls5a/1-505
bls5b/1-487

bls2a/1-504
bls2b/1-472
bls3a/1-475
bls3b/1-487
bls3c/1-487
bls3d/1-484
bls3e/1-484
bls3f/1-485
bl1s3g/1-485

bls3 p2/1-108

bls5a/1-505
bls5b/1-487

bls2a/1-504
bls2b/1-472
bls3a/1-475
bls3b/1-487
bls3c/1-487
bls3d/1-484
bls3e/1-484
bls3f/1-485
bl1s3g/1-485

bls3 p2/1-108

bls5a/1-505
bls5b/1-487

bls2a/1-504
bls2b/1-472
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CGATCAGTATTAGAGATCCCGGCAATCAATCATTTTCTAATTGGACTCAGGGCCCGTGTA
CGATCAGTATTAGAGATCCCGGCAATCAATCATTTTCTAATTGGACTCAGGGCCCGTGTA
CGATCAGTATTAGAGATCCCGGCAATCAATCATTTTCTAATTGGACTCAGGGCCCGTGTA
CGATCAGTATTAGAGATCCCGGCAATCAATCATTTTTTACTTGGACTCAGAGCCCGTCTA
CGATCAGTATTAGAGATCCCGGCAATCAATCATTTTTTACTTGGACTCAGAGCCCGTCTA

GCAGGTCCAATTTATGCAGAAGTAAAAGCACATTTGGAAGAAATTGGACAAATATCAAGT
GCAGGTCCAATTTATGCAGAAGTAAAAGCACATTTGGAAGAAATTGGACAAATATCAAGT
TCGGGTCCAATCTATGCAAATGTACAAGCACATTTGGAAGACATTGGAAAAATATCAAGT
TCGGGTCCAATCTATGCAAATGTACAAGCACATTTGGAAGACATTGGAAAAATATCAAGT
TCGGGTCCAATCTATGCAAATGTACAAGCACATTTGGAAGACATTGGAAAAATATCAAGT
TCGGGTCCAATCTATGCAAATGTACAAGCACATTTGGAAGACATTGGAAAAATATCAAGT
TCGGGTCCAATCTATGCAAATGTACAAGCACATTTGGAAGACATTGGAAAAATATCAAGT
TCGGGTCCAATCTATGCAAATGTACAAGCACATTTGGAAGACATTGGAAAAATATCAAGT
TCGGGTCCAATCTATGCAAATGTACAAGCACATTTGGAAGACATTGGAAAAATATCAAGT
CCGGGTGCAATCTATGCAAAGGTACAAGCCCGTTTGGAATACATGGGACGAATATCAAGT
CCGGGTGCAATCTATGCAAAGGTACAAGCCCGTTTGGAATACATGGGACGAATATCAAGT

GGGATGTACGGTTTAGGTATTGACAGAGAAACGGTCGACAACCTAGTTCATCACATTAGA
GGGATGTACGGTTTAGGTATTGACAGAGAAACGGTCGACAACCTAGTTCATCACATTAGA
GGAATTTACGGTTTAGGCATTGACAGAGAAAAGATCAACAGATTAGTTTATCAAATAAGA
GGAATTTACGGTTTAGGCATTGACAGAGAAAAGATCAACAGATTAGTTTATCAAATAAGA
GGAATTTACGGTTTAG-CATTGACAGAGAAAAGATCAACAGATTAGTTTATCAAATAAGA
GGAATTTACGGTTTAGGCATTGACAGAGAAAAGATCAACAGATTAGTTTATCAAATAAGA
GGAATTTACGGTTTAGGCATTGACAGAGAAAAGATCAACAGATTAGTTTATCAAATAAGA
GGAATTTACGGTTTAGGCATTGACAGAGAAA-GATCAACAGATTAGTTTATCAAATAAGA
GGAATTTACGGTTTAGGCATTGACAGAGAAAAGATCAACAGATTAGTTTATCAAATAAGA
GATTAGTTTATCAAATAAGA
AGGATTTACGGTTTAGGAATTAACCAAGAAACGGTCAACAACCTAGTTTATTACATTAGA
AGGATTTACGGTTTAGGAATTAACCAAGAAACGGTCAACAACCTAGTTTATTACATTAGA

CAACTTGAACGAAGACGATACGAATTAGAAGCCTTACGAAGAAAATATTTCAGAAGTCAA
CAACTTGAACGAAGACGATACGAATTAGAAGCCTTACGAAGAAAATATTTCAGAAGTCAA
AAACTTGAACGAAGACGATACGAATTAGAAGCATTACGACGAACTCATTTCCCTGACCAA
AAACTTGAACGAAGACGATACGAATTAGAAGCATTACGACGAACTCATTTCCCTGACCAA
AAACTTGAACGAAGACGATACGAATTAGAAGCATTACGACGAACTCATTTCCCTGACCAA
AAACTTGAACGAAGACGATACGAATTAGAAGCATTACGACGAACTCATTTCCCTGACCAA
AAACTTGAACGAAGACGATACGAATTAGAAGCATTACGACGAACTCATTTCCCTGACCAA
AAACTTGAACGAAGACGATACGAATTAGAAGCATTACGACGAACTCATTTCCCTGACCAA
AAACTTGAACGAAGACGATACGAATTAGAAGCATTACGACGAACTCATTTCCCTGACCAA
AAACTTGAACGAAGACGATACGAATTAGAAGCATTACGACGAACTCATTTCCCTGACCAA
CAACTTGAACGAAGAAGATACGAATTAGAAGCCTTACGAAGAAGATATTTCAGAAATCAA
CAACTTGAACGAAGAAGATACGAATTAGAAGCCTTACGAAGAAGATATTTCAGAAATCAA

-ATATTGATAGATTATTTA-———————————- GTGAAGCTATTAAAAATTAAAATGTGAA
AATATTGATAGATTATTTA-———————————— GTGAAGCTATTAAAAATTAAAATG-TGA
GATGTAAACAAAGTGTTTG-AAAAATGTTGTGTGGAAGTTGTCGAAGAATCGAGTA-——-
GATGTAAACAAAGTGTTTGAAAAAATGTTGTGTGGAAGTTGTCGAAGAATCGAGTAATGC
GATGTAAACAAAGTGTTTG-AAAAATGTTGTGTGGAAGTTGTCGAAGAATCGAGTAATGC
GATGTAAACAAAGTGTTTG-AAAAATGTTGTGTGGAAGTTGTCGAAGAATCGAGTAATGC
GATGTAAACAAAGTGTTTG--AAAATGTTGTGTGGAAGTTGTCGAAGAATCGAGTAATGC
GATGTAAACAAAGTGTTTG-AAAAATGTTGTGTGGAAGTTGTCGAAGAATCGAGTAATGC
GATGTAAACAAAGTGTTTG--AAAATGTTGTGTGGAAGTTGTCGAAGAATCGAGTAATGC

7
AATATTGATGAAATATTTC-———————————— GTGCAGTTAATAAAAAGTAAAACGTGAA
AATATTGATGAAATATTTC-———————————— GTGCAGTTAATAAAAAGTAAAACGTGAA

AATTAAAAAAGTTTAATCTTGACGATCACTATCAAATAA
AAATTAA- - — - oo



Annexes

b1S3a/1-475 ~  —mmmmmm e
bls3b/1-487 AAAATGA- = ——— —m oo
bls3c/1-487 Y.V .-
bls3d/1-484 AAAATGA- = ——— —m oo
bls3e/1-484 AAAATGA- = ——— —m oo
bls3f/1-485 AAAATGA- = ——— —m oo
bls3g/1-485 AAAATGA- = ——— —m oo
b1S3_p2/1-108  ————m oo
bls5a/1-505 AATAAAAAATGTTAAACCTTGACGATCACTTTCAAATAA
bls5b/1-487 AATAAAAAATGTTAAACCTTGA-————————————————
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Annex Il — DVL and FOXK alignments of Schmidtea mediterranea (Smed),
Xenopus laevis (Xlea) and Homo sapiens (Hsa).

Sequences and aligment of DVL proteins of Smed, Xlae and Hsa. Xlae and Hsa.

>Smed_dvlil
MEETRI1YYVDDEETPYLIKFHSPPEQITLGDFKNALNRPNYKFFFKSLDDDFGVVKEE I TDDDAKLPYVNGRVVSWLYV -
VSEGSTQSDNHSSSGKEVLLVDSDKSKDKGTVSDSSDPKSPSFRNYNKIPTKHSSSSKKQEESNK IHRQNHKFTGPE-
KITLDETDDAFDE IDS1YNEDKVPPLRKFSDFKHSVKLKKLRNAQGSHGNSNSSSNNNNSNSNNASNNAPAKQQPI -
YESSSSMMSSDLDTTSFFDSEDDSSRFSSATETTMSSKYGKQRRQLRRRRKMPHLSRASSFSSMTDSTVSLNIITVTL-
NMDTVPFLGISIVGQTNGNQENGDGG 1 YVGS IMKGGAVALDGR IEPGDMILEVNG I SFENVSNEEAVRTLREQVQKLG-
PVTLVVAKSWDPNPTGYMLPQQDPVRP IDPRAWVLHTQAMGNMAPPNQPPVASGDQF IQSGKYLPYAGAMSTV-
ASTITTTSSSLKSSSVVEVQNPQNKFIGRTDETIPSPLTTNHEPSV 1 IRAMAQADSGLP IRDRLWLKITIYNAFIGS-
DLVDWLYSHVQGFTDRKDARKFATNLLKMGF IRHTVNKSSFSEQCYYVLNDMMGALSVMNLESE IDSVSVVAGQQQSK-
TRLVHQDPGCKESP ILSSGFQSACSNKWSSYNIQSNPGPEMYSQAQ IMTMNNNNAFKYQNFYTDNMQPQSQSLVK-
PLGLSSNLKSSRGPGSVNSGSVVTRNCVCLNSMTVLKAVKHMWESGANKSVMAATDLSGGSGGGSSGGGEGGGGST-
VREVEPVSTASMRNQDINSIVSVNSTTCRLCGGEQEESDLYSNNDEDDNPHRHHSMKMDAPATTSGSSASGSSGN-
VTRNIQMPVYHMQNPAPVIGSGIVLPDASQYPLHNSPPPSYQQSMAIGTILGKNQS IMPGDNSSNQFSLAISNGIL-
NENSSSGFFSDGVDKCD

>Smed_dvi2

MTNCATSGNVISDETRITYHIDEEETPYL IKLSISPDKVTLGDLKNALNRPHYKYFFKSMDDDFGVVKEE I TDDEAKLP-
CFKGRVISWLVTAEGSTVSDNVDSNG I LDKNESRMLPFQESHFPLINNIKASGGTTTNESDTICDTCTDTDSVYSAA-
QDRVGPLRSFHDYKQAGRVAAHANRVNTNTPNGQNP I YETNSSMMSSDLESTSFFDSEDESSRFSTTTCTTMSS-
RYGRQKQQRRRRRPPAISRASSFSSITDSTMSLNIVTVRLNMDTVKFLGISIVGQSNKGGDGGIYVGSIMKGGA-
VAQDGR IEPGDMILEVND I SFEDMSNDDAVRTLREQVQKPGP INLVVAKCWDPNPKGYFT IPRQEPVRP IDPRAWVLHT -
NAMTAGASEPPSSVNGVHPQVSNLVAPSMQSLLSGGTMLAGTSAATFNAAAFGYMPQPQNINQNTASVSTVGGPPGAS-
VGFFGYPMGMPGQFSQGAGSIVTTSSSLPESERYQEELHLTKNTDVGT ILRVLSQPDSGLD IRDRLWLKITLPNAFIG-
SNLVDWLYRHIEGFSDRKEARKYAANLLKFGY IKHTVNKVTFSEQCYYVLGNTTLNMSRLSLDQVESVSEVGVNGPHH-
LAALPPPNFSSNKQP ISSCINQPPLNINPQLTATSEPLPSNNANVATATASSNSQYSVVGPLPCSQPSQHASSNASA-
SAIKKSGSCNSLSGSSSSTSSSSSSNRSNTRINGNASSVSNMISKNPPPKIPPRTIASVSTNSTNP I 1SGFQNRGQSS-
VSQ

>Xle dvll
MAETKI1IYHIDEEETPYLVKLPVPPEKVTLADFKNVLSNRPVHHYKFFFKSMDQDFGVVKEE I SDDNAKLPCFN-
GRVVSWLVLAESSHSDGGSQSTESRTDLPLPIERTGGIGDSRPPSFHPNASSSRDGLDNETGTDSVVSHRRDRHRR-
KNRETHDDVPR INGHPKLDR IRDPGGYDSASTVMSSELESSSFVDSDEDENTSRLSSSTEQSTSSRL IRKHKRRRRKQK -
MRQIDRSSSFSSITDSTMSLNIITVTLNMEKYNFLGISI1VGQSNDRGDGGIY IGSIMKGGAVAADGR IEPGDMLLQVND-
VNFENMSNDDAVRVLRE IVSKPGP ISLTVAKCWDPTPRSYFT IPRAEPVRP IDPAAWITHTSALTGAYPRYGMGPSMSI -
ITCTSSSLTSSKPESEKQEDSPLSVKSDMAT IVKVMQVPDSGLE IRDRMWLK ITISNAV IGADVVDWLYTHVEGFKER-
REARKYASSMLKHGYLRHTVNKITFSEQCYYVFGDLCGNVAALNLNDGSSGTSDQDTLAPLPHPAAPWPLGQGYSY -
QYPLAPPCFPPTYQEPGFSYGSGSAGSQHSEGSKSSGSSRSNREGKRSSGREKERRSTGSGSGSDRAPRSGGSKNER-
PLSQHSHHSHSSVSRSQRSHRSNSHHSHGPPGLPPLFSLPKIGSKVYGTSGPPGGPPVRELANVPPELTGSRQSFQKA-
MGNPCEFFVDIM

Xle_dvl2

MAETKVI1YHLDEEETPYLVKVPVPATD IRLRDFKAALGRGHAKYFFKAMDQDFGVVKEE ISDDNAKLPCFNDRV-
VSWLASSEGSQPDSAPPAPATEVRPEPPPPVPPPIPPPPAERTSGIGDSRPPSFHPNVSGSTEQLDQDNES-
VISMRRDRVRRRESSEQAGVGRGVNGRTERHLSGYESSSTLLTSEIETSICDSEEDDTMSRFSSSTEQSSAS-
RLLKRHRRRRKQRPPRLERTSSFSSVTDSTMSLNIITVTLNMEKYNFLGISIVGQSNERGDGGIY IGSIMKGGA-
VAADGR IEPGDMLLQVND INFENMSNDDAVRVLRD IVHKPGP I VLTVAKCWDPSPQGYFTLPRNEP IHP IDPAAWVSH-
SAALSGSFPVYPGSASMSSMTSSTSVTETELSHALPPVSLFSLSVHTDLASVVKVMASPESGLEVRDRMWLKITIP-
NAFLGSDVVDWLYHHVEGFQDRREARKFASNLLKAGFIRHTVNKITFSEQCYY IFGDLTGCENYMTNLSLNDNDGSS-
GASDQDTLAPLPLPGASPWPLLPTFSYQYQAPHPYSTQPPAYHELSSYSYGMGSAGSQHSEGSRSSGSNRSDGGRGMQ-
KDDRSGVAGVGGGDSKSGSGSESEYSTRSSIRRVGGGEAGPPSERSTSSRLPPHHPPSVHSYAAPGVPLSYNPMMLM-
MMPPPPLPPPGVCPPNSSVPPGAPPLVRDLASVPPELTATRQSFHMAMGNPSEFFVDVM
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>Xle_dvi3

Annexes

MGETKVI1YHLDEQETPYLVKLPVPAEKVTLGDFKNILNKPNYKFFFKSMDDDFGVVKEE I SDDNAKLPCFNGRVVC-
WLVSADGSQSDAGSVCADIQSDLPPPIERTGGIGDSRPPSFHPNTRGSQENLDNETETDSVVSARRERPGRKETSEHA-
TRINGTSKMERRRDTGGYESSSTLMSSELDSTSFFDSDEDDSTSRFSNSTEQSSASRLMRRHKRRRRKPKAPQIERSSS -
FSSITDSTMSLNIITVTLNMEKYNFLGISIVGQSNERGDGG 1Y IGS IMKGGAVAADGR IEPGDMLLQVNDTNFENMSND -
DAVRVLRDIVHKPGPITLTVAKCWDPSPRNCFTLPRSEP IRP IDPAAWVSHTAAMTGTYPAYGMSPSMSTITSTSS-
SITSSIPETERFDDFQLSIHSDMVT IVKAMSSSESGLEVRDRMWLKIT IPNAFIGSDVVDWLYHHVEGFTDRREAR -
KYASNLLKAGY IRHTVNKITFSEQCYY I FGDLCGNMANLSLNDHDGSSGTSDQDTLAPLPHPGAAPWP IAFQYQYPLPH-
PYSPHPGFPDPAY 1YGGGSAGSQHSEGSRSSGSNRSSTEKRKDRETKGGDSKSGGSGSESDHTTRSSLRRDRAASER-
SVPASEHSHRSHHS IAHSIRSHHTHQSFGPPG I PPLYGAPMMMMPAPVSVMGPPGAPPSRDLASVPPELTASRQSFR-
MAMGNPSEFFVDV IKEFWGV

>Hsa_dvlil

MAETKI 1YHMDEEETPYLVKLPVAPERVTLADFKNVLSNRPVHAYKFFFKSMDQDFGVVKEE I FDDNAKLPCFNGRV -
VSWLVLAEGAHSDAGSQGTDSHTDLPPPLERTGG I GDSRPPSFHPNVASSRDGMDNETGTESMVSHRRERARRRNREE -
AARTNGHPRGDRRRDVGLPPDSASTALSSELESSSFVDSDEDGSTSRLSSSTEQSTSSRL IRKHKRRRRKQRLRQA -
DRASSFSSITDSTMSLNIVTVTLNMERHHFLGIS1VGQSNDRGDGGI1Y 1GS IMKGGAVAADGR IEPGDMLLQVNDVN-
FENMSNDDAVRVLREIVSQTGPISLTVAKCWDPTPRSYFTVPRADPVRP IDPAAWLSHTAALTGALPRYGTSPCS-
SAVTRTSSSSLTSSVPGAPQLEEAPLTVKSDMSAVVRVMQLPDSGLE IRDRMWLKITIANAVIGADVVDWLYTHVEG-
FKERREARKYASSLLKHGFLRHTVNKITFSEQCYYVFGDLCSNLATLNLNSGSSGTSDQDTLAPLPHPAAPWPLGQ-
GYPYQYPGPPPCFPPAYQDPGFSYGSGSTGSQQSEGSKSSGSTRSSRRAPGREKERRAAGAGGSGSESDHTAPSGVGSS -
WRERPAGQLSRGSSPRSQASATAPGLPPPHPTTKAYTVVGGPPGGPPVRELAAVPPELTGSRQSFQKAMGNPCEFFVDIM

>Hsa_dvl2

MAGSSTGGGGVGETKVIYHLDEEETPYLVKIPVPAERI TLGDFKSVLQRPAGAKYFFKSMDQDFGVVKEE I SDDNARLP -
CFNGRVVSWLVSSDNPQPEMAPPVHEPRAELAPPAPPLPPLPPERTSGIGDSRPPSFHPNVSSSHENLEPETETES-
VVSLRRERPRRRDSSEHGAGGHRTGGPSRLERHLAGYESSSTLMTSELESTSLGDSDEEDTMSRFSSSTEQSSAS -
RLLKRHRRRRKQRPPRLERTSSFSSVTDSTMSLNIITVTLNMEKYNFLGISIVGQSNERGDGGIY IGSIMKGGA-
VAADGR IEPGDMLLQVNDMNFENMSNDDAVRVLRD I'VHKPGP IVLTVAKCWDPSPQAYFTLPRNEP 1QP I DPAAWVSH-
SAALTGTFPAYPGSSSMSTITSGSSLPDGCEGRGLSVHTDMASVTKAMAAPESGLEVRDRMWLKITIPNAFLGS-
DVVDWLYHHVEGFPERREARKYASGLLKAGLIRHTVNKITFSEQCYYVFGDLSGGCESYLVNLSLNDNDGSSGAS-
DODTLAPLPGATPWPLLPTFSYQYPAPHPYSPQPPPYHELSSYTYGGGSASSQHSEGSRSSGSTRSDGGAGRT -
GRPEERAPESKSGSGSESEPSSRGGSLRRGGEASGTSDGGPPPSRGSTGGAPNLRAHPGLHPYGPPPGMALPYNPMMV -
VMMPPPPPPVPPAVQPPGAPPVRDLGSVPPELTASRQSFHMAMGNPSEFFVDVM

>Hsa_dvi3

MGETKI1YHLDGQETPYLVKLPLPAERVTLADFKGVLQRPSYKFFFKSMDDDFGVVKEE I SDDNAKLPCFNGRV -
VSWLVSAEGSHPDPAPFCADNPSELPPPMERTGG I GDSRPPSFHPHAGGGSQENLDNDTETDSLVSAQRERPRRRDGPE -
HATRLNGTAKGERRREPGGYDSSSTLMSSELETTSFFDSDEDDSTSRFSSSTEQSSASRLMRRHKRRRRKQKVSRI -
ERSSSFSSITDSTMSLNIITVTLNMEKYNFLGIS1VGQSNERGDGGI1Y 1GS IMKGGAVAADGR IEPGDMLLQVNE IN-
FENMSNDDAVRVLREIVHKPGP I TLTVAKCWDPSPRGCFTLPRSEP IRP IDPAAWVSHTAAMTGTFPAYGMSPSL -
STITSTSSSITSSIPDTERLDDFHLS IHSDMAATVKAMASPESGLEVRDRMWLKIT IPNAFIGSDVVDWLYHNVEGFT -
DRREARKYASNLLKAGFIRHTVNKITFSEQCYY IFGDLCGNMANLSLHDHDGSSGASDQDTLAPLPHPGAAPWPMAF-
PYQYPPPPHPYNPHPGFPELGYSYGGGSASSQHSEGSRSSGSNRSGSDRRKEKDPKAGDSKSGGSGSESDHTTRSSL -
RGPRERAPSERSGPAASEHSHRSHHSLASSLRSHHTHPSYGPPGVPPLYGPPMLMMPPPPAAMGPPGAPPGRDLASVP -
PELTASRQSFRMAMGNPSEFFVDVM

