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“Si pudiera inventarse algo -dije impulsivamente- para embotellar los
recuerdos, como los perfumes... Para que no se disipasen, para que nunca
pudieran ponerse rancios... Cuando quisiéramos, podriamos destapar el

frasco y serta como vivir de nuevo el momento guardado.”

- Daphne du Maurier
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Ribonucleic Acid interference
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Gene
ADMP

AGAT-1

AP-1

Arrestin

BCL-2

BMP

bmp4

Btd
Cabut

cavii-1

CBF
CDKs

Derailed

dMKK4

dpp
E2F

Description

Antidorsalizing Morphogenetic Protein. It is a TGF-B
homolog expressed in the Spemann organizer.

Planarian gene expressed in late epidermal progeny.

Activator Protein 1. It is a transcription factor that regulates
gene expression in response to a variety of stimuli, including
cytokines, growth factors, stress, and bacterial and viral
infections.

Small family of proteins important for regulating signal
transduction at G protein-coupled receptors.

B-Cell CLL/Lymphoma 2. Member of the Bcl-2 family of
regulator proteins that regulate cell death (apoptosis), by either
inducing  (pro-apoptotic) or inhibiting (anti-apoptotic)
apoptosis.

Bone Morphogenetic Protein. BMPs are considered to
constitute a group of pivotal morphogenetic signals,
orchestrating tissue architecture throughout the body.

Bone morphogenetic protein 4. Part of the transforming
growth factor-beta superfamily which includes large families of
growth and differentiation factors.

Buttonhead. It is a transcriptional activator related to
vertebrate Sp1.

Dosophila's name for klf10/11. Transcription factor member
of the KLF family.

Carbonic Anhydrase-1. Zinc metalloenzymes that catalyze the
reversible hydration of carbon dioxide.

Core-Binding Factor. Pseudonim for NF-Y.
Cyclin-dependent kinases.

Drosophila's name for Ryk. Member of the family of growth
factor receptor protein tyrosine kinases.

MAP kinase kinase
Decapentaplegic, homolog to the vertebrate's BMP.

Also known as Retinoblastoma-Associated Protein 1. Key

XV
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egr-1

elav-2

ERK
FAS-L

Fos
Frizzled

gata4/5/6

gfp
gpas

h2b

H3P

HAP2/3/4/5
hnf4
TIAP1

if
JNKK

JNKs

Jun

XVi

regulator of entry into cell division that acts as a tumor
SUpPIESSOL.

Early growth response protein 1 is a transcription factor with
zinc finger domains.

Embryonic Lethal, Abnormal Vision 2. Stabilize several cellular
mRNAs by binding to AU-rich elements in the 3" untranslated
region of the mRNA.

extracellular signal-regulated kinases

type-1I transmembrane protein that belongs to the tumor
necrosis factor family

Fos Proto-Oncogene, AP-1 Transcription Factor Subunit.

Family of G protein-coupled receptor proteins.

GATA transcription factors are a family of transcription
factors characterized by  their ability to bind to
the DNA sequence "GATA"

Green HUOL‘CSCCHI protein.

G protein alpha subunit. Membrane-associated, heterotrimeric
proteins composed of three subunits

Histone 2b. Involved in the structure of chromatin in
eukaryotic cells.

Histone-3-phosphorilated.  Histone H3 is  specifically
phosphorylated during both mitosis and meiosis in patterns
that are specifically coordinated in both space and time.

Heme-activated protein2/3/4/5. Yeast name for NE-Y.
Hepatocyte Nuclear Factor 4 is a nuclear receptor protein.

Inhibitor of apoptosis protein 1.

Intermediate filament. In planarian two intermediate fillament
genes has been published with the same name. One is
expressed in the DV margin and the second is expressed in glial
cells.

Jun-N-terminal kinase kinase
Jun-N-terminal kinases

Jun Proto-Oncogene, AP-1 Transcription Factor Subunit
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KLE Kriippel like factors. Family of transcription factors with three

tandem zinc finger domains.
MAPKs Mitogen-Activated Protein Kinases
RNA-binding protein Musashi homolog. Protein containing

i1
el two conserved tandem RNA recognition motifs.

V-Myc Avian Myelocytomatosis Viral Oncogene Homolog.
MYC The protein encoded by this gene is a multifunctional, nuclear

phosphoprotein that plays a role in cell cycle progression,
apoptosis and cellular transformation.

NB.21.11e  Planarian gene expressed in early epidermal progeny
NE-Y Nuclear Factor-Y
nkx2.2 Homeobox protein involved in the morphogenesis of the CNS.

Neuroligin 4 is a synaptic adhesion molecule involved in

nlg4 . . .
synapse formation and synaptic transmission.
nlg7 Noggin-like 7. Inhibitor of bone morphogenetic proteins
(BMP) signaling.
nogl Noggin-1. Inhibitor of bone morphogenetic proteins (BMP)
signaling.
. Secreted polypeptide which binds and inactivates members of
Noggin q . .
the TGF-beta superfamily signaling proteins.
Palmitoleoyl-Protein Carboxylesterase. Acts as a key negative
notum regulator of the Wnt signaling pathway by specifically
mediating depalmitoleylation of WNT proteins.
Transcription factor involved in planarian eye maintenance
ove and differentiation.
p53 Tumor supressor protein.
Proprotein convertase 2 (PC2) also known as prohormone
convertase 2 or neuroendocrine convertase 2 (NEC2) is
pe2 a serine protease, an enzyme responsible for the first step in the
maturation of many neuroendocrine peptides from their
precursors.
P-element Induced Wlmpy testis. Class of genes originally
Piwi.1 identified as encoding regulatory proteins responsible for

maintaining incomplete differentiation in stem cells and
maintaining the stability of cell division rates in germ line cells.
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Piwi-2

pkl

prog-1
Prog-2

ptprd-9

PVALS/T

ROBO

ROR2

Ryk

sfrp

Sin3

Slit

s0g

soxpl

Xviii

P-element Induced Wlmpy testis. Class of genes originally
identified as encoding regulatory proteins responsible for
maintaining incomplete differentiation in stem cells and
maintaining the stability of cell division rates in germ line cells.
Pantothenate kinase is the first enzyme in the Coenzyme A

(CoA) biosynthetic pathway.
Aliase for NB.21.11e.

Aliase for NB.32.1g.

Receptor-type tyrosine-protein phosphatase delta is an enzyme
which suggested role is to promote neurite growth, and
regulating neurons axon guidance.

Motif which is known to interact with co-repressors of the C-
terminal binding protein (CtBP) family.

Roundabout. Family of proteins which are single-pass
transmembrane receptors that are highly conserved across
many branches of the animal kingdom.

Receptor Tyrosine Kinase Like Orphan Receptor 2. Belongs to
the family of tyrosine kinase receptors that are important in
regulating skeletal and neuronal development, cell migration
and cell polarity. ROR proteins can modulate Wnt signaling
by sequestering Wnt ligands.

Receptor-Like Tyrosine Kinase. This protein is involved in
stimulating Wnt signaling pathways such as the regulation of
axon pathfinding.

Secreted frizzled-related protein 1. Contains a cysteine-rich
domain homologous to the putative Wnt-binding site of
Frizzled proteins.

Component of both the Rpd3S and Rpd3L histone deacetylase
complexes.

Family of secreted extracellular matrix proteins which play an
important signalling role in the neural development of most
bilaterjans.

Short Gastrulation gene. Homolog to the vertebrate chordin,
related to BMP signaling.

Transcription factor that bind to the minor groove in DNA,
and belong to a super-family of genes characterized by HMG-
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box.

Transcription factor that bind to the minor groove in DNA,
soxp2 and belong to a super-family of genes characterized by HMG-

box.

Transcription factor that bind to the minor groove in DNA,
soxp3 and belong to a super-family of genes characterized by HMG-
box.

Specificity proteins. Famnily of transcription factors closelly

SP

related to KLF family.
Stonin-2. Membrane protein involved in regulating
ston-2 .
endocytotic complexes
- Family of proteins that have long been implicated in the
Synapsin _ .
regulation of neurotransmitter release at synapses.
T-box gene which encode a transcription factors involved in
tbx-2 )
the regulation of developmental processes.
TCF/LEF Tran.s.crlptlon factors‘ which bind to DNA through a high
mobility group domain.
TGFB Transforming growth factor beta.
TNEF-a Tumor necrosis factor alpha.
- Encodes an astacin-like zinc-dependent metalloprotease and is
tolloid

a subfamily member of the metzincin family.
TRAIL TNF-related apoptosis-inducing ligand.

Tropomyosin is a two-stranded alpha-helical coiled

fropomyostn - o protein found in cell cytoskeletons.
Orotidine 5'-phosphate decarboxylase. This protein is involved
ura4 in pathway that synthesizes UMP, which is itself part of
Pyrimidine metabolism.
Large family of secreted glycoproteins that are cysteine-rich and
Wnts . .
highly hydrophobic.
zfp1 Zinc Finger Protein 1.
o Tubulin Belong to t.he tub.ulin protein superfamily. a- and B-tubulins
polymerize into microtubules.
, Subunit of the cadherin protein complex and acts as an
B-catenin

intracellular signal transducer in the Wnt signaling pathway.
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INTRODUCTION

The question of how organs and tissues have the ability to restore tissue lost after
damage or during the normal ageing process is an old question that has kept
researchers from many disciplines active for decades. One of the most used
strategies to approach this question is to study the organisms that have the ability
to regenerate either some tissues or cell types or by regenerating the whole body.
The use of a wide variability of organisms to study regeneration has demonstrated

that this ability is highly extended through the animal kingdom (Figure 1).
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Figure 1: Phylogenetic tree showing the animal phyla that contain species with high
regenerative potential, either as larvae or as adult. Modified from (Galliot & Ghila
2010).
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However, not all the organisms have the same abilities to regenerate. While some
organisms show reduced regenerative ability, like mammals, others are able to fully
regenerate a complete organism from a small portion of the body, like hydra or
planarian, passing through organisms with specific regenerative abilities, like

zebrafish, which regenerate heart, fins, retina, etc.

1. Regeneration and homeostasis

A wide range of diverse biological processes contribute to the maintenance of the
anatomical form and functionality in an adult animal. For the correct
maintenance of an adult structure it is necessary a continuous cell renewal to
replace all the aged or damaged cells. In most metazoan, the main strategy to
protect adult tissue from physiological problems is the elimination and
replacement of the damaged cells. This process is called cell turn over (Galliot &
Ghila 2010). The adult stem cells are the main players in this process in which
they divide and differentiate in order to replace the eliminated cells. Therefore, for
the correct cell turn over three main processes are required: Cell death,

proliferation and differentiation (Figure 2).
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Figure 2: Schematic view of cell
. L turnover process. Stem cells are
) NS . Q -";‘2' amplified to generate the amount of
' cells required to replace the dead
cells and differentiate into the correct
cell type. Modified from (Pellettieri &
Alvarado 2007).
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Similar to cell turn over, the regenerative process also consist on the replacement
of cells but after tissue lost. There are multiple possible means by which injured
tissues could provide new cells for regeneration (Figure 3). First, new cell types
could be produced by resident stem cells, which differentiate into one or several
cell types as occurs in hydra regeneration (Galliot 2013). These stem cells can
divide or not depending on the regenerative requirements. Second, new cells could
be produced through dedifferentiation, which means a loss of the differentiated
character of a cell type to produce a dividing cell that acts as a progenitor cell.
This is the case of zebrafish heart regeneration, in which cardiomyocytes
dedifferentiate and became the regenerative source cells (Jopling et al. 2010;
Jopling et al. 2011). Additionally, differentiated cells could divide to produce
more cells such as during liver regeneration. Finally, new cell types could arise as a
result of transdifferentiation which could happen without cell division, or via a
progenitor cell produced by dedifferentiation (Selman & Kafatos 1974; Jopling et
al. 2011).
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Figure 3: Overview of differentiation, transdifferentiation and dedifferentiation.
Pluripotent cells are capable of differentiating (solid arrows) down any given lineage to give

rise to a range of different cell types. During transdifferentiation, cells switch lineages to
create another cell type. For example, pancreatic exocrine cells can be induced to
transdifferentiate into PB-cells by expressing the transcription factors pancreas and
duodenum homeobox 1 (PDx1), neurogenin 3 (NGN3) and MAFA. It is unclear how exocrine
cells transdifferentiate into B-cells. This may occur either directly (dashed arrow) or it could
involve a dedifferentiation step (bold arrow). Dedifferentiation refers to a regression of a
mature cell within its own lineage, which, in many cases, allows it to proliferate (curved
arrow). Mature zebrafish cardiomyocytes proliferate during heart regeneration. This involves
a dedifferentiation step (dashed arrow) that may facilitate this process. Modified from

(Jopling et al. 2011)

In every regenerative process it is required the generation of cells that substitute
the missing ones. To generate this situation, as in the case of the cell turn over, it
is essential cell death to remove preexisting cells and re-pattern the tissue,

proliferation to generate new cells and differentiation or cell specification to

produce the correct cell types. Therefore, both regeneration and cell turnover can

be seen to follow similar mechanism. In addition to these main processes,

positional instruction plays an essential role, thus every single cell has to be placed

in the correct position to finally form a complete and functional tissue or organ.
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In this Thesis, some aspects of each described process have been studied; therefore
the manuscript is divided in three main chapters corresponding to cell
specification or differentiation, apoptosis/proliferation and positional information.

Before going through the three processes, I will describe the animal model used in

this Thesis.

2. Planarian as a model system: Schmidtea mediterranea

We use the planarian Schmidtea mediterranea as a model system to go further in
the comprehension of the regeneration and the tissue turnover. Schmidtea
mediterranea is a free living fresh water planarian which can be found living in
European lakes and rivers; however there are also sea and land planarian species.
These animals are relative small, with length varying between Imm to 2cm
(Figure 4A). Planarians are tripoblastic acoelomate bilaterians that belong to the
Tricladida order. This means that they posses cells types coming from the three
main embryonic layers (ectoderm, mesoderm and endoderm), they present
bilateral symmetry and have a blind digestive system composed by three main gut
branches, one anterior and two posterior. The intake and outtake of food is
through an evaginated organ called pharynx (Figure 4B) which is opened to the
exterior by the mouth and connects to the gut through the esophagus in the three

gut branches crossing.
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Figure 4: In vivo images of
Schmidtea mediterranea.
(A) Eyes are dorsally
located in the most
anterior part (head). (B)
Pharynx evaginates from
ventral side to food intake.
Modified from (McDonald
& Rossant 2014). (C)
Planarian asexual
reproduction. Modified
from Francesc Cebria lab
webpage).

B

Schmidtea mediterranea is composed by two different strains, sexual an asexual.
The sexual strain is reproduced by lying cocoons. These individuals are
hermaphrodites presenting ovaries and testis in the same organism when they
arrive to their sexual maturity; they reproduce by cross fertilisation lying cocoons.
On the other hand, the asexual strain reproduces by fission, where the tail of the
planarian is usually attached to a surface and stretches until the tail fragment is
separated from the rest of the organism (Figure 4C). After that, planarian
regenerates the tail lost while the tail piece regenerates all the missing structures to
form a new complete organism. The asexual strain of Schmidtea mediterranea
studied here is a clonal line generated from one single organism coming from the

Montjuic’s Fountain.
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2.1. Nervous system

Planarians have a centralised nervous system ventrally disposed composed by two
cephalic ganglia in anterior which connects with two ventral nerve cords (Figure
5). The Central Nervous System (CNS) of this animal can suggest simplicity;
however, molecular and morphological studies reveal the existence of unipolar,
bipolar and multipolar neurones, which secrete evolutionary conserved
neuroactive substances such as serotonin, dopamine, noradrenaline and a variety
of neuropeptides (Cebria 2007)(Mittal et al. 2016). Latest publications have
demonstrated for the first time the presence of glia cells, which are involved in the

CNS regeneration and maintenance.

The brain or cephalic ganglia is organized in two bilaterally symmetric lobules
which are connected through an anterior commissure. The brain is organized as a
central neuropil surrounded by the neuronal cell bodies (Figure 5). The brain
projects neural connections towards the margins to process the signals coming
from the different sensory cells distributed along the head. The planarian brain is
dorsally located in respect to the ventral nerve cords (VNC) which are considered
as different structures. The VNCs are projected along the anterior-posterior axis

clustered in small groups of cells.
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Figure 5: Planarian Central Nervous System. SYNAPSIN labelling shows the CNS: the
cephalic ganglia and the ventral nerve cords. ARRESTIN antibody labels the
photoreceptors (eyes) and the optic chiasm. TUBULLIN labelling shows the axons while
DAPI labels the cell nuclei.

The visual system is in the anterior part, composed by two eyes, which contain
photoreceptor and pigment cells. Photoreceptor cells project ipsilateral and
contralateral axons towards the brain to form the optic chiasm (Figure 5). This
visual system allows planarians to sense the light exerting their typical
photophobic behavior (Okamoto et al. 2005). The new molecular tools and the
presence of genes specifically expressed in the different eye cell populations have

allowed a deep characterisation of this system.