Smed_dv11/1-935
Smed_dvl12/1-775
Xlae_dv11/1-708
Xle_dvl2/1-736
Xle_dvi3/1-717
Hsa dvIl1/1-695
Hsa dvl2/1-736
Hsa dvI13/1-716

Smed_dv11/1-935
Smed_dvl12/1-775
Xlae_dv11/1-708
Xle_dvl2/1-736
Xle_dvli3/1-717

——————————— MEETRITYYVDDEETPYLIKFHSPPEQITLGDFKNAL-NRP--NYKFFF
MTNCATSGNVISDETRI1YHIDEEETPYLIKLSISPDKVTLGDLKNAL-NRP--HYKYFF
——————————— MAETKI1YHIDEEETPYLVKLPVPPEKVTLADFKNVLSNRPVHHYKFFF
——————————— MAETKVIYHLDEEETPYLVKVPVPATD IRLRDFKAAL-GR--GHAKYFF
——————————— MGETKVIYHLDEQETPYLVKLPVPAEKVTLGDFKNIL-NKP--NYKFFF
——————————— MAETKI 1 YHMDEEETPYLVKLPVAPERVTLADFKNVLSNRPVHAYKFFF
MAGSSTGGG-GVGETKVIYHLDEEETPYLVKIPVPAER I TLGDFKSVL-QRP-AGAKYFF
——————————— MGETKI 1'YHLDGQETPYLVKLPLPAERVTLADFKGVL-QRP--SYKFFF

KSLDDDFGVVKEE I TDDDAKLPYVNGRVVSWLVVSEGS——————-- TQSDNHSSSGKEV-
KSMDDDFGVVKEE I TDDEAKLPCFKGRV ISWLVTAEGS———————-— TVSDN-———————-
KSMDQDFGVVKEE I SDDNAKLPCFNGRVVSWLVLAESSHSDGGS--QSTESRTDLPLPI -
KAMDQDFGVVKEE I SDDNAKLPCFNDRVVSWLASSEGSQPDSAPPAPATEVRPEPPPPVP
KSMDDDFGVVKEE I SDDNAKLPCFNGRVVCWLVSADGSQSDAGS--VCADIQSDLPPPI -
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KSMDQDFGVVKEE I FDDNAKLPCFNGRVVSWLVLAEGAHSDAGS--QGTDSHTDLPPPL -
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SRSNREGK-RSSGREKERRST———-——— GSGSGSDRAPR-S—————————mm e e
NRSDGGRGMQKDDRSGVAGVGGGDSKS-GSGSESEYSTR-SSIR-—————————————— R
NRSSTE---—--- KRKDRETKGGDSKSGGSGSESDHTTR-SSLR-—=———————————— R
TRSSR----RAPGREKERRAAG -~ ~AGGSGSESDHTAP-SG-—————————— === ——
TRSDGGAG-—-——- RTGRPEERAPESKS-GSGSESEPSSRGGSLR-—————————————— R
NRSGSD-—-——--~— RRKEKDPKAGDSKSGGSGSESDHTTR-SSLRG-———=———————— PR

LCGGEQEESDLYSNNDEDDNP----HRHHSMKMDAPATTSGSS----ASGSSGNVTRNI1Q

203



Annexes

Smed_dv12/1-775 l--—————m o NGNASSVSNMISKNP-—————————— o=

Xlae_dvI1/1-708 —----—- GGCS--—-——- KNERP-LSQHSHHSHSSVSRSQRSHRSNSHHSHG-PPGLPPLFS
Xle_dvl12/1-736 VGGGEA---—--——-———- GP-PSE---RSTSSRLP---PHHPPSVHSYA-APGVPLSYN
Xle_dv13/1-717 ----DRAAS---——-- ERSVP-ASEHSHRSHHS IAHS IRSHHT--HQSFG-PPGIPPLYG
Hsa_dvl1/1-695 ----—- VGSS-—-——-- WRERP-AGQ---LSRGSSPRSQASATA-———————— PGLPP---
Hsa_dvl12/1-736 --GGEASGT------—- SDGGP-PPS---RGSTGGAPNLRAH--PGLHPYGPPPGMALPYN
Hsa_dv13/1-716 ----ERAPS-—---——- ERSGPAASEHSHRSHHSLASSLRSHHT--HPSYG-PPGVPPLYG
Smed_dv11/1-935 MPVYHMQNPAPVIGSGIVLPDASQYPLHNSPP--PSYQQSMAIGT ILGKNQSIM--—-—- P
Smed_dv12/1-775 - —————————— - ——— PPKIPP--RTIA-——=————- SVSTNSTNP
Xlae_dvl1/1-708 LPKIGS--—--—-——-—- KVYG-T----- SGPPGGPP-VRELA--—=————- NVP-——-- P
Xle_dvl12/1-736 -PMMLMMMPPP----PLP-PPGVCPPNSSVPPGAPPLVRDLA--——-———- SVP-——-- P
Xle_dv13/1-717 APMMMM--————————- PAPVSV-—--- MGPPGAPP-SRDLA--—=————- SVP-——-- P
Hsa_dvl1/1-695 -PHPTT----——--——- KAYTW-—--- GGPPGGPP-VRELA--—=————- AVP-——-- P
Hsa_dvl12/1-736 -PMMVVMMPPP----PPPVPPAV---——- QPPGAPP-VRDLG--====—-- SVP-——-- P
Hsa_dvI13/1-716 PPMLMM-—--——————- PPPPAA-——-- MGPPGAPP-GRDLA--—-——-—- SVP-——-- P

Smed_dv11/1-935 GDNSSNQ-FSLAISNGILNENSSSGFFSDGVDKCD--
Smed_dv12/1-775 11SGFQNRGQSSVSQ-———————————mmm—mmmm

Xlae_dvl1/1-708 ELTGSRQSFQKAMGNP-—--——- CEFFVDIM-==——-
Xle_dvl12/1-736 ELTATRQSFHMAMGNP-—---—- SEFFVDVM-—-——--
Xle_dvl13/1-717 ELTASRQSFRMAMGNP-—--——- SEFFVDVIKEFWGV
Hsa_dvl11/1-695 ELTGSRQSFQKAMGNP--—---- CEFFVDIM-==——-
Hsa_dvl12/1-736 ELTASRQSFHMAMGNP--—---- SEFFVDVM-—-——--
Hsa_dv13/1-716 ELTASRQSFRMAMGNP--—---- SEFFVDVM-—-——--

Sequences and aligment of FOXK proteins of Smed, Xlae and Hsa. Xlae and Hsa.

>Smed_foxK1-2.1
MSGDYYDDSLDSDNNLPQYARITFFGQVPY IMQKERV I IGRNSAAGSVD IDVGAVTFVSRKHLELTYSYQKLKVK-
CLGKNGIFIDNIFKSHSFIPYELPSKCTLRFPSTDVQFCVEQLVGIKSSDRGRSYGRMKNSLRYVTDNDESPEYKRM-
KIQSRSDQDSVSNDNQEGAFNSLREVICNLSDEVEEY IHNDEDDDNHK INASECDGLMNDTNEENEGVL IDNIGAY -
SLDTNGSITTLTKEYTLENMKSNDMNSTNILRGIDNQSN ISNRNVAKLFLSNLRCSNEQYYTNNGQITVLDSDDL -
TIEHGSDTQKPPYSYAQL IVQAVSTARDRQLTLNGI'YNY I SKNYPYFKAHDKGWQNSVRHNLSLNRYFIKVPRGQDEP -
GKGSFWRVDPAYENKL I AQAFRKRRLRNNASG I'VNEDGLVSQVLNVSN IDANSQVSNAKVFGINKSGQIASRTPNFGN-
VITLKRACDINTONGGTTYVLNSSSALSSNNEPQKY I'VSNRNNSNFESLSNISSNKTGT IFKCQSSKTVYLDGNNI -
KISGTSGVVSKNRGLQIRSQGNNPGTLISLGGKLFSTANIKSLQIQQQSHPRILTSNSSFDPSNSNKSSITNT INPK-
GNNFY T ISPTGIKNQKTLTSSFDDNIVHNSLQSPITISNSNRRI INLQTQSPNIRKIDLSNGSMNKETDLKSP I ILK-
KVKINNNFLTLKSEPKINNIRQNQDSVNGDVNMRYSIQSCDKNFNDNLSDED IKLQDESDSQVF 1 SDRD IDNSEMDH-
FLISHSDPSVSGLPLQEHSEPGSSPDLYKHDDDMWPEDEVHKMESLKYSMHDGIVDTECD

>Smed_foxK1-2.2
MSVDFEDETLKSDSDI1YSDYIEYARITFGNENAYFMKTEKITIGRNSADGTVDIDVGPHTFVSRKHLEMMYSYK -
KLKIKCLGKNGIFIDNYFKAHSAIPYELPYECTLRFPSTNVEVNVKQLVGRKSGKCNSMESDNDANDFIDTRTLV -
NSRKRKATQT INENFSYDIFESVNITNKEITINNFDVVPMRRPMEMKRD I SDSNMKSDLDRTMTESV IHNESST INS-
SPNYNNHNNNSNFVTHHRKPMNSAPVISSGTCTTGLNPKLEQQIPSITINSSHNTTTQTSTISTNKKFQNVCIEKSN-
TIPQIVLNARPYRSYSYKGEVIYTHNSQVFSSIYDSKDLAIEYGTDTQKPPYSYAQL IVQAVSSSRDRQLTLNGI -
YNY ISKHYPYFKSHDKGWQNSVRHNLSLNRYF IKVPRGQDEPGKGSFWRVDGAYESKL IAQAFRKRRLRSNNCGSIC-
SENIPSASRVFSLSSGRAGSLCAVSDRNAKLNNIFTLRRAGDQKAPTTYVFRKMSDTQQLTENVFGSAAKL ISKQSD-
VNNSSNTISPDNVFHTNHNHNN IN I SVNSNSKSNTSSKLGQKR IFQPP ISMINKPPPSNANGNGNANSNSTIFS1GG-
KVFSTNKLKP IQLLSTKNSASFVSVKQQSPQQQHHQQTGNKY ILISTSQIDNQSSQNSHNNNIHSNQMISITGSGTL-
NRHQEPDHHSDHQTRASNKPPRINP I I LSDNQLEMAHHYKSQQP I SPLSVSETCEFPLDEPSQLDSSSTELGPLSP-
GIKFTQSLQQEDEDDDLDLEMDQFLDSYSILDHSND IDSPADLYKEAATE IDDYCVWQDECLGLQDVEIEIH

>Smed_foxK1-1

MDNEFIHARISGINILYLMKNNTCVIGRDVSSKVDLTITSSPCISRMHLKL IANDNRLFLKCFGKNGIFINES-
FQVYTLDEVPLPALSTIRFPSTNIELQIESRNYLLENSKKKFPLKKRLYMTNKDCDSLGIDENYLSESSVDAI -
ELLSQRNHRMHLQNSSDMIVHSPTDQGTETIKPPYSYAQL I 1QAT ISEESQQMTLSEIYRY ISKNFPYYKMNQKG-
WONSIRHNLSLNRYF IR IPRSHNNCGKSAFWKLDKSQEAQL IKQAFWKRRMKNSFV I'VNKPANNNNDNDNNNNVNNNNN -
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NNFKRNASQEHCQSSSSPLLAPIKTIASNSSMI IDQSTLSSDSIRNTEVPMYFTPFDI

>Xlae foxK1l
MAVAVCGAVVPVVARLEGREFEYLMKKRSVTIGRNSSQGCVDVSMGHSSFISRRHLEIFIGGSGDGDDADVGDFYL -
RCLGKNGVFVDGVFQRRGAPPLQLPRVCTFRFPSTNIKITFTALAIDKKQKLEAPESPVKPVQQISPLTIHIPDNI -
AHLISPLPSPTGT ISAANSCPSSPRGAGSSGFKFGRV IPPDL IAEAAQSENDKDASGGDSPKDDSKPPYSYAQL IVQA-
I TMAPDKQLTLNGIYTHITKNYPYYRTADKGWQONS IRHNLSLNRYFIKVPRSQEEPGKGSFWR IDPASESKLVEQA-
FRKRRPRGVPCFRTPLGPLSSRSAPASPNHSGVFSAHSSGVQTPESLSREGSPIPLEPDASVIHPKLAVIQEAR-
FAQSAPGSPLSSQPVLITVQRQLPQTIKPVTYTVAAPVTTATSQQAVMQTVHVVHQIPAVSVTNVTGLTPINTYTVG-
GQTMVAQAAVMAQPKLEHQENGDHKEVKVKVEAIPAIGHPALTTASRIIQTSSSAPLQTVTIVQTPLGQHQLP IKA-
VTONGTHVVPITTAIQGQVTTANSSYSL IESPWQWRGNGTRAASPLHMLATHASASASLPTKRQNGDQSEQPD IKRGKT -
DEREVLAMTGLDAQSEMAMAASNEQENQK

>Hsap_foxK1
MAEVGEDSGARALLALRSAPCSPVLCAAAAAAAFPAAAPPPAPAQPQPPPGPPPPPPPPLPPGAIAGAGSSGGSS-
GVSGDSAVAGAAPALVAAAAASVRQSPGPALARLEGREFEFLMRQPSVT IGRNSSQGSVDLSMGLSSFISRRHLQLS-
FQEPHFYLRCLGKNGVFVDGAFQRRGAPALQLPKQCTFRFPSTAIKIQFTSLYHKEEAPASPLRPLYPQISPLKIHI-
PEPDLRSMVSPVPSPTGT ISVPNSCPASPRGAGSSSYRFVQNVTSDLQLAAEFAAKAASEQQADTSGGDSPKDESKP-
PFSYAQLIVQAISSAQDRQLTLSGIYAHITKHYPYYRTADKGWQNS IRHNLSLNRYFIKVPRSQEEPGKGSFWRID-
PASEAKLVEQAFRKRRQRGVSCFRTPFGPLSSRSAPASPTHPGLMSPRSGGLQTPECLSREGSP IPHDPEFGSKLAS-
VPEYRYSQSAPGSPVSAQPV IMAVPPRPSSLVAKPVAYMPASIVTSQQPAGHATHVVQQAPTVTMVRVVTTSANSAN-
GYILTSQGAAGGSHDAAGAAVLDLGSEARGLEEKPTIAFAT IPAAGGVIQTVASQMAPGVPGHTVTILQPATPVTL-
GQHHLPVRAVTQNGKHAVPTNSLAGNAYALTSPLQLLATQASSSAPVVVTRVCEVGPKEPAAAVAATATTTPATAT-
TASASASSTGEPEVKRSRVEEPSGAVTTPAGV IAAAGPQGPGTGE

> Hsap_foxK2

MAAAAAALSGAGTPPAGGGAGGGGAGGGGSPPGGWAVARLEGREFEYLMKKRSVT IGRNSSQGSVDVSMGHSSFISR-
RHLEIFTPPGGGGHGGAAPELPPAQPRPDAGGDFYLRCLGKNGVFVDGVFQRRGAPPLQLPRVCTFRFPSTNIKIT-
FTALSSEKREKQEASESPVKAVQPHISPLTINIPDTMAHLISPLPSPTGT I SAANSCPSSPRGAGSSGYKVGRVMPS-
DLNLMADNSQPENEKEASGGDSPKDDSKPPYSYAQL IVQAITMAPDKQLTLNGIYTHITKNYPYYRTADKGWQNSI -
RHNLSLNRYFIKVPRSQEEPGKGSFWR IDPASESKL I EQAFRKRRPRGVPCFRTPLGPLSSRSAPASPNHAGVLSAHSS -
GAQTPESLSREGSPAPLEPEPGAAQPKLAVIQEARFAQSAPGSPLSSQPVLITVQRQLPQAIKPVTYTVATPVTTST-
SQPPVVQTVHVVHQIPAVSVTSVAGLAPANTYTVSGQAVVTPAAVLAPPKAEAQENGDHREVKVKVEP IPAIGHATL -
GTASRINIQTAQTTPVQTVTIVQQAPLGQHQLP IKTVTQNGTHVASVPTAVHGQVNNAAASPLHMLATHASASASLPT-
KRHNGDQPEQPELKRIKTEDGEGI1VIALSVDTPPAAVREK

Smed-foxK1-2.1/1-826 MSGDYYDDSLD———————— == e e o e -
Smed-foxK1-2.2/1-834 MSVDFEDETLK-———————— oo
Smed-foxK1-1/1-358 @ ————-————m

Xlae-foxk1l/1-641 = -—-———————————— o ———— MAVAVCGAVVP-—————— e ——
Hsap-foxK1/1-733 MAEVGEDSGARALLALRSAPCSPVLCAAAAAAAFPAAAPPPAPAQPQPPPGPPPPPPPP
Hsap-foxK2/1-656  --—-—--—----"-—-——————————————— MAAAAAALSGAGTPP--—====—=—————————
Smed-foxK1-2.1/1-826 —----————-———————- SDNNL----- P QYARITFFGQVPYIM
Smed-foxK1-2.2/1-834 ——-—————————————— SDSDIIYSDYl—-—-—=—— === ———— EYARITFGNENAYFM
Smed-foxK1-1/1-358 @ —-—-——-———————————- MDNEF Il == == e e e HARIS-GINILYLM
Xlae-foxk1l/1-641 @ ————————mm VVARLE-GREFEYLM
Hsap-foxK1/1-733 PPGAIAGAGSSGGSSGVSGDSAVAGAAPALVAAAAASVRQSPGP-ALARLE-
GREFEFLM

Hsap-foxK2/1-656 ----AGGGAGGGGAG--—--—- GGGSP-======m e PGGWAVARLE-GREFEYLM
Smed-foxK1-2.1/1-826 QKERVIIGRNSAAGSVDIDVGAVTFVSRKHLELTY-——-———————————- SYQK----
Smed-foxK1-2.2/1-834 KTEKITIGRNSADGTVDIDVGPHTFVSRKHLEMMY -——————————————— SYKK----
Smed-foxK1-1/1-358 KNNTCVIGRD-VSSKVDLTITSSPCISRMHLKLIA--=—====—=—=————— NDNR----
Xlae-foxk1l/1-641 KKRSVT IGRNSSQGCVDVSMGHSSFISRRHLEIF1--GGSGDGDDA--—=—==—-~— DV-
Hsap-foxK1/1-733 RQPSVT IGRNSSQGSVDLSMGLSSFISRRHLQLSF---—====—=—=————~ QEPH----
Hsap-foxK2/1-656 KKRSVT IGRNSSQGSVDVSMGHSSF I SRRHLE IFTPPGGGGHGGAAPELPPAQPRPDAG

Smed-foxK1-2.1/1-826 -LKVKCLGKNGIFIDNIFKSHSFIPYELPSKCTLRFPSTDVQFCVEQLVGIKSSDRGRS
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Smed-foxK1-2.2/1-834
Smed-foxK1-1/1-358
Xlae-foxk1l/1-641
Hsap-foxK1/1-733
Hsap-foxK2/1-656

Smed-foxK1-2.1/1-826
Smed-foxK1-2.2/1-834
Smed-foxK1-1/1-358
Xlae-foxk1l/1-641
Hsap-foxK1/1-733
Hsap-foxK2/1-656

Smed-foxK1-2.1/1-826
Smed-foxK1-2.2/1-834
Smed-foxK1-1/1-358
Xlae-foxk1l/1-641
Hsap-foxK1/1-733
Hsap-foxK2/1-656

Smed-foxK1-2.1/1-826
Smed-foxK1-2.2/1-834
Smed-foxK1-1/1-358
Xlae-foxk1l/1-641
Hsap-foxK1/1-733
Hsap-foxK2/1-656

Smed-foxK1-2.1/1-826
Smed-foxK1-2.2/1-834
Smed-foxK1-1/1-358
Xlae-foxk1l/1-641
Hsap-foxK1/1-733
Hsap-foxK2/1-656

Smed-foxK1-2.1/1-826
Smed-foxK1-2.2/1-834
Smed-foxK1-1/1-358
Xlae-foxk1l/1-641
Hsap-foxK1/1-733
Hsap-foxK2/1-656

Smed-foxK1-2.1/1-826
Smed-foxK1-2.2/1-834
Smed-foxK1-1/1-358
Xlae-foxk1l/1-641
Hsap-foxK1/1-733
Hsap-foxK2/1-656

Smed-foxK1-2.1/1-826
Smed-foxK1-2.2/1-834
Smed-foxK1-1/1-358
Xlae-foxk1l/1-641
Hsap-foxK1/1-733
Hsap-foxK2/1-656

Smed-foxK1-2.1/1-826
Smed-foxK1-2.2/1-834
Smed-foxK1-1/1-358
Xlae-foxk1l/1-641
Hsap-foxK1/1-733
Hsap-foxK2/1-656
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-LKIKCLGKNGIFIDNYFKAHSAIPYELPYECTLRFPSTNVEVNVKQLVGRKS---GKC
-LFLKCFGKNG I FINESFQVYTLDEVPLPALSTIRFPSTNIELQl -———-—-———————
DFYLRCLGKNGVFVDGVFQRRGAPPLQLPRVCTFRFPSTNIKITFTAL-—-——-——-—-
-FYLRCLGKNGVFVDGAFQRRGAPALQLPKQCTFRFPSTAIKIQFTSL-——-——-——--
DFYLRCLGKNGVFVDGVFQRRGAPPLQLPRVCTFRFPSTNIKITFTAL-—-——-——-—-

GRMKNSLRYVTDNDESP-—--——-—-- EYKRMK 1QSRSDQ----— DSVSNDNQEGAFNSL
——--NSME--SDNDANDF I DTRTLVNSRKRKATQT INENFSYD I FESVN I TNKE I TINF
————ESRNYLLENSKKKF---—--—— PLKKRLYMTNKDC——-—-—— SLGIDENYLSESSV
-------------------------------------------- AIDKKQKLEAPESPV
------------------------------------------------ YHKEEAPASPL
-------------------------------------------- SSEKREKQEASESPV

REVICNLSDEVEEY IHNDEDDDNHK INASECDGLMNDTNEENEGVL IDNIGAYSLDTN-
DVVPMRRPMEMKR--~--D 1 SDSNMK—---SDLDRTMTESV IHNESST INSSPNYNNHNNN

) [ —— ELLSQRNHRM = === = == —— oo e
(VA — Q-QISPLTIHI = mm— - mmm o
T I —— YPQESPLKIH I == === m oo
¢V — QPHESPLTINE = ——— = m oo e

————————————————— GSITTLTK---EYTLENMKSNDMNSTNILRGIDNQSNISN--
FVTHHRKPMNSAPVISSGTCTTGLNPKLEQQIPSITINSSHNTTTQTST ISTNKKFQNVC