In addition to the CNS and the visual system, planarians have different peripheral
nervous plexus: the subepidermal, the submuscular, the gastrodermal and the
pharynx plexus. Some innervations have been also observed crossing the
parenchyma. This nerve net composed by these plexus is related with the control
of muscular contractions, transduction of sensory organs information or

gastrodermal movements (Baguna & Ballester 1978).
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2.2. Digestive system

Planarians belong to Tricladida order, which means that they posses three main
gut branches, one anterior and two posterior. These branches are subdivided in
smaller structures (secondary, tertiary and quaternary branches) increasing the
absorption surface of the gut (Figure 6A). The gut covers the whole body of the
animals providing the nutrients to every tissue. The gastrodermis is organized into
a unique columnar layer composed by two main cell types: the absorptive
phagocytes which engulfs the food through intracellular digestion and the goblet
cells that secrete enzymes into the lumen to start the digestion of the biggest food
pieces (Figure 6B). This intestinal epithelium or gastrodermis is surrounded by a
basal lamina, enteric muscle and the gastrodermal plexus (Forsthoefel et al.

2011)(Baguna & Ballester 1978).

Anterior 1¥ branch

B & 12Y branch
goblet cell & 2°Y branch
@& 327 branch
427 pranch
phagocyte

Figure 6: Planarian digestive system. (A) Planarian gut labelled by pantotenate kinase
probe. Labelling shows the organization of the gut in a single anterior branch and two
posterior and symmetrical branches. Main branches are also subdivided in secondary,
tertiary and quaternary branches. (B) Schematic view of gut at cellular level. Phagocites
and goblet cells are organised in single layers. Images modified from (Barberan et al. 2016).
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2.3. Excretory system

The planarian excretory system is involved in waste excretion and osmoregulation.
It consists of groups of protonephridia located along the body. It is formed by
epithelial blind tubules ending in a terminal cell which expulse the wastes to the

exterior (Figure 7) (Rink et al. 2011).

C A VI I- 1 Ultrafiltration Filtrate modification Collection/ Figure 7: Planarian

Excretion

S excretory system. (A)
e N 2 @)
A . v Y Protonephridial
.‘ e E g | T

A : Glomerulus I system distribution in
LY A planarian. Excretory
vig o . .
.~ AR | .;: system is labelled by
il i L B cavii-1 probe.
L‘. '; ¥ Modified from Rink
] - 4 ." .
w' I ‘ 2911. (B) Schematic
ok Jns Flame cells view of the excretory

o R ) M w system in planarian.

Modified from (Rink
» -
A B Proximal tubule Distal tubule Collection duct et al‘ 2011)(|55|g0nls
& Newmark 2015).

2.4. Reproductive system

The sexual strain of Schmidtea mediterranea is the only one which posses a mature
and complete reproductive system. The reproductive system is formed by testis
distributed in two stripes located dorsally and laterally, the ovaries which are
positioned posterior to the brain and the vitelline glands placed similarly to the
testis (Figure 8). Asexual planarians do not show mature reproductive organs;

however, it has been shown that this strain also has germ stem cells, which in the

10
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end are not able to differentiate to form the mature reproductive system (Wang et

al. 2007).

2.5. Parenchyma tissue

Ventral

Figure 8: Generalized reproductive system in
the sexual planarian. Left, testes (blue) are
located dorsolaterally. Right, ovaries (pink) are
located more ventrally at base of the
brain. nanos-positive germline stem cells of the
testes and ovaries (green).  Accessory
reproductive structures (grey). Modified from
(Chong et al. 2013).

The parenchyma is the connective tissue which is located between the epidermis

and the internal organs (RM. Rieger, S. Tyler, JPS. Smith 1991). It is mainly

composed by the chromatophor cells, secretory cells and neoblast (Baguha &

Romero 1981); however, the exact cell composition of this tissue is not well

characterised.

2.6. Epidermal tissue

The planarian epidermis consists on a monostratified tissue with relative simple

organization of multi-ciliated and non-ciliated cell types (Figure 9) (Bagufa &

Romero 1981)). As in most organisms, this tissue shows a high rate of cell

renewal, since it is the most exposed tissue of the organism, which means that

11
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planarian stem cells have to continuously proliferate and differentiate to generate

all epidermal turn over.

Figure 9: Photomicrograph of a
longitudinal section trough epidermis,
showing cilia (1) and rhabdites (2).
Obtained from http://mlitvaitis.unh.edu/K-
12Primer/shapesandsizes.htm

2.7. Muscular tissue

Planarians have different layers of subepidermal muscle fibers which act as a
structural skeleton. The planarian muscle is not usually used for locomotion
which is due to ventral cilia, although it allows the control of movement direction.
The body-wall muscle is organized in four different layers of fibers: circular,
longitudinal, diagonal and again longitudinal (from exterior to interior) (Figure
10). In addition, another set of fibers connect dorsal and ventral body surfaces
(Cebria et al. 1997)(Francesc Cebria 2000). On the other hand, the pharynx or
the gut also has a muscular plexus associated, which allows their movement to take
the nutrients during evagination. Planarian muscle cells are mononucleated, like
the vertebrate smooth muscle; however, phylogenetic analyses indicate that they
are more similar to striated muscle. Therefore, the planarians muscle exhibits

several ambiguities (Agata et al. 1998)(Francesc Cebria 2000).

12
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Figure 10: Immunostaining showing different types of muscular fibbers in
planarian. (A) Muscular labelling in the head region of the planarian. (B) Circular,
longitudinal, and diagonal fibers in the body wall musculature. (C) Labelling of
anterior intestinal branches where the intestinal musculature is observed in
purple. (D) Labelling of circular muscle fibers of the body wall, mouth and the
pharynx. Figure modified from (Ross et al. 2015).

In addition, it has been shown that the planarian muscle also takes other roles.
Thus, muscle contraction is essential to close the wound during planarian
regeneration (Cebria et al. 1997)(CHANDEBOIS 1980). Recently, body-wall
muscle cells have been shown to be responsible to provide the coordinates and
positional information through the expression of positional control genes (PCG).
The PCGs have been defined as genes that display regionalized expression along
one or more body axis and either show a patterning-abnormal RNAi phenotype or

encode a protein that is predicted to regulate important pathways for planarian

patterning (Figure 11) (Reddien 2011)(Witchley et al. 2013).

13



INTRODUCTION

- _’ ) ' J .:;'_ muscle
6 b \ differentiated
cells

lnjuryl

amputation
site J-

epidermis

differentiated
cells

2.8. Neoblast

Figure 11: PCG expression
in muscle specifies the
identity of new cell types
made in tissue turnover.
Following amputation,
muscle cells change their
PCG expression, and these
changes dictate which
type of new tissue is
regenerated. Modified
from (Witchley et al.
2013).

The amazing regenerative ability of planarians is due to the presence of an

abundant population of pluripotent stem cells that proliferate and divide to

develop all the missing structures. These stem cells are called neoblast (Baguna et

al. 1989). Planarian neoblast are the only dividing somatic cells and they show a

high nuclear/cytoplasmic ratio (Figure 12). Elevated doses of y-irradiation

. 8
m’iﬂ?—*ﬁﬁ

Smed-H2B

Figure 12: Planarian Neoblasts. (A) Transmission electron micrograph of a neoblast.
Nucleus painted in blue and cytoplasm in green. Ribonucleoprotein complexes called
chromatoid bodies pointed with arrows. Modified from (King & Newmark 2012). (B-C)
Distribution of neoblast showed by Smed-h2b probe in intact and longitudinal section
respectively. (D) Expression of Smed-h2b in lethally irradiated planarian. B-D Modified from

(Solana et al. 2012)
14
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specifically eliminate neoblast, as they are the only planarian cell types which go
into mitosis. They are distributed along the body in the parenchyma but anterior
to the photoreceptors and in the pharynx (Figure 12) (Forsthoefel et al.
2011)(Newmark & Sdnchez Alvarado 2000).

Neoblasts have been subject of study for decades and several experiments have
demonstrated that they are responsible for the regenerative potential of planarians.
For example, the abolition of neoblast by y-irradiation impairs regeneration and
tissue turn over (Wolff et al. 1948)(Bardeen & Baetjer 1904). Other classical
experiments have shown that injection of neoblasts could restore regenerative
abilities and long-term viability to lethally irradiated planarians; Moreover,
injection of neoblast derived from a sexual strain “transform” a lethally irradiated
asexual planarian into sexual (Baguna et al. 1989). More recently, the new
available tools allow the injection of a single neoblast into an irradiated planarian
and restore the whole stem cell population. In this essay, the term clonogenic
neoblast (c-neoblast) was coined, calling clonogenic to a neoblast which is able to

repopulate the whole planarian (Wagner et al. 2011).

Studies using general mitotic markers like histone-3-phosphorilated (H3P) or
Bromodeoxyuridine (BrdU) staining has been widely used to label and study
neoblast divisions and dynamics (Newmark & Sidnchez Alvarado 2000;
Eisenhoffer et al. 2008; Wenemoser & Reddien 2010). In addition, the
characteristic ratio nucleus/cytoplasm of neoblast allowed their extraction and
purification through Fluorescent Activated Cell Shorting (FACS) (Hayashi et al.
2010). By this method, three main cell populations were identified corresponding

to dividing neoblast (X1: proliferating stem cells, S/G2/M), differentiated cells
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(Xin: cells in GO/G1, cells not affected by the irradiation) and an undefined
population (X2: a mix of stem cell progeny and proliferating, G0/G1) (Figure
13).

Figure 13: Fluorescence-activated
cell sorting (FACS) profiles of cells
derived from non-irradiated and X-
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ray-irradiated adult planarians.

600
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Representative FACS dot-plots

400
400

obtained from dissociated control,

Hoechst 33342

non-irradiated (A) and 4 days past X-

200

200

ray-irradiated (B) animals.

o o T 100 010 s 3 o i Comparison of the profiles of panels
Calcein AM

(A) and (B) shows one region of high
calcein AM staining eliminated on X-ray-irradiation, which is thus absent in panel (B): this
region corresponds to a population of cells designated X1. A second X-ray-sensitive region,
with weak Hoechst 33342 and calcein AM staining, corresponds to a cell population
designated X2. A large region separate from X1 and X2 and present on both plots (A) and
(B) maps to an X-ray-insensitive fraction designated Xin. Figure from (Hayashi et al. 2006).

Both FACS and irradiation experiments allowed the design of transcriptomic
studies to analyze the transcriptomic profile of neoblasts versus the other
populations. These transcriptomic analysis allowed the identification of neoblast
specific genes as members of the Piwi/Argonaute family (Reddien et al. 2005) or
histone 2b (Solana et al. 2012) among others (Abril et al. 2010; Blythe et al. 2010;
Labbé et al. 2012; Resch et al. 2012; Rouhana et al. 2012; Rodriguez-Esteban et
al. 2015) providing genetic markers to further study this cell population.
Interestingly, several of these neoblast-specific genes are required for their
maintenance (Guo et al. 2006; Reddien et al. 2005; Salvetti et al. 2005; Solana et
al. 2009).
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Recent studies demonstrate that the population of neoblasts is heterogeneous,
since subpopulations of neoblasts have been identified that express markers of
specific cell types (eyes, gut, brain...), suggesting the existence of lineage restricted
neoblasts (Figure 14) (Cowles et al. 2013; Currie & Pearson 2013; Lapan &
Reddien 2011; Scimone et al. 2011). This lineage restricted neoblast, also called
specialized neoblast, correspond to what in other organism are usually known as
lineage restricted progenitors. These new findings contradict the classical neoblast
view, where there is only one type of neoblast, a naive neoblast, which is able to

produce all planarian cell types (Figure 14).

Naive neoblast model Specialized neoblast model

e

Figure 14: Schematic view of
the two main theories about
@ or Differentiated cell the generation of differentiated

cells from neoblasts. On the

O

and on the right side the

@ Uggg‘zrri’;'gﬁd © @ specialized neoblast model.
(non-dividing) Figure from (Reddien 2013).

___________ TS S
O w= OO

T left, the naive neoblast model

Using single cell transcriptomics, van Wolfswinkel and collaborators described
subtypes of neoblast, identified by the presence of specific combinations of
transcripts: the sigma neoblast (o-neoblast) expressing mainly Smed-soxpl and
Smed-soxp2, the zeta neoblast ((-neoblast) expressing smed-zfpl and the gamma

neoblast (y-neoblasts) (van Wolfswinkel et al. 2014). Later on, an additional
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subclass, the nu-neoblasts (VNeoblasts) characterized by the expression of smed-
ston-2, smed-msi-1 and smed-elav-2 were described (Molinaro & Pearson 2016) o-
neoblast are responsible for the proliferative response after a wounding and, since
they are able to develop to all cell types, they could respond to the already
described c-neoblast. On the other hand, {-neoblast, y-neoblasts and vNeoblasts

are specific for epidermal, gut and neural tissues respectively (van Wolfswinkel et

al. 2014)(Molinaro & Pearson 2016) .

X1 cells
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(cNeoblasts?) (cNeoblasts) {Neoblasts Epithial lineage
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! —_ _
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Figure 15: Model of planarian stem cell hierarchies. Summary model of the planarian cell
lineages. Based on the scRNAseq and Waterfall/pseudotime analyses, it is hypothesize that
cNeoblasts are represented in the Group 2 cluster, which give rise to pluripotent Group
1/oNeoblasts. In turn, cNeoblasts give rise to , y, v, and Group 4 neoblasts, represented in
the middle tier. The hypothesis argues that these neoblast subclasses give rise to tissue-
specific lineages on the third tier, such as epithelium for {Neoblasts, gut for yNeoblasts,
and neurons for vNeoblasts. Red question marks denote either unknown existence or

unknown ability to self-renew. Figure modified from (Currie et al. 2016).
18



INTRODUCTION

3. Mechanisms required for proper regeneration and tissue turn

over

Cell turnover and regeneration as previously described, are two different
mechanisms in which adult stem cells sense the absence of tissue or specific cell
types to initiate diverse mechanisms to cover this lost. In addition both require the
correct specification of the stem cells into the right cell lineage or lineages to form
exactly the correct differentiated cells and therefore maintain the tissue running.
Both mechanisms are useless without the proper positional instructions which
guide the correct positioning of the different structures. Regeneration and cell
turnover are not understood without stem cell proliferation, differentiation and
positioning instructions, however, these three processes are an abruption of a
complex and coordinated system that involves all of them and are separated just
for this comprehensive study. Due to the complexity of the whole regenerative or
homeostasis process I will also divide the following sections and results into these

three main events.

3.1. Control of cell number: balance between proliferation and

apoptosis

Animals maintain a controlled body size to keep the whole organism the function.
It is not well understood how animals control their own size. Allometry is a field

of study based on the main observation that the size and shape of organs are
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always appropriated to the animal size. The process on how organs and tissues

keep their proper size and proportions is an open question in biology.

The cell number in an organism or in their organs/tissues is mainly controlled by
the tight balance between the cells that die by different causes (such as
accumulation of mutations, DNA damage, external wound, etc) and the
proliferation of stem cell to substitute the dying cells. Planarians are an ideal
model to study how animals maintain their body size as they are able to grow and
degrow depending on the food availability. In addition, their regenerative abilities

also require the remodeling of organs and structures to keep the new proportions.

In planarians, the apoptotic and proliferative response after wounding or during
cell turnover has been broadly studied. Apoptosis is one of the most important
ways to naturally eliminate cells that have suffered DNA damage and stress among
others. This controlled cell death has also been shown as a process with a tight
regulation during planarian regeneration. After amputation, there are two main
apoptotic responses (peaks), one at 4 hours after the amputation and the second
one at 72 hours. The first apoptotic response is restricted to the wound area while
the second one occurs all through the body (Figure 16)(Pellettieri et al. 2010).
This apoptotic response is associated with the remodelling requirements during
the regeneration process, thus after a tissue loss the pre-existent planarian tissue
has to be restructured. Therefore, the amount of apoptotic response is

proportional to the tissue lost(Pellettieri et al. 2010).
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Figure 16: Mitotic and apoptotic dynamics during planarian regeneration. (A) Two
proliferative peaks are present at 6 and 48 hours after amputation. First mitotic peak is
associated with a general mitotic response while the second is more localized in the pre-
wounding area. (B) Apoptosis is increased at 4 hours and 72 hours after amputation. First
apoptotic response is localized in the wound area while the second is general.

After tissue lost, neoblasts start dividing to generate the cells required to form the
new tissues. This mitotic response is highly coordinated in a spatial-temporal
manner, showing two peaks (Baguna 1976; Sal6 & Baguna 1984; Wenemoser &
Reddien 2010). The first proliferative peak takes place at 6 hours after some
damage and appears through the body (Wenemoser & Reddien 2010). At 48
hours a second mitotic peak appears, localized in the post wounding region, in the
area called postblastema. It has been suggested that the first mitotic activation
corresponds to all the neoblast responses that are in G2 or at the end of the S
phase, which need less time to go into mitosis. Between both peaks, a lesser

mitosis appears at 18 hours after amputation (Figure 16)(Salé & Baguna 1984).

On the other hand the planarian is a very interesting model to study how body

size is controlled during normal homeostasis, as they are able to grow and degrow
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depending on food availability. After feed, the mitotic response is activated, and
apoptosis decreases, therefore more cells are generated allowing the planarian to
grow. On the other hand, during starvation, apoptosis is increased, while mitosis
is maintained at basal levels. Under no energy supply conditions, planarians take
the energy to stay alive from the dying cells. Therefore, during homeostasis, the
balance between proliferation and apoptosis is highly important to maintain the
size and proportions of the animals depending on the energy intake conditions

(Figure 17).