----------------------------------------------------- HLQN--
------------ P———————————————D-NIAHLISPLPSPTGT I --—-—-—-SAANSC
------------ P———————————————EPDLRSMVSPVPSPTGT I -----—-SVPNSC
------------ P———————————————D-TMAHL I SPLPSPTGT I --——-—-SAANSC
~—~RNVAKLFLSNLR----—-- CSNEQYYTNNGQI -=TVLDSDDLT I ==——=—————————
EKSNT IPQIVLNARPYRSYSYKGEV 1Y THNSQVFSS I YDSKDLA | = —————————————
--------------------------------------- SSDMIVHSP——————————-
---------- SSPR----——GAGSSGFKFGRV I -—————PPD--L | AE-——AAQSENDK
---------- ASPR-- - ---GAGSSSYRFVQNV- - - --—TSDLQLAAEFAAKAASEQQA
---------- SSPR--—--—-GAGSSGYKVGRVM- - - ———PSDLNLMAD---NSQPENEK

v---EHGSDTQKPPYSYAQL 1VQAVSTARDRQLTLNGI'YNY I SKNYPYFKAHDKGWQNS
-—-——-EYGTDTQKPPYSYAQL IVQAVSSSRDRQLTLNGIYNY I SKHYPYFKSHDKGWQNS
-—--TDQGTETIKPPYSYAQL I 1QAT ISEESQQMTLSE1YRY I SKNFPYYKMNQKGWQNS
ASGGDSPKDDSKPPYSYAQL 1VQAITMAPDKQLTLNGIYTHITKNYPYYRTADKGWQNS
TSGGDSPKDESKPPFSYAQL IVQAISSAQDRQLTLSGIYAHITKHYPYYRTADKGWQNS
ASGGDSPKDDSKPPYSYAQL 1VQAITMAPDKQLTLNGIYTHITKNYPYYRTADKGWQNS

RHNLSLNRYF IKVPRGQDEPGKGSFWRVDPAYENKL I AQAFRKRRLRNNASG I VNEDGL
RHNLSLNRYFIKVPRGQDEPGKGSFWRVDGAYESKL I AQAFRKRRLRSNNCGSICSENI
IRHNLSLNRYF IR IPRSHNNCGKSAFWKLDKSQEAQL IKQAFWKRRMKN—-==—=————-
IRHNLSLNRYF IKVPRSQEEPGKGSFWR IDPASESKLVEQAFRKRRPRGVPC——-———-
IRHNLSLNRYF IKVPRSQEEPGKGSFWR IDPASEAKLVEQAFRKRRQRGYSC—--——--
IRHNLSLNRYF IKVPRSQEEPGKGSFWR IDPASESKL IEQAFRKRRPRGVPC——-——--

-VSQVLNVSNIDANSQVSNAKVFG INKSGQIASRTPNFGNV I TLKRACDINTQONGGTTY

PSASRVFSLSSGRAGSLCA-——————————— VSDRNAKLNNIFTLRRAGD--QKAPTTY
--------------------------------------------------------- SF
----------------------- S -
----------------------- S -
----------------------- S -
VL mmmmmmm e NSSSALSSNNEPQKY I'VSNRNNSNFESLSN
VFRKMSDTQQL TENVFGSAAKL 1 SKQSDVNNSSNT I S----PDNVFHTNHNHNN T ---N
7 VNKPANNNNDNDNNNNV- - -
--------------- LGP-————————————————L SSRSAPA-—-—--SPNHSGV---—
--------------- FGP-———————————————— SSRSAPA--——-SPTHPGL----
--------------- LGP-————————————————L SSRSAPA-—-—--SPNHAGV---—



Smed-foxK1-2.1/1-826
Smed-foxK1-2.2/1-834
Smed-foxK1-1/1-358
Xlae-foxkl/1-641
Hsap-foxK1/1-733
Hsap-foxK2/1-656

Smed-foxK1-2.1/1-826
Smed-foxK1-2.2/1-834
Smed-foxK1-1/1-358
Xlae-foxkl/1-641
Hsap-foxK1/1-733
Hsap-foxK2/1-656

Smed-foxK1-2.1/1-826
Smed-foxK1-2.2/1-834
Smed-foxK1-1/1-358
Xlae-foxkl/1-641
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Xlae-foxkl/1-641
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Hsap-foxK2/1-656
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Xlae-foxkl/1-641
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Hsap-foxK2/1-656
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Smed-foxK1-2.2/1-834
Smed-foxK1-1/1-358
Xlae-foxkl/1-641
Hsap-foxK1/1-733
Hsap-foxK2/1-656
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ISSNKTGTIFKCQSSKTVYLDGNN IKISGTSGVVSKNRGLQI -—=—====—=————- RSQ
ISVN-—=————- SNSK-——=—=————- SNTSSKLGQKR IFQPP ISMINKPPPSNANGNN
FSAHSSGV----QTPESLSREGSP IPLEPDASVI----- HPKLAV IQEARFAQSAPGSP
MSPRSGGL----QTPECLSREGSP IPHDPEFGS--—=—--- KLASVPEYRYSQSAPGSP
LSAHSSGA----QTPESLSREGSPAPLEPEPGAA-—--- QPKLAVIQEARFAQSAPGSP

GNNPGTL I SLGGKLFSTANIKSLQIQQQSHPR I LTSNSSF--DPSNSNKSSITNT INP-
ANSNSTIFS 1GGKVFSTNKLKP 1QL----——— LSTKNSAS--FVSVKQQSPQQQHHQQ-
LSSQPVL I TVQRQLPQT I --KPVTYTVAAPVTTATSQQAVMQTVHVVHQ I PAVSVTNV-
VSAQPV IMAVPPR-PSSLVAKPVAY --MPAS 1VTSQQPAGHA THVVQQAPTVTMVRVVT
LSSQPVL ITVQRQLPQAI --KPVTYTVATPVTTSTSQPPVVQTVHVVHQIPAVSVTSV-

KG====NNFY === ——————— I1SPTGIKNQKTLTSSFDDN IVHNSLQSP I TISNS—--
TG-——-NKYIL————m———m—— 1STSQIDNQSS-QNSHNNN IHSNQM-—- IS I TGSG--
---------------------------------- NNNNNNNFKRNAS—————=——————
TGLTPINTYTVGGQTM-———- VAQAAVMAQPK-LEHQENGDHKEVKVKVEA I PAIGHPA
TSANSANGY I LTSQGAAGGSHDAAGAAVL - -D-LGSEARGLEEKPT IAFAT IPAAGGV I
AGLAPANTYTVSGQAV-———- VTPAAVLAPPK-AEAQENGDHREVKVKVEP I PAIGHAT
———-NRRI INLQTQSPNIRK I DLSNGSMNKETDL--KSP I ILKKVK INNNFLTL---KS
—~TLNRH-————- QEPD-HHSDHQTRASNKPPR I -—=NP I I L--—-SDNQLEMAHHYKS
————QEH-——-- CQSSS————m———mmmmmmmmme SPLLA-———————mmmmmmmme
LTTASRI-———- 1QTSS——————- SAPLQTVTIV--QTP--LG-——————me——m—— QH
QTVAS———————- QMAP——————— GVPGHTVTILQPATPVTLG-————————————— QH
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Annex Il - Fox Family analysis in Schmidtea meditteranea

Nucleotide sequences of all Smed fox genes.

>foxAl-1
atgcttggaaaaaatccttatgaaactgcaatgagcaacgtgtattctctacctccgggaggttctatttacaatat-
gaacccgatgagtatatcatcagctggctacaactctcaacaagtatcaacactatcgttgaacttgaccggaatcg-
gacctcattcattaagcccaatgagtgcaagcatgtcgggtatagctgcaatggccggtggaatgagacaaggtctt-
gagttgggtcttggtagaagtgatagtccaagagataaaaattcaatttccaataacaaccgaccatatcaaagaagt-
tacactcatgccaagcctccatacagttatataagtttgataacaatggcgattcaaaattctccagtaaacatgtg-
cactctatcggagatctatcaattcattatggatcattttccatactatcgtcaaaatcaacagcgatggcagaattc-
gattcgacattctttgtccttcaacgattgctttgttaaggttagtagaagcccagaaaaaccaggtaaaggct-
catattggaccttgcatcctcaatcaggtaacatgtttgaaaacggttgttatctcagaagacaaaagcgattcaaa-
gatccacacagagaaatcggcagacagagtcaaagagctgccactggtcctggatcaaatgtcacagaaaacaat-
cacgacaacgcatcgcaagaagctagtgataacgcagaaagtgatacgaaacccaacatcaagcaacttgatttat-
caagcgatctcttaactaatcaaggtcataatattaaaaatactaatccaacttctgttagtcagagttgttcgat-
gtttcatcggaaaaaggaaaactgctcaccagtagaaatgaaattgaataaccaaaaccaacaatcaaaccagcaagaa-
catccacaaatccattacaatcccaatcagcaattctactcaaatcagcaaaacattttccaacaaagttctcttgat-
cattacagtctattagcatccgatgatcctcttggtcaaggtatgcacttgccaccaggtgcaaatagtgttttcg-
gactttacggggcacataacttaccaaacgatgatcaaatttcagtgtcattaccatcgatatccttatccggacatc-
cgtatgacaatttatcaacagcaatggcatatcaatatgaagcatctcaacacaattcttcattactaacgacaag-
taatccgttctcaatagatcgtttgatgcatccaagactagtcgctgcagcgatgggggtcagtccccatgatacte-
tatacgcaggagctaccggcccatcagttgatctagaacacatgaaatactactcaaactacaacaatgtgcctcct-
tattcctctgcaatgtctgactactacaaatatgtacaaaatcctcagccgggcaacagcgacatgagtcett

>ToxAl-2
atgagtgagtttttctccccagtcagtgatacatcaattcgaatgaatcgacagtttcatcaagaatcttttcccaa-
caagtcaccattggacgcatcattagatggcaattcacataaacgaatctcatgttcgaaacctccatacagctacat-
cagcctcattactatggcgattcaaaattctccccagaaaatgtgtacattgtcggaaatctatcaatttatcatg-
gactcttttccatattatcagcaaaaccaacagcgctggcaaaactcaatccgacattctctttcctttaacgatt-
gtttcatcaaagctagccggtgcacagagaaaccgggaaaaggctcattttgggttctccatccggattcgggaaatat-
gtttgaaaatggttgttttttgagacgacaaaaacgatttaaagatccaagaaaacacaaattgattttattaggaaaa-
gattcagaaaaacaaatcaacactcaccggatttccgagttgagaattcatccaattgataatccatcgaattggatc-
catgcggaaaaatcaacggaattgattgctttggaaaaatccaataattcatcgatatttttcaattccaccaatag-
tagacaaatcgatttcgattccaatatcaccatgccgtcgatttattcagagaatttcctcccaaatctttcgaat-
gatcgattcctcattgacaaaattatgcaccataaaatgacgat

>ToxAt
atggcaatccgatcgtcgcctaatcaaaaacaaactttgaatggaatttatgattggattaggaaacattttg-
catatttcaaattggatactcaaagatggcagaactcaattcgtcatgctctgtcatttaatgattgcttcataaaa-
ttggcgagaccaattggtgaatctggaaaaggttgctattgggctattcatcctgaagcaaaagatcattttcaattc-
ggatcattattacgtagatataaaaagttcactcagtcagatagaaatcacaaaatttggaattatttcccatattct-
caccaggcttcagcaatcgtcacaaaaaatattgcttttccttataataccaatgatcgatttttttattataaa

>foxC2-1

atgcagctttgcaaattcgaagttaattcatcaaatagttcaataacagcttccggatcaaatggaccattattttt-
gccgtctttagcaacggtagctaacaactgtcatttacctctaaatgtcagtaacagcaataacaaccaaaatgat-
gaacctccttttatttcatggaatccaactaacatggctgcttgctacaatcaaggacttgcatctccaaaaccag-
catcattttgggctgcttcaaacaatggatcgcttaattcaaacaattttatgtcttgcctagctaatcctggt-
caaggtttaattcaacagacatatgaacacatgtccagttattatgggaattctagtcttatcccaccatacagcac-
gagttattcaatgggcaatagtccaattccaaatgcaaggtttctgacacactacggaagccattcaaatcatc-
caaatatgtcctcatcaagaaatccatcaagagatcttgtaaaacctccctattcatatatagctttgattaccatg-
gctgttcatgcgcatccagaaaaaaaagtcaccttaagtgggatatatcaatttataatggaaaaattcccatac-
tatcgtgaaaataaacaaggctggcaaaattcaattcgacacaatttatcgttaaatgaatgttttataaaaatac-
caagagatgacaagaaacccggaaaaggttcatattgggcactgcaccctcaagcgtacaatatgtttgaaaacg-
gttcttttttaagaaggcgacgacgatttaaagcaaaagatgttctccaggatcgtgaagataggaaaagaaaacaa-
caggaagatgaatgtaacatttttacatctacaagcaaagatgacgatgaaaaaaatgaaaaactttcagttatatc-
taaaaatggagatttaaacaaaagttattcagaaagtgtcgaacattcagatcagagtcaaagtataatagagaat-
gaattatcacaagaaacaaaacttggtcatgattcatcaattaacaacgtgaaccatacaaacaatgaaacattc-
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caaaatagaacatcacaattcgaaacatctttaggtggatcagaggataacccttttcatttcgacgataacaagaatt-
taacttcatttaacaattttggcaatggatttttcatgaaaaatgaatcatcagattcaataccatttccattaactct-
gacaaacacaaatgaagggctctcagtaaataataatacgaattcagactactttcaattcatgggtagatatgcaggt-
caagaatcaactgacgtttccacggcgtttagttctgtcacaaatcacagtggagatttagaagatcatattcaaaat-
tatcagcaattgtctgcatttcaaaattacactaacccacattctagtctgacagcagccgctgcagctgettggtat-
gcagcagctcatgataccaattcagtcctaggatatccaatttctaataactacaatgcatcatctagcatattag-
gctgcaatccgaatatgcctttttctggtteccttgtctecctcattcagcacaggtatcaaataccagttcatcgat-
gaccactagtcaaagcaatacaatatcatcatttttcaataacactgatttggtgggctcattaaatttcggtgctg-
gaatactctcttcaaatagtcctaattatattccaacacatcatcccagtttaacaaattattacttaatt

>foxC2-2
atgaatgttgatcacatctcggtattaactgcggcaaattcagcgccacaaattccgcgccatccaatttccgat-
catgcgtcgttgttgtattattcatcagcttatcaatttcccggatgtgaatcttcgagcttcttgtggccaaat-
tcttcatacaattctaattcggattcctggaaagctgcctacttaaattcagatccccatcatctaaattcttactate-
catcgttgaattctcaagatgttcaacaagatttgctttttcacaaatcaattcattcagatttttattccatgt-
cagcctcgtgttacaataattatcaaaaccaattcccaatcattaataccgattcaaaatatcctaattcccctatc-
gataatcagaataatattaaaatggagaataaaaacgataacagatctttagttaagcccccatattcatatatag-
cactgataacaatggcaataacatctcaaccagaccatcgaataactttgaatggcatctatcagtttatttcagaaa-
gatttccttattatcgtgagaataagcaaggctggcagaattctattaggcataatttatcgctcaatgagtgtttcat-
taaggtatctagaggtgaccaaagatctggaaaaggcagttattggactttgcacccgaatgcatataatatgttt-
gaaaatggatcttttcttcgtagaagacgccgttttaagtataaggacgatacgatatcaactgaagcaactgcta-
caaactcagatataataatttcaaattctgatgatcttgaaaaggttcatacatccaaagttgaaaatcctcattc-
tataacaaatgacttcaaaggtttgaatttttcattgaagaaaaatagtacttttggcgatgaatgtcaagaacttttt-
gactgtcagtcgaaagaatcatattcaaaattcatcaacattaagccgaatgttataaaagaaatagagaatttcga-
caaacaagcttttgatttcaatcctaatgggttatacaaccaatttccttatttttcaaatattagcccccagaac-
gaatatcctccgtcaaataaccacctcagacctccattgccttacagcatgaattttatgcagaaaccgaatccatatt-
tattgagcaactatttatctcatcctcaagaaatttcc

>foxD3-1
atgaacaaattttcattatattactctactttaaatcatttatccaaagaagaggaatccaattccatggcattg-
gaaatgaatcatctctattggtcactgttcggtcagcgctctgatgcgaaattaatgaagaattttggagatgactct-
tacttgatgccatatcacagatctaattctatagagtatttaagagcgtctcaaagaataaacatgaaatatgaacaa-
gatatgccccaggcgttcaaagattctcagactattgaacaaataaaaaacttacttcgagatgatgatgtggatg-
tagacgaattgaaagaatgcgaaagtgatgataatatacactcagaaagtgatttagatcgaatatgttcagaaga-
caaaaaagatgttgataataaaataccgatgtctcaagaaagatgcaaatctaaatctcataatgtaaaacctc-
catattcatatatagctctaattaccatggcaattttaagatctcctcaaagaaaattgacattgagtggaatat-
gtgaatttataatgggacgttttccatattataaagatagatttccagcctggcaaaatagtattcgtcataatt-
tatctttgaatgattgcttcataaaaataccaagagaaccgggaaatcctggcaaaggaaattactggacattagatc-
caagatcagaagatatgtttgataatggcagcttcttacgaagaagaaaacgatataagcgtcagttaccatcagaaat-
gttcaatcacaatcaatctcatttgataattcctccaacttcattcagaatgactattccaccaaatccaataa-
cagttcaacaaaaccttgtaaatcagttgttatttcatcaaaatattactaagtcaattattcccaatccgaataatat-
cattcctccattgaatgctattcgttatccaagaccgtttgagaataatttcagaggacatgagttcataggatcgc-
tagttcccccttatccacacgatgggagaatagttattccttcgacatcaaaaactgaatacaacgagccgataaata-
aaagatgcaaactcaattcatcagaagacgaactgtcgacatttcaaaagttttccatttctcacataatttcagac-
gattcaacagataataaaactaaacaatctgaagaatcttatgctaatcagttcataccgcaaacgcttcgactttgge-
catgcaatccttttccagtggcaaaaccagtgatcaaatcgacttggatacctcctaatttcatcaac

>foxD2
atgaaatccgacagcaagcatagcaaacccccttactcctatattgccctcattacaatgtcaattctccact-
caaaagaaaagagattaactctgaatgaaatttgttcatttattatattaaatttcccttactatcgtgagaga-
tttccatcgtggcagaattccatcaggcacaatctctcattgaatgattgttttgtcaaacagcctcgggaacccg-
gaagttccggcaaaggaaattattggaatttagaccctgcagcggtcagcatgtttgagaacggaagttttctga-
gacgtcgaacaagatacaaatcatcgaaacaagtgagaaaaaatcaaagtgaagaagaattcaacaaatttcacaaaa-
caataaatgatgaaaaatcgtgttcatcgacagatagtaaaaaatatttggaattttccattgaagctttattagag

>foxD3-2

atggtatataaaatcagtaattcaagtaccaaggaaagccggcaactttcaaaatctgaagtaataaaaaatgcttc-
caaacctccatattcgtatatagctctaatagcaatggctatttctagttctccttcaaaaaaacttacattaagt-
gaaatatgtgatttcattatgaagaaattctcttattatcgagatagatttccagtatggcaaaatagtatccgaca-
caatctttctttaaatgattgtttcataaagattcccagagattcaaataatccgggtaaaggcaacttttggagtt-
tagatccccaatctgaaggaatgtttgataatggaagttttctaagacgcagaaggagattcaaaagtagattgccaga-
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gataatgagagcaaatattagacggataaatatcaacaatgagattctatcaaaaattctaaactcaacaatttac-
gaatatttgaatccgtgcacaaaacttttatttatgaacttagtgccatatgaggcttttcaaaatgtgttcttccgt-
gacaatatttcaggatcgtctgaaatcagtttgaaatcacaatcttcccataaatctttaaacaataaatttttgattg-
caaacataataaataaagtg

>foxF1-1
atgaaaatttctaacagccacgaaaacctcgctgattcccaagcggatgacactgtggatcaaaatattaaaatt-
gcactcactaaaggtacagaaatatatttaaaacctcccttttcatacatctcgttgattgcaatggcaatc-
caagcttctccctatcaacagtgcacattaaacgagatatacgaatatttaagcgaacattttaaattcttcagag-
gcgagtatcaaggatggaaaaattcaattagacataatttatctctcaacgattgtttcatcaaaattccaaaagga-
tttggaagaatagggaaaggacattattggacaatgaatgaaaatgcaagttttttatttaatgaaaagtgcaatcg-
cagaagaccaagaggatttcgacaaaaattgcagtccatcgaaagaagctcaaattttacattattatccacacca-
cataataatggtgtaacgttttataattattgtgatattccggtccatagtgatgcacaaactaaccacatttattc-
gaatagtttttatttatcaaaaaatgagtgggaaaattattcgaattgcatgttttgcacaaattcgtgttgtaat-
caattt

>FoxF1-2

atgaacaatgcagattccaatcgttcgggagtttatcttcaatcacaattctctcatcaacttctaggatcattt-
gaaagtcctatttccagcacacagcttaaagaaacagctgcagtaaatggccaggaaataaaatcagaaattcat-
tattctccagaattttccacagattatatgccaattaattcagagctttatcaatcaagtttcttgaacaattct-
tacgaccatcaacaatttgtcaattcctcatcattaaattatttcaattccaataaaaagttatgtgggtttt-
tatcatcaacaatgaataactttacggatctagacagaatagattacaatagaattaatgatattaatttt-
gaacaatgctatcagccttttcaaaactctaaaaatgaacaccatagagaaggaaatgcgttaaatcattt-
taattcattatctcgacaaattgaattagtgaatggagattccaatagtctttctcaatacattcacttaact-
cagcctttcaataatcaacttactaataacacagatcctcaaagcagtccaaattatgaatctaacgaaatta-
aacctaatgaattacctgtcataaattcatctatcgttactaaagattgtgaaattaacaatacttcatgttta-
aaaaaatgtgaagaaaatgattttgtcagtaatgatagcaattctccaacaaagctcaatgaagaaaatactacc-
gacattgaaaattgtagtaataaagaagatgatattaaaaaagaaaaatctattgaaaaagaaactgatactatt-
gaaaaaatgaaatcagaaaaatctttaaaatcatcaactgcaaaacgtaaatccgaaaaacctgaacaatcatatatt-
gcattaatagttatggctattcaagcttcaccaataagaaaatgtacattaagtgaaatatacaattatttgcag-
caaaattttcccttttttcaaggtccttatcaaggatggaaaaattctgttcgacacaatttatctttaaatgaat-
gttttatcaaacttcccaaaggtatgggcagacctggtaaaggacattactggacaatcgatcctactgctgaatt-
tatgtttgaagacggaggaaatagaagaagaccaagaggtttcagaagaaaagtatctacacgaagcaactctggttc-
cgctttctcgaagtctccatacacagtcacttcagtttcatataataatagcagtccaatgatgttttcacctactaat-
gtacgatgcaatcaattaggaaatagcgcatcatcttgtaattccatgaataatcttaatggaccagttactgacaat-
atgccacctcttttcgatatgtatcatcaaagctttggtctttttactcagcaggaaacaaatgatccaatgaaaact-
gtaatgccaaattatcctcagcacgattccggattttttacagattctttctatccaaattcatcatcagattc-
cagttttaataaacaagagattccaacagcttcatcattatttcatcctaattttatgtctaatacaattagtcaaac-
gtcaaattcttcaagtatgtctcatccttccatatctccttatgtctcaggaaattctagaaatagtcctttatt-
tacttcgctttcttcaactttgcaagctcagaatatatctgaattaaaaatttctgatcagtcatcatttcattctcct-
caatcatcaacttcttccactgtagcagctgttgccgctgcgtcgctttattcaaattggtttcccaatggacct-
gttgaggcagctaaatattttatagaccattcctcagagtcagagagaatcgaaaatttatatgcatcgagcgctt-
tacctagactttcaaacatacattcagaaaatgatgaaattcttgaaagaaattcaatgtatcaaccatacatgaca-
gattgtttattaccatacttaccttcgagtcaaatgtttaatatagcaaacatgacagacgtacgttccagtaacata-

aacattgataatgcggacagatccatctgggttcacaacaaattt

>ToxG
atgagaaattttccttattataaaaataataaacaaggatggcagaattctattcgacataatttgtctttgaataaat-
gctttatcaaagttcccagaggatatgatgatccaggtaaaggtaactattggatggtagatccggcttgtgaagac-
gtgtatattggtggaataactggcaagttgcgaagacgatcaagttctgtccaacgaatgcaacgtctcggcttgagat-
gcggaccttggccaacttcactcgaccactgtttacgacttggaccaccggctatcagcaacattttcccccatccat-
cagatccactgcaaagcgattcatctaattgttgttctccagtgaaaaatactttctcagattttcagaataaaaatc-
taccttggaatcctatcaatcaaaattgcttttttcccggtgttcttitctcatcctcctcttaccccaaacctt-
gacttctacagacatttacgattgcagaatatcattccaaaaatgtggtattcaaatcccgttactttgatgaaggaga-
aaaagattttt

>foxL1lt

atggaaaattttgctcgttgcattaacaatcagcttgaagacaattcgaattcgtgctcaattggatcgccatcga-
catcatcgaaaatgatgatggaattaatgaatttaatgccacctcgatttcttggattgaatttcggtttactgaatc-
cgtttccatggaatccaacaatgatgcaccttgagaagccaccgtattcatatatagccctaattgctatggccattc-
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gcaatacccccgataaaaagatcacactgagcggaatatacaaattcatcacagacaactttccgttttatcac-
cgaaacaaacaaggatggcagaactcaattaggcataatctcagtctcaatgattgctttatcaagattgcccgt-
gacaaaaataatcctgggaaaggcaattactggactctgaatgagaacttcgaagaaatgtttgatcatggaaattttc-
gtcgacggagacgaaagaccaaatcactgaccaacaagcaagattgccaagacagtgaaagccatcaaacccgaagtt-
gttcatctgttaattccgactcaattgaaatgagaaataaaacccaagaatcaactccgaatttcttcattgaccagtt-
gcttaaaagtcagtctctgaatccttcggtcattgtcaagcagtcaaccgtcgaaccgaaatcagaattctcccta-
aatctaaagaattcattcaataactgttcgaacatgtggccaatttggcagagagacttgatcctgtcaaagtccta-
caataatttgctactaaactcagacaatccactatcaaacaattcacagtcgttattattcaaaaagccttcacat

>FfoxQ/D
atggaaaattcttttatcacgaaatcaacgcaaaataatttcttttcaatcaacaattccaatgtcatttcaaa-
gatgatccagtcctcaatgcctatttcggttatgccagttggaccacagaacaatccattctctcaaaactcaatg-
atttctcttcaaccattactaaaagcctttcatccggtggtcggggatttctgtaagaaaacaacacaagatgatc-
cgaaaccgaactatagttatattggtctcatttcaatggcaattttgagtacgaaagaaaagaaaatggttttatc-
cgatatttatcaatggatccaagatcattattcatactttcaaacgagaggacctggttggagaaatagcatccga-
cacaatctttctttaaatgattgttttgtcaaagttggtagatcatccaatggaaaaggtcactattggggaatc-
caccctgctaatattgaagatttcaaacgaggtgattttcgtagaagaagagcacaaaggaaagtacggcgagctt-
tagggttgacttgtccagatgaagacgatactccatctccatctccaacacattcgccaaaagcatttgattgge-
caataactgcgcacaatgaaacaccgaatttccagatttctgataattccattcataaaatgaattctattattca-
caacaaaaccgaaaatgacattccactaatttccaattccggatacaatccgtatttctggccgcataacattgaa-
gatgaggacaagttaaaattaatcaaatcaagtcaaaattctagaacatttgacatagaaaatattctcaacccag-
taacaaaaaaagttcagttgaaagaagtgttttataatcagtttttttcacatttaaacttcctaaatatcctcaatg-
gaatacgttttgcccgacagttgccatccacttttttcagagagaatcaagttcaccaatttcttgaattcaaacacc-
gagccattgcaaatagatcagtaaatttaatgttgaaaagtgtaacaaatattgaacaaact

>foxJ1-1
atgttgcagcactgtctcagttatggtgaacgcactagagaggaattggaacaaaatgtctacagcaagtatcaat-
gtcctgatcgtcgatcctcagcgtcctcgaccacttcaacaggatccaatgaatccaatagaagcattaatcga-
caaaagtattccttttcgcaaatgagttgccagatcttggcgaatacttttcataagaattggtcagaacaatgtg-
gaaatgagtccgggtttgatgattctctcaccaatctcaactggcttcataatgtgaatccaatgaagattaatgag-
caaatgtcccatgttcacgttggatatccgagagaccggctggtgtcgaacagctaccaaccaaggaactatcaca-
catttaaccatcagaatcaggcatccactcaacaggattcctctgcattcacgtttccaatgatttctgccgat-
cagttttcatttgacaaacctgattataaaaataatccaaacttgaagccaacatttacttttgcagttttgatttc-
gtgggccatgaaagaactcgggaaaccaaaaatcactttgtcggacatttacggatggatatcggacaattttgcatac-
taccgctactcagattctagttggcagaattcagttcgccataacctatcgatgaataaatattttcaaaaggttc-
caaggagaaaagatgaacctggaaagggtggattttggcgaatgaatccagataatatcaaagaattggatcacaatt-
tatcaaagatcaaatataacccttcgagtcattcaatcattcctatcaaaacggagaaactgccaatcatttccagt-
tatcgacaaatgaccagctacccccctacagtgtctaccaacagcaatagcaaccatataaataccttcactatc-
caagagcactcgcgaccaatgattagcaatcacaatgcagtcaaacgacctagaaagtctccagtaataactattc-
cagaaaactgggatgcattggaatgtttaaaggagacggacacaaaacaagtaaacaacatcaaaatcaatgaaaa-
caatcatttccctcagtatgaagaactattgttatttgatggcccttctgcttacaaaaatgatcttgacttctcttc-
gatggataattcatctactgattcatttccatatctttctcagtgtccgccaaatagtaatgagatttctctcag-
caatttcgaggatgacagtctgggtgatattcttgctagtccaatgcttctcgatggagaagagatcatggacaacgaa-
gatttcaagtccatggtctaccaaaccgaatatgacttatttccaacctcaaaagatgatctacaagaactcaaca-
cattgttgggcatatat

>foxJ1-2
atgaatctgaataaattgacctcccaggctttgcctatttcaccaatatcggcttcttcaatgagttgtggaaagtat-
gttgacctaagacaaccgtatgcgtcagacccgagtgtcagaagcgatattatctgcagctgggaccaaatcgac-—-
gattctacgagaatattctataagacccatactacaggacgaccacctttctcccatataagcttgatatgcatggc-
tattcaagacataggtcaatctagaattacctcgactcagatttgcgagtggattataataaatttcccatactacca-
gattctggacaattcctggcaaaactccgttagaaatcttctctcagttagtaagtgttttcaaaaggtaccccgecg-
taaagatgagccagaaaaaggtggcttttgg

>foxJ1-3

atggcaatgctagacttaggtaagccgaaaatagctctcaatgaaatctatgaatggattcgtgaaaactttctttac-
tatcgaaaatccgactcgagttggcagaattcagttcgacataatttgtcattgaagaaatgttttgaaaaagttcccc-
ggaaaaaagacgagcgaggcaaaggaggattttggaggataaatccgaatttcacggagaatctcgggaataatttcat-
caaatatcgtcggcaatttcatgtttatgcaacaccgccgccacttccaccatcgcaaccattggtatcatcgcaaccg-
caaccgtcggcacagacccaatccaatggttaccatttgagcaattccgtgtacaaatatgccggaaataacaataat-
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gttgccagtaaaggctggagaggaaattcgaatgccaattgcgaaattgtgaattttaaaccgctggcaaattaccac-
caacaccaacaacagcagcagcagcagtcccaccagcatttgaaactagtgaacattcccagtgtcagatcagtcaa-
caagccatataaaagactgcaaacaactcatatgaaacccatattcaaaaagccatatgcattgtccagtctcaatcag-
tatgaaaccattgaggaaaacgatcgcgtggttgcccaaatgcgcctttatggctctccaagacccaaatctcccac-
gctgttctcattgtgtgaaaacgaaccgttgctatcagaaatatcctccagcaactccaattattcggegttcggattc-
gaggatttcgattcgacaacttcctcttcattcgatacagaattcagctgctcatcgaatttccacacgtcctcagat-
gacaattactccttgaatattgccctggatatcgatgagttcatcccacagttc

>foxJ1-4
atgctcacccagcatgatagtacatgtctaccaaaaattcatataaagtattcacaacctgaacaacggctttc-
caagaattatctaacgacttcaaaattgaattccattcagatttatacgacagaagttttcaatggaaaaaaactt-
tcagtccttgctgaaaaatttcagaaaaattggttagataaaaaaggaatcgactcaaaagaaatggacgattcact-
tactaatctcaattggttacataatgtaccaagtattttgggaccagaatctcctttgaattcaccagtccattt-
gctcaatcaggctaatcatcaattattgccgaatctcgaacgaccagctaataatatcattgctaataattttgta-
aataatgagataaatatttccaagcaatcggagttttccaataacttttcctccaatccttccttcactcatcatcte-
gacagtgctctgaaagatggtggactattagatcctttagtacggcatgattacaagaccaattggtctggcaaac-
cgcctttttcttatgcaacactgatttgtatgtcaatgagagaattgaacaaatcaaaaatcactctgtcggatatt-
tacggatggatcacagataatttcatctactatcgattgtcagattcgagttggcagaattccgtcaggcataatt-
tatctttgaacaaatgtttcgaaaaagtgccaagaagcaaagatgaacgcggtaaagggggattttggagaattaatc-
caaaatatgctgacagattggaatcaaacctcataaaatatcgacggcaatttcctttgtataacatgcctaaaata-
acaaatggtttaccggccgcctcgactttgttatcaagaacaacaaattatagttacatgctctgtcagtcatccg-
taaatactgataatacttggtcaaattcaatgacaactaacaatcaaaactcctttgcatttcgtgatcctcaacc-
gattttgagcgaaaattcgttgccttttaaaagtaaaagaggatgggataattctggtgcaacttatctgccgaatct-
gaccaattataaccaaggaaaattgatctcttctagtgccttttccaacttcaataacgatgtgacaagcaacgaa-
gattattgtcaaaatcgaaaacacaattctaaaacatatcacactcaatcgtatcgaaatcacaacatgacaaagttg-
caaagtcttgatgagtttcgaacatcagaaaccggtcaaaaggtcgacacgcaaatgagaacggaaatcactccgaat-
cattctccgacaatgtattcattgttgaatcatttgaactcacctccgtcccatgtgtctatggacgatatagattct-
gcagcctcatcatcatttgatgcagaattaactgccaatactggatcctgtgccaccctccattctcattccgat-
gatcccgatgaagctcttcggtttggcacaagtcttggagatgatttcatggtgggtteccgatgattacttaaattge-
gattcgattcgtagtcatgatcagttattcgattcggttaatagtcaatttatt

>foxJ1-5
cgccggttactaagacttttataaatatctactaaattagttttgcgcataatttcagttataacttttgagttaat-
taatcagttttctttacaaattgtgccaataaatttacgatatataattccattatacatttcccaattatcgtct-
gacattttagcgttgctaataatcggattatgatttctgaaacgagactcggtttggctgagaaatttcgccaaaattg-
gcaaacacaatatccttgttcgatgattgaaaaatctgaaacgagaaatttccatcaaaactttcttaaacgaaacaa-
cagaaattttaatcaatcctttttcggaggtaaccataatgataatgaagatgattcactgacaaatctgaattg-
gttgcagaacctaaatttattcaatatgtctcaaactcaaccgcctctaagtccttctccgactcatcagatgacaat-
gccttctccccagtttecctttatccatgaacccaatgaaccaattaaaccgaataatacctcaatattttgaaagtag-
tagcctttacgccgaagtcgccatgaatttggagttcatgaatgatgaagccagtgttcatttttttagaatgaacaac-
caacttaggccaccattttcagatataaacttaatatcaatggccatccacagctacaacaaaatgaaagtcagttttc-
cagaaatttgtcagtggatagaagaaacctttccatattacaaatcactttcagatgattggaagacgggaata-
aaaaaccatttgacattgagcaaatgctttcaaaaggttcccagacgaagagatgaaacggaaaaaggcggattttg-
gagatttagtaatgagtttttaaattacctggaaagaaatcgaatacaaacattatcgggtgtaaattttgataatc-
gaatcaatcacgacaacgcaaatccctccaatgatatcacttacaagttcggcaaaatcatcaatcggaagcggacaat-
gaataaatttgtcacacaggacgagaatgaaaactcggcgtttcggattccaaaaaagaaatggttttccaatgaga-
tgattgatttccagaacggtaaatcaattttgatccataacaaagccaataataattccaacaacatggacaatatc-
caccacggaatcagagagtgcaaaccaagggagtccttattgctacaatatcaagatggctccttgtgtaacatta-
accaaatgaatctggcaataaacagttgcgcgaatgaatctatgtctaatattggaatttcagtattagctaattcg-
gatctttcacggcttcaagagtcaaatgaacttttccatcagaacataatgtgtaatcaaataaatcccatagttacc-
gcttcccaatctccatgtccagaacaagtcacggaagaggaattcctttctggtcaagcattcactaacaattatata-
acattgaataccaatgctgacagtctaccttccatgcttgacactcaaaccaactacagtcacaatgatttcaatat-
cagcgacctaagcatcactggaatcggactcaagccgcctgaatggtggaatcaaagcttttccgccagtcaaat-
cagtttatccaaattcaattgctcattccgatctgtgaccgtggcgaataatggagaacagatttcccctttctg-
cattggtattgatgaagatcatcacggactttggtcatcgaatgatatttcaaatctttcagaattggacgtgct-
gtttggattgagc

>foxK1-2.1
atgtctggggattattacgacgattcccttgattctgataacaatttacctcaatatgctcgtattacttttttc-
gggcaagttccatatattatgcaaaaagaacgagttattattggtcgtaatagtgctgctggatctgtagacattgat-
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gttggtgctgtaacttttgtttctcgaaagcatctagaattgacatattcatatcaaaagttgaaagttaagtgecttg-
gaaaaaatggaatttttatcgataatatttttaaatctcattcttttattccttatgaattaccatccaaatgtactc-
tacgctttccaagtaccgatgtgcaattctgtgtcgaacagttagtagggataaaatcatcagacagaggacgttct-
tatggaaggatgaaaaattctttaaggtatgtcactgacaatgatgagtcaccagaatataaacgtatgaaaattcaat-
cacgaagcgatcaagatagtgtttcgaatgataatcaagaaggagcatttaatagtttgagagaggttatatgta-
atctgagtgatgaggttgaggaatatattcacaatgatgaagatgatgataatcacaaaattaatgcgtctgaat-
gtgatggactgatgaacgatactaatgaagaaaacgaaggagttttgattgataatattggggcctattcactt-
gacacaaatgggtcaattacgactttaaccaaagaatacacactagaaaacatgaagtcaaatgacatgaattcca-
caaatattttgaggggaattgataatcagtcaaatatttctaatagaaatgtagccaaactgtttctcagtaatcttc-
gttgctcaaatgaacaatattataccaataatggacagataactgttttggattcagatgatcttactatcgag-
catggatcggacactcaaaaacctccatattcatacgctcaattaatagtccaagcagttagtacggctagggacc-
ggcaattaacacttaatggcatttacaattacatcagtaaaaactatccttattttaaagctcacgataaaggctg-
gcaaaattcagttcgtcacaatttatctttaaatcggtactttattaaagttccaagaggtcaagatgaaccgggta-
aaggttcattttggcgagttgatccagcttatgaaaacaaattaatagcccaagcatttcgaaaaagaagattacg-
caataatgcatcaggtatcgttaatgaagatggcttagtgtctcaggtcctaaatgtatcgaatattgatgctaacagec-
caagtttccaacgctaaggtatttggcattaataaatctggtcaaattgctagtagaactccaaattttggaaat-
gttattactctgaaacgtgcatgtgatatcaatacacaaaacggtggcacaacatatgtgcttaatagttcatct-
gctctttcatcaaataacgaacctcagaaatacatagtttctaatcgtaataattccaattttgaatccctttc-
caatatatcctccaataaaactggtacaattttcaagtgtcagtcatcaaaaacagtttaccttgatgggaataatat-
caaaatatcaggaacttcgggcgtagtttctaaaaaccgaggtttacaaatcagatcacaaggaaataatcctg-
gaacacttattagcctaggaggcaaattgttttcaacagcaaatatcaaatcacttcaaattcagcagcaatct-
catcccagaattctaacatctaattcctcatttgatccttctaattctaataaaagttcaattaccaatacaat-
caatcccaaaggaaataatttctatataatctctcctacaggtattaaaaatcaaaagacgcttacttcatcatttgat-
gacaacattgtccataattctttgcaatctcctatcacaatatcgaattcaaatcgtcgtatcatcaatcttcaga-
cacaaagtccaaacataagaaaaattgatttatcaaatggttctatgaacaaagaaaccgatctgaaaagtcctat-
tatactgaaaaaggttaaaataaacaataattttctcacgttgaaatcggaaccaaaaatcaataacatccgccaaaat-
caagattccgttaatggcgatgtgaatatgagatattctatccaaagctgcgataaaaactttaatgataatctttc-
cgacgaagacatcaaattacaagacgagtcagatagtcaggtttttatatccgatcgtgacattgacaattctgaaatg-
gatcactttttgatatcacactctgacccctctgtatcaggtctcccgecteccaggaacacagtgageccgggatcettcge-
cagatttgtacaaacatgatgatgatatgtggccagaagatgaagttcacaaaatggagtccttgaagtatagtatg-
cacgacggtattgtcgatactgagtgtgat

>foxK1-2.2

atgtctgtggattttgaagatgaaactttgaaatcagattcagatatcatttattctgattatattgaatacg-
caagaataacatttggaaatgaaaatgcatattttatgaaaaccgaaaaaatcaccatcggtagaaatagtgcagat-
ggaacggtagatattgatgttggtcctcacacatttgtttcacgcaaacatttggaaatgatgtattcatataagaaat-
taaaaattaaatgcttgggaaagaatggaatttttatcgataactattttaaagctcattctgcaattccctac-
gaacttccttatgagtgtactctgcgatttcccagtacaaacgttgaagtgaatgttaaacaacttgtcggtagaaagt-
caggcaaatgtaattctatggaatctgataatgacgcgaatgattttatcgatacccgaacattagtaaacagcc-
gcaagagaaaagcaacacaaacaatcaacgaaaactttagttacgatatatttgaaagtgtgaatatcacaaata-
aggaaattacaataaataatttcgatgtcgtcccgatgcgaaggccgatggaaatgaaaagagacataagtgacag-
caacatgaaatcagatctcgatcggacaatgactgagtcggtaatccacaatgaaagcagcaccatcaacagcagccc—
gaattataacaatcacaataataatagtaacttcgtcacgcatcatcggaaacctatgaattccgeccccagtcatat-
catctggtacctgcacaacaggactgaatccgaaactcgaacagcagattccatcaataatcaacagcagtcacaatac-
gacaacgcaaacatcaacgatatcaacgaataagaaattccaaaatgtttgcatcgagaaatccaatacaattcca-
caaatcgttcttaacgcgcgcccatatcggtcatattcatacaaaggtgaagtgatttacactcacaattctcagg-
tattcagctcgatatacgactcgaaggacctggccattgagtacgggacagacactcagaaacctccgtattcatac-
gcccagctgattgtacaagctgtcagctcgtcccgggacagacagctgaccctgaatggcatatacaattacat-
cagcaagcattatccctatttcaaatcacacgataaaggatggcaaaattccgttcgtcacaacttgtcgctgaac-
cgctactttatcaaggttcctagaggccaggatgagcctggcaaaggttccttttggcgtgttgacggtgcctac—
gagagcaaattgatcgcacaagcgttcagaaagcggcgattacgcagcaacaattgcggtagcatctgtagtgaaaa-
cattcccagcgcttccagagtattcagcctcagcagtgggcgagcaggcagtctttgtgcagtttctgatcggaatge-
caaattgaataacattttcacgctgaggagagctggtgatcagaaggcgcccacgacatacgtgtttagaaagatgagc-
gatactcaacaattgacagaaaatgttttcggatcagcagccaagctgattagcaagcaatcagatgtcaataattc-
tagcaacacaatttctcccgacaatgtctttcataccaatcacaatcacaataatatcaatatcagtgtcaacagcaa-
cagcaagtccaacacaagctcgaaacttggacagaaacgcattttccagccgccaatcagcatgatcaacaagccgc-
caccttccaatgccaacggcaacggcaatgccaatagcaacagcacgatattcagcatcggtggcaaagtcttctcaac-
gaataaattgaaacctatacagctactttcaaccaagaattccgcctcatttgtatcagtaaagcagcagtctccacag-
caacagcaccatcagcaaaccggaaacaaatatatcctcatttccacatcccaaatcgacaatcaaagttcccaaaa-
cagccacaataacaatatccacagcaaccaaatgatcagtattaccggttccggcaccctaaaccgtcaccaggaac-
cagatcaccatagtgaccatcaaactcgggcatcaaataagcccccccgcatcaatccgatcatcctatcagataat-
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caactggaaatggctcatcattacaagtcccagcaaccgatctcaccattgagcgtatcagaaacatgtgaatttc-
cgctcgatgaaccgagccagctcgattccagttccacggagcttgggcccctctcgectggcattaagttcact-
cagtccttgcaacaggaggacgaagacgatgaccttgatctggaaatggatcaatttctcgactcatactcgatcctt-
gaccattccaacgatatcgattctcccgctgacctttacaaggaggccgctacagaaattgatgattattgegtgtg-
gcaagatgaatgcctgggcctgcaggacgtcgagattgagatccattgaget