MITOSIS APOPTOSIS
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Figure 17: Proliferative and apoptotic response during growth and
degrowth. (A) Proliferation is activated at 3 hours after feeding
while during starvation is maintained. (B) Apoptosis is activated
during degrowth.
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3.1.1. Jun-N-terminal kinase: an important proliferation and

apoptosis regulator

Jun-N-terminal kinases or JNKs belongs to the superfamily of MAP-kinases
involved in the regulation of cell proliferation, differentiation and apoptosis. The
MAP-kinases pathway transport external stress signals from the cell surface to the
nucleus through the phosphorilation of a series of kinases (Kockel et al. 2001).
One of the most studied roles of JNK signalling is the control of apoptosis,
involved in the two broadly accepted signalling pathways which initiate it: 1) the
extrinsic pathway, initiated by dead receptors such as those of TNF-a, TRAIL,
and FAS-L and 2) the intrinsic pathway, initiated by mitochondrial events
(Elmore 2007). On the other hand, JNK has been involved in cell cycle
regulation, where it ensures the controlled onset of mitosis (Chen 2012; Gutierrez

et al. 2010).

The JNK pathway has been extensively studied in Drosophila melanogaster, taking
advantage of the broad genetic tools available for this model organism. In flies, the
central JNK signalling core is formed by Basket (JNK), Hemipterous (JNKK) and
dMKK4. Basket phosphorilates the transcription factors Jun and Fos allowing the
formation of the heterodimer AP-1 (Activator Protein 1) which is able to regulate
target genes through binding to AP-1 motives (TGACTCA) (Figure 18) (Lee et
al. 1987; Perkins et al. 1990; Riesgo-Escovar et al. 1996). In Drosophila, JNK
activates the apoptotic process through the activation of the inhibitor of apoptosis

protein 1 (IAP1), which inhibits Caspases. JNK also promotes proliferation
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during Drosophila regeneration and homeostasis (Biteau et al. 2008; Jiang et al.

iy

TAK1/SIp/ASK1/MekkT

v

2010; Sun & Irvine 2011).
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Figure 18: JNK pathway described in drosophila. A stress signal triggers
activation of membrane proximal kinases that phosphorylate and activate
different kinases. JNK translocates to the nucleus where it can regulate the
activity of transcription factors like AP-1 to finally regulate a huge variety of
processes.

In our model, recent studies demonstrate that planarian JNK also plays a key role
in controlling the balance between proliferation and apoptosis during regeneration
and homeostasis (Almuedo-Castillo et al. 2014). In this study, the inhibition of
Smed-jnk prevents proper regeneration by attenuating the apoptotic response and
accelerating the cell cycle. In homeostatic conditions, inhibition of planarian jnk

avoids the proper remodelling of the preexisting tissue, inverting the balance
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between cell death and proliferation (Figure 19)(Almuedo-Castillo et al. 2014).

These findings pointed JNK as an essential stress response element required for

the correct communication between proliferative and apoptotic response in

planarians.

Amputation — REGENERATION
J N K Basal Proliferative
rates

Apoptosis

Balanced cell proliferation
TT Early gene expression and apopt_otic cell death —Il-
14 Apoptosis . regeneration and re-scaling

Controlled stem
cell proliferation

Starvation — DEGROWTH
JNK

Basal Proliferative
rates
fproptosis

* Rox

Balanced apoptotic cell death —»
Re-scaling and re-shaping of
the organs

Figure 19: Schematic showing role of JNK in planarian regeneration and homeostatic

degrowth. In the wound region, JNK triggers early gene expression and apoptosis, and

mediates temporal control of the cell cycle progression of neoblasts, which ensures the

balanced differentiation of different cell types and hence proper regeneration of missing

tissues. In pre-existing regions, JNK triggers apoptosis and maintains basal levels of

proliferation to ensure that body proportion is properly restored after amputation. RNA

interference of JNK activity prevents all these processes in both the wound region and in

pre-existing regions, as well as regeneration and rescaling. Modified from (Almuedo-
Castillo et al. 2014)
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3.1.2. Kriippel like factors (KLF): Their role regulating

proliferation and apoptosis.

At this point, it is necessary to introduce the kriippel-like factors (KLFs), a family
of transcription factors which has been shown to be especially important for the
regulation of cell cycle genes and apoptosis. KLFs, together with specificity
proteins (SP), are families characterized by the presence of three tandem C,H,
zinc finger domains located at the C-terminus and identified by their homology to
the Drosophila Kriippel gene (Jickle et al. 1986). These zinc finger domains are
DNA binding domains (DBD) which bind to GT regions (GT boxes) and CACC
elements (Kadonaga et al. 1987). These families have evolved through multiple
gene-duplication events varying the number of members between species
(Kaczynski et al. 2003). The N-terminal part of this proteins are much variable
between members and species, containing transcriptional activation or repression
domains. SPs can be differentiated from KLFs by the presence of the Buttonhead

(Btd) box domain just 5’ of the DBD (Figure 20)(Suske et al. 2005).
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Figure 20: Structural properties of vertebrate Spl-like/KLF proteins. Spl-like/KLF
proteins have highly homologous carboxy-terminal DNA-binding domains characterized
by three Cys2His2 zinc-finger motifs and recognizing GC-rich DNA elements, and variant
amino termini. SP-like contain glutamine-rich (Q) and serine/threonine-rich (S/T) amino-
terminal transcription activation domains. Two members of subgroup Ill, KLF10 and
KLF11, are TGFpB-inducible repressors and have three conserved amnio-terminal
repression domains, including the Sin3 interaction domain (SID). KLF9, KLF13 and KLF16,
are also characterized by a functional SID domain. KLF1, KLF2 and KLF4 are characterized
by amino-terminal acidic activation domains, inhibitory regions adjacent to the zinc
fingers and a conserved nuclear localization signal (NLS) sequence. In addition, KLF13
contains a similar nuclear localization sequence. KLF3, KLF8 and KLF12, have a conserved
repression motif (PVALS/T). Figure modified from (Kaczynski et al. 2003).

By regulating gene transcription, KLFs are involved in many physiologic and
pathological processes, such as cell differentiation, proliferation, cell growth, and
apoptosis during normal development or in different disease conditions (Cao et al.
2010; Pearson et al. 2008). Different members of this family have been found to
be highly important during several cancer types’ progression. The main reason is
their essential role in the control of cell cycle and apoptosis. Cyclins and CDKs
are cell cycle regulators which are common targets for several KLFs (Figure 21)
(Tetreault et al. 2013). Furthermore, as proliferation an apoptosis are
interconnected, many of the proliferative factors regulated by KLF are also
relevant for apoptosis, like p53, E2F, MYC or MAPKs (Senderowicz 2004). In
addition, KLFs regulate specific apoptotic factors as BCL-2 family members and
JNK (Tarapore et al. 2013; Mufoz-Descalzo et al. 2005). In this line, it has been
described that Cabut, a drosophila KLF (homologous to vertebrate klf10/11), is
controlled by JNK during wing disc regeneration by the binding of AP-1 to the

Cabut promoter (Ruiz-romero et al. 2015).
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At the beginning of this Thesis, it was not known the role of any KLF member in
planarians. However, during this Thesis, Scimone and collaborators described a

planarian Klf required for the differentiation of cintillo-expressing sensory neurons

and eye cells (Scimone et al. 2014; Lapan & Reddien 2012).
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Figure 21: KLF family members in the cell cycle control. KLFs control cell proliferation by
targeting cell cycle regulators like cyclins, cyclin-dependent kinases (CDKs) and CDK
inhibitors. Figure from (Tetreault et al. 2013).

3.2. Stem cell specification

Previously it has been introduced the importance of the generation of the proper
number of cells during regeneration or cell turnover; however, cell proliferation is
meaningless if all the new generated cells do not take the correct cell fate to supply
the cell lost. For that reason, a correct and well regulated differentiation
mechanism should be applied during regeneration and cell turnover. In regards to
planarians, these last years have been specially clarifying for the identification and

characterisation of this process.
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As previously shown, planarian neoblasts are a heterogenic cell population in
which according to the differential gene expression several cell types have been
described: the o-neoblast, the {-neoblast, the y-neoblasts and the vNeoblasts. In
addition, cNeoblasts have been described as the truly totipotent planarian stem
cells (van Wolfswinkel et al. 2014; Molinaro & Pearson 2016). Each Neoblast
subtype gives rise to specific cell types as other model systems where every tissue
has their own progenitor stem cells. One of the most clarifying examples of
planarian cell specification is the differentiation process of epidermal lineage. For
the specification of epidermal cells in planarians different steps have been
described based on the sequential and cell-type specific expression of different
genes. Thus {-neoblast give early progeny cells labeled by prog-1 (also known as
NB.21.11e), then start to express the late progeny marker agat-1, following the
expression of zfpu-6 and finally the terminal markers corresponding to epidermal
cells, like vimentin (Figure 22) (Tu et al. 2015). This process has been described
in detail thanks to coexpression analysis between the different markers. In
addition, irradiation experiments at lethal doses show the disappearance of first
prog-1+ cells, then agar-1+ cells and finally zfpu-6+ cells, according to the
described epidermal cell specification steps (Tu et al. 2015; Eisenhoffer et al.
2008).

In addition to the epidermal lineage specification, several genes have been shown
to be required for the generation of different cell lineages as is summarised in
figure 22 (Scimone et al. 2014). All these genes specifically expressed in different
cell types allowed researchers to go deeper in understanding how stem cells

differentiate into different cell types.
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Figure 22: Overview of cell specification in planarian. (A) Genes involved in the
epidermal differentiation steps. Modified from (Tu et al. 2015). (B) Scheme
proposed by Scimone and collaborators: Specialization of neoblasts into different
cell lineages following wounding and genes which have been found to be involved.
Modified from (Scimone et al. 2014).
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3.2.1. Nuclear Factor Y: a transcriptional complex required for

proper cell specification.

Although several genes are involved in cell specification, here I will introduce an
important transcriptional complex called Nuclear Factor-Y complex (NF-Y),
which was not studied before this Thesis in planarians. I will generally describe the

known roles of this complex focusing in cell specification processes.

Nuclear Factor Y, also known as CBF or HAP2/3/4/5, consists of three different
subunits, NF-YA, NF-YB and NF-YC, all required for the formation of the
transcriptional complex NF-Y (Figure 23A). It has been shown that for the
correct assembly of the complex, NF-YB interacts with NF-YC forming a
heterodimer that then interacts with NF-YA, to form the heterotrimeric NF-Y
transcription complex (figure 23B)(Mantovani 1999). This complex binds to
CCAAT motifs, which is common in many promoter and enhancer regions of a
large number of genes in eukaryotes, related with several developmental processes
like proliferation, cell death, differentiation or axon targeting (Figure 23B)
(Hughes et al. 2011; Matuoka & Yu Chen 1999; Bhattacharya et al. 2003; Morey
et al. 2008; Li et al. 1992). The fact that knock out of mouse or fly NF-YA results
in early embryonic lethality corroborates these essential roles during early

development (Yoshioka et al. 2007; Bhattacharya et al. 2003).
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Going further into the roles of NF-Y during cell specification events, several in
vivo studies, generally focused in one of the three subunits, are found. During
Drosophila eye development, growth and identity specification appears to be
separated (Mann 2004), allowing the identification of genes essential for one or
another process. In this context, Yoshioka and collaborators showed that NF-YA
can disturb eye specification, but not disc growth (Yoshioka et al. 2007). NF-YB
has been also seen required during eye development, thus knock down of this
subunit generates defects during R7 photoreceptor cell differentiation (Ly et al.
2013). In C. elegans, an RNAI screening identified NF-Y as negative regulator of

the T-box gene Tbx-2, which is essential for the specification of neural cell fate

(Milton et al. 2013).
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(A) Schematic
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subunits. B) A tight NF-
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assembled, translocated in
the nucleus where it binds
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trimer is able to bind the
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Although the role of NF-Ys had not been studied during planarian regeneration
and homeostasis, in another platyhelminth, Schistosoma mansoni (Human blood
Fluke), NF-Y has been shown to be expressed during the whole life cycle.
Furthermore, NF-YA accumulates in the nucleus of oocytes during their

maturation and decreases in maturating spermatozoids (Serra et al. 1996).

3.3. Positional instructions

One common feature between all the pluricellular organisms is that they need a
body plan organized in a tridimensional manner to keep the functionality of all
the organs and tissues. Bilateral organisms are organized according to three main
axes: The antero-posterior (AP), the dorso-ventral (DV) and the medio-lateral
(ML) (Figure 24). The conjunction of these three axes gave to bilateral clade the
characteristics which define them. For example, during evolution the
bilateralization is tied to the appearance of a central nervous system, with a

cephalized structure normally called brain.

ST

e D/ ~—m AP ~—— |\

Figure 24: Schematic view of the three main body axes in planarian. DV: Dorso-
Ventral; AP: Antero-Posterior; ML: Medio-Lateral.
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Pattern formation is the developmental process by which different cell types and
tissues organize according to their body axes. Thus, pattern formation ensures that
tissues and organs form in the correct place during embryonic development and
also in adult organisms during cellular renewal or regeneration. The specification
of the body axis during embryonic development and the patterning of the organs
and tissues have been broadly studied; however, how this axial information is

controlled post-embryonically is not well understood.

Adult organisms do not require the establishment of new axes; nevertheless during
regeneration, positional information is required to properly regenerate the correct
pattern of the missing tissues. Furthermore, during normal cell-turnover, cells
must also receive the correct positional information to reach their final fate and
position. Even more, in planarians, positional information must be especially
activate at the adult stage, since they are not only able to regenerate big parts of
their body but also to change the size of their body and organs during their usual
cell turn-over. For that reason, planarians plasticity is a unique scenario in which
to study adult pattern formation. Several studies from the last years demonstrate
that the amazing plasticity of planarians is sustained by the abundant population
of totipotent adult stem cells spread in their whole body (neoblasts), concomitant
to the activation of the intercellular signals that direct them towards their specific
fate and location. Thus, adult planarians maintain continuously active the
patterning mechanisms that ensure the shape and organization of their organs and

the whole body, both in regenerating and homeostatic contexts.
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3.3.1 Planarian AP axis establishment:

Wnt ligands are a family of secreted glycoproteins which activate the Wnt
signalling pathway by binding to a receptor (mainly Frizzled receptors). There are
two main Wnt pathways described: the canonical or B-catenin dependent and the
non-canonical or B-catenin independent. The B-catenin dependent signalling
pathway takes the name from B-catenin, a bi-function protein which is involved in
cell-cell adhesion and transcriptomic regulation. In the canonical signalling,
secreted Wnt ligands bind to Frizzled receptors and LRP co-receptors to induce
cytoplasmic accumulation and nuclear translocation of B-catenin (Mikels & Nusse
2006; Clevers & Nusse 2012), which is the key intracellular component that
transduces the signal to the nucleus. In the nucleus, B-catenin binds to the
TCEF/LEF transcription factors, triggering changes in the chromatin configuration
and gene transcription (Komiya & Habas 2008; Valenta et al. 2012). On the
other hand, the non-canonical pathway includes the non-canonical planar cell
polarity (PCP) pathway, and the non-canonical Wnt/calcium pathway. In the non
canonical pathways Wnts do not bind to the LRP co-receptor, instead they mainly
bind to Ryk or ROR2 co-receptors that together with Frizzled recruit Dsh and
activate different signal cascades. The final effect of these non-canonical pathways
has been related with actin modifications and calcium control which mainly
control cell migration, cell adhesion and general cell movements like axon
projections (Figure 25). During the following paragraphs I will focus on the
canonical pathway which is mainly involved in planarian A-P control while the

non-canonical will be later discussed during the M-L axis establishment.
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Figure 25: Canonical and non-canonical Wnt signalling pathways. (A) Upon binding of a
WNT protein to the receptor, a signalling cascade is initiated. LRP is phosphorylated by CK1
and GSK3f, and AXIN1 is recruited to the plasma membrane. The kinases in the B-catenin
destruction complex are inactivated and B-catenin translocates to the nucleus to form an
active transcription factor complex with TCF. (B) Planar cell polarity (PCP) signalling does not
involve B-catenin, LRP or TCF molecules, but leads to the activation of the small GTPases
RHOA and RAC1, which activate the stress kinase JNK (Jun N-terminal kinase) and ROCK and
leads to remodelling of the cytoskeleton and changes in cell adhesion and motility. (C)
WNT—Ca2+ signalling is mediated through G proteins and phospholipases and leads to
transient increases in cytoplasmic free calcium that subsequently activate the kinases PKC

(protein kinase C) and CAMKII and the phosphatase calcineurin. Modified from (Staal et al.
2008).

In planarian, inhibition of B-catenin by RNAi generates a range of A-P
phenotypes, from two-headed planarians to radial-like hypercephalized planarians
(Gurley et al. 2008; Iglesias et al. 2008). Inhibition of negative regulators of the
canonical Wnt pathway, such as the components of the B-catenin destruction
complex, APC and axin, leads to two-tailed planarians (Gurley et al. 2008; Iglesias
et al. 2008). To explain these phenotypes, it is widely accepted that there is a

gradient of B-catenin activity, lower in anterior and higher in posterior, which
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specifies and maintains AP axial identity in planarians (Figure 26) (Adell et al.

2010; Sureda-Gémez et al. 2016).
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Figure 26: BCATENIN-1 displays a gradient from the prepharyngeal region to the tail.
Nuclear localization of BCATENIN-1, which is responsible for activation of effectors of
posterior identity, like teashirt (Reuter et al., 2015), would depend on the action of the
posterior wnts (Wntl, Wnt11-1, Wnt11-2, Wnt11-5). In the anterior region, BCATENIN-1
is required for expression of notum among other effectors of anterior morphogenesis.
Figure obtained from (Sureda-Gémez et al. 2016).

3.3.2. Planarian D-V axis establishment:

The dorso-ventral axis has been shown to be mainly controlled by the Bone
Morphogenetic Protein (BMP) signalling pathway in both vertebrates and
invertebrates. During vertebrate development, a gradient of BMP signalling
specifies cell fates along the D-V axis, with the highest levels specifying the
ventral-most tissues, while increasing BMP inhibition leads to more lateral tissues
and an absence of BMP signalling to dorsal tissues (Dosch et al. 1997; Knecht &
Harland 1997; LaBonne & Bronner-Fraser 1998; Marchant et al. 1998; Neave et
al. 1997; Wilson et al. 1997). By contrast, in invertebrates like Drosophila, the
homolog to BMP decapentaplegic (dpp), is expressed dorsally and it is required in
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order to specify and maintain dorsal identity. Noggin, expressed in Drosophila,
promotes ventral development, specifying ventral ectoderm and CNS in the
absence of all endogenous ventral-specific zygotic gene expression. Dpp inhibits
neural fates thus the noggin presence allows the development of the CNS ventrally
located (Gerhart 2000). In both, vertebrates and invertebrates it has been
proposed that spatial opposed expression of BMP and Antidorsalizing
Morphogenetic Protein (ADMP) can promote the restoration of the DV axis after

tissue removal.

In planarian, similar to invertebrate development, the BMP pathway is required to
specify and maintain dorsal identity during planarian regeneration and
homeostasis (Molina et al. 2007; Orii & Watanabe 2007; Reddien et al. 2007). It
has been shown that inhibition of several elements of the BMP pathway results in
ventralized planarians. On the other hand, the silencing of antagonists of the BMP
signalling pathway results in the dorsalization of the animal (Molina et al. 2011).
Therefore, Bmp/Admp regulatory circuit is a central feature of the Bilateria, used
broadly for the establishment, maintenance, and regeneration of the D-V axis

(Figure 27)(Gavino & Reddien 2011).
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Figure 27: BMP signaling in the control of the DV axis. BMP signaling is active on the
dorsal side of planarians and on the prospective ventral side of Xenopus gastrula-stage
embryos. A transverse section of a planarian is depicted with the central hole
representing a gut branch and the ventral circles representing nerve cords. The Xenopus
embryo is depicted as a sagittal section. Admp and Noggin expression spatially oppose the
site of bmp expression in both cases. A proposed axis inversion in the evolution of
deuterostomes could explain the opposite orientation in protostomes and chordates.
Modified from (Reddien 2011).

3.3.3. Planarian M-L establishment:

The evolutionary appearance of the bilateral body plan required the formation of a
midline organiser (Meinhardt 2004). From the midline, different structures are
organized at both sides forming a mirror image, in which each half organises the
structures along the M-L axis. Although some bilaterians show left-right

asymmetry, in planarians it has never been described (Inaki et al. 2016).
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The midline is an elongated and narrow organising region along the M-L axis
which functioning requires complex molecular interactions. Different modes of
midline formation have evolved in vertebrates, insects and planarians, indicating
that midline formation had a crucial role in the diversification of higher organisms

(Meinhardt 2004).

3.3.3.1. Midline and CNS establishment

The formation of the midline in bilaterians is linked to the CNS formation
(Christian Klimbt & Goodman 1991; C Klimbt & Goodman 1991; Meinhardt
2004). In vertebrates, the dorsal organiser promotes the elongation of the midline
along the A-P axis, and consequently the CNS is formed dorsally. On the other
hand, in insects the dorsal organiser represses the midline formation, promoting
the formation of the midline ventrally; therefore, the CNS is ventrally formed

(Arendt & Niibler-Jung 1994; De Robertis & Sasai 1996).

From the midline, axons are organized and projected ipsi- or contra-laterally to
finally form the complex net of axons that covers the entire body. In all bilateral
organisms, the axon paths that cross the midline allow communication between
both sides of the body (Lartillot & Philippe 2008; Kaprielian et al. 2001). There
are several families of molecules that guide the path and growth of neuronal axons
like Netrins, Ephrins, Semaphorins, Slits and Wnts (Bashaw & Klein 2010;
Dickson 2002). These molecules can exert an attractive or repulsive action

towards the axons that show specific receptors in its surface.
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During the formation of the CNS it is essential a proper organisation and
expression domains of the axon guidance molecules (the ligands), and their
receptors (Sdnchez-Soriano et al. 2007). However, the mechanisms that define the

proper expression boundaries of the axon cues are not well understood.

As in other bilatelians, in planarians the midline coordinates the M-L assembly of
the neural circuitry through the secretion of axon guidance cues that direct the
axons towards or against it. Out of the axon guidance molecules found in
planarians, only a Slit homolog has been proved to control axon growth from the
midline, acting as a repulsive cue, as in all studied animals (Cebria 2007). Thus, in
planarians, Slit is secreted by midline cells and acts as an axon repulsive cue to
restrict the growth of the axons towards the midline. Thus, in planarians where s/t
has been silenced through RNAI, there is a collapse of the axons in the midline
(Cebria et al. 2007). However, the Slit receptor roundabout (ROBO), which is
also conserved along evolution (Cardenas Castello 2016), had not been found in
planarians at the beginning of this Thesis. Although two ROBO receptors
(ROBO-A and ROBO-B) had been described, their functional analysis showed
that they are not the receptors of the described Slit (Cebria & Phillip A. Newmark
2007).

Interestingly, two unrelated studies report that in planarians the non-canonical
Wnt5 could be exerting the same function than Slit but from the opposite domain
(Figure 28) (Adell et al. 2009; Almuedo-Castillo et al. 2011; Gurley et al. 2010).
Wnt5 is an evolutionary conserved non-canonical Wnt which function has been
related mainly with cell migration (Liang et al. 2003; Liang et al. 2007) but also

with axon repulsion during the formation of the A-P commissures in Drosophila
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(Yoshikawa et al. 2003). Thus, in planarians, wnz5 is expressed in the
complementary domain with respect to s/i#z, which is in the lateral region, and

restricts the growth of the neural system towards it (Figure 28).

O

slit RNAI

wnt5 RNAI

A

ventral

Figure 28: Wnt5 and Slit are involved in medio-lateral organization in planarian.
(A) Wnt5 is expressed from the ventral nerve cords to the margin of the animal. (B)
Inhibition of Smed-wnt5 generates a lateralization of the CNS towards the margin of
the animals. (C) Dorsal and ventral view of slit expression. Slit is expressed along the
planarian midline. (D) Smed-Slit RNAi generates cyclops planarian, viewed in vivo and
with anti-ARRESTIN antibody. (E) Expression of wnt5 and slit in regenerating
planarian. Image shows complementary expression of both genes. (A-B) Modified
from(Adell et al. 2009). (C-D) Modified from (Cebria & Phillip A Newmark 2007). (E)
Modified from (Almuedo-Castillo et al. 2011).
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An important finding in the planarian field was that the three signalling pathways
required for the establishment of planarian body axes (Wnt for the A-P, BMP for
the D-V and Wnt5-Slit for the M-L) are also responsible for their maintenance
during planarian homeostasis. Thus, the same phenotypes observed after K-
catenin, BMP, Wnt5 or Slir RNAI in regenerating animals are observed when
intact animals are injected during several weeks (Sureda-Goez et al. 2016; Molina
et al. 2011; Adell et al. 2009) Therefore, during regeneration and homeostasis the
same positional instructions are used to specify and maintain the body axes in

planarian.
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OBJECTIVES

With the aim to improve our understanding of the process of cell renewal and
regeneration in planarians, the following objectives were proposed for this Thesis:

1. Study the role of the Nuclear Factor Y complex during cell specification.

1.1. Identify the members of the Nuclear Factor Y transcriptional complex in
planarians.

1.2. Study the role of the NF-Y complex during planarian regeneration and
tissue turn over.

2. Study the role of Kriippel-like transcription factors in the control of proliferation
and apoptosis in planarian.

2.1. Identify the members of the Krippel-like transcription factor family in
planarians.

2.2. Functionally characterise KIf10/11 during planarian regeneration and
tissue turn over.

2.3. Study the functional relationship between KIf10/11 and c-Jun N-terminal
Kinase in the control of proliferation and apoptosis.

3. Study of the molecular mechanism through which Wnt5 and Slit control the
medio-lateral organization of the central nervous system in planarian.

3.1. Identify the receptors of Wnt5 and Slit in planarians, and describe the
expression pattern and functional relationship between the ligands and
receptors of the network.

3.2. Modelling the topology network by which Wnt5, Slit and their receptors
create a self-regulatory system to establish the medio-lateral pattern in
planarians.
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4.1. The Nuclear Factor Y elements were found in a Digital Gene

Expression Analysis

The use of high throughput techniques has been extended to many organism in
the last years. In planarians, many transcriptomic studies have been done during
the last 6 years analysing several conditions, tissues and even single cells (Abril et
al. 2010; Blythe et al. 2010; Adamidi et al. 2011; Sandmann et al. 2011; Labbé et
al. 2012; Resch et al. 2012; Kao et al. 2013; Onal et al. 2012). In our group, a
Digital Gene Expression (DGE) analysis was performed analysing different cell
populations extracted by Fluorescence-activated Cell Sorting (FACS) (Rodriguez-
Esteban et al. 2015; Hayashi et al. 2006; Moritz et al. 2012). Using this sorting
technique in planarians, it is possible to separate three different groups of cells
called X1, X2 and Xin, according to the nucleus/cytoplasm ratio. As previously
described the X1 fraction corresponds to neoblasts or cycling cells, which show a
high amount of DNA (4n cells). This is the population that disappears after
irradiation adn corresponds to cycling neoblasts. The Xin fraction corresponds to
differentiated cells, which show a small nucleus with respect to the cytoplasm, and
the X2 population is a mix of quiescent neoblast and differentiating cells. The goal
of the DGE analysis performed corresponding to these three different populations

was to identify neoblast-related genes and to understand their genetic diversity

(Annex 1).

In this analysis, we found that the three components of the Nuclear Factor Y were
highly represented in the X1 population (neoblasts) (Figure 29). This high

representation in neoblasts, together with the function described for these genes in
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stem cells of other organisms (Yoshioka Y, 2012; Ly L, 2013) led us to study more
in depth the function of these genes in the process of neoblast proliferation,

maintenance and differentiation.

p-val X1- p-val X2-
Gene X1 X2 Xin
Xin Xin
Smed-nf-yA 31.31 1.15 5.57 3.48e-007 2.50e-001
Smed-nf-yB 17.03 0 0 7.63e-006 1
Smed-nf-yC 589.38 97.74 142.93 4.54e-064 1.46e-002

Figure 29: X1, X2 and Xin DGE expression levels of the three subunits of nuclear factor Y.
Table showing the normalized expression levels of each gene with the correspondent
pvalue. Modified from (Rodriguez-Esteban et al. 2015).

4.2. Protein structure of NF-Y elements.

As described before, the Nuclear Factor Y complex is composed by the subunits
alpha, beta and gamma encoded by three different genes (NF-YA, NF-YB and
NF-YC), all required for DNA-binding. Each subunit was represented by only
one transcript in the DGE data and a single homologous to each corresponding
subunit was found in close species as Schistosoma mansoni or Clonorchis sinensis
(Annex 2). However, a different NF-YB was already described in the sexual strain
of Schmidtea mediterranea, which is required for the maintenance and
proliferation of the spermatogonial stem cells (Wang et al. 2010; Iyer et al. 2016).
Research in the available transcriptomic databases (Annex 3) (Brandl et al. 2016)

showed that two nf-yb were present in all planarian species, sexual and asexual
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(Figure 30), suggesting a duplication and functional diversification of this gene in

planarians. Since the one previously described in sexual planarians was called 7f-

yb, we named Smed-nf-yb2 to the new one found in the X1 population.
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Figure 30: Two different NF-YB proteins in planarian. Alignment between Smed-NF-
YB and Smed-NF-YB2 proteins. Alignment done by clustalW.

4.3. Expression of #f-y subunits in planarian

To characterise the function of the components of the Nuclear Factors Y, we first

analysed their expression pattern in wild type and irradiated animals (Figure 31).

As mentioned in the introduction, lethal doses of irradiation eliminate the

neoblast a day after irradiation, and the progeny also disappears during the

following days. The three NF-Y components were expressed in the parenchyma

and the CNS, and the expression in the parenchyma decayed one day after

irradiation, corroborating its expression in neoblasts (Figure 31). The remaining
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expression of the subunits one day after irradiation could be explained by its
expression also found in differentiated tissues, as show by its expression in the X2

and Xin population from the DGE data.

nf-YA(RNAI) nf-YB-2(RNAI) nf-YC(RNAI)

control

irradiated

FIGURE 31: nf-y subunits are expressed in neoblasts. Expression of the three members of

the NF-Y complex in wild type and lethally irradiated animals. Modified from (Rodriguez-

Esteban et al. 2015)
To confirm the presence of the transcripts in neoblast, we performed double FISH
of the three subunits with the neoblast marker /26. We found co-localization of
each subunit with 426 (white arrowheads), demonstrating that all elements of the
complex are expressed in neoblast (Figure 32). We also were able to detect
expression of the three subunits in other cell types, suggesting that the function of
this complex is not restricted to neoblasts. Recent Single Cell expression data
available from Reddien’s lab allowed us the in silico search of the transcripts
expression (van Wolfswinkel et al. 2014). The results confirm the ubiquitous

expression of these subunits and the presence of all of them in neoblast (Figure

32B).
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nf-Ya

nf-Yb2

nf-Yc

h2b / DAPI

Figure 32: Nf-y’s are
expressed in neoblast.
(A) Cells co-expressing
any of the three nf-y
subunits  with  the
neoblast marker h2b
are pointed with white
arrowheads. Modified
from (Rodriguez-
Esteban et al. 2015). (B)
In silico expression data
from the different nf-y
subunits at single cell
level. Obtained from
(Wurtzel et al. 2015).
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4.4. Functional analysis of #f~y subunits in planarian

It has been suggested that each NF-Y component could have a specific role.
Therefore, to better understand the function of this complex, we performed RNAi
of each subunit separately. In homeostatic conditions, inhibition of the different
subunits resulted in head regression, ventral curling and the final dead of the
animals by lysis (Figure 33A). This phenotype is observed after ablation of the
neoblast population (Reddien et al. 2005; Guo et al. 2006) and demonstrates the

important role of the three subunits in the neoblast function.

The inhibition of the three subunits during planarian regeneration showed in all
the cases a reduction on the regeneration ability, although the impairment degree
was different depending on the subunit. Eleven days after the amputation, animals
do not regenerate properly, showing smaller blastemas and improper regeneration
of the photoreceptors (Figure 33b). Immunostaining with anti-synapsin and
WISH with sfrp and gpas used as neural marker, showed smaller brains and fewer

brain ramifications (Figure 33c).
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gfo(RNAJ) nf-YA(RNAI) nf-YB-2(RNA) nf-YC(RNAI)

A

Intact
In vivo

500um

in vivo

a-SYNAPSIN

Regeneration

Smed-gpas

Smed-sfrp

Figure 33: nf-y RNAI planarian generate regeneration defects. (A) Smed-nf-Y(RNAi) animals
present wounds and curling during homeostasis. (B) Smed-nf-Y(RNAi) animals regenerate
thinner blastemas with non well formed eyes and shape defects and fail to differentiate a
proper brain, with reduced cephalic ganglia as revealed with anti-SYNAPSIN antibody and
Smed-sfrp probe (C,E). (D) They also present reduced brain branching showed by Smed-gpas
probe. Regeneration experiments show 11 days regenerating animals after two rounds of
injection. Homeostatic animals were analyzed 26 days after the first dsRNA injection.
Modified from (Rodriguez-Esteban et al. 2015)
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The simultaneous inhibition of #nf-YA, nf-YB2 and nf-Yc strongly increases the
phenotype, since animals cannot regenerate from the first round of inhibition (3
consecutive days of dsRNA injection following by amputation the fourth day). In
addition, inhibition of the subunits in pairs also increases the single phenotype
which goes in a similar direction in the inhibition of the three different subunits.
These results support the role of the three subunits in the same complex (Figure

34).

gfo(RNAI) gfo/nf-YA(RNAI) gfo/nf-YB-2(RNAI) gfp/nf-YC(RNAI)

nf-YA/nf-YB2(RNAI)  nf-YA/nf-YC(RNAI) nf-YB2/nf-YC(RNAI)  nf-YA/nf-YB2/nf-YC(RNAI)

8dr (1R)

Figure 34: Phenotype observed after the injection of different combined dsRNA of
nf-YA, nf-YB2 and nf-YC during regeneration. In vivo pictures show RNAi animals 8
days after cutting.