>FoxK1-1
atggataatgaatttattcacgctagaatttctggaattaatattctttatttaatgaaaaataatacatgtgttatig-
gtcgcgatgtcagttctaaagtcgatttaacaattacctcatctccttgtatatcaagaatgcacttgaaattaatagc-
gaatgataatagacttttcttaaaatgctttggaaaaaatggaatatttataaacgagtcttttcaagtgtacacttta-
gatgaagttcccttgccagcattgtcgacgattaggtttccaagcacaaatattgaacttcaaatagagtctaggaat-
tacttattagaaaacagtaaaaagaaatttcctctcaaaaaacgattgtatatgacaaataaagattgtgattcacttg-
gaatcgatgagaattatttatcagaatcatcggttgatgcgatagaattattgtcacaaagaaatcacagaatgcatc-
tacaaaattcaagtgacatgattgtacattctccgactgatcaaggcactgaaacgatcaaacctccatattcgtac-
gcacaactcattattcaggcaataataagtgaggaatctcagcaaatgactttgagtgaaatataccgatatatcag-
taaaaactttccatattacaaaatgaatcaaaaaggatggcagaattcaattcgtcacaatttatcattgaatag-
atactttattcgaattccaagatcacataataattgcggtaaaagtgcattttggaagcttgataagtcacaggag-
gcccaattaattaagcaagcattttggaagcgaagaatgaaaaattcattcgttatagtaaacaaaccagccaataa-
caataatgacaatgacaataataacaatgtcaacaacaataacaacaacaattttaaacgaaatgcgagccaagaa-
cactgtcaatccagctcatcgcctctgcttgctcctattaaaaccatagcgtcaaactcgtcaatgataatagatcagt-
caactttgagtagcgattctattcgaaatactgaagttcccatgtactttacaccgttcgacatct

>ToxN2-1

atgattgattctaaccagtctatttatgatttgccataccgtgcaagaattatgatgaatgcatgtattgacaat-
caaaagtctggctcaaatacaaaaattaatcatattagcaatattgaaaatcttaaaccgatgaactcaaaatctgt-
gttaaaaactaacaataattacacttattcttctggagatcttcaacctcttcagtggcttcagcaagataccattct-
tagtattactccattagataatgaagaagaatatgttcctggtaaagatgacataatatctataacaacttctc-
cagtgaaagtcgatgtaatttctgaattaaaatcagaagaatcattgtaccaaaattcaacaatcgcagattat-
tatcggtatcaagcgatgcgagccgcaatgaccaacggtcatcaaaatggaggctacagacaacaacacggatatt-
tatcctactcaaactcttcaaccggcgttcgaccaaacaattcaggcagccagcataatctttgtcattcagtcaat-
gaatatcaaaagcctccgttcagttatactcacataattttcatggcaatcgagacaagtcccaataaagccatga-
cagtgaatgatatatacgtttggtgtgaaacgcatttcccatattatacacaagctggagttggatggaaaaatagtct-
gagacacaatttgtcgattaacaaatcattcaagaaaatcagtcgagatggaaggggcggacctggtcgaggtgct-
tattgggttgttgaacctcgggaacgcaataatttgattgatgcaattagacgcagcccttgcagecttggtagtttic-
catttctcaacaatacatatccatggggcactggaaattgttactcaaacaacatttttcaatctgcaaatactct-
caacaacaacttagcctcgctaacggcgacacgttctgttgttaacaataagctcaattcttctatcgatcta-
caatcctcatcacgtgggcctttattgcgtattggtgggcaacttactgatgcgtctaatttgattcgatcaactc-
cagttattcagaggctgaacgattccagcaacatcatcgaattatctaaaactcctcaaatcatatccaattccat-
tactttatctacagttcctttaattcagtttgatcaaatcaaatttgaatctgatatgacaacattcaatgaatctata-
gattctaatgatctctgttctgctcaacaagatgaagaagactgtcgtggaaaggtatttattatcgatgactcgac-
cgagtcgaacccagaattttatcagacatatctggacattctaagaggtctgatttataatgacattgaaaaatcg-
gattcaattagatcagaaaataccaaagattgcacagaacacttaaaaaatcggaaacaattttttictaaaaataact-
gtaaatcaagcgatgatattctaccaatagaagatatcgctcctatatctagaaaaataatcaagaaacattgctcct-
taaaacaaaaaagaaaatgcaaatgcgtaaaatccgtttctgattctggtgggtctgattcatcactatcaaata-
aagaattctctgaattgtctgacacggatttcaattctcgtataagcatgggtttacgaaatcaaaaaaaagaga-
aaaaaaggctatatttcagtaaattaaagtcattaaccaacagtagaaaatcatcgtataatcgaaatcgtatta-
ataacatagtcagagcaccacattcagatcatatttacgcaattctgcaggaatttctcccacccgccaataaatcg-
gaagaacactctccaattaatcaaatgattgatgacaaagaatccctttcttccacgatggccgatgataaatctc-
tatccctcgatttgtcacaaacatccttatcaaaaagatccatgcacaaattgcagagtcttaaaaaatcaat-
gaaaaagttcaaattttcagattccgacgaagaaatctttaatactactaattatgagaatatttctaacaaact-
cataagaaattctttgtcattcatcacaagaaaacggaaattaaacaagaacatgaattcatcgaaaattatta-
aatataattcccgattgttaaaggaaaattcagaatacataaacaaaaaaccgtaccggaaatataactacgat-
gacgatgaagaacgtgaaaatcgttgttatgttaaaagcgaaattacagatgacaccttttctagtccaatatata-
aatctttgaaattcgaggatttcaataatgcatttcagggaactcttgaaaatctgagcgataataaatctaatagc-
tacgattctcagtttattcctttcaaaaaaatccgacctaacaaagatacacacgtgaaacggaaagttggcagac-
caaagaaatctgagtgcaattcggtgacttttcgatactcaaatgatcttcgtaacaataaacagtcaaatatta-
aatcgaaaaagaaaaacaaaacaccgaaacgagatttaaaatacctcaaagaatgcaattcaaacaaaaaagttgcca-
cagaaatcagcaataaagatgagcaagtggcaattagcgtcttagcaaacttacagaaaaagaaccaacaagatcggat-
caaaaatatgtacaatttatcgaattatatccaaagaaacagttcagattcaaacatgagttagcaatattcccccat-
gaagccggattctcatgcatcgccataattgcaattggaaaactgcaaaattacgaattattttttitaccagaaattc-
tacaattgttttttatgacagtttgataaattcatatctgattttactagttgctaataataatggtgctccttcagt-
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caatgcgtttatttatcatctcttcatctctgtataaattccatcttctctgtgtctattggtgt

>ToxN2-2
atgaaacctactatactaaaggtatattcaaattttcctgatattccttatgatattaaaaagtgtgaagataat-
catttgattaaaatttcaaatgttgaaaatcctggaattccacaatttaaatcagaaatgcttacaaattcattctgc-
gaaaatgcatatcctgttgaagacagttatattgattccaataaagattttagtgttttagaagatttttatcg-
gtttcaagaacgtagaaatgctttcattgattcgaaaaaatctcaaacacaaattaatcagtcaaacttgaaacgcttt-
tacgaaagaccgagttttagttatacgcaattaatatatatggctatagaaaattcgccgggtaaagcaatgacagt-
gaacgatatttataattggtgtgaattaaattttccttattatgctaacgcgattcacggttggaaaaattctttaaga-
cacaatttgtccattaacaaatgttttaaaaaaattactaaaatgggtcaaggaggcagagggtctctatggattgta-
gatcctcgtgagaaacaacatttagtttcaaccatgtgtcgggcaaatgtggcttcctttaatgctccatcgtttata-
attcaaaccgctccagcatcactcgaccatcatcgaattgttattggtgatgatcactcattagatattccacaggat-
gatacaattgttttctctgacgattctacatcgtctcaaatacagtctgatttatcattaattcttgaggaaaagcct-
gtgtatagctggacagatacgcgcttaccttgtgactataccgttcctttgtcacctgaaaattgttccgatgcat-
cagagaccgattacaacgattggaatagagcaatgatttctttagaacctattttccctgtcaaacagcaccagat-
caaatcaaaatttcctttaaatcccatcgtgacacctccgagttcttttgaacataattattcaatccagaaccta-
cagataattatcgacgatccgtgcgccattgtacggcatatatttcacccagtaatcaactcaaacgcctcattttg-
tacatccagtgattataatgacgaagaatggcctcgaacaccttctccagtgcctcacgttgctcaaatcgaaccgc-
cacaatctaaactgaaaatcgtcaaatcgggattaaagcgcggacggcctaaaaactcgacaaaacgagaattggaatt-
gaaaaaatctcaaaagcctcagaaaaaactcaatcacaacgaccggatcaataatatgtacaatttgaatagtttcat-
caactcgttg

>ToxN2-3
atgactacaaacagctctttcatatcaacaagagttgcaaattacaaactttcatctagctatcctagtatta-
caccattatattcgaaagatttaaattataatggttctttatcatttacttcatatactaaatcatggagtagt-
tatcagaatatggcactaaaagcaacagataatttgcgcaatcaggatttaaccaataattctgatctacaacctt-
taaactggcttcaaaaagaaagtattattgacattgatcctcttgatatcgaagacgaattaaaagatgattcta-
atactcctggatatgatgatttaattgatccccatatttcacatgccaaagttgaagttgaatcacaagaaaattc-
taacatacatgattttgtaagattccaagcaatgcgaaatagcatgaacaacagtaatcgtgttgcgttgagaaacaa-
caactcatttacagactgcaatcaaaattacagtcaccaggctagtggattcgcgaagcctaatttaagttacaca-
caattaatatttatggctatcgaaacctgcaaagacagagctatgacagttaatgatatttaccagtggtgtgaagt-
caattatccttattacaagcatattggaccttcatggaagaattcactccggcacaatctttctatcaataaat-
catttcgcaggatgcctcgtgatggacaaacaactatcggcaattatgagatgaacagtggcgacgacatgagt-
gaagaaacggtatcccaacgagataataagcaaggaggccctggcagaggtgcatattgggtggtagatgacaaggaac—-
gaaagaatctgctggattcaatttatcgggcacatcaaactatacccctgagtgatcgaaacggtcagcggattgatc-
caccgtattctcttattgtcaatccaccgaaaactgggcctatgttgcgcattgatggccgttttacagacgecgtc-
gacgtatctgcagtcgaaacgcagcgatgatgaagtagcaaatgagaactacaacatccaatcagattatgcaaat-
gccgagaacctgtcaatgcagaaaatcgagaacacagaagcagccgagtacacatcaatgatgtttaatcttgccac-
taccagcagtccagaaactggtggaggagacacatcggttaaattatcagcgagctacaacagtaactgctcgaga-
atggaaggtaaatgggatgctcattcaatgcctagcaacgatatttattctcatttagaggcagactcagacttgtgt-
caaccgaaattaaaaaatcgacgtaaatcaaagcatgaaaaggttcgcaattacagtgaaatggaatcagctacaaaa-
gatctttttccaaatcgcaaaaatcagaaatccgatctcattaaaacaaataatggcatgacaagtgtaaatgtaatt-
gttgctcctcatttcgatcacatctatgctcgttatcaacaattcctaccgccggcaattgccagtgacatggata-
aaggggtattcgggcaagagcatgatataaacccggatgccgatttcctcaagaacggatatcgtgatgatgacgat-
gaagacaatgaaaatgaaggagagcaaggagagattgagaatgaagatgaacaatcgaatttgaactcgttggaagc-
catcaaacaagagaaactcgaaaccgataccgcaatgttggcaacaaaactgaatggctcccgacggatcaagctat-
gctggaatgggaaattgaattctgcagctgtagcattcactcgacagagaaaggttcgcagggttttaaatcggc-
gagctcggcgtagtctaagaattaggaaaccgagggagccgattgaaccgaatgagacggcaatcaagaaagagat-
gattgaaccgaacgagcagacagtgatagaagatgccagtgatggctacgccacagattccactatgcccatgagcaa-
cagaaaatcgatcacaagaaccaatcggatagttgccaacaaaacccacccggtccgaatccttccagtgaagcgta-
aagcaagtctcagtaaatcaggtcctcccgaaaagcgataccgttcaaaacggaagcgaacgcgtccattgagaatc-
gacgacacctgct

>ToxNt

atgtgtgcgtttgatgatagtttgaccgaaatcgattggctaaattcgttatgtattcagaaaaaaagtgaaat-
taaggaagggaatgtcatttctactacaatatcaccatatagccttattacaacacatcataattctccaaat-
gacaattgtaatacttcacgaattcatggatatgataaaccttcatatagctatgcatatttgataaagctggc-
tattgaaagttcaaatagtaaaaagatgaagttaaatgaaatttattcgtggattagtgaaacatttccgtattata-
aatatatgcaaaaagataataacaaaggttggaagaatgcaatacggcacaatctctctttgaataaaattttta-
aacgttgtgctaaagattcctcccaattgggaaagggctctttttggacgatcgactctagtctcgacgatgatgtc-
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caatacccaccggtcaagaaaatgaaattgatgcttaattcaacagaaacagttagatcttcttccatcgaaaaactg-
gatcttatccattcgactgaaatcactcaaaatatctcaaaagaaatgtcaattccggtttcgatagtttacactttat-
tatcttcaagcagcaataatgagtataatttaatcgaatcaagtgctacaccgatgtcgaacatcagcacgtcaagtt-
tagaaatgatgcccgagaaaacccaaataacatttgccaccctcgagtcacgcgtcctaccgaacaatagtgcatttac-
ggtgtattccaatgagattgaaaatcataatttctcaaaagaaccttgtaatgacctcggatattcttgtcaaattagc-
tattctaaccaaccgatctatagaaactgtctatttaaatcaaatgtctcaaccacggaattaaacccgatattgt-
caacagtggaatgctcaagagaaatacttcatccaaaggtactaaacaaacatttaaattcagacccaatttcatc-
caagaatgaccttttcacagacaagctcgaggttgatgaagacattatgtctgttaaaagtgccaacaatgatttt-
gtagtaaaaactccagtgctcagccaaatcaattctcagcctgtagagttgggagggaacaattcggaaat-
caaagaagtttatgaggaaaatgaattgactaaaggttcattgcgagattcacatttaatttcaagcctaccccaa-
gatacgattgataatcttaatagttttgataatttgagtttttatgattcttttgcttctatccctcagccttt-
gtttgactctgaatcacgtagttttgaactttcccaaagcacaagaaaatatctatataatttatctggtgtta-
aagaaaatctgctacaccgatctcagtggttagatctgcaggaagaagactatcaaaatcaatctctgagtgaga-
cattttttgaaactctgagatctgaagaaatgcgacgaaattataaatcagaaacctatccagatagtcctaatc-
gcgacgtttctcctaccaaagaatatttggaactgaaatcctctctcatcagctacagatacaaaagcgacgccg-
caaactccacttccatgagtctcagcacttcctcaacggaaaagtcatcaaatactctcagatctaaatcagatatc-
tataaaaagtcaaattcattcgacagcacttctgaaattgaacattttaaaagaagcatatccgaaaatcaaacttgc-
gatggagatgaagaaattacagatgtatttccctgggattctatcatctgagattcgtcggacageccttatgtatt-
tatttgtatttgttctgtgttatttttattattggaaatatttgatactttcattgtataaatcagatcatttattat-
caatttta

>Fox0
atgaataacatgctagacgattgccattctccagaattccgagcccgatcgcagacctggggaggaaatgataactct-
tatcgatcgagaatcattgaggcagatctttctcagaaatacacgacttttgccagcgattcctacacatctttc-
gaggagtcgactgttcaagaaaacatttccccgttgaaggattctctgccgaaaattcttccagcaaaaaaatcatc-
gagaaaaaacccatggggtcaggaaacgtattctgacttgattgaagccgctatcaattcccatcccaatcaaatg-
gctactttgcaacaaatatatgaatttatttccaagaacaataaatattttgcagaacgagttgatgctacttcctcg-
gctggttggaaaaattcgatccggcataatttgtcactccatgacaaattcgtgaaatgcccgaaaaaaaatgagaa-
catgaaaagctcgttgtggtcaattaacacaaagtgctacaaacgagagcgctccaacagcatggattgcaagaggtc-
gggagtcgatctaatagccagacgcaaattgctaaaggaacaacggcgtcacatttcaagcaattccaacattgtatc-
gaattctaagatatcacccaattccgacaagtacactgctgccactgacgataatagcatccacaagttgtccccta-
acaaccagtcctccttcacttatgatagcgctgagtcggccatggaaacgatttcagatttcatctataaagacaa-
caagctcaaatatagatctccacaaacaattcatgaatcaaacaaggaaatgcaacttgatagtagctataacaaatat-
gattgtcatctccaccaaacccttcatgaagacctacaacgactcgatgtcaattcaatggaacattaccattata-
aaaaagatcagaattttaattacaacaaatcacagtgtcttgatttccatcgggctgctcttgaatactccagatt-
tattgccgacatatttattgatgatgttgaa

>FoxP
atgataaatcaggctctaaatttcagtttgttacaaccgaatcccagcagcaaaccattaaaaatatccccgt-
caattcaatatccagatgttcagaaattcaatgaaaataaaatgtcaaatccgaatcctttcttgattagtgagtat-
cagaaaatcaagcaattgattgataaatcaggaatgttattgccgaatgagaagcttgtaacaaaaaatcggggaga-
atgttactgggctaattgtttttttcaaagtgatattgaagagaatttcaaaaaacatctcaacgaatgtcatcatat-
gacgacgtctgcacttgcacaattagaaatttcattcgaaaaagctatgcaattatcaaaactgctattaaatgaa-
caaaatcatctttataacatgttcttgcatcttgatcaaaaactgaaaagtcttcctaatgacaattgtttattacta-
aatgatagtcaatatcttgcagctcttttgaataaatttaaacaaatgcctaatattttcgacttcttcgctgattc-
taatcgattcaatggagacctaaactcctttcatccatcacatagactagacaatcatcagtttacaataagtaatgc-
tagccatcatactcaacagccttcacctcatcaacaacaatctcccttgactgttccagcattatcgagtattcct-
caacaattaattgataatctttcatcagttttaatgagacaacaacaacaacagcagccaccacaattgataccat-
tatcatcacaaaactctaatcaacaacccaattttcaacagtcaattgcttctcctcctcaactaatcagtcaa-
caaactcattcggcgtttacaaataatattctaccactcataaacgccaataacaatattaatagtctactcgtgaa-
cagttcagatccaaatcttatcaatatcagtcccaataatcaactcaacaacattgacaacaatctcaaagatatttt-
gtctcaatccagatcctcagattccaattatccaaggtctgatccggaatcgaatcacgtaaaaaatgaaaaaat-
caaacctatcaaaagggcgtcctcaaacagtcagttatcatttttcccaaaaggaatgacagaccgcgagtattaccg-
gcagtttcctgtccgacccagtgccagttatgtcaacttaatcaaaactgcaattttggaatcaccaagacgtgaatt-
gtcactgaatgaaatttatgtttggatgcaaactgaattcgcttatttccgtgacaaggaacagaagtggaaaaatgc-
catcagacataacttgtcgcttcataaatgctttcaaagaaaacatgggaaattatggactttcaatgaaaatgaata-
caacatgaaaaagtcgagaaatcgatttcagtacaatgttccaattccaggagctgagaatcagacaaatgatccgga-
cagttacgaagatgaagaagatccccaagaacagttggatagttctgaatacatgataaagaaggaaatggaattcaat-
gatgaaaatatgcctgaagacaaacatttagagattgatgagtggtccaattatcttcacaaaacctctttgat-
cagttcaagtgacgataacatgaaaccaccagatatcagtgtcgat
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Amio acid sequences of all Smed FOX proteins. FKD, FHA and NLS domains are colored
>foxAl-1
MLGKNPYETAMSNVYSLPPGGS I YNMNPMS I SSAGYNSQQVSTLSLNLTG I GPHSLSPMSASMSG I AAMAGGMRQGLEL -
GLGRSDSPRDKNS I SNNNRPYQRSYTHAKPPYSY ISLITMATQNSPVNMCTLSE I'YQF IMDHFPYYRQNQQRWQNS I -
RHSLSFNDCFVKVSRSPEKPGKGSYWTLHPQSGNMFENGCYLRRQKRFKDPHRE I GRQSQRAATGPGSNVTENNHD-
NASQEASDNAESDTKPN IKQLDLSSDLLTNQGHN IKNTNPTSVSQSCSMFHRKKENCSPVEMKLNNQNQQSNQQEHPQI -
HYNPNQQFYSNQQN 1 FQQSSLDHYSLLASDDPLGQGMHLPPGANSVFGLYGAHNLPNDDQISVSLPSISLSGHPYDNL -
STAMAYQYEASQHNSSLLTTSNPFS I DRLMHPRLVAAAMGVSPHDTLYAGATGPSVDLEHMKYYSNYNNVPPYSSAMS-
DYYKYVQNPQPGNSDMSL