Since the impairment of the regeneration along with the neoblasts related
expression of the different subunits suggests a disturbance in the planarian stem
cells, we checked the presence of this population in RNAI regenerating animals
using the neoblasts marker Smed-h2b (Solana et al. 2012). However, the results
showed that the number of Smed-h2b+ cells was not decreased but increased.
Furthermore, we found Smed-h2b+ cells anterior to the photoreceptors, where

they are not normally present (Orii et al. 2005). This aberrant accumulation of
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neoblasts could be caused by an excess of neoblasts divisions or, alternatively, by a
possible problem in their differentiation (Figure 35A). Immunostaining with the
antibody anti-H3P, which labels mitotic cells, shows a decrease of mitotic cells

even though there were more neoblasts (Figure 35B). These results demonstrate

that the accumulation of neoblast is not due to increased mitosis.

gfo(RNA) nf-YA(RNAI) nf-YB-2(RNAI) nf-YC(RNAi)

h2b

Figure 35: NF-Y inhibition affects neoblasts. (A) Neoblast
180 i accumulation labelled by Smed-h2b. Neoblast are
160 accumulated and aberrantly disposed after nf-Y subunits
knock down. Neoblast are labelled by Smed-h2b probe
using FISH. (B) Graph shows mitosis counts per millimetre
square after RNAi of each subunit.
Immunohistochemistry with the mitotic marker a-H3P
was used for labelling dividing neoblast. For counting,
anterior part (from pharynx to anterior tip) was used. All
experiments show 11 days regenerating animals.
Modified from (Rodriguez-Esteban et al. 2015).
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If neoblast were not accumulated by an increase of mitosis, then this could be due
to a failure in the differentiation process. In planarians, the differentiation of the
epidermal lineage is the most studied, since the hierarchical transition of the
different cell types that give rise to epidermal cells form neoblast precursors has
been characterised molecularly (Tu et al. 2015). Thus, the markers Smed-

nb.21.11e and Smed-agat-1 can be used to identify early and late post-mitotic
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epidermal progenitors, respectively (Tu et al. 2015). WISH of these two

epidermal markers after RNAI of each subunit of the NF-Y complex allowed the

quantification of the early and late epidermal progenitors cells (Figure 36). The

results showed a decrease in the number of early postmitotic cells (Smed-

nb.21.11e+) in all RNAI conditions, whereas late postmitotic cells (Smed-agat-1+)

do not show significant differences.

nb21.11e

signal area / total area

t(RNAI)

60

gfp(RNAI)

nf-YA(RNA)

nf-YB-2(RNAI) nf-YC(RNAI)

0.40 -
0.35
0.30
0.25 A
0.20
0.15
0.10 A
0.05

Category markers

h2b (cat. 1) nbh.21.11e (cat. 2) agat-1 (cat. 3)

:E ‘ |

IR

i cx ! i ;
coyob e

vt 3o P |
PR Y b i, %a
<* by ¢ Lt iE

1 (]

- . *
¢ ogef
.

S S e e S S S
® F o G & B F 0 KL . F 4O
o ¢ © & ) & :\QJ & ) & &:& &

({\r

&

Figure 36: NF-Y produces a reduction of differentiated cells. (A) Early progeny cells
marked by Smed-nb.21.11e probe. The early progeny is reduced in RNAi regenerating
animals. (B) Graph shows quantification of Smed-h2b (showed in previous figure), Smed-
nb.21.11e and Smed-agat1 positive cells in the postblastema area. For counting, anterior
part (from pharynx to anterior tip) was used. All experiments show 11 days regenerating
animals after 2 rounds of dsRNA injections. Modified from (Rodriguez-Esteban et al.
2015).
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The accumulation of neoblasts along with the decrease of early postmitotic cells
suggests that the NF-Y complex is playing a role in the control of early epidermal
differentiation events. The defects observed in the regenerating CNS suggest that
the NF-Y could also be controlling the differentiation process of neural tissues. To
test if NF-Y is involved in the differentiation of other cell lineages, their analysis

with specific cell markers would be required.
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Planarian neoblasts are adult pluripotent stem cells, thus one single neoblast is
able to repopulate an irradiated planarian. However, it is poorly understood how
these stem cells “decide” to keep their stemness, proliferate or go ahead on the
differentiation in order to maintain tissue homeostasis or to replace missing tissue.
Kriippel-like transcription factors (KIf) exert multiple developmental roles and
they have been described as essential master regulators of stem cells processes such
as proliferation, differentiation and stemness maintenance (McConnell & Yang
2010). Since nothing was known about the role of this factors in our model, our
aim was to functionally characterise the members of the KLF family during

planarian regeneration and homeostasis.

5.1. Expression pattern of planarian k/f members

We were able to identify in silico five putative members of the KLF family in
planarian (Smed-Klf, Smed-Klfb, Smed-Klfc, Smed-Klfd and Smed-KIf10/11).
One of them (Smed-KIf), was characterised during the process of this Thesis, and
was shown to be required for the proper differentiation of photoreceptors cells
(Lapan & Reddien 2012). Thus, we proceeded with the characterisation of the
other four. The expression of Smed-kifb, Smed-kifd and Smed-klf10/11 was
ubiquitous; however Smed-£/f-c showed a testis-related expression (Figure 37).
Although we analysed the asexual strain of Schmidtea mediterranea, it has been
shown that asexual planarians present germ stem cells that are not able to
differentiate (Saberi et al. 2016). We confirmed the expression of K/f-c in testis in

the sexual strain (Figure 37B).
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To understand the possible role of Klf's during regeneration, we studied their
transcriptional dynamics during regeneration through the analysis of different
transcriptomic databases (Kao et al. 2013; Brandl et al. 2016). Interestingly, these
transcription factors showed dynamic expression changes during regeneration
suggesting a possible role during this process. Kifb showed two peaks of expression
at 24 and 48hr, while k/fd showed a higher expression at 6 and 24hr. On the other
hand, £lfc seemed to be down-regulated during the first hours of regeneration.
KIf10/11 showed the highest activation of the transcriptional levels during
regeneration reaching expression peaks of 2.5 fold in head and tail regenerating
fragments (Figure 38A) (Kao et al. 2013). To validate this data experimentally,
we performed WISH using the £/f10/11 probe during different regenerating time
points (Figure 38B). Although WISH is a qualitative method but not
quantitative, the intensity of the probe signal shows a correlation with the
previous iz silico data. In addition, bipolar amputated trunks showed the highest
expression at 12hr and 48hr (data not available in the published transcriptome)
(Figure 38B). In any case, qQPCR should be done to confirm these results. As

previously described, during the first hours after amputation, there is a dynamic
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proliferative response with two mitotic peaks at 6 hours and 48hours. In the case

of klfl0/11, its expression is increased near to these time points suggesting a

relationship with the mitotic response. In addition, expression of klfb and klfd at

early regenerating time points suggest that they also could be involved in the

control of mitotic-related genes.
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5.2. Functional characterisation of the planarian Klfs

To study the possible role of these transcription factors in planarians, we
performed RNAi experiments. After two rounds of dsRNA injections, only Smed-
klf10/11 inhibition gave any apparent phenotype. For that reason, along with the
interesting expression pattern of 4#/f10/11 during regeneration lead us to focus on

the study of this family member.

5.2.1. Functional analysis of Smed-klf10/11

The first in vivo phenotype found in £/f10/11 RNAi animals was an acceleration
of the regeneration speed. At 3-4 days of regeneration £/f10/11 RNAi animals
showed more developed photoreceptors. Thus, at 3 days of regeneration, 70% of
klf10/11 RNAI animals show eye spots, while they were not still visible in control
animals. At 4 days of regeneration, RNAi animals showed bigger eyes in respect to
the control, suggesting an advanced regenerative time point (figure 39A). To
confirm our observation, we analysed the expression of Smed-notum, which is a
Whnt inhibitor expressed in anterior blastemas and that confers anterior identity
(Petersen & Reddien 2011). Nozum shows a dynamic expression pattern in which
it first appears in spread cells (12hr-1dr), it then concentrates in the anterior pole
(3dr), it elongates towards the brain (4dr), and finally it reaches the definitive
expression pattern, in a pool of cells in the anterior pole and two clusters
associated to the cephalic ganglia (5dr) (Figure 39B). In Smed-klf10/11 RNAI,

notum brain-related expression appears earlier than gfp RNAi controls (Figure
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39B) confirming the previous observation. The early appearance of photoreceptor
cells in kJf10/11 RNAi planarians along with the faster progression of notum

expression indicates that the RNAi animals regenerate faster than controls.

A Figure 39: KLF10/11 inhibition accelerates
z regeneration. (A) Smed-klf10/11 RNAi animals
02& showed the appearance of photoreceptors
B earlier than controls. (B) Schematic view of
= Smed-notum  expression pattern  during
% regeneration. Smed-klf10/11 RNAi animals
S present an advanced regenerative stage
= according to Smed-notum expression pattern.

B 12hr-1dr Adr 3dr 7dr

3dr 5d

winjou-paws

kIf10/11 RNAI

5.2.1.1. KIf10/11 attenuates the progression of the cell cycle.

Two main ways of generating tissues and structures faster than normal during
regeneration can be figured. On the one hand, the shortening of the cell cycle
could generate more cells in less time. On the other hand, the increase in neoblast
entering in cycle also would lead to an increase in the cells available to form the
new tissue. There is a third possibility, in which the cycling population is not

affected but the differentiation of cells is accelerated. In all scenarios the readout
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could be a faster appearance of differentiated tissues, but also co-lateral effects

could be expected.

If klf10/11 is exerting its role in the cycling population, first, it should be
expressed in neoblasts. To analyse it, we performed WISH using 4/f10/11 probe
in irradiated animals, in which neoblast are not present (Figure 40A). Kif10/11
expression decreases after irradiation demonstrating that it is present in neoblast.
To corroborate this result, we performed FISH using the £/f10/11 probe with the
neoblast marker 426 (Figure 40B). Co-localization of both probes further

demonstrates the expression of £/f10/11 in neoblast.

WT 1d.a.i.

Figure 40: kIf10/11 is expressed in neoblasts. (A) WISH of Smed-klf10/11 in
wild type and lethally irradiated planarian. (B) FISH of Smed-kif10/11 (purple)
and the neoblast marker, Smed-h2b (green). Co-localization of both and the
disappearance of kIf10/11 after irradiation demonstrate the kIf10/11
expression in neoblasts.
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Once showed that £/f10/11 is expressed in neoblasts, we proceeded to the analysis
of the mitotic response in k/f10/11 RNAi animals during regeneration (Ohr, 6hr,
18hr, 24hr, 36hr, 48hr, and 72hr). As previously described in the introduction,
during planarian regeneration two mitotic peaks have been described, at 6hr and
at 48hr. As it is shown in the graphic (Figure 41A), in 4/f10/11 RNAi animals the
first mitotic peak is increased while the second mitotic peak appears earlier than in
control animals. This result suggests that £/f10/11 RNAIi planarians generate more
neoblasts and faster than controls, which could explain the increase in the

regeneration speed.

Importantly, these altered mitotic dynamics resembles the alterations observed
after juk RNAi in planarians (Figure 41B) (Almuedo-Castillo et al. 2014).
However, it has been described that after juk RNAI inhibition, planarians are
unable to regenerate (Almuedo-Castillo et al. 2014), which does not occur in
klf10/11 RNAi planarians. An explanation could be the different expressivity of
the phenotype since the percentage juk RNAi animals which could not regenerate

was very low (less than 10%) (Personal communication from Almuedo-Castillo).
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Figure 41: Mitotic dynamics during regeneration after Smed-kif10/11 RNA.I.
Mitosis are detected by H3P antibody and counted in the postblastema region. (A)
The first mitotic peak is higher in kif10/11 RNAi while the second mitotic peak
appears earlier than in control animals. 10 animals were used in each point.
Asterisks shows significant changes, ttest p<0,005. (B) Graph showing the mitotic
dynamics during regeneration after JNK RNAi. Modified from (Almuedo-Castillo et
al. 2014).
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5.2.1.2. KIf10/11 triggers the apoptosis required for proper

remodelling

Previously in the introduction I already introduced that jz£ inhibition not only
affects proliferation but also inhibits apoptosis. In view of the similar phenotype
observed after £/f10/11 and jnk RNAI regarding the mitotic response, we analyzed
whether kIf10/77 RNAIi was affecting apoptosis in the same manner than Jnk. To
that aim, we inhibited both genes separately. After three rounds of dsRNA
injections and anterior cutting both jnk and k/f10/11 RNAi planarian showed
remodelling problems, since the relative position of the pharynx with respect to
the whole body was different between RNAi and control animals (Figure 42A,
42B). This result already supports their role in triggering apoptosis since, as
previously described in jzk RNAI animals, the aberrant positioning of the pharynx
is caused by the lack of apoptosis and the inability to remodel the tissue and to
position the pharynx according to the new proportions. In agreement, the analysis
of the apoptotic response in jnk and klf10/11 RNAI animals demonstrates that
both apoptotic peaks, at 4 hours and at 3 days of regeneration, were highly

reduced in both RNAI conditions in respect to the control.

During homeostasis, apoptosis was also reduced in both jrk and k/f10/11 RNAi
animals. To note, apoptosis levels were equally reduced in jnk-RNAi and £/f10/11
RNAI. This result, along with the observation that the inhibition of both genes
leads to the same disturbance of the proliferative dynamics suggests that jnk and
klf10/11 could be part of the same pathways, as described in drosophila (Muhoz-

Descalzo et al. 2005).
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(B) Measurements of the relative position of the pharynx. (C) Quantification of apoptotic
cells labelled by tunnel assay in intact, 4 hours of regeneration and 3 days of regeneration
RNAI planarian. 10 animals were used in each point in two technical replicates. Asterisks
shows significant changes, ttest p<0,05.
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5.2.2. KIf10/11 has putative AP-1 binding sites

In the introduction section it has been explained how JNK activates the expression
of its target genes through the Activator protein 1 transcription factor (AP-1)
(Ruiz-romero et al. 2015; Lee et al. 1987). The cabur gene (the Drosophila
klf10/11 homolog) shows the consensus binding sites for AP-1, and has been
shown to act downstream of the Jnk during the dorsal closure in Drosophila
(Munoz-Descalzo et al. 2005). We used bioinformatics prediction tools for
putative binding sites (PROMO) in which we took two thousand base pairs
upstream of the open reading frame of the KJf710/11 coding region and we run the
software looking for AP-1, c-Jun and c-Fos specific binding sites. We were able to
identify several consensus binding sites for AP-1 upstream theK/f710/11 coding
region, suggesting that Jun and Fos are able to control £/f10/11 expression (Figure

43A).

To test if Jnk was controlling KIf10/11 expression we quantified the expression
levels of k/f10/11 in a juk RNAI background by q-PCR. However, the result shows
that inhibition of jnk generated a significant increase of the £/f10/11 expression
levels (Figure 43B). This was not the expected result according to the hypothesis
that £/f10/11 could be downstream of jnk. An explanation could be that the levels
of kIf10/11 were analysed several weeks after /nk inhibition. To clarify this point

quantification should be done at earlier time-points.
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Figure 43: KIf10/11 present putative AP-1 binding sites. (A) Prediction of AP1-related
binding sites upstream Smed-kIf10/11 using PROMO software. Consensus sequences for
every AP-like factors and their components (jun and fos) were selected. Promo software:
http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3.

B) Expression levels of kIf10/11 and jnk after Smed-kif10/11 RNAi. Asterisks shows
significant changes; ttest p<0,005.
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generate a mutually dependent system to
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in planarians.
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During evolution, Bilateralization is tied to the appearance of a CNS, composed
of an anterior brain connected to the nerve cords. It is known that the symmetric
organization of the CNS along the M-L axis depends on instructive signals from
the midline. However, the establishment and maintenance of the M-L
organization must require the integration of the midline signals with the lateral
ones and the neurogenic instructions. To further understand this process, we
studied the functional relationship between the Wnt-5 and the Slit signaling

systems in planarians, which had been suggested to play a major role in guiding

the M-L growth of the CNS.

6.1. Wnt5 acts as a repellent for neuronal growth

In planarians, wnt5 and slit are expressed in complementary domains with respect
to the M-L axis, being wnt5 expressed from the CNS to the D-V border, and s/iz
expressed between the CNS and the midline (Figure 44A) (Gurley et al. 2010;
Adell et al. 2009). Furthermore, their inhibition by RNAI results in opposite
phenotypes, both in intact and regenerating animals (Figure 44B, 44C). So, wnt5
RNAI animals show a lateral expansion and medial disconnection of the CNS,
while in s/ir RNAi animals the CNS collapses in the midline (Figure 44B, 44C)
(Gurley et al. 2010; Adell et al. 2009). In both phenotypes, the visual axons and
the photoreceptors follow the aberrant location of the CNS; wnz5 RNAI
planarians show ectopic lateral projections of their visual axons while s/iz RNAi
planarians show collapsed visual axons in the midline (Figure 44B), and even a
formation of medial ectopic eyes during homeostatic turnover (Figure 44C).

From this data, we hypothesised that Wnt5 and Slit could be positioning the CNS
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along the M-L axis through controlling neuronal growth from their domains of

expression.

A MERGE wnt5 Nucleus cwnts e st CNS

B| gfRNAi wnt5 RNAI slit RNAi

Anterior

Posterior

Figure 44: Wnt5 and Slit
have complementary
expression domains and
control the CNS positioning.
(A) FISH showing the

expression pattern of wnt5
7 and slit in  wild type
B planarian. (B-C)
£ i Immunostaining with anti-
A ARRESTIN and anti-
14 days after amputation SYNAPSIN, which labels the
visual system and the CNS
C gfp RNAi wnt5 RNA slit RNAi
Non-amputated, 26 days after H

a-ARRESTIN

a-SYNAPSIN

respectively in slit and wnt5
RNAi animals. (B) Anterior
regenerating animals 14

days after amputation. (C)

a-ARRESTIN

Non-amputated planarian 26
days after last dsRNA
injection. Scale bars: 100um

a-SYNAPSIN
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The role of Slit as an axon repulsive cue is well documented in most model
animals as well as in planarians (Cebria et al. 2007). To test whether Wnt5 exerts
a repulsive action for neuronal growth in planarians we tested the effect of
generating an ectopic source of the WNT5 ligand through a local injection of a
recombinant human/mouse WNT5 (rWNT5a), taking advantage of the high
conservation of WNT5 across species (Figure 45A). Previously, in order to verify
the activity of the rWNT5a in planarians, we tested the ability of rWNT5a to
rescue the wnt5 RNAI phenotype. We then injected rWNT5a in a regenerating
blastema of wnt5 RNAI planarians that were amputated 18-24 hours before. The
injection was performed on both sides of the blastema, the region where wnz5 is
normally expressed (Figure 45B). The generation of these exogenous sources of
rWNT5a partially rescues the wnz5 RNAi phenotype, since 12 days after the
amputation, r'WNT5a injected planarians show proper connection of the brain in
the midline and less lateral displacement of the brain than control planarians
(Figure 45B). Next, we injected rWNT5a at one side of a 24 hours regenerating
blastema and analysed the regeneration of the new brain 3 days later.
Immunostaining with anti-synapsin shows that the exogenous source of rWNT5a
produces the displacement of the newly formed nervous system towards the
opposite side (Figure 45C). This result indicates that the function of Wnt5 in
planarians is to repel the growth of the neural tissues to ensure its correct position

and its integration with the pre-existent CNS.
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Figure 45: rWNT5a rescues wnt5 RNAi phenotype. (A) Protein alignment showing
conservation of the WNT5 protein in different species. (B-C) Immunostaining with anti-
TUBULIN showing the CNS. Nuclei are stained with DAPI. (B) Injection of rWNT5a in wnt5
RNAi animals at both sides of a 2 days regenerating blastemas. Picture shows animals 12
days after anterior amputation. (C) 5 days regenerating planarian in which rWNT5a was
injected at one side of the 2 days blastemas. Scale bars: 100um

6.2. WNTS5 and SLIT act through ROR and ROBO-c receptors,

respectively, to guide neuron positioning
To further understand how Wnt5 and Slit exert their repulsive role in neuronal

growth, we looked for their receptors in planarians. Wnt5 has been shown to
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signal via the Frizzled receptors, which are shared between canonical and non-
canonical Wnts, as well as the Wnt5-specific receptors Ryk/Derailed tyrosine
kinase and the Ror tyrosine kinase (Green et al. 2014). We searched for the
Wnt5-specific receptors in the S. mediterranea transcriptomes and we found a
single ortholog of a Ryk/Derailed receptor and of a Ror receptor. ROR conserve
the typical domains of this type of receptors (Immunoglobulin, kringle and
protein kinase domains) suggesting that it could exert similar roles than in other
organisms, including the recognition of the WNT5 ligand (Figure 46A). Their
functional analysis by RNAi demonstrates that while Ryk/Derailed RNAi only
causes mild defects in the regeneration of the brain, which appears thinner (Figure
46D), ror RNAI phenocopies the wnt5 RNAi phenotype, that is lateral expansion
of the CNS and disconnection of the anterior commissure and the optic chiasm,
both in intact and regenerating planarian (Figure 46B, 46C).

Roundabouts receptors (Robos) are the evolutionary conserved SLIT receptors.
Two Robo homologs (Robo-a and -b) had been described in planarians, but their
RNAI phenotype was not related with the one found after s/ inhibition (Cebria
& Newmark 2007). In the transcriptomic databases (Brandl et al. 2016) we found
a third Robo receptor (Smed-robo-c), which also conserves the characteristic
protein domains of this receptor family (Immunoglobulin and fibronectin
domains)(Figure 46A). Importantly, its inhibition phenocopies the s/iz RNAi
phenotype, producing the collapse of the CNS and the visual system in the
midline (Figure 46B, 46C). These results indicate that ROR and ROBO-C are
the receptors through which WNT5 and SLIT exert their repulsive action towards

the neuronal growth in planarians.
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Figure 46: ROR and ROBO-c are the Wnt5 and
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protein domains in Smed-ROR and Smed-ROBO-
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6.2.1. Ror and Robo-c are co-expressed in neuronal cells.

Expression analysis shows that both ror and r0bo-c are expressed in the CNS,
among other tissues (Figure 47A). Their expression in neural cells is confirmed by
co-expression with pc2, a neural marker (Cowles et al. 2013)(Figure 47C).
Furthermore, double FISH and quantification of ror+/roboC+ cells demonstrate
that they co-localize in most cells in the cephalic ganglia and in the VNCs, as well
as in the photoreceptors (>80%) (Figure 457C, 47D, 47E). The co-expression of
ror and robo-c in neural cells is supported by in silico analysis of the single cell (SC)
expression data from planarians recently published (Figure 47D) (Wurtzel et al.
2015). These results indicate that the receptors of WNT5 and SLIT are expressed
in neural cells, in agreement with the hypothesis that both signals control
neuronal growth, and furthermore that the same neurons are sensitive to both
signals. Thus, Wnt5 and Slit, acting from opposite domains, could establish a

corridor to guide the path of the growing axons (Figure 47F).
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Figure 47: Ror and robo-c are expressed in
the CNS. (A) WISH showing ror and robo-c
expression pattern. Yellow arrowheads

point to CNS expression, red arrowheads
point non-CNS expression. (B) Double FISH

Slit source
Wnt5 source

of the receptors in the photoreceptor

cells. (C) Double FISH of ror or robo-c with
pc2 (a neural marker) and ror/robo-c.
Doted lines delimit the area in which co-

expression of the receptors was

(D) Quantification of ror+/robo-c+ cells in the CNS. (E) Single cell expression obtained
from the SC RNAseq data showing the cell types in which both receptors are
expressed. (F) Scheme of the working model: neurons express Wnt5 and Slit receptors
in order to respond to both signals, which arrive from opposite domains, and thus
growing in the correct M-L position. Scale bars: 25pm in FISH and 5um in
magnifications.
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6.3. Ror and Robo-c are expressed in muscular cells that express

slit and wnt5, respectively.

Ror and robo-c are expressed mainly in neural cells, but both of them appear also
to be localised in discrete domains outside the CNS: 7or is expressed in the dorsal
and ventral midline and robo-c is expressed in the margin of the animal.
Interestingly, both receptors are expressed in complementary domains, but in the
opposite domains with respect to their ligands. That is, ror is expressed in the
midline as the ROBO-c ligand, s/iz, and robo-c is expressed in the margin, as the
ROR ligand, wnt5 (Figure 47A, red arrowheads). To test whether the ligand and
the receptor of the opposite ligand were co-expressed in the same cells, we
performed a double FISH (Figure 48A). The result shows that there are s/iz+ cells
in the midline which also express 7or while in the margin of the animal are wnz5+
cells which express 70bo-c. The quantification of these co-localization between
wnt5/robo-c and slit/ror shows that all the slit+ cells in the midline are ror+, and
that all wnz5+ cells in the margin of the animal are r0bo-c+ (Figure 48A).

Slit and Wnt5 are described as positional control genes (PCGs), which are genes
responsible to pattern the planarian body, and which are expressed in the
muscular cells covering all the planarian body (Witchley et al. 2013). Co-
expression of s/it and wnt5 with tropomyosin, a muscular marker, confirms that all
stit+ and wnt5+ cells are muscular cells (Figure 48B) (Witchley et al. 2013), thus,
the cells sliz+/ror+ and wnt5+/robo-c+ are muscular cells. This result is confirmed
in the in silico analysis of the single cell (SC) expression data (Figure 48c)

(Wurtzel et al. 2015).
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Figure 48: ror/slit and robo-c/wnt5 co-localize in muscular cells. (A-B) Double FISH of
ror/slit and robo-c/wnt5 in wild type planarian (A) FISH shows co-localization of ror/slit
and robo-c/wnt5 probes. Graphs show the quantification of the co-localization. (B) wnt5
and slit are expressed in muscular cells, as they co-localize with the muscular marker
tropomyosin (tropo). (C) Single cell expression obtained from data (Wenemoser &
Reddien 2010) showing cells expressing ror/slit and robo-c/wnt5. Scale bars: 25um in

FISH and 5um in magnifications.
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It was recently reported the existence of glial cells in planarians, which could also
express tropomyosin (Roberts-Galbraith et al. 2016; Wang et al. 2016), and in
other organisms they are responsible for the secretion of axon repulsive cues, such
as WNT5 and SLIT (Christian Klimbt & Goodman 1991; C Klimbt &
Goodman 1991; Battye et al. 2001; Cardenas Castello 2016). Therefore, we
reasoned that s/iz+ and/or wnz5+ cells could be glial cells. To check it we
performed a double FISH using a reported glial marker in planarians (intermediate
filament-ify (Wang et al. 2016; Roberts-Galbraith et al. 2016). The result shows
that wn5 nor slit co-express with if; indicating that, at least those glial cells

described in planarians are not secreting WNT5 or SLIT ligands (Figure 49).

Figure 49: Wnt5 and slit are not expressed in glia cells. Double FISH of the glial marker
intermediate filament (if) with both, wnt5 and slit probes. FISH shows no co-localization of
this markers suggesting that wnt5 and slit are not expressed in glial cells. Scale bars: 25um.
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Overall, our results show that besides their expression in neuronal cells, 7or and
robo-c are expressed in muscular cells that also express the ligand of the other
receptor. Thus, the muscular wnz5+ cells in the lateral domain express the Slit
receptor 7obo-c, and the muscular s/ir+ cells in the midline express the Wnt5
receptor ror (Figure 50). This result suggests that the Wnt5/Ror and Slit/Robo-c
systems not only position the CNS through a repulsive action from opposite
domains, but, they could also be mutually regulated, providing self-regulative

properties to the M-L axis patterning.

Slit expression

O 6 domain
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(ROBO-Q)
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Figure 50: Schematic representation of the results observed with respect to Wnt5-
Ror/Slit-Robo-c. Both receptors are expressed in neural cells, responding to the repulsive
action of Wnt5 and Slit signals, which are expressed in muscular cells at both sides of the
CNS. The Wnt5 receptor (ROR) is expressed in slit expressing cells and the Slit receptor
(ROBO-C) is expressed in wnt5 expressing cells, suggesting a regulatory link between both
systems.
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6.4. Wnt5-Ror/Slit-Robo-c signalling systems could act as a self-

regulatory system to define their respective expression domains

According to the previous results, we hypothesized that Wnt5-Ror and Slit-Robo-
c signalling systems could comprise act as a self-regulatory system to define their
respective expression domains. We approach the veracity of this model we
developed a mathematical model of the network and we analyzed the

transcriptional relationship between the four elements of the system.

6.4.1. Modeling of the Wnt5-Ror/Slit-Robo-c signalling system

With the previous results and in collaboration with Luciano Marcon (FML Max
Planck Society, Ttibingen, Germany), who developed the RDNets software
(Marcon et al. 2016), we generated a gene topology network to understand the
interactions which could be occurring between the four elements of the Wnt5-Ror

and Slit-Robo-c signalling systems.

For the generation of the topology, the requirements were the complementary
expression domains of wnz5 and slit, and the activation of ROR and ROBO-¢
receptors by the secreted molecules WNT5 and SLIT respectively. The resulting
topology suggests that a Turing-like model could explain the presence of two
different domains of expression that regulate on each other through the presence
of the receptor of the secreted molecules in the opposite domain (Figure 51). In
this topology, WNT5 and SLIT would activate their own receptors, ROR and
ROBO-C. Moreover, ROR would inhibit ROBO-c while ROBO-c would
activate ROR. In addition, SLIT would activate the Wnt5 receptor ROR.
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PREDICTED TOPOLOGY

SLIT [==-~==°- > ROBO-C

Figure 51: Topology Network of the Wnt5-Ror and Slit-Robo-c system. Doted

lines designated physical activation of the receptors. Grey lines show inhibitory
interaction while dark arrows show activation. Generated by RDNets software:
http://marconlab.org/RDNets/rdnets.php?name=home

6.4.2. The boundary of expression between Wzz5 and Slit is not

defined at early regeneration stages

A self-regulatory system has the property to pattern an initially disorganised tissue.
To test whether this is the case in planarians, we analysed whether the domains of
expression of wnt5 and slit were not defined during early regeneration. Our results
show that between 14 hours and 2 days after amputation wnz5 expressing cells are
found at both sides of the VNCs (Figure 52). Thus, wnz5 and s/it are expressed
following a salt-and-pepper expression pattern in the midline of the regenerative
region. However, during the first days of regeneration, the expression of wnz5 and
slit is reorganized and at 3 days, wnt5 expression is completely re-localized in the
lateral domain, coinciding with the new formation of the brain primordia (Figure
52). The salt-and-pepper expression at early regenerating time points supports the

self-regulatory properties of the topology presented.
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Figure 52: The boundary of expression between Wnt5 and Slit is not defined at early
regeneration stages. Double FISH at different early regeneration time points. Before 3 days of
regeneration, wnz5+ cells are found in the s/iz expression domain, in a salt-and-pepper pattern.
At two 2-3 days, when the brain primordia is forming (blue dotted line) wnz5 expression gets
confined to the lateral domain (Yellow doted lines show VNC).
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6.4.3. WNT5-ROR and SLIT-ROBO-c regulation occurs by

transcriptional changes

One of the requirements for the proper execution of the previous model consists
on transcriptional variations after the alteration of single elements. To
experimentally understand how these changes are produced we measured through
qPCR the transcriptional changes of each element after the inhibition of each one
of them (Figure 53A). The results show that after s/iz inhibition there is a
significant decrease of the Wnt5 receptor ror, supporting a regulative role of the
Wnt5 receptor through Slit, thus both are expressed in the same muscular cells as
previously described. In addition, ror inhibition increases sliz expression
corroborating this co-regulative effect between the Wnt5 receptor and Slit. On the
other hand, wnt5 inhibition produces an increase of r0bo-c expression, which also
fits with the co-localization of both transcripts in muscular cells. Finally, the
inhibition of r0bo-c also increases slit and ror expression (Figure 53A). Although
the observation of the expression levels after the inhibition of each element of the
system, we are not able to directly compare these results with the previous
topology since the qPCRs are the transcriptional levels at one exactly moment and
the topology predicts dynamic interactions. In addition, the transcriptional
changes can be caused by direct or indirect interaction effects (Figure 53B).

However, these results strongly suggest the veracity of the self-regulatory system

between Wnt5-Ror/Slit-Robo-c.
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Figure 53: WNT5-ROR and SLIT-ROBO-c regulation occurs by transcriptional changes.
(A) g-PCRs of wnt5, slit, ror and robo-c RNAi samples to check the expression levels of
each element. Quantification respect to gfpRNAi animals and normalized to ura4.
Asterisks show significant changes (ttest p<0.05). (B) Comparative between the topology
network predicted and the results obtained by g-PCRs.

6.4.4. Wnt5 is required to establish the s/it expression domain

According to our initial hypothesis, the expression of wnz5 and slitr should be
mutually regulated. To experimentally check this relationship, we analysed by in
situ hybridization the expression of wnt5 in slir RNAi animals and the expression
of slit in wnt5 RNAi planarians. The result shows that, after 3 weeks of
inhibition, wn5+ cells are found in the s/ir domain in s/t RNAi animals, and that
stit+ cells are found outside the normal s/iz expression domain (Figure 54A). After
a sagittal amputation, which requires a major remodelling of the M-L axis, control
animals are able to re-define the s/ir expression domain 8 days after amputation.

However, at the same time point s/iz and wnt5 RNAI planarians are not able to re-
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define the expression pattern of wnt5 or slit, respectively (Figure 54B). To further
understand the mutual dependence between wni5 and sliz, we performed a gain of
function experiment in which rWNT5a was injected at one side of regenerating
blastemas. The result shows that ectopic source of rWnt5a produces the
displacement of slir+ cells towards the opposite side (Figure 54C). It was not
possible to perform the gain of function experiment with s/iz, since we did not

found a recombinant protein functional in planarians.

Overall, those experimental results indicate that the domain of expression of s/t
and wnt5 are mutually defined. This mutual regulation takes place during
homeostatic cell renewal and during the de novo specification of the s/it and wnz5

domains during regeneration.
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Figure 54: Dependence of Slit expression on wnt5 expression. (A) wnt5 RNAI
planarians show ectopic appearance of slit+ cells outside the normal slit expression
domain and slit RNAi planarian show ectopic appearance of wnt5+ cells outside
their domain. (B) Sagittal amputation in wnt5 RNAi planarian impairs the re-
definition of the slit expression boundary. (C) rWNT5a injections at one side of a 2
days regenerating blastemas exert a repulsive role in slit expression, displacing it to
the opposite side.
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6.4.5. An ectopic source of WNT5 in the s/it expression domain

locally inhibits s/iz expression.

The previous experiment demonstrated that the s/ir expression domain is Wnt5
dependent. To test whether Wnt5 regulates s/iz transcriptional levels we injected
the r'WNT5a protein at the posterior midline in the slit expression domain. One
day after the injection, s/it expression locally disappeared in the injected area (80%
of the injected animals) (Figure 55), suggesting that Wnt5 transcriptionally
repress s/it. An alternative explanation could be that Wnt5 could promote the
migration of s/it+ cells away from the rWNT5a source. However, the analysis by
FISH of the s/it+ cells showed that the amount of s/iz+ cells around the rWNT5a
injected area is not different between controls and injected animals. To test
whether the repression of s/it by Wnt5 was dependent on the ror receptor, which
is expressed in this region, the same experiment was performed in ror RNAi
animals. The result shows that 7o RNAI rescues the phenotype produced after

rWNT5a injection, thus, in those animals s/iz expression is not affected (Figure

55).