>ToxAl-2

MSEFFSPVSDTS IRMNRQFHQESFPNKSPLDASLDGNSHKRISCSKPPYSY ISLITMATQNSPQKMCTLSETIYQFIMDS-
FPYYQQONQOQRWQONS IRHSLSFNDCFIKASRCTEKPGKGSFWVLHPDSGNMFENGCFLRRQKRFKDPRKHKL ILLGKD-
SEKQINTHRISELRIHPIDNPSNWIHAEKSTEL IALEKSNNSSIFFNSTNSRQIDFDSNITMPS1YSENFLPNLSN-
DRFL IDKIMHHKMT ISLDQSYDGSSQNLDYFL

>FoxAt
MATRSSPNQKQTLNGI'YDWIRKHFAYFKLDTQRWQNS IRHALSFNDCFIKLARP IGESGKGCYWAIHPEAKDHFQFG-
SLLRRYKKFTQSDRNHKIWNYFPYSHQASAITVTKNIAFPYNTNDRFFYYK

>foxC2-1
MQLCKFEVNSSNSSITASGSNGPLFLPSLATVANNCHLPLNVSNSNNNQNDEPPF I SWNPTNMAACYNQGLASPKPASF -
WAASNNGSLNSNNFMSCLANPGQGL IQQTYEHMSSYYGNSSLIPPYSTSYSMGNSP IPNARFLTHYGSHSNHPNMSSS-
RNPSRDLVKPPYSY 1AL 1 TMAVHAHPEKKVTLSGI1YQF IMEKFPYYRENKQGWQNS IRHNLSLNECF IKIPRDDKKPGK -
GSYWALHPQAYNMFENGSFLRRRRRFKAKDVLQDREDRKRKQQEDECNIFTSTSKDDDEKNEKLSV I SKNGDLNKSYS-
ESVEHSDQSQS I IENELSQETKLGHDSS INNVNHTNNETFQNRTSQFETSLGGSEDNPFHFDDNKNLTSFNNFGNGFFM -
KNESSDSIPFPLTLTNTNEGLSVYNNNTNSDYFQFMGRYAGQESTDVSTAFSSVTNHSGDLEDHIQNYQQLSAFQNYT-
NPHSSLTAAAAAAWYAAAHDTNSVLGYPISNNYNASSSILGCNPNMPFSGSLSPHSAQVSNTSSSMTTSQSNT I SSFF-
NNTDLVGSLNFGAGILSSNSPNY IPTHHPSLTNYYLI

>foxC2-2
MNVDHISVLTAANSAPQIPRHPISDHASLLYYSSAYQFPGCESSSFLWPNSSYNSNSDSWKAAYLNSDPHHLN-
SYYPSLNSQDVQQDLLFHKSIHSDFYSMSASCYNNYQNQFP I INTDSKYPNSP IDNQNNIKMENKNDNRSLVKP -
PYSYITALITMAITSQPDHRITLNGIYQFISERFPYYRENKQGWQNS IRHNLSLNECFIKVSRGDQRSGKGSYWTLHP-
NAYNMFENGSFLRRRRRFKYKDDTISTEATATNSDI 1 1 SNSDDLEKVHTSKVENPHS I TNDFKGLNFSLKKNSTFGDEC-
QELFDCQSKESYSKFINIKPNVIKEIENFDKQAFDFNPNGLYNQFPYFSNISPQNEYPPSNNHLRPPLPYSMNFMQK -
PNPYLLSNYLSHPQEIS

>foxD3-1
MNKFSLYYSTLNHLSKEEESNSMALEMNHLYWSLFGQRSDAKLMKNFGDDSYLMPYHRSNSIEYLRASQRINMKYEQD-
MPQAFKDSQTIEQIKNLLRDDDVDVDELKECESDDNIHSESDLDR ICSEDKKDVDNK IPMSQERCKSKSHNVKPPYSY -
IALITMAILRSPQRKLTLSGICEFIMGRFPYYKDRFPAWQNS IRHNLSLNDCFIKIPREPGNPGKGNYWTLDPRSED-
MFDNGSFLRRRKRYKRQLPSEMFNHNQSHL I IPPTSFRMTIPPNPITVQONLVNQLLFHONITKSTIPNPNNIIP-
PLNAIRYPRPFENNFRGHEFIGSLVPPYPHDGRIVIPSTSKTEYNEP INKRCKLNSSEDELSTFQKFSISHIIS-
DDSTDNKTKQSEESYANQF IPQTLRLWPCNPFPVAKPVIKSTWIPPNFIN

>FoxD2
MKSDSKHSKPPYSY IALITMSILHSKEKRLTLNEICSFI ILNFPYYRERFPSWQNS IRHNLSLNDCFVKQPREPGSSGK -
GNYWNLDPAAVSMFENGSFLRRRTRYKSSKQVRKNQSEEEFNKFHKT INDEKSCSSTDSKKYLEFSIEALLE

>foxD3-2

MVYKISNSSTKESRQLSKSEVIKNASKPPYSY TALIAMAISSSPSKKLTLSEICDFIMKKESYYRDRFPVWQONS -
RHNLSLNDCFIKIPRDSNNPGKGNFWSLDPQSEGMFDNGSFLRRRRRFKSRLPE IMRANIRRININNEILSKILNSTIY-
EYLNPCTKLLFMNLVPYEAFQNVFFRDNISGSSE I SLKSQSSHKSLNNKFLIANT INKV

>foxF1-1

MKTSNSHENLADSQADDTVDQNIKIALTKGTEIYLKPPESY ISLIAMATQASPYQQCTLNEIYEYLSEHFKFFRGEYQG-
WKNS TRHNLSLNDCF IKIPKGFGRIGKGHYWTMNENASFLFNEKCNRRRPRGFRQKLQS IERSSNFTLLSTPHNNGVT -
FYNYCDIPVHSDAQTNHIYSNSFYLSKNEWENYSNCMFCTNSCCNQF
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>FoxF1-2
MNNADSNRSGVYLQSQFSHQLLGSFESPISSTQLKETAAVNGQEIKSEIHYSPEFSTDYMP INSELYQSSFLNN-
SYDHQQFVNSSSLNYFNSNKKLCGFLSSTMNNFTDLDRIDYNRIND INFEQCYQPFQNSKNEHHREGNALNHF-
NSLSRQIELVNGDSNSLSQY IHLTQPFNNQLTNNTDPQSSPNYESNEIKPNELPVINSSIVTKDCEINNTSCLK-
KCEENDFVSNDSNSPTKLNEENTTDIENCSNKEDD IKKEKSITEKETDT EKMKSEKSLKSSTAKRKSEKPEQSY -
ITALTVMATQASPIRKCTLSETYNYLQONFPFFQGPYQGWKNSVRHNLSLNECF IKLPKGMGRPGKGHYWT IDPTAE-
FMFEDGGNRRRPRGFRRKVSTRSNSGSAFSKSPYTVTSVSYNNSSPMMFSPTNVRCNQLGNSASSCNSMNNLNG-
PVTDNMPPLFDMYHQSFGLFTQQETNDPMKTVMPNYPQHDSGFFTDSFYPNSSSDSSFNKQEIPTASSLFHPNFMSN-
TISQTSNSSSMSHPSISPYVSGNSRNSPLFTSLSSTLQAQNISELKISDQSSFHSPQSSTSSTVAAVAAASLY SNWFP-
NGPVEAAKYF IDHSSESERIENLYASSALPRLSNIHSENDEILERNSMYQPYMTDCLLPYLPSSQMFNITANMTDVRSS-
NINIDNADRS IWVHNKF

>FoxG

MRNFPYYKNNKQGWONS IRHNLSLNKCFIKVPRGYDDPGKGNYWMVDPACEDVY IGG I TGKLRRRSSSVQRMQRLGLR-
CGPWPTSLDHCLRLGPPAISNIFPHPSDPLQSDSSNCCSPVKNTFSDFQNKNLPWNP INQNCFFPGVLSHPPLTPNLD-
FYRHLRLQN I IPKMWYSNPVTLMKEKKIF

>foxL1t

MENFARC INNQLEDNSNSCSI1GSPSTSSKMMMELMNLMPPRFLGLNFGLLNPFPWNPTMMHLEKPPYSY IALITA-
MAITRNTPDKKITLSGIYKFITDNFPFYHRNKQGWQNS IRHNLSLNDCFIKIARDKNNPGKGNYWTLNENFEEMFDHGN-
FRRRRRKTKSLTNKQDCQDSESHQTRSCSSVNSDSIEMRNKTQESTPNFFIDQLLKSQSLNPSVIVKQSTVEPKSEF-
SLNLKNSFNNCSNMWP IWQRDL I LSKSYNNLLLNSDNPLSNNSQSLLFKKPSH

>foxQ/D

MENSFITKSTQNNFFS INNSNV I SKMIQSSMP I SVMPVGPQNNPFSQNSMISLQPLLKAFHPVVGDFCKKTTQDDPK -
PNYSY IGLISMAILSTKEKKMVLSDIYQWIQDHYSYFQTRGPGWRNS IRHNLSLNDCFVKVGRSSNGKGHYWG IHPA-
N1 EDFKRGDFRRRRAQRKVRRALGLTCPDEDDTPSPSPTHSPKAFDWP I TAHNETPNFQ I SDNS IHKMNS I IHNKTEN-
DIPLISNSGYNPYFWPHN IEDEDKLKL IKSSQNSRTFDIENILNPVTKKVQLKEVFYNQFFSHLNFLNILNGIRFAR-
QLPSTFFRENQVHQFLEFKHRATANRSVNLMLKSVTNIEQT

>foxJ1-1
MLQHCLSYGERTREELEQNVYSKYQCPDRRSSASSTTSTGSNESNRS INRQKYSFSQMSCQ I LANTFHKNWSEQCGNES -
GFDDSLTNLNWLHNVNPMK INEQMSHVHVGYPRDRLVSNSYQPRNYHTFNHQNQASTQQDSSAFTFPMISADQFSFDK -
PDYKNNPNLKPTFTFAVL I SWAMKELGKPKITLSD1YGWISDNFAYYRYSDSSWQNSVRHNLSMNKYFQKVPRRKDEP -
GKGGFWRMNPDN IKELDHNLSKIKYNPSSHSTIPIKTEKLP I ISSYRQMTSYPPTVSTNSNSNHINTFTIQEHSRP-
MISNHNAVKRPRKSPVITIPENWDALECLKETDTKQVNNIKINENNHFPQYEELLLFDGPSAYKNDLDFSSMDNSSTDS -
FPYLSQCPPNSNE I SLSNFEDDSLGD I LASPMLLDGEE IMDNEDFKSMVYQTEYDLFPTSKDDLQELNTLLGIY

>foxJ1-2
MNLNKLTSQALP ISP 1SASSMSCGKYVDLRQPYASDPSVRSDI ICSWDQIDDSTRIFYKTHTTGRPPESHISLICMATQ-
DIGQSRITSTQICEWI 1 INFPYYQILDNSWQNSVRNLLSVSKCFQKVPRRKDEPEKGGFW

>foxJ1-3
MAMLDLGKPKITALNETYEWIRENFLYYRKSDSSWQNSVRHNLSLKKCFEKVPRKKDERGKGGFWR INPNFTENL -
GNNFIKYRRQFHVYATPPPLPPSQPLVSSQPQPSAQTQSNGYHLSNSVYKYAGNNNNVASKGWRGNSNANCE I'VNF-
KPLANYHQHQQQQQQQSHQHLKLVNIPSVRSVNKPYKRLQTTHMKP I FKKPYALSSLNQYET IEENDRVVAQMRLYG-
SPRPKSPTLFSLCENEPLLSE ISSSNSNYSAFGFEDFDSTTSSSFDTEFSCSSNFHTSSDDNYSLNIALD IDEFIPQF

>foxJ1-4
MLTQHDSTCLPKIHIKYSQPEQRLSKNYLTTSKLNSIQIYTTEVFNGKKLSVLAEKFQKNWLDKKG IDSKEMDDSLTNL -
NWLHNVPS I LGPESPLNSPVHLLNQANHQLLPNLERPANNI TANNFVNNE IN ISKQSEFSNNFSSNPSFTHHLDSALK-
DGGLLDPLVRHDYKTNWSGKPPESYATLICMSMRELNKSKITLSDIYGWITDNFIYYRLSDSSWONSVRHNLSLNK-
CFEKVPRSKDERGKGGFWR INPKYADRLESNL IKYRRQFPLYNMPKITNGLPAASTLLSRTTNYSYMLCQSSVNTDNT -
WSNSMTTNNQNSFAFRDPQP ILSENSLPFKSKRGWDNSGATYLPNLTNYNQGKL ISSSAFSNFNNDVTSNEDYC-
QNRKHNSKTYHTQSYRNHNMTKLQSLDEFRTSETGQKVDTQMRTEITPNHSPTMYSLLNHLNSPPSHVSMDD IDSAAS-
SSFDAELTANTGSCATLHSHSDDPDEALRFGTSLGDDFMVGSDDYLNCDS IRSHDQLFDSVNSQFI
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>fxJ1-5
MISETRLGLAEKFRQNWQTQYPCSMIEKSETRNFHQNFLKRNNRNFNQSFFGGNHNDNEDDSLTNLNWLQNLNLF-
NMSQTQPPLSPSPTHQMTMPSPQFPLSMNPMNQLNR I 1PQYFESSSLYAEVAMNLEFMNDEASVHFFRMNNQLRPPFS—
DINLISMATHSYNKMKVSFPEICQWIEETFPYYKSLSDDWKTG IKNHLTLSKCFQKVPRRRDETEKGGFWRFSNEFLNY -
LERNRIQTLSGVNFDNR INHDNANPSND I TYKFGK T INRKRTMNKFVTQDENENSAFR I PKKKWFSNEMIDFQNGKS L -
THNKANNNSNNMDN IHHG IRECKPRESLLLQYQDGSLCN INQMNLAINSCANESMSNIGISVLANSDLSRLQESNELF-
HONIMCNQINPIVTASQSPCPEQVTEEEFLSGQAFTNNY I TLNTNADSLPSMLDTQTNYSHNDFNISDLSITGIGLKP-
PEWWNQSFSASQISLSKFNCSFRSVTVANNGEQISPFCIGIDEDHHGLWSSND ISNLSELDVLFGLS

>foxK1-2.1
MSGDYYDDSLDSDNNLPQYARITFFGQVPY IMOKERV I IGRNSAAGSVD IDVGAVTFVSRKHLELTYSYQKLKVK-
CLGKNGIFIDNIFKSHSFIPYELPSKCTLRFPSTDVQFCVEQLVGIKSSDRGRSYGRMKNSLRYVTDNDESPEYKRM-
KIQSRSDQDSVSNDNQEGAFNSLREVICNLSDEVEEY IHNDEDDDNHK INASECDGLMNDTNEENEGVLIDNIGAY -
SLDTNGSITTLTKEYTLENMKSNDMNSTN ILRG IDNQSNISNRNVAKLFLSNLRCSNEQYYTNNGQITVLDSDDL -
TIEHGSDTQKPPYSYAQL IVQAVSTARDRQLTLNGIYNY ISKNYPYFKAHDKGWQNSVRHNLSLNRYFIKVPRGQDEP-
GKGSFWRVDPAYENKL I AQAFRKRRLRNNASG I'VNEDGLVSQVLNVSN IDANSQVSNAKVFG INKSGQ TASRTPNFGN-
VITLKRACDINTQNGGTTYVLNSSSALSSNNEPQKY I'VSNRNNSNFESLSNISSNKTGT IFKCQSSKTVYLDGNNI -
KISGTSGVVSKNRGLQIRSQGNNPGTLISLGGKLFSTANIKSLQIQQQSHPRILTSNSSFDPSNSNKSSITNT INPK-
GNNFYTISPTGIKNQKTLTSSFDDNIVHNSLQSPITISNSNRRIINLQTQSPNIRKIDLSNGSMNKETDLKSP I ILK-
KVKINNNFLTLKSEPKINNIRQNQDSVNGDVNMRYSTQSCDKNFNDNLSDED IKLQDESDSQVF 1 SDRD IDNSEMDH-
FLISHSDPSVSGLPLQEHSEPGSSPDLYKHDDDMWPEDEVHKMESLKYSMHDGIVDTECD

>foxK1-2.2
MSVDFEDETLKSDSDI1YSDYIEYARITFGNENAYFMKTEKITIGRNSADGTVDIDVGPHTFVSRKHLEMMYSYK -
KLKITKCLGKNGIFIDNYFKAHSAIPYELPYECTLRFPSTNVEVNVKQLVGRKSGKCNSMESDNDANDFIDTRTLV -
NSRKRKATQTINENFSYDIFESVNITNKEITINNFDVVPMRRPMEMKRD I SDSNMKSDLDRTMTESV IHNESSTINS-
SPNYNNHNNNSNFVTHHRKPMNSAPVISSGTCTTGLNPKLEQQIPSIINSSHNTTTQTSTISTNKKFQNVCIEKSN-
TIPQIVLNARPYRSYSYKGEVIYTHNSQVFSSIYDSKDLAIEYGTDTQKPPYSYAQLIVQAVSSSRDROLTLNGI -
YNY I SKHYPYFKSHDKGWQNSVRHNLSLNRYFIKVPRGQDEPGKGSFWRVDGAYESKL FAQAFRKRRLRSNNCGSIC-
SENIPSASRVFSLSSGRAGSLCAVSDRNAKLNNIFTLRRAGDQKAPTTYVFRKMSDTQQLTENVFGSAAKL I SKQSD-
VNNSSNT ISPDNVFHTNHNHNN IN FSVNSNSKSNTSSKLGQKRIFQPP I SMINKPPPSNANGNGNANSNSTIFS1GG-
KVFSTNKLKP IQLLSTKNSASFVSVKQQSPQQQHHQQTGNKY ILISTSQIDNQSSQNSHNNNIHSNQMISITGSGTL-
NRHQEPDHHSDHQTRASNKPPRINP I LSDNQLEMAHHYKSQQP I SPLSVSETCEFPLDEPSQLDSSSTELGPLSP-
GIKFTQSLQQEDEDDDLDLEMDQFLDSYSILDHSND IDSPADLYKEAATEIDDYCVWQDECLGLQDVEIEIH

>FoxK1l-1
MDNEFIHARISGINILYLMKNNTCVIGRDVSSKVDLTITSSPCISRMHLKLIANDNRLFLKCFGKNGIFINES-
FOVYTLDEVPLPALSTIRFPSTNIELQIESRNYLLENSKKKFPLKKRLYMTNKDCDSLGIDENYLSESSVDAI -
ELLSQRNHRMHLQNSSDMIVHSPTDQGTETIKPPYSYAQL I TQATISEESQOMTLSETYRY ISKNFPYYKMNQKG—
WONSITRHNLSLNRYFIRIPRSHNNCGKSAFWKLDKSQEAQL I KQAFWKRRMKNSFV IVNKPANNNNDNDNNNNVNNNNN -
NNFKRNASQEHCQSSSSPLLAP IKTIASNSSMI IDQSTLSSDSIRNTEVPMYFTPFDI

>FoxN2-1
MIDSNQS1YDLPYRARIMMNACIDNQKSGSNTKINHISNITENLKPMNSKSVLKTNNNYTYSSGDLQPLQWLQQDTIL-
SITPLDNEEEYVPGKDDIISITTSPVKVDVISELKSEESLYQNSTIADYYRYQAMRAAMTNGHQNGGYRQQHGYL -
SYSNSSTGVRPNNSGSQHNLCHSVNEYQKPPESYTHI ITFMATETSPNKAMTVND IYVWCETHFEPYYTQAGVGW-
KNSLRHNLS INKSFKKITSRDGRGGPGRGAYWVVEPRERNNL IDAIRRSPCSLGSFPFLNNTYPWGTGNCYSNNIF-
QSANTLNNNLASLTATRSVVNNKLNSSIDLQSSSRGPLLRIGGQLTDASNLIRSTPVIQRLNDSSNIIELSKTPQI ISN-
SITLSTVPLIQFDQIKFESDMTTFNES IDSNDLCSAQQDEEDCRGKVF I IDDSTESNPEFYQTYLDILRGLIYNDIEKS-
DSIRSENTKDCTEHLKNRKQFFSKNNCKSSDDILPIEDIAPISRKIITKKHCSLKQKRKCKCVKSVSDSGGSDSSL -
SNKEFSELSDTDFNSR I SMGLRNQKKEKKRLYFSKLKSLTNSRKSSYNRNRINNIVRAPHSDHIYAILQEFLPPANK-
SEEHSPINQMIDDKESLSSTMADDKSLSLDLSQTSLSKRSMHKLQSLKKSMKKFKFSDSDEEITFNTTNYEN I SNKLIRN-
SLSFITRKRKLNKNMNSSK T IKYNSRLLKENSEY INKKPYRKYNYDDDEERENRCYVKSEITDDTFSSP 1 YKSLKFED-
FNNAFQGTLENLSDNKSNSYDSQF I PFKKIRPNKDTHVKRKVGRPKKSECNSVTFRYSNDLRNNKQSN IKSKKKNKTP -
KRDLKYLKECNSNKKVATE ISNKDEQVAISVLANLQKKNQQDR IKNMYNLSNY IQRNSSDSNMS
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>ToxN2-2

MKPTILKVYSNFPDIPYDIKKCEDNHL IKISNVENPGIPQFKSEMLTNSFCENAYPVEDSY IDSNKDFSVLEDFYR-
FQERRNAF IDSKKSQTQINQSNLKRFYERPSFSYTQLIYMATENSPGKAMTVND IYNWCELNFPYYANATHGWKNSL -
RHNLS INKCFKKITKMGQGGRGSLWI'VDPREKQHLVSTMCRANVASFNAPSF I 1QTAPASLDHHRIVIGDDHSLD IPQD-
DTIVFSDDSTSSQIQSDLSLILEEKPVYSWTDTRLPCDYTVPLSPENCSDASETDYNDWNRAMISLEP IFPVKQHQ-
IKSKFPLNPIVTPPSSFEHNYSIQNLQI 1 IDDPCAIVRHIFHPVINSNASFCTSSDYNDEEWPRTPSPVPHVAQIEP-
PQSKLKIVKSGLKRGRPKNSTKRELELKKSQKPQKKLNHNDR INNMYNLNSFINSL

>ToxN2-3
MTTNSSFISTRVANYKLSSSYPSITPLYSKDLNYNGSLSFTSYTKSWSSYQNMALKATDNLRNQDLTNNSDLQPLN-
WLQKESI1IDIDPLDIEDELKDDSNTPGYDDLIDPHISHAKVEVESQENSN ITHDFVRFQAMRNSMNNSNRVALRNNNS-
FTDCNQNYSHQASGFAKPNLSYTQLIFMATETCKDRAMTVNDIYQWCEVNYPYYKHIGPSWKNSLRHNLS INKSFR-
RMPRDGQTTIGNYEMNSGDDMSEETVSQRDNKQGGPGRGAYWVVDDKERKNLLDSTYRAHQT IPLSDRNGQRIDP-
PYSLIVNPPKTGPMLRIDGRFTDASTYLQSKRSDDEVANENYNIQSDYANAENLSMQKIENTEAAEYTSMMFENLATTSS-
PETGGGDTSVKLSASYNSNCSRMEGKWDAHSMPSND I'YSHLEADSDLCQPKLKNRRKSKHEKVRNYSEMESATKDLF-
PNRKNQKSDL IKTNNGMTSVNV IVAPHFDHIYARYQQFLPPA1ASDMDKGVFGQEHD INPDADFLKNGYRDDDDEDNE -
NEGEQGE IENEDEQSNLNSLEAITKQEKLETDTAMLATKLNGSRR IKLCWNGKLNSAAVAFTRQRKVRRVLNRRARRSL -
RIRKPREPIEPNETAIKKEMIEPNEQTVIEDASDGYATDSTMPMSNRKS ITRTNR IVANKTHPVR I LPVKRKASLSKS-
GPPEKRYRSKRKRTRPLRIDDTC

>ToxNt
MCAFDDSLTEIDWLNSLCIQKKSEITKEGNVISTTISPYSLITTHHNSPNDNCNTSRIHGYDKPSYSYAYLIKLATESSN-
SKKMKLNETYSWISETFPYYKYMQKDNNKGWKNATRHNLSLNKIFKRCAKDSSQLGKGSFWT IDSSLDDDVQYP-
PVKKMKLMLNSTETVRSSSIEKLDLIHSTEITONISKEMSIPVSIVYTLLSSSSNNEYNLIESSATPMSNISTSS-
LEMMPEKTQITFATLESRVLPNNSAFTVYSNEIENHNFSKEPCNDLGYSCQISYSNQPIYRNCLFKSNVSTTELN-
PILSTVECSREILHPKVLNKHLNSDP ISSKNDLFTDKLEVDED IMSVKSANNDFVVKTPVLSQINSQPVELGGNN-
SEIKEVYEENELTKGSLRDSHLISSLPQDTIDNLNSFDNLSFYDSFASIPQPLFDSESRSFELSQSTRKYLYNLS-
GVKENLLHRSQWLDLQEEDYQNQSLSETFFETLRSEEMRRNYKSETYPDSPNRDVSPTKEYLELKSSLISYRYKS-
DAANSTSMSLSTSSTEKSSNTLRSKSD I YKKSNSFDSTSE IEHFKRSISENQTCDGDEE I TDVFPWDSI |

>fox0
MNNMLDDCHSPEFRARSQTWGGNDNSYRSRITEADLSQKYTTFASDSYTSFEESTVQENISPLKDSLPKILPAK-
KSSRKNPWGQETYSDL IEAAINSHPNQMATLQQIYEF I SKNNKYFAERVDATSSAGWKNS IRHNLSLHDKFVKCPK-
KNENMKSSLWS INTKCYKRERSNSMDCKRSGVDL IARRKLLKEQRRHISSNSNIVSNSKISPNSDKYTAATDDNS IH-
KLSPNNQSSFTYDSAESAMET ISDF I'YKDNKLKYRSPQT IHESNKEMQLDSSYNKYDCHLHQTLHEDLQRLDVNSMEHY -
HYKKDQNFNYNKSQCLDFHRAALEYSRFIADIFIDDVE

>fToxP
MINQALNFSLLQPNPSSKPLKISPSIQYPDVQKFNENKMSNPNPFLISEYQKIKQL IDKSGMLLPNEKLVTKNR
DQKLKSLPNDNC-
LLLNDSQYLAALLNKFKQMPNIFDFFADSNRFNGDLNSFHPSHRLDNHQFT ISNASHHTQQPSPHQQQSPLTVPALS-
SIPQQLIDNLSSVLMRQQQQQQPPQL IPLSSQNSNQQPNFQQSITASPPQLISQQTHSAFTNNILPLINANNNINSLL -
VNSSDPNLINISPNNQLNNIDNNLKDILSQSRSSDSNYPRSDPESNHVKNEKIKPIKRASSNSQLSFFPKGMT -
DREYYRQFPVRPSASYVNLIKTAILESPRRELSLNE1YVWMQTEFAYFRDKEQKWKNAITRHNLSLHKCFQRKHGKLWTF-
NENEYNMKKSRNRFQYNVP IPGAENQTNDPDSYEDEEDPQEQLDSSEYMIKKEMEFNDENMPEDKHLE IDEWSNYLHKT -

SL1SSSDDNMKPPDISVD
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Graphical representation of fox genes expression changes during cell differentiation.
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Annex IV - Table of primers used for clonig main genes for each chapter.

Chapter |
5'to 3
primer technique Fw Rv vector/s
name
bls3 repeat PCR AACCCTGACTATAGTGTGATCG TCAGGGAAATGAGTTCGTCGT pSPARK
bls3 dsRNA TACTTTCTTGCTTCACATGCATGTATG ACATCTTGGTCAGGGAAATGAG pCRII
bls2 p1 gPCR/ISH CATGTACGTGAATGGTATTCTGGG ACTTCTGCATAAATTGGACCTGC pSPARK
bls2 p2 ISH GAAACGGTCGACAACCTAGTTC AATATTTCAGAAGTCAAATATTGATAGATTATTTAGTGAA | pSPARK
bls3 p1 gPCR TACTTTCTTGCTTCACATGCATGTATG GGCCCTGAGTCCAATTAGAAAAT pSPARK
bls3 p2 ISH/dsRNA | CATTGACAGAGAAAAGATCAACAGAT ACATCTTGGTCAGGGAAATGAG pi%gl\’lw
bls5 p1 qPCR/ISH CGGGATTAAGAGTGAATGTGGAC TGTATTCCAAACGGGCTTGTACC pSPARK
pitx gPCR CCTTTTGGAACTCTAATGTCACC TTGAATGACCAAGGGAAAGG
th gqPCR GATTGGCAACCCTGTATTG TCACCGGATGAAGATAGAAG
urad gPCR TTCACGTTGTCGATCTAGCC CGAATATCCTCTGCCAGTGC
dd4277 ISH ATCAGCAGAGAAAGCCCAAC ACAGGCCACCATCACAAGTT pJC53
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Chapter I
5t 3
primer technique Fw Rv vector/s
name
wntl dsRNA CTGCAACCGACCTTTCCTAA GAAGCCCTGATAAAACAAGCAA pCRII
wntl ISH AACACCAGATGGTGGCATTT CCATTCGGGTTTTGAATCAC pSPARK
notum dsRNA ATCAAAACCGGCAAGTCTCC ACCCAACGATTTCGCAATTA pCRII
notum ISH ATTGAATGATCCGCAATCCA TACAAACGTTCGCTGCAATG pSPARK
foxG dsRNA GATGGTAGATCCGGCTTGTG AATCGCTTTGCAGTGGATCT pCRII
foxG ISH GGATGGCAGAATTCTATTCGAC GGTTTGGGGTAAGAGGAGGA pSPARK
pitx ISH GTCATTCTCCATCGGCTCAT TGACAACATTGGCTGTCGAT pJC53
foxK1-2.1 ds’gﬁN TCAATCACGAAGCGATCAAG CTGGATCAACTCGCCAAAAT pJC53
dsRNA/
foxK1-2.2 ISH GAGAGCAAATTGATCGCACA GGCTGTTTTGGGAACTTTGA pJC53
foxK1-1 dsRNA/ TGTGTTATTGGTCGCGATGT TTCTTCGCTTCCAAAATGCT PCRIV/
ISH pSPARK
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Chapter llI
5'to 3
primer technique Fw Rv vector/s
name
foxAl-1 dsg:A/ CCGGTAGCTCCTGCGTATAG CACAGAGAAATCGGCAGACA pCRII/pSPARK
foxA1-2 dSIEEA/ CACCATTGGACGCATCATTA CTTTTCCCGGTTTCTCTGTG pCRII/pSPARK
foxAt dsII;:A/ TCGTCGCCTAATCAAAAACA CCCAATAGCAACCTTTTCCA pCRII/pSPARK
foxC2-1 dsg':'A/ AACAGCTTCCGGATCAAATG TTAAATCGTCGTCGCCTTCT pCRII/pSPARK
foxC2-2 dSIFS{HA/ AAATTCAGCGCCACAAATTC TTCTGCCAGCCTTGCTTATT pCRII/pSPARK
foxD3-1 dsE:A/ CCAGGCGTTCAAAGATTCTC GATTTCCCGGTTCTCTTGGT pCRII/pSPARK
foxD3-2 dsllgﬁA/ AAAATGCTTCCAAACCTCCA AAGTTGCCTTTACCCGGATT pCRII/pSPARK
foxD2 dsII;:A/ CGACAGCAAGCATAGCAAAC ATTCTGCCACGATGGAAATC pCRII/pSPARK
dsRNA/
foxF1-1 ISH GGCGAGTATCAAGGATGGAA GCATCACTATGGACCGGAAT pJC53
dsRNA/
foxF1-2 ISH CAGATCCTCAAAGCAGTCCA GCCCATACCTTTGGGAAGTT pJC53
foxG ISH GGATGGCAGAATTCTATTCGAC GGTTTGGGGTAAGAGGAGGA pCRII/pSPARK
foxL 1t dslzﬁA/ AATGCCACCTCGATTTCTTG AACAACTTCGGGTTTGATGG pCRII/pSPARK
foxQ/D dSII;ﬁA/ TGGTCGGGGATTTCTGTAAG ACCCTAAAGCTCGCCGTACT pCRII/pSPARK
foxJ1-1 dsII;ﬁA/ AAATGAGTCCGGGTTTGATG GATTGGCAGTTTCTCCGTTT pCRII/pSPARK
foxJ1-2 dsII;ﬁA/ AAATTGACCTCCCAGGCTTT TATGGGAGAAAGGTGGTCGT pCRII/pSPARK
foxJ1-3 dSIFS{ﬁA/ GGTAAGCCGAAAATAGCTCTCA CGGTTCGTTTTCACACAAT pCRII/pSPARK
foxJ1-4 dsg:A/ TGGGACCAGAATCTCCTTTG CTGACGGAATTCTGCCAACT pCRII/pSPARK
foxJ1-5 dsllgﬁA/ AGACTCGGTTTGGCTGAGAA GCCGTGAAAGATCCGAATTA pCRII/pSPARK
dsRNA/
foxK1-2.1 ISH TCAATCACGAAGCGATCAAG CTGGATCAACTCGCCAAAAT pJC53
dsRNA/
foxK1-2.2 ISH GAGAGCAAATTGATCGCACA GGCTGTTTTGGGAACTTTGA pJC53
foxK1-1 dSIFS{ﬁA/ TGTGTTATTGGTCGCGATGT TTCTTCGCTTCCAAAATGCT pCRII/pSPARK
foxN2-1 dsé:A/ GGCGACACGTTCTGTTGTTA TCTGCAATTTGTGCATGGAT pCRII/pSPARK
foxN2-2 dsllgﬁA/ CCGGGTAAAGCAATGACAGT AGGTAAGCGCGTATCTGTCC pCRII/pSPARK
foxN2-3 dsII;:A/ TCTTGCCCGAATACCCCTTT GCCTCGTGATGGACAAACAA pCRII/pSPARK
foxJ2/3 dSIFS{:A/ ACCGAAATCGATTGGCTAAA ACTTGACGTGCTGATGTTCG pCRII/pSPARK
dsRNA/
foxO ISH CTTTTGCCAGCGATTCCTAC AGCAATTTGCGTCTGGCTAT pCRII/pSPARK
foxP dSIEEA/ GACGTCTGCACTTGCACAAT AGGACGCCCTTTTGATAGGT pCRII/pSPARK
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Annex V — “Posterior wnts have distinct roles in specification and patter-
ning of the planarian posterior region”

Posterior wnts have distinct roles in specification and patterning of the planarian posterior
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Abstract: The wnt signaling pathway is an intercellular communication mechanism essential in
cell-fate specification, tissue patterning and regional-identity specification. A catenin-dependent
signal specifies the AP (Anteroposterior) axis of planarians, both during regeneration of new
tissues and during normal homeostasis. Accordingly, four wnts (posterior wnts) are expressed in
a nested manner in central and posterior regions of planarians. We have analyzed the specific
role of each posterior wnt and the possible cooperation between them in specifying and patterning
planarian central and posterior regions. We show that each posterior wnt exerts a distinct role
during re-specification and maintenance of the central and posterior planarian regions, and that
the integration of the different wnt signals (Bcatenin dependent and independent) underlies the
patterning of the AP axis from the central region to the tip of the tail. Based on these findings and
data from the literature, we propose a model for patterning the planarian AP axis.

Keywords: patterning; identity specification; wnt signaling; planarians

1. Introduction

The wnt signaling pathway is an intercellular communication mechanism with essential roles in
cell-fate specification, tissue patterning and specification of regional identity [1]. Wnts, the secreted
elements of the pathway, interact with the membrane receptors Frizzleds and their co-receptors
(LRP4/5, Ror, Ryk) to transduce different signals that branch mainly in three pathways: the canonical
or Bcatenin-dependent wnt signaling, and two non-canonical or (catenin-independent signals,
which regulate either JNK (c-Jun N-terminal kinase) or PKC (Protein kinase C) pathways [1-3].
The Pcatenin-dependent pathway exerts its function by regulating the nuclear translocation of
Bcatenin, and is mainly involved in cell-fate specification. One of the most conserved roles of
Bcatenin-dependent Wnt signaling is the specification of the AP (Anteroposterior) axis, where
Bcatenin is required to confer posterior features in most developmental models studied [4].
Bcatenin-independent pathways are mainly involved in the control of cell shape and movements [5,6].

Planarians are an ideal model for the study of cell-fate specification and patterning, since they
are extremely plastic. They are bilateral animals with a complex cephalized nervous system and
a three-branched gut which converges into a pharynx, which takes in food and expulses debris
through a ventral mouth [7]. Planarians can regenerate any amputated part, even the head, in a few
days, and they continuously remodel their tissues while they grow and shrink according to food
availability and temperature. Those capabilities are due to the presence of a population of totipotent
stem cells all around their body, the neoblasts, which are able to differentiate to any cell type [7-9].
Because of its astonishing regenerative abilities, planarians have been established as a unique
model to understand stem cell biology and the molecular mechanisms underlying patterning and
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regional identity specification. Specifically, the function of the Wnt signaling pathway has been
extensively studied in planarians [10-19]. Due to its plasticity, even in the adult stage, the phenotypes
generated when silencing Wnt pathway elements had no precedent in the field of developmental
biology and were extremely informative. RNAi experiments demonstrate that Smed-Bcateninl is
essential to pattern the AP axis in planarians, since its inhibition generates anteriorized phenotypes
ranging from “tailless” planarians to “two-headed” planarians and, most strikingly, “radial-like
hypercephalized” planarians [12,20]. Moreover, the study of several elements of the pathway
confirms this function, since inhibition of APC and axin, elements of the Pcatenin destruction
complex, lead to posteriorization of planarians [11,18]. Interestingly, the Smed-Bcateninl-dependent
Wnt signal is required to specify AP identities both during planarian regeneration and during
homeostasis [12,17,18].

Consistent with the role of the Bcatenin-dependent Wnt signal in AP axial specification, 4 wnts
are expressed in the posterior part of planarians in a nested manner, which we name in this
study posterior wnts (Smed-wnt1, Smed-wnt11-1, Smed-wnt11-2 and Smed-wnt11-5) [15,17-19]. Since
planarians such as S. mediterranea typically measure at least 1-2 mm in length, the field is too large
to be patterned by a single morphogen. It has therefore been proposed that cooperation between
posterior wnts could be required to pattern the AP axis [20]. Out of the four posterior wnts, however,
only Smed-wntl and Smed-wnt11-2 have been studied functionally. During regeneration of the tail,
Smed-wnt]l inhibition leads to “tailless” or “two-headed” planarians, and Smed-wnt11-2 inhibition
leads to “tailless” planarians [14,15,19]. Although those two wnts seem to be regulators of Bcatenin
activity, because its silencing produces an anteriorized phenotype, the strong anteriorization of
planarians produced after Smed-Bcateninl silencing has never been phenocopied by the inhibition
of any wnt. The purpose of the present study is to analyze the specific role of each posterior wnt and
the possible cooperation among them both during regeneration and maintenance of the AP axis. Our
data demonstrates that each posterior wnt exerts a distinct function during posterior regeneration,
and that the inhibition of all of them generates a stronger anteriorization than the inhibition of any
of them alone. During homeostasis, simultaneous silencing of the four posterior wnts also generates
a stronger phenotype than silencing any wnt alone, although a shift of posterior to anterior identity
is never achieved. We conclude that the integration of the different Wnt signals (catenin dependent
and independent) underlies the patterning of the AP axis from the central region to the tip of the tail.

2. Results

2.1. Individual Posterior Wnts Exert Specific Roles during Posterior Regeneration

To study the role of each posterior wnt during posterior regeneration, we first analyzed
their expression pattern by in situ hybridization. In agreement with previous reports, the four
posterior wnts are found to be expressed in a graded manner along the AP axis in intact planarians
(Figure S1A) [19]. Smed-wntl expression is restricted to few cells in the posterior midline;
Smed-wnt11-1 and Smed-wnt11-2 are expressed from the mouth to the tip of the tail, and Smed-wnt11-1
also in the mouth itself; and Smed-wnt11-5 is expressed from the pre-pharyngeal region to the tip
of the tail. Interestingly, all of them are expressed as a gradient, higher in the most posterior tip.
Moreover, posterior wnts are also expressed in a temporal manner during posterior regeneration,
being Smed-wntl the first one, expressed few hours after cutting (Figure S1B) [14,19], followed
by Smed-wnt11-1 and Smed-wnt11-2, which are detected 2 days after cutting (Figure S1B) [19].
Smed-wnt11-5 is expressed at all regeneration stages, since its expression is not lost after cutting the
tail but just re-patterned (Figure S1B) [19]. Those expression patterns suggest that each posterior
wnt could exert a specific role during posterior specification and patterning, and that the cooperation
between them could enable a correct and complete posterior pattern.

To test the specific role of each posterior wnt, we analyzed the morphology and pattern of
the tail regenerated by planarians in which each posterior wnt alone was silenced. Phenotypes
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were analyzed by morphological observation and by immnohistochemistry with anti-synapsin and
anti-Bcatenin2 antibodies, to visualize the nervous and the digestive system, respectively (Figure 1
and Figure 52). As expected, inhibition of Smed-wnt1 led to “tailless” and “two-headed” planarians
(Figure 1A and Figure S1). Immunohistochemical analysis showed that “two-headed” planarians
always differentiate a second pharynx in the opposite direction to the original one, according to the
new axis generated in the posterior tip (Figure 1A(D’)). “Tailless” planarians showed a rounded
closure of ventral nerve cords (VNCs) and an undefined posterior tip (Figure 1A(B/,C")) [15]. Among
“tailless” planarians two different phenotypes could be distinguished: animals in which only one
pharynx was observed (sometimes in an opposite orientation) (Figure 1A(B’)) and animals in which
two pharynges in opposite orientation could be observed (Figure 1A(C")). Silencing of Smed-wnt11-1
lead to the regeneration of shorter tails, in which the distance from the pharynx to the posterior
tip was clearly shorter (Figure 1 and Figure 52). Immunohistochemical analysis showed that those
animals close properly the VNCs in the posterior tip, and no signal of anteriorization can be observed
(Figure 1A(E')). Again, two different phenotypes could be distinguished when analyzing the central
region, since in some animals a second pharynx appeared in parallel and very close to the pre-existing
one (Figure 1A(F')). Interestingly, two-pharynged Smed-wnt11-1 RNAi animals never showed
two mouths (Figure 1A(F")). Silencing of Smed-wnt11-2 always lead to the regeneration of “tailless”
planarians, as had been already reported (Figure 1 and Figure S1) [15,19]. Immunohistochemical
analysis demonstrated that although Smed-wnt11-2 RNAi animals only show the normal pre-existing
pharynx, a second mouth appears in half of the animals (Figure 1A(G/,G")). A second pharynx
associated to the second mouth has not been observed, although in few cases a pharynx primordium
could be guessed (Figure 1A(H')). Smed-wnt11-5 RNAi animals apparently regenerated a perfect tail
(Figure S2). Immunohistochemical analysis corroborates that VNCs close normally in the posterior
tip. However, in most of the cases a second pharynx, oriented either in the same or in opposite
direction with respect to the original one, can be observed (Figure 1A(I,J)). A second mouth always
differentiates associated to the second pharynx (Figure 1A(I'")). Thus, in Smed-wnt11-5 RNAi animals,
posterior identity appears normal but the central region appears duplicated. The quantification of the
different phenotypes observed after silencing each posterior wnt alone allows the visualization of the
different degrees of anteriorization generated (Figure 1B).

We then analyzed posterior identity specification of planarians in which posterior wnts were
silenced. Posterior wnts and fz4 were used as markers [18]. Results show that after Smed-wnt1
RNAIi the rest of posterior wnts and fz4 disappear or decrease significantly, demonstrating the
loss of posterior identity in “tailless” and “two-headed” phenotypes (Figure 1C). In contrast, after
Smed-wnt11-1 and Smed-wnt11-5 RNAI, all posterior markers were expressed in the same pattern
and levels as in controls, in agreement with the normal posterior closure of the VNCs in the
posterior tip (Figure 1C). Thus, Smed-wnt11-1 and Smed-wnt11-5 RNAi animals have normal posterior
identity. Smed-wnt11-2 RNAi animals displayed a significant decrease in the expression of posterior
markers, according to the “tailless” phenotype observed. Expression of Smed-wnt1 appeared not only
diminished but totally disorganized (Figure 1C) [19]. Interestingly, expression of Smed-wnt11-1 and
Smed-wnt11-2 was found to be dependent on Smed-wnt1, although it remains unclear whether this is
a direct regulation or a consequence of the loss of posterior identity.