These results demonstrate that the over-expression of rWINT5a locally inhibits the

transcription of s/ir and that this action is through the WNT5 receptor ROR.
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Figure 55: Injection of rWNT5a in the s/iz expression domain locally inhibits s/iz

expression. (A) WISH of s/it shows its interrupted expression in the r'WNT5a injection
region. Inhibition of the Wnt5 receptor ror rescues the s/ir interruption after rWNT5a
injection. (B) Graph shows the quantification of animals with interrupted s/iz expression.
Asterisk shows significative differences. (Chi Square with Bonferroni correction; critical
value: 0,05). (C) Schematic view of the designed experiment. (D) FISH using slit probe
shows that the s/it expression disappearance is not due to migration of s/it+ cells. Scale bars:
100pm.
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In summary, our results support that the M-L organisation of planarian tissues is
controlled by the WNT5/SLIT signalling system, which conform a self-organizing
system with two main functions: 1) to position the CNS through their repulsive

action from opposite domains, and 2) to define their own expression domains.
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DISCUSSION

During this PhD Thesis different aspects of the regeneration and cell turnover
processes in planarians have been approached. Nevertheless, the manuscript has
been split into three main parts, which correspond to three main cellular
processes: balance between proliferation and apoptosis, differentiation and
positional instructions. It is necessary to remark that every process is
interconnected. The data presented in this thesis contributes to better understand
specific aspects of these three main processes showing new data and opening new
questions which I will try to analyse and discus during this section. Although in
the previous sections, proliferation and apoptosis, differentiation and positional
instructions have been approached separately, during this section I will discuss
specific results concerning each process but also how all processes could be

interconnected to regulate as a whole adult regeneration and tissue turnover.
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NF-Y is a transcriptional complex which function relies on being the core of the
transcriptional regulation. Therefore, this complex controls many genes involved
in a wide variety of processes like proliferation, differentiation, axon targeting, etc
(Hughes et al. 2011; Matuoka & Yu Chen 1999; Bhattacharya et al. 2003; Morey
et al. 2008). Our results suggest that in planarians the NF-Y exerts a role in the
functionality of neoblast during homeostasis and in their early differentiation
during regeneration. Below I will discuss the specific aspects of the NF-Y function

in planarians.

7.1. The NF-Y heterotrimeric complex is required to drive target

gene expression in planarians

Some studies describing the NF-Y transcriptional complex propose that NF-Yb
and NF-Yc could be enough to control gene expression (Romier et al. 2002).
Although our results are just preliminary, they point to the requirement of the
three subunits to carry gene expression in planarians. Thus, we observe a very
similar phenotype after inhibition of the three subunits alone, and the
combinatorial inhibition of the three subunits does not produce new phenotypes

but an increase of the phenotype observed by single inhibition.

As previous described, the formation of the heterodimer NF-Yb/NF-Yc is required
for the binding of the NF-Ya subunit to finally form the heterotrimeric complex.
In planarian, our results show different penetrance of the phenotype, being nfyb2

and nf-yc RNAi phenotypes stronger than nf-yz2 RNAI. It could be that the
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interruption of the formation of the dimer NF-Yb2/NF-Yc is enough to avoid the
functionality of the entire complex. In addition, the combinatorial gene knock
down of the three subunits also corroborate this hypothesis, since inhibition of
both 7nf-y62 and nf-yc at the same time increases the phenotype with respect to the
other cases. Furthermore, the inhibition of the three elements of the complex at
the same time shows the stronger phenotype. To fully corroborate if all the
members of the complex are required for its functionality, identification and
expression analysis of different target genes should be carried out after the

inhibition of each subunit.

7.2. Duplication and functional specialisation of NF-Yb

The requirement of the three subunits to make a functional transcriptional NF-Y
complex opens a new question in respect to the function of this complex in
planarian; thus in Schmidtea mediterranea two different NF-Yb subunits have been
found (Smed-NF-Yb and Smed-NF-Yb2). While we have seen that NF-Yb2 seems
to be controlling neoblast early differentiation events, NF-Yb has been related
with self-renewal and proliferation of planarian spermatogonial stem cells (Iyer et
al. 2016). Even though the NF-Yb function has been described in the planarian
sexual strain, and the NF-Yb2 role is described in the asexual strain, both genes are
present in both strains and in other planarian species (Annexes II and III). Thus,
it would be necessary to study the role of both subunits in sexual and asexual
strains to understand whether they exert specific roles in different cell types, since

the presence of this duplication suggest a possible functional specialisation. It
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would also be interesting to test whether both NF-Yb and —Yb2 require the NF-
Ya and NF-Yb subunits for their function. In this case, it could be that the
presence of a specific B subunit could direct the cell-specificity of the whole

complex and thus its transcriptional activity and the target genes.

7.3. Function of NF-Y in Schmidtea mediterranea

The results of the functional characterisation of the NF-Y in planarians were
published as a part of a functional validation of the Digital Gene Expression
study, published by Gustavo Rodriguez-Esteban and collaborators (Rodriguez-
Esteban et al. 2015)(Annex I). In the published manuscript we focused on the
role of the NF-Y in the control of the early events of neoblast differentiation. The
decrease of the early progeny after NF-Y complex RNAi, but not of the neoblasts,
suggests a problem in the early differentiation event. However, despite the increase
in neoblasts, a decrease in the number of mitotic cells is observed. This result
could be explained by a possible function of the NF-Y complex in the cell cycle.
Thus, Benatti and collaborators demonstrated that NF-YA inactivation leads to
down regulation of a multitude of cell cycle genes and a delay in S-phase
progression in cell culture (Benatti et al. 2008; Benatti et al. 2011). Experiments
of BrdU incorporation to analyse the number of cells in S-phase would help to
clarify this function. On the other hand, the findings of neoblasts aberrantly
located in the anterior part of the head, is a phenotype often observed in animals
which regenerate smaller blastemas and smaller brains. The underlying reason

could be that the structures differentiate in the pre-existent tissue, where neoblasts
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are normally located. Moreover, NF-Y could also be controlling positional
information, promoting aberrant migration of neoblasts or interfering with the
guiding signals that direct neoblast, or other cell types, to the right position. In
this way, NF-Y has also been involved in the targeting of neural cells in
Drosophila, showing that NF-Yc is important for R7 photoreceptor cell targeting

through the control of Senseless (Morey et al. 2008).

Owing to the molecular markers available at the moment of the study, the specific
role of NF-Y in cell differentiation was restricted to the study of the epidermal
lineage. However, the neural defects observed, suggest that this complex could also
be involved in the differentiation of different tissues. In this line, Drosophila NF-Y
complex does not only regulate R7 targeting but also differentiation, through the
control of Sev gene expression (Yoshioka et al. 2012). On the other hand, this
complex has also been associated with the differentiation of other cell types. Using
CaCo-2 cells, NF-Ya has been shown to be required for the differentiation of
intestinal epithelial cells (Bevilacqua et al. 2002). Altogether, since it is very
possible that NF-Y in planarians controls the differentiation of several cell types, it
would be very interesting to further study the RNAi phenotypes using the current
tissue-specific available markers. For instance, the process of cell specification and
differentiation of photoreceptor cells has been accurately described molecularly
(Lapan & Reddien 2011). The analysis of these specific markers would allow us to
determine if NF-Y is affecting the determination of this lineage and for which
specific stage is important. Moreover, the implementation of the current
knowledge of the epidermal steps and genes specification, which is much more

accurate than at the time we performed the reported experiments, would also
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allow discerning the specific stage in which NF-Y is involved during epidermal

differentiation.

In intact animals, inhibition of the NF-Y complex leads to a neoblast-related
phenotype, which is tissue regression and curling of the animals. Although the
phenotype is very similar to the one reported after ablation of the neoblast
population, our results in regenerating animals suggest that the cause of the
phenotype could be the inability of cells to differentiate, concomitant to problems
in cell cycle progression, and not the direct ablation of the neoblast population. A
deeper characterisation of the nfy RNAI intact animals should be performed to

further understand the role of the NF-Y complex in this context.

Altogether, our results indicate that aside to other processes in planarians, NF-Y
could be mainly affecting neoblast differentiation towards different fates, as well as

the cell cycle progression, as already reported in other animal models (Figure 56).

Differentiation genes

Differentiated cell
NF-Yc

) production

|

T Neoblast Production

Cell cycle genes
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Figure 56: Planarian model for NF-Y regulation. NF-Y is controlling both,
proliferation and differentiation processes. Absence of differentiated cells signals neoblast
to proliferate to maintain the organism cell turnover. NF-Y is controlling both to

interconnect differentiation and neoblast proliferation.
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KLF family genes are a set of DNA binding proteins involved in the regulation of
gene expression. They control the expression of multiple genes, involved in
proliferation, stem cell maintenance, differentiation and cell death (Pei & Grishin
2015; Spittau & Krieglstein 2012; Shindo et al. 2002; Aksoy et al. 2014; Suske et
al. 2005; Jiang et al. 2008; Swamynathan 2010; McConnell & Yang 2010).
Different members of the family have been related with one function or another.
In planarians, we have found five members of the KLF family. Smed-klf was
already published to be required for the proper differentiation of the chemo- and
photoreceptor cells (Lapan & Reddien 2012), which fits with the described role of
KLFs in cell fate determination. Out of the other four, we focused on the
functional characterization of KLF10/11, since the other three members gave any

phenotype after inhibition.

In the next section I will discuss the role of £Jf10/11 in controlling cell

proliferation and apoptosis during planarian regeneration and homeostasis.

8.1. kIf10/11 controls the onset of mitosis and triggers the
apoptosis required for regeneration and remodelling possibly as a

JNK target

Smed-klf10/11 shows a ubiquitous expression pattern; however, during
regeneration the expression is dynamic, showing two picks of expression around
24 and 48 hours. Taking into account that the entire eukaryotic cell cycle takes

place in approximately 22-24 hours, the expression pattern suggest that Smed-
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klf10/11 could have a role in the control of the cell divisions required for the
regenerative process. The co-expression of £/10/11 with the neoblast marker /26

supports its role in stem cells.

Furthermore, the analysis of the mitotic response after amputation in £/f10/11
RNAI animals supports its essential role in the onset of the mitotic response.
Thus, the first mitotic pick observed in control planarians, at 6h, is higher in
kl10/11 RNAi animals, and the second, at 48h, appears earlier than in controls.
Importantly, this pattern of the mitotic kinetics reminds us the one published in
jnk RNAIi planarians, suggesting a possible relationship between them. In
addition, drosophila studies reported that Cbt, the Drosophila homolog to
klf10/11, was acting downstream JNK (Mufioz-Descalzo et al. 2005), suggesting
that in planarians KIf10/11 could be a target of Jnk. On the other hand, in
vertebrates has been shown that KIf10 and KIf11 are downstream elements from
the TGF-P signalling pathway which has also been involved in the activation of
Jnk pathway (Hocevar et al. 1999; Dai et al. 1999). Moreover, in vertebrate
pancreas, KIf10 and KIf11 is rapidly upregulated by TGF-B stimulation, leading
to the control of pancreatic cell growth through inhibition of cell proliferation and
induction of apoptosis which fits with our observation in planarian (Cook &

Urrutia 2000; Kaczynski et al. 2003).

Planarian Jnk has been shown to be an important regulator not only of the mitotic
response but of the balance between proliferation and apoptosis (Almuedo-
Castillo et al. 2014). The unbalance caused through its inhibition impairs
regeneration of the new tissues and remodelling of the old ones, and thus

regeneration does not take place. Our results show that £/f10/11 could be also a
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modulator of this balance in planarians, since its inhibition reduces the apoptosis
and impairs remodelling in intact animals. Thus, all this data favours the
hypothesis where KIf10/11 could exert the same function than Jnk acting as a
target of it. However, the first observation after 4/f10/11 inhibition was an
acceleration of the regeneration speed, and not an impairment of the regenerative
response, as described in jzk RNAi animals. The difference between phenotypes
could be due to differences in the expressivity of the loss of function generated by
jnk and klf10/11 RNAI. Thus, the percentage of animals that cannot regenerate
after jnk RNAI is very low, and they can just be observed after three rounds of
inhibition. On the other hand, after three rounds of 4£/f10/11 dsRNA injections
the phenotype described of faster regeneration cannot be observed any more but
animals show a reduced blastema and do not regenerate properly. Thus, low doses
of klf10/11 inhibition favours regeneration while high doses impair regeneration.
In any case, more analysis should be performed to clarify whether the acceleration
in the regenerative process after £/f10/11 inhibition could be causing co-lateral

defects.

To have more data about the possible regulation of KIf10/11 by Jnk, we
performed an in silico search of the AP-1 binding sites in the up-stream region of
the KIf10/11 coding sequence. Although the planarian genome is not well
assembled and we lack prediction tools to study conservative promoting regions in
planarians we were able to find putative AP-1 binding sites upstream the KIf10/11
open reading frame, supporting that it could be a direct target of Jnk (Figure 57).
Unfortunately, when quantifying the levels of k/f10/11 after jnk inhibition, we

found that they were increased and not decreased, as expected. However, this
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experiment should be repeated in different conditions, since it contradicts the
similar phenotypes observed after their inhibition. A possible explanation of this
result could be that the quantification was performed after three weeks of jnk
dsRNA injections. Although the phenotype of jnk or £lf10/11 inhibition cannot
be observed earlier, the quantification of the levels of the transcripts should be

performed earlier, to discard any indirect effect due to the long-term inhibition.

In any case, to finally address whether KIf10/11 is a target of Jnk in planarians,
inhibition of AP-1 components followed by expression and functional analysis
should be performed. Therefore, inhibition of AP-1 elements (Fos and Jun)
should decrease £/f10/11 expression while knock down of Jnk inhibitors like Puc
should increase the k/f10/11 expression. In addition, inhibition of more than one
element of the pathway at the same time (like Jnk, Jun and Fos) could increase the
phenotype observed allowing us to analyze the effect of this inhibition on £/Jf10/11
expression at earlier time points thus avoiding the long-term inhibition side

effects.

To conclude, inhibition of #/f10/11 produces a phenotype strikingly similar to the
one described after jnk inhibition, suggesting that in could be a Jnk target, as
described in Drosophila (Figure 57). Both genes are essential for the onset of the
mitotic response during regeneration of new tissues, and to trigger the apoptotic
cell death that enables remodelling of the old tissues during regeneration and of
the whole animal during homeostasis. The integration of the mitotic and the
apoptotic response is essential for any developmental process, and especially
during regeneration. In addition, the differences between inhibitory doses, which

produce opposite effects (the acceleration of the regeneration speed versus the
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impairment of proper regeneration), highlight the importance of the dose-
dependent effect, which should be always considered in any medical application.
A more in deep study of the role of the putative Jnk-KIf10/11 pathway not only in
planarians but in vertebrates could help in establishing novel regenerative

therapies.
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Figure 57: Possible location of KIf10/11 downstream Jnk in the planarian
JNK pathway. The Jnk signalling pathway controls the balance between
proliferation and apoptosis through kiIf10/11 in planarian.
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Positional information is a key requirement to position structures and organs in
every developmental process. During planarian regeneration it is essential the
existence of these positional instructions thus every new tissue is organized
according to the pre-existing tissue to finally form a healthy and functional
organism. This process is also required during planarian homeostasis, thus the
tissue turn over which naturally occurs in planarian needs these instructions to
properly replace the new cells. Here, we have studied in detail the mechanism
through which Wnt5-ROR and Slit-ROBO-c establish the proper M-L position
of the CNS by creating a self-regulatory system to define their reciprocal domains

of expression.

9.1. Wnt5/Ror and Slit/Robo-c generate a mutually dependent

system

The initial definition of self-organization by Immanuel Kant as a characteristic of
living systems implied the existence of a loop between organization and function
(Immanuel Kant 1914). Turing already showed that a system of reactants that are
initially homogeneously distributed in a solution can generate products that
segregate in spatial patterns if certain conditions are met. The product of a
reaction should acts as a short-range positive activator of its own production while

activating the production of an inhibitor that diffuses much faster (Turing 1952).

The data presented during this thesis proposes that Wnt5 and Slit are two

molecules which have the capability to self-organize, following a Turing-like
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behaviour. These self-organizing systems have been typically studied in
embryology, where developing organisms must organize new cells to create a
functional individual. However, the high plasticity of planarians allowed us to
investigate whether self-organizing systems are also responsible to create and
maintain patterns during adult regeneration and cell renewal. As opposed to
embryonic development, during planarian regeneration this type of spontaneous
patterning mechanism could be not required, since pre-existing tissues will always
provide a pre-pattern. However, the same interactions between the components of
a system might be used in order to guarantee the maintenance and plasticity of
expression patterns after all kind of perturbations, such as amputations or different

access to food, in the case of planarians.

Here we have found that two diffusible molecules (Wnt5 and Slit) are able to
regulate each other expression domain thanks to the presence of their receptor in
the opposite domain. Thus wnz5 expressing cells in the lateral domain express the
SLIT receptor (Robo-c) while slit expressing cell in the midline express the WNT5
receptor (Ror). This self-organizing system exerts a dual function: 1) it mutually
restricts the boundary of expression of its elements, and 2) it directs the growth
direction of the neural cells (Figure 58). This dual function allows the correct
position of the planarian structures along the M-L axis both during de novo tissue

formation in regenerating blastemas and during homeostatic cell renewal.