Taken together, these results suggest that Smed-wnt1 and Smed-wnt11-2 specify posterior identity,
although only Smed-wntl RNAi animals exhibit a shift in polarity. Moreover, Smed-wnt11-2
exerts a role in patterning or specifying central identity, since its inhibition duplicates the mouth.
Smed-wnt11-1 and Smed-wnt11-5 are not required to specify the identity of the posterior tip. However,
they have a role in patterning or specifying the central region, since ectopic pharynges differentiate
when they are silenced. Smed-wnt11-1 would be also required to properly elongate the tail.
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Figure 1. Each posterior wnt exerts a distinct function during planarian posterior regeneration.
(A) Immunohistochemical analysis of planarian tail after silencing of Smed-wntl (B’-D’),
Smed-wnt11-1 (E-F"), Smed-wnt11-2 (G'-H') and Smed-wnt11-5 (I'-J'). Anti-synapsin labels the
nervous system (green), anti-Bcateninl labels adherent junctions (red), and nuclei are stained with
DAPI (4,6-diamidino-2-phenylindole)(blue). A”, F’, G’ and I"” show a magnification of the plane
corresponding to the mouth opening of A/, F/, G’ and I, respectively (mouth openings are indicated
with yellow arrows). A primordium of a second pharynx in Smed-wnt11-2 RNAi animals is shown in
H’ (white arrow). Animals were fixed at 20 days of regeneration. All images correspond to confocal
z-projections; (B) Quantification of the different phenotypes observed after silencing each posterior
wnt. (The number of animals analyzed for each condition was at least n = 14.). wt; wild type; (C) In situ
hybridization analysis of the expression of posterior markers in 3-day regenerating posterior wnt
RNAI. (The number of animals analyzed for each condition was at least n = 11.). Anterior is left/up,
posterior is right/down in (A); anterior is up, posterior is down in C. Scale bar: 100 um (A,C).
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2.2. Smed-wnt11-2 and Smed-wnt11-5 but not Smed-wnt11-1 Cooperate with Smed-wnt1 in Specifying
Posterior Identity

To study whether posterior wnts play a cooperative role in posterior specification and patterning,
we silenced Smed-wnt1 (the only wnt that leads to shift of posterior to anterior identity upon silencing)
simultaneously with Smed-wnt11-1, Smed-wnt11-2 or Smed-wnt11-5. The resulting phenotypes were
analyzed by immunohistochemistry with anti-synapsin and anti-Bcatenin2 antibodies to visualize
the nervous and digestive systems (Figure 2A). The phenotypes obtained after double inhibition were
quantified and compared with those obtained after single inhibition of each posterior wnt (Figure 2A),
allowing visualization of the degree of cooperation between the different posterior wnts in central and
posterior specification. In these experiments, the penetrance of the phenotypes of single wnt RNAi
was milder than in the experiments shown above, since half the amount of dsRNA was injected
for each gene in order to maintain the total amount of dsRNA injected per animal (see Section 4.2).
Quantification of the different phenotypes shows that simultaneous silencing of Smed-wnt1 together
with Smed-wnt11-2 or Smed-wnt11-5 increased the number of “two-headed” planarians from 20%
in Smed-wntl RNAIi planarians to 70% in the doubles [14]. In contrast, simultaneous silencing of
Smed-wnt] together with Smed-wnt11-1 decreased the frequency of “two-headed” planarians from
20% to 8%. Interestingly, two new phenotypes not observed in the single inhibition experiment
appeared in these experiments. Firstly, we observed “tailless” planarians with two pharynges
in parallel, which is the addition of the suppression of the posterior identity after Smed-wntl
silencing together with the appearance of an ectopic pharynx after Smed-wnt11-1. In addition,
“tailless” planarians were observed with two pharynges in tandem and in the same orientation,
which is the addition of the suppression of the posterior identity after Smed-wntl silencing and
the duplication of the central identity produced by Smed-wnt11-5 silencing (Figure 2A(A’,B')).
According to the phenotypes observed, analysis of the posterior marker fz4 in the double RNAi
planarians revealed a loss or reduction in Smed-wntl/Smed-wnt11-2 and Smed-wnt1/Smed-wnt11-5
RNAI planarians (Figure 2B). Smed-wnt1/Smed-wnt11-1 RNAi animals also displayed a mild reduction
of fz4 expression, possibly due to the inhibition of Smed-wntl. Taken together, these results
demonstrate that Smed-wnt11-2 and Smed-wnt11-5, but not Smed-wnt11-1, cooperate with Smed-wnt1
in specifying posterior identity. The contribution of Smed-wnt11-2 in posterior specification could be
predicted according to its requirement in single RNAi experiments. However, the contribution of
Smed-wnt11-5 in posterior specification should be in cooperation with Smed-wnt1, since its inhibition
alone never induces posterior defects. The possible cooperation between Smed-wnt11-1, Smed-wnt11-2
and Smed-wnt11-5 in the specification and patterning of the central region requires further attention.
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Figure 2. Cooperation of posterior wnts to specify posterior identity during regeneration.
(A) Quantification of the different phenotypes observed after silencing each posterior wnt alone
and Smed-wntl in combination with the other posterior wnts. Two new phenotypes appeared
after silencing Smed-wnt1/Smed-wnt11-1 (A’) and Smed-wnt1/Smed-wnt11-5 (B'), both of which show
a “tailless” morphology next to the differentiation of a second pharynx alongside the original one.
Animals were fixed at 20 days of regeneration. (The number of animals analyzed for single RNAi was
n = 4-10 and for double n = 7-20.). A’,B’ images correspond to confocal z-projections; and (B) In situ
hybridization analysis of the expression of posterior markers in 3-day regenerating animals in which
Smed-wnt1 was silenced together with the other posterior wnts. (The number of animals analyzed for
each condition was n = 3-5.). Anterior is left/up, posterior is right/down in A’,B’; anterior is up,
posterior is down in (B). Scale bar: 100 um (A,B).

2.3. Silencing of All Posterior Wnts Together Is Insufficient to Transform Posterior Identity into Anterior
during Homeostasis

[catenin-dependent Wnt signaling is also required for the maintenance of posterior identity
and pattern during planarian homeostasis, since Smed-fcateninl inhibition in intact planarians
produces the appearance of ectopic eyes and brain in the posterior tip [12,17,18]. To analyze the
possible cooperation between posterior wnts in the maintenance and pattern of the AP axis during
homeostasis, we silenced them simultaneously and analyzed the resulting phenotypes after 6 weeks
of inhibition. As a previous step, we silenced each wnt alone and showed that posterior eyes were
not induced in any case (Figure S3). However, Smed-wnt11-1 and Smed-wnt11-2 RNAi planarians did
show “tailless” phenotypes. RNAIi of the four posterior wnts simultaneously produced an evident
reduction of the tail, generating a strong “tailless” phenotype. In those animals, the pattern of the
central region was also affected, and 3 types of central phenotypes could be distinguished: animals
with two pharynges in opposite orientation, animals with a disorganized pharynx, and animals
without a pharynx, due to its expulsion (Figure 3A,B). Despite the strong phenotype observed in
posterior wnt RNAi planarians, the differentiation of ectopic anterior structures never occurred.
The analysis of anterior and posterior identity markers corroborates the “tailless” phenotype, since
RNAI planarians completely lost the expression of the posterior marker fz4, and the anterior markers
sFRP [18] and notum [16] never appear in the posterior region (Figure 3C). Moreover, sFRP staining
also revealed disorganization of the pharynx (Figure 3C).
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Figure 3. Cont.
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Figure 3. Silencing of all posterior wnts during homeostasis generates a strong “tailless” phenotype,
without neither posterior nor anterior identity (A) After 6 rounds of Smed-wntl/Smed-wnt11-1/
Smed-wnt11-2/Smed-wnt11-5 inhibition, planarians show a “tailless” phenotype in which the central
region is also affected, since the pharynx cannot be maintained (yellow arrow points to a hole
generated after the expulsion of the pharynx). (The number of animals analyzed for each condition
was n = 7-9); (B) TO-PRO-3 staining of the nucleus shows the “tailless” shape of RNAi planarians
(yellow arrow) compared to controls (yellow asterisk), and the disorganization of the central region
(A’, two pharynges; B’, disorganized pharynx; C’, no pharynx, after expulsion). All images
correspond to confocal z-projections; and (C) “Tailless” Smed-wnt1/wnt11-1/wnt11-2/wnt11-5 RNAi
animals do not show expression of either posterior (Fz4) or anterior (sSFRP, notum) markers in the
posterior region. Anterior markers are normally expressed in the anterior region. Anterior is up,
posterior is down in all images. Scale bar: 500 um (A), 100 um (B, A/, B’ and C’) and 100 um (C).

Taken together, these results show that disruption of the central and posterior regions in intact
planarians is much stronger when silencing all posterior wnts simultaneously than when they are
silenced individually, providing evidence of cooperation in the patterning of these regions. However,
in contrast to the results reported for Smed-Bcateninl silencing [12], a shift of posterior identity to
anterior was not observed under homeostatic conditions.

3. Discussion

Depending on the dose and time of inhibition, Smed-Bcateninl RNAi induces a gradual
anteriorization of planarians, from “tailless” to “radial-like hypercephalized” animals. Consequently,
it has been proposed that the graded activation of Smed-fcateninl from posterior to anterior is
responsible for specifying the whole AP axis in planarians [12,20]. However, the wnts responsible
for the nuclear localization of Smed-fcateninl in such a broad domain remained mainly elusive.
Until now, only the involvement of Smed-wnt1 in Smed-Bcateninl nuclearization had been suggested,
since it is the only wnt for which inhibition induces the appearance of a posterior head during
posterior regeneration [14,15]. However, the strong anteriorization observed after Smed-fcateninl
silencing has never been observed following inhibition of any wnt. In this study, we analyzed
the function of the four wnts which are expressed in the posterior part of planarians (posterior
wnts) and explored the possibility that they cooperate to pattern planarian AP axis (Figure 4). Our
results confirm that Smed-wntl is the only wnt for which inhibition leads to a shift in posterior
polarity during regeneration, when posterior identity must be re-specified. Moreover, we reproduce
the “tailless” phenotypes after inhibition of Smed-wnt11-2 [15,19], which also must exert a role in
posterior specification, according to the decreased and disorganized pattern of posterior markers. In
contrast, our results demonstrate that Smed-wnt11-1 and Smed-wnt11-5 are not required for posterior
specification, since the tip of the tail in those RNAi animals regenerates normally and posterior
markers are normally expressed. Interestingly, our data point to a role for Smed-wnt11-5 in the
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specification or patterning central identity, since Smed-wnt11-5 RNAi animals regenerate a second
pharynx and mouth posteriorly to the pre-existing one. The shorter tail of Smed-wnt11-1 RNAi
planarians could indicate a role for this wnt in the extension of the tail. Moreover, our data suggests
that Smed-wnt11-1 could exert a direct role in the formation of the mouth, since it is expressed in
this organ, and Smed-wnt11-1 RNAi planarians never duplicate the mouth despite the presence of
two pharynges.
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Figure 4. Summary and working model. (A) Scheme of the phenotypes generated after silencing
the different posterior wnts (blue A, anterior; green C, central; pink P, posterior). The strongest
phenotype is represented; (B) Proposed model of the function of posterior wnts in central and posterior
specification and patterning (in the planarian: blue is anterior; green is central and pink is posterior).

Based on the results obtained in this study, we hypothesize that Smed-wnt1, Smed-wnt11-2 and
Smed-wnt11-5 could act in a Bcatenin-dependent manner, nuclearizing Smed-fcateninl in different
domains along the AP axis (Figure 4B). Whereas Smed-wntl and Smed-wnt11-5 could be direct
regulators of the catenin destruction complex in the posterior and central region, respectively,
Smed-wnt11-2 could be modulating Smed-fcateninl activity indirectly, at least in the posterior
region. This possibility is supported by the observation that Smed-wntl does not disappear but
shows a disorganized pattern in Smed-wnt11-2 RNAIi planarians (Figure 4B). At this point, it should
be noted that two different stages of Smed-wntl expression occur during regeneration: an early
Smed-wntl expression, which occurs during wounding and is stem-cell independent, and a late
Smed-wnt]1 expression, localized in the most posterior tip (the area which would correspond to the
posterior organizer), that is stem-cell dependent [19]. We hypothesize that posterior identity is
established by early Smed-wnt1 expression, which triggers the sustained activation of Smed-Bcateninl
in posterior regions through the subsequent activation of the late Smed-wnt1 expression (Figure 4B).
Smed-wnt11-2, for which inhibition leads to “tailless” planarians, would be required for the
proper expression pattern of the late Smed-wntl. The concentration of Smed-wntl in the posterior
tip would be essential for the establishment of the organizing region, which is responsible for
growth and pattern rather than for identity specification. Additional factors, such as Smed-pitx or
Smed-islet, could cooperate with Smed-wnt11-2, since their inhibition leads to suppression of late
Smed-wntl expression and regeneration of “tailless” planarians [21,22]. It has been proposed that
the “tailless” phenotype could also be the result of Smed-wnt11-2 acting in the establishment of
the posterior midline [19]. In our view, the abolishment of the posterior midline goes together
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with the disruption of the posterior organizer. Smed-wnt11-1 RNAi animals regenerate a shorter
tail showing a proper terminal identity. Moreover, their occasionally duplicated pharynx never
locates in tandem, like in Smed-wnt11-5 or Smed-wntl RNAi planarians. For that reason, we
hypothesize that Smed-wnt11-1 would not function in a Bcatenin-dependent manner but it would
be involved in the non-canonical/Bcatenin-independent Wnt signaling, a well known mechanism
to regulate migration and cell movement, which are the main morphogenetic processes required
for tissue extension and epithelial rearrangements [6]. The possible non-canonical function of
Smed-wnt11-1 and Smed-wnt11-2 compared to the Pcatenin-dependent function of Smed-wnt11-5 is
further supported by their evolutionary origin, since phylogenetic analysis shows that Smed-wnt11-5
does not branch with Wnt11 but with the Wnt4 family [23]. Moreover, a wnt4 has been suggested to
act in a Pcatenin-dependent manner in the platyhelminth Schistosoma [24]. Altogether, our results
suggest that posterior wnts act in cooperation to provide a precise spatiotemporal control of the
AP axis, from the pre-pharyngeal region to the tip of the tail.

The cooperation and integration of catenin-dependent and -independent Wnt signaling has
been demonstrated to be essential also in the patterning of the AP neuroectoderm axis in sea
urchin [25]. In cnidarians, it has been suggested that the patterning of the oral-aboral axis could
be established by the cooperation between different Wnts, a “Wnt code”, which would exert the
function of the Hox code in bilatelians [26]. If the cooperation of posterior wnts is also required
for maintenance of the AP pattern during homeostasis in planarians, then we expect that inhibition
of the whole posterior wnt complement would lead to the abolishment of the identities from the
pre-pharynx to the tail. Our results show that inhibition of posterior wnfs during homeostasis
one by one never induces the appearance of ectopic anterior structures but only generates mild
“tailless” phenotypes. In contrast, inhibition of all posterior wnts together leads to a strong “tailless”
phenotype, in which posterior markers disappear and also the central region is affected, since the
pharynx cannot be maintained, which in fact is a feature of Smed-Bcateninl RNAi animals. This
result confirms the hypothesis that posterior wnts cooperate to pattern the AP axis, including central
and posterior regions. However, inhibition of the whole posterior wnt complement never induces
the appearance of ectopic anterior structures, as occurs after Smed-fcateninl silencing. One reason
could be that silencing all posterior wnts simultaneously affects not only the bcatenin-dependent but
also the bcatenin-independent Wnt signaling, which could prevent cell tip specification. Further
RNAIi analysis with different combinations of posterior wnts should be performed. A second
reason could be that RNAI inhibition of the secreted elements of the pathway is less efficient than
inhibition of the intracellular element, particularly considering that we are silencing four genes
simultaneously. However, it must be noted that silencing of Smed-wnt1 alone produces a strong
anteriorization of planarians during regeneration but has no apparent phenotype during homeostasis.
This observation could indicate that the signals which trigger posterior identity are different in the
context of regeneration, when the posterior organizer must be re-specified, compared with the context
of homeostasis, when the posterior organizer must be only maintained. A robust signaling network
could underlie the maintenance of the posterior organizer (high levels of Smed-fcateninl). Only the
inhibition of Smed-Bcateninl itself or downstream elements, like Smed-teashirt [27], or the removal of
the organizer after a posterior amputation, enables its re-specification towards a different fate.

4. Experimental Section

4.1. Planarian Culture

Planarians used in the presented experiments correspond to the clonal strain of S. mediterranea
known as BCN-10 biotype. They were maintained as previously described [28]. Planarians used in
these experiments were 4-6 mm length and were starved for 1 week before used for experiments.
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4.2. RNAi Analysis

Double-stranded RNAs (dsRNAs) used in these experiments were synthesized by in vitro
transcription (Roche) as previously described [29]. dsRNA microinjections were performed in
the digestive system of planarians following the standard protocol of a 3 x 32 nL/injection of
double-stranded (ds) RNA for three consecutive days before being amputated [29]. In regeneration
experiments, 2 consecutive rounds of dsRNA injections were performed (1 round corresponds to
1 week, in which animals are injected on the first 3 days and amputated on the fourth). Animals
were amputated transversally in 3 parts (heads, trunks and tails). In homeostasis experiments,
1 round of injection corresponds to 1 week in which dsRNA is injected on the first 3 days. Control
animals were injected with dsRNA for the green fluorescent protein (GFP) sequence. In simultaneous
gene-silencing experiments, the total amount of dsRNA injected for each gene and also the total
amount of dsRNA injected in each animal was maintained constant by injecting the amount of
GFP required.

4.3. Whole-Mount in Situ Hybridization

The RNA probes used in the present experiments were synthesized in vitro using Sp6 or T7
polymerase (Roche, Sant Cugat del Valles, CAT, Spain) and DIG-modified ribonucleotides (Roche).
Afterwards they were purified by ethanol precipitation and 7.5 M ammonium acetate addition.
For in situ hybridization, animals were killed with HCl 2%, and fixed in Carnoy. An in situ Pro
hybridization robot (Abimed/Intavis, Tiibinguen, BW, Germany) was used for the in situ protocol,
as previously described [30,31]. The temperature used for hybridizations was 56 °C, and were
carried out for 16 h. A Leica MZ16F microscope (Leica Microsystems, Mannhiem, BW, Germany)
was used to observe the samples. Images were captured with a ProgRes C3 camera from Jenoptik
(Jena, TH, Germany).

4.4. Immunostaining

Immunostaining was carried out as described in previous studies [32]. The antibodies
used in these experiments were: anti-synapsin (anti-SYNORF1,1:50, Developmental Studies
Hybridoma Bank, Iowa City, IA, USA), anti-Smed-[3-catenin2 (1:1000) [33] and anti-«-tubulin (AA4,
1:20, Developmental Studies Hybridoma Bank). Alexa 488-conjugated goat anti-mouse (1:400,
Molecular Probes, Waltham, MA, USA) and Alexa 568-conjugated goat anti-rabbit (1:1000, Molecular
Probes) were used as a secondary antibodies. Nuclei were stained with DAPI (1:5000) or TO-PRO®-3
(1:3000, Thermo Fisher Scientific, Waltham, MA, USA). A Leica TCS-SP2 (Leica Lasertechnik,
Heidelberg, BW, Germany) adapted for an inverted microscope (Leitz DMIRB, Leica Lasertechnik,
Heidelberg, BW, Germany) and a Leica TCS SPE (Leica Microsystems, Mannhiem, BW, Germany)
were used to obtain confocal images. Representative confocal stacks for each experimental condition
are shown.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/16/
11/25970/s1.
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Figure S1. Expression pattern of posterior wnts in intact and regenerating animals. (A) In situ
hybridization of posterior wnts in intact animals. Smed-wnt1 is expressed as a stripe of cells in the
posterior dorsal midline; Smed-wnt11-1 is expressed in the mouth and as a posterior gradient from the
mouth to the tail; Smed-wnt11-2 is expressed as a posterior gradient, concentrated in the posterior
midline; and Smed-wnt11-5 is expressed in the esophagus and as a gradient from the prepharynx to
the tail; and (B) In situ hybridization of posterior wnts in regenerating trunks at 12 h, 1 day, 2 days
and 3 days post-amputation. Anterior blastemas are shown on the left and posterior blastemas on the
right. The first wnt to be expressed in the regenerating region is Smed-wntl, at 12 h. At 1 day, Smed-
wntl decreases its expression in anterior blastemas and concentrates in the posterior. At 2 days, it
recovers the expression pattern observed in intact animals (posterior dorsal midline) and disappears
in anterior blastemas. Smed-wnt11-1 expression is only maintained in the mouth during early
regeneration stages, and appears in the regenerating region at day 2, at the same time that Smed-
wntl1-2. Smed-wnt11-5 keeps the expression observed in intact animals. At 2 days of regeneration, it
starts to re-scale from anterior to posterior to recover the gradient seen in intact animals. At 3 days of
regeneration, the expression of all posterior wnts resembles the one observed in intact planarians. (The
number of animals analyzed for each condition was at least n = 5.) Scale bar: 100 um (A,B).
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Figure 52. Phenotypes of posterior wnts RNAi during regeneration. Stereomicroscope views of

regenerating trunk pieces showing the different phenotypes. From left to right: control animals have
a wild-type appearance; Smed-wnt1 RNAI planarians exhibit 2 different phenotypes, “tailless” (50%
of animals) and “two-headed” (33% of animals); Smed-wnt11-1 RNAi generates “short tail” planarians
(93% of animals); Smed-wnt11-2 RNAi generate “tailless” planarians (100% of animals); and Smed-
wnt11-5 RNAI planarians have a wild type tail. Images correspond to 20 days regenerating animals.
(The number of animals analyzed for each condition was at least n = 14.) Scale bar: 500 pm.

Control wnt1 () wnt11-1(-) wnt11-2(-) wnt11-5(-
Control wntT (-) wnt11-1(-) wnt11-2(-) wnt11-5(-)

Figure S3. Phenotypes of posterior wnt RNAi during homeostasis. (A) Stereomicroscope view of the
different phenotypes following RNAI in intact planarians. From left to right: controls resemble wild
type; Smed-wnt1 RNAIi planarians also resemble wild type; Smed-wnt11-1 RNAi generates “short tail”
planarians; Smed-wnt11-2 RNAi generates “tailless” planarians (100% of animals); and Smed-wnt11-5 RNAi
planarians have a tail that resembles wild type. (The number of animals analyzed for each condition
was at least n =10.); and (B) a-Tubulin immunostaining showing the morphology of the ventral nerve
cords in the posterior tip of planarians after silencing posterior wnts. All images correspond to 20 days
regenerating animals. Scale bar: 500 pm (A) and 100 pm (B).
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