In any case, according to our initial model and to the experimental results, WNT5
and SLIT would not only interact with the receptors found in neurons but should
also activate the receptor found in muscular cells of the opposite domain with

respect to the VNCs. Thus, they must travel away from their own domains of
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expression. How this travel occurs and how it takes place remains unsolved.
Recently, it has been proposed that Wnts, which are highly lipophilic proteins, are
not able to travel long distances by simple diffusion mechanism. However, other
transport systems, like lateral diffusion drived by proteoglycans, transport
proteins, exovesicles or cytonemes could be occurring in our system (Stanganello
& Scholpp 2016; Beckett et al. 2013; Farin et al. 2016). The proper molecular
tools to localize the secreted proteins would help in solving this question. In
addition, during the first hours of regeneration, when wn#5+ and slir+ cells are
mixed and the self-organizing system is active, the ligands would not need to
“travel” long distances but just use transport mechanisms to act in neighbour cells

(Beckett et al. 2013; Farin et al. 2016).
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Figure 58: Wnt5 and Slit generate a mutually depend system to position the CNS.
Scheme showing the complementary expression domains of wnt5/Robo-c and slit/Ror in
muscular cells in respect to the CNS. Neurons of the CNS express both receptors, being
able to respond to both signals coming from opposite sides, and thus defining the path for
the CNS. Muscular wnt5+/robo-c+ cells are able to respond to SLIT while slit+/ror+
muscular cells are able to respond to WNT5 to finally delimit their own expression
domains.

9.2. Mechanism through which Wnt5 and Slit position the CNS

The preexisting tissue is one of the main differences between the formation of a
new CNS during regeneration or during embryonic development. Several studies
indicate that in planarian the brain primordia are formed during the first 48hr.
However it is not know if the formation of brain primordia is initially dependent
on the preexisting VNC (pVNC). It could be that the axonal projections from the
pVNC send signals to properly position the new brain primordia. However, the
first regenerating time point in which axon projection can be observed from the
pVNC is at 48hr, and not earlier (Fraguas et al. 2012). On the other hand, if the
site of appearance of the brain primordia is independent from direct projections of
the pVNGC, it could depend on the migration of neural cells close to the wound to
the blastema region, or on the direct differentiation of blastema cells into neural
cell types. In this situation, once the brain primordia is formed, the attractive
signals to connect the old and new tissues would be established. According to our
finding in this Thesis, the Wnt5/Slit system here reported could be the signal
required to position the new CNS with respect to the M-L axis. However, the
specific mechanism through which s/iz and wnz5 position the CNS is still not

solved. Two main mechanisms could be proposed:
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WNT5/SLIT act as axon repulsive molecules: In this scenario, the
pVNC:s can elongate towards the region where the brain primordia should
be formed. To drive this process, Wnt5 and Slit could be guiding the
axonal grow to the right M-L position by exerting a repulsion action to
them. Once the axons are well positioned; they could generate the
required signals for the brain primordia formation. Therefore, Wnt5 and
Slit, through directional axonal growth, will guide the M-L position of the
new brain. A problem of this possibility is that axon projection has been

never observed between the brain primordia and the pVNC at early stages.

WNTS5/SLIT controls cell migration: Although Wnt5 and Slit are well
established axon guidance molecules, they also have been involved in the
control of cell migration. The formation of the brain primordia can be
addressed by the control of neural progenitor cells to the right position
where they will differentiate forming this new brain. Preliminary data
supports that Wnt5 and Slit are controlling at least eye progenitor cells,
thus after their inhibition ovo+ cells are found outside their normal
location (Annex IV). Wxz5 inhibition leads to the lateral displacement of
ovo+ cells and s/it RNAi produces the localization of these cells closer to
the midline. In addition, both wnz5 and s/ir RNAi animals show miss
location not only of the axons but also of the neuronal bodies, supporting

the role of these molecules in the control of cell migration.

According to our data, the second scenario seems more plausible, since the self-
regulatory properties of the Wnt5/Slit system could be enough to position the

new brain primordia with respect to the M-L axis, independently on axonal
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projections from the pre-existent CNS. An interesting observation is that in early
blastemas wnt5 and slit are expressed in a salt-and-pepper pattern but only in the
region between the pVNCs, in the slit domain, suggesting that s/iz exerts a
dominant role during the de novo establishment of the M-L pattern. This
dominant role could be explained by the essential function of s/iz in defining the
midline, the organizing region essential for the general patterning of the blastema

(Oderberg et al. 2017).

It must be also considered that both mechanisms, axon guidance and cell
migration, could be controlled by the Wnt5/Slit system. Thus these molecules
could be promoting the migration of progenitor neural cells to the right position
and at the same time, guiding the pre-existing neural cells to growth in the M-L
axis. Therefore, both the positioning of the new brain primordia in the blastema
and the growth of the pVNC in the correct M-L position will be will depend on
the repulsive action of WNT5 and SLIT.

In contrast to the regenerative scenario, during homeostasis there is no need of
new tissue formation but of maintaining the structures according to the planarian
size. Inhibition of wnt5 and s/it in intact planarian produces the ectopic formation
of CNS. This new CNS formation must occur during the process neuronal
differentiation required for normal cell renewal since in wnt5 or s/it RNAi animals
show the same number of neural cells than controls, according to the
transcriptomic data (Annex IV). Thus, the appearance of a miss located second
CNS must be caused by the incorrect localization or migration of neural
precursors. . The finding that the new CNS formed in the RNAi animals appears

independent from the preexisting one also supports this notion.
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These data suggest that when wn5 and slir are inhibited, the cells differentiate
into neurons in an aberrant position, either by inaccurate progenitor migration or
by signaling stem cells in the ectopic zone to differentiate to neurons. All these
results support the hypothesis that Wnt5 and Slit are controlling the migration of

neural precursor cells.

9.3. The Wnt5/Slit system controls the M-L position of all tissues

Gurley and collaborators observed that in a small proportion of wnz5 RNAI
animals’ trunk developed one or two pharynges lateral to the original pharynx
(Gurley et al. 2010). This result highly suggests that Wnt5 is controlling the
positioning of other organs like pharynx. Therefore, s/, expression domain
depends on Wnt5 and according to our results, will be also controlling the
positioning of other structures. Preliminary data obtained during this Thesis
further indicates that Wnt5/Slit are controlling the M-L positioning of structures
other than the CNS (Figure 59). Thus, the two posterior gut branches seem to be
closer to the midline in s/z RNAi animals with respect to controls, while wnz5
RNAi animals show a lateral displacement. In addition, rWNT5a injection
produces the lateralization of the gut opposed to the injected area. Other cell
types, like the posterior and anterior organizing regions, labelled with wnz/ and
notum, respectively, are also displaced in both wnz5 and s/it RNAi animals (Figure
59). All these results indicate that Wnt5 and Slit do not only position neural
structures but also several cell types along the M-L axis. However, our studies do

not allow clarifying whether the affectation of theses tissues is directly related with
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the Wnt5/Slit signalling or it is an indirect effect caused by the displacement of

the CNS.

gfp RNAI wnt5 RNAI slit RNAi
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Figure 59: Wnt5 and Slit position other tissues/structures with M-L organization. (A-B)
Expression of pantotenase kinase (a gut marker), notum (marker of the anterior pole) and
wntl(marker of the posterior pole) after (A) inhibition of wnt5 and slit or after (B) rWNT5a
injection.
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9.4. Was the Wnt5/Slit system controlling the number of

longitudinal nerve cords along evolution?

The basic orthogonal plan of the CNS of Platyhelminthes varies mainly in the
number of longitudinal cords (Bullock, Theodore Holmes 1965). The presence of
three to five pairs of cords is considered more primitive, with an evolutionary
tendency towards reducing the number of cords to one main pair of cords (Figure
60). During this evolutionary process the variance of the expression pattern of
wnt5 and slit could explain these different morphologies. Therefore, intercalation
of wnt5 and slit expression domains will generate new paths for the formation of

additional nerve cords.

And not only in Platyhelminthes but in all bilatelians it could be that a Wnt5/slit
system, or a similar network, could be positioning the CNS along the M-L axis.
The evolution of the CNS in bilateral organisms is highly studied, and it is known
that Slit and Wnt5 play a role at different stages (Kapasa et al. 2010; Schubert et
al. 2001; Itoh et al. 1998; Zinzen et al. 2006). However, a relationship between
both molecules has never been described in a possible role of these two molecules
and their receptors in the evolution of the CNS. Furthermore, it will be very
interesting to study if this described system, or a similar one, is involved in the
evolution of the CNS and in the acquisition of the different morphologies of

bilateral organisms.
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Figure 60: Comparison between the acoel S. Roscoffensis and slit RNAi planarian. (A) slit
RNAi planarian during homeostasis shows two pairs of VNC along the body. (B) Dorso-
central projection of the S. Roscoffensis juvenile nervous system with the two lobes of the
brain, connected by three commissures. c1, first brain commissure; c2, second brain
commissure; c3, third brain commissure; din, dorso-lateral neurite bundles; dmn,
dorsomedial neurite bundles; vin, ventro-lateral neurite bundles. (A,B) Scale bar: 35 um.
(B) Modified from (Gavilan et al. 2015)
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During the whole development of this Thesis, different aspects of the main
processes required for a proper regeneration and/or tissue renewal have been
approached in the animal model Schmidtea mediterranea. The interconnection of
these events is important for a tight regulation of this complex process where
several aspects have to be controlled. Thus, balance between proliferation and
apoptosis, stem cell specification events and cell positioning are interconnected
through genetic and physical mechanisms. First, the characterization of the
Nuclear Factor Y, a transcriptional complex involved in all these processes due to
the huge variability of genes which controls is an example of the interconnectivity
of these processes. On the other hand, KIf10/11 also has been shown to be
required to control the balance between proliferation and apoptosis, which
probably in an indirect way is also affecting stem cells specification since this
unbalance will prevent the generation of correct signals for differentiation. Finally,
we have presented interesting results about the control of the M-L organization
exerted by Wnt5 and Slit. This M-L organization is not only required to position
differentiated structures but also could provide the correct signals to neoblast to
proliferate and differentiate into the correct cell types, and to differentiated cells to

dye and allow remodelling.

This work clarifies important aspects essential for the field of developmental
biology. The role of NF-Y in the stem cell specification can allow future research
to clarify which genes controlled by this transcriptional core are controlling the
stem cell specification not only in planarian but in other organisms. In addition,
the finding that KIf10/11 is controlling the balance between proliferation and

apoptosis possibly downstream of Jnk, as it is described in drosophila, suggests that
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this process is conserved along evolution. Thus, its study can be helpful to
understand in other organisms how proliferation and apoptosis, which are events

important for almost every developmental process, are controlled.

Finally, the results supporting the M-L establishment through Wnt5 and Slit,
contribute with a new mechanism through which these two molecules are
regulating each other generating a plastic system that allows planarian to have the
positional information in different contexts as regeneration and homeostasis. It
would be interesting to clarify if this mechanism is also functional during
neurogenesis in the planarian embryo. The relationship between these molecules
has never been described in other species, thus it will be very interesting to test if
this robust mechanism is important for the M-L specification in other organisms

and is conserved along evolution.

Finally, the data presented during this Thesis can be very interesting for the
growing field of regenerative medicine. All the general processes described during
this Thesis; proliferation, apoptosis, stem cell specification or the axis
establishment cannot be noteless in any regenerative therapy, thus all of them are
essential for a successful regenerative process. Therefore, our data can be also very
helpful for future research inside the regenerative medicine field making
planarians a useful animal model in which study the basis of regeneration and to
test in them possible regenerative therapies due to their easy handling and

maintenance.
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1. We found 3 elements of the NF-Y complex in planarians. They are

ubiquitously expressed, showing clear localization in neoblasts.

2. In planarians, there is a duplication of NF-Yb, which enabled a functional
specialization: NF-Yb2 is involved in stem cell differentiation and NF-Yb in germ

cell specification.

3. NFE-Y inhibition promotes neoblast accumulation and blocks differentiation

towards the epidermal lineage.
8. We identified 5 Kiippel-like factors in planarians.

9. KIf10/11 is mainly expressed in neoblasts and its inhibition accelerates planarian
regeneration and impairs remodelling of the pre-existing tissue. The underlying
mechanism is an acceleration of the mitotic onset and a decrease in apoptosis.
The unbalance between proliferation and apoptosis also affects remodelling ability

during homeostatic cell renewal.

10. The upstream region of KJf10/11 coding region contains putative AP-1
binding sites, which, together with reported results on the role of /uk in

planarians, suggests that KIf10/11 is a Jnk target in planarians.

11. Wnt5 and Sliz, which show complementary expression domains with respect
to the CNS, act as repellents for neuronal growth in planarians, guiding the path

of the neural cells.

12. ROR and ROBO-c are the WNT5 and SLIT receptors, respectively, and both

co-localize in the same neurons.

13. Ror and robo-c are also expressed in slit+ and wnt5+ muscular cells,
respectively, suggesting that they create a self-regulatory network to restrict their

own expression domains.
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14. The perturbation of wn#5 and s/it expression further demonstrates that both
ligands regulate each other expression. Wnt5 locally inhibits the transcription of

slit.

15. The gene topology generated by mathematical modelling supports the self-
regulatory properties of the WNT5-ROR/SLIT-ROBO-c signalling network.

16. The expression boundaries between wnz5 and slit are not defined early in

regeneration, supporting the self-regulatory properties of the system.

17. The WNT5-ROR/SLIT-ROBO-c signalling appears as a self-regulatory

network responsible to pattern all tissues along the M-L axis of planarians.
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1. Planarian culture

A clonal line of Schmidtea mediterranea (asexual strain) BCN-10 biotype was
maintained in Planarian Artificial Medium (PAM) as previously described (Cebria
& Newmark 2005) and fed once or twice a week with bovine liver. Animals are
maintained in aquariums with water flow moved by air pump through a filter

(seral60). Animals used for all experiments were starved for one week.

2. Cloning

All the genes used in this study either for probe synthesis or for dsRNA injections
where cloned in specific vectors. Genes used for dsRNA synthesis were cloned in
pCRII vector (Life Technoplogies) and genes used for ssRNA synthesis were
cloned in pSPARK (Canvax Biotech) or pGEM-T easy (Promega). Both vectors

are double-TA vectors with promoter regions for T7 and SP6 polymerases.

3. RNAI experiments

Double-stranded RNAs (dsRNAs) were synthesized by in vitro transcription as
previously described (Sdnchez Alvarado and Newmark, 1999). Animals were
injected inside the gut three consecutive times 33nl each (1000ng/ul) using a
nanojet” from Drummond Scientific. dsRNA was injected during three
consecutively days, which we called a round of injection (Figure . A round of

injection was followed by the amputation on the following day on the studies in
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regenerating animals. Green fluorescent protein (gfp) dsRNA was injected as a
control. The number of rounds of injection differed depending on the

experiment:

The nfy complex members were injected during two rounds and planarian were
let regenerate during 11 days. In homeostasis conditions, animals were injected

two rounds and observed during 26 days from the first injection.

KIf10/11 and Jnk were inhibited during three rounds of injections. The

KIf10/1 Iweeker phenotype has been obtained after two rounds of injections.

Whnt5, Slit, Ror and Robo-c inhibition was performed differently depending on the
experiment. For transcriptomic sampling, W75 and Slir were inhibited during
three rounds and fixed for RNA extractions at day 28" from first injection.
Homeostatic condition experiments were performed with two rounds of
inhibition following 26 days of observation. The rest of experiments were done

following two rounds of injections.

DAY 1 DAY 2 DAY 3 DAY 4 DAYS 5,6,7

Breathing space
idsRNAwOOnglul i i egeneratlon, q.
Homeostasis

X =
® ®» » e

i dsRNA 1000ng/ul i i

Figure 61: Schematic representation of dsRNA injection experiments.

ROUND 1

ROUND 2
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4. In Situ Hybridization (ISH)

Probes used for ISH were synthesized by SP6 or T7 polymerase (Roche) and DIG,
FITC or DNP modified nucleotides (Perkin Elmer). Whole mount ISH (WISH)
or colorimetric ISH were performed as described in (Pearson BJ, 2016).
Fluorescent ISHs (FISH) were performed as described in (Ryan S. King and
Phillip A. Newmark, 2013). To improve the signal in the FISH a mix of several
probes were used for each single gene when required. To generate this probe mix,
wntd, slit, ror, roboc and intermediate filament where cloned in 2-4 subfragments of
300-500bp each, thus each probe was composed by 2-4 probes. Samples were
mounted in 70-80% glycerol in PBS.

5. Immunohistochemistry

Immunostaining was carried out as described previously (Ross et al. 2015). The
following primary antibodies were used: anti-arrestin (VC-1, 1:15000; kindly
provided by Hidefumi Orii, Himeji Institute of Technology, Hyogo, Japan), anti-
synapsin (anti-SYNORF1, 1:50; Developmental Studies Hybridoma Bank), anti-
alphaTubulin (AA43, 1:20; Developmental Studies Hybridoma Bank), rabbit
anti-phospho-histone-H3-Ser10 (anti-H3P) (1:500; Cell Signaling Technology).
Nuclei were stained with DAPI (1:5000) and/or TO-PRO (1:3000, Life

Technologies). Samples were mounted in 70-80% glycerol in PBS.
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6. Generation of ectopic sources of rWNT5a

For the rescue experiment, dsRNA of wnz5 was injected during 2 rounds
following the standard protocol. Animals where cut 14 days after the first
injection. 15 to 30nl of a 50ug/mL solution of recombinant Human/mouse
Wnt5a Protein (R&D systems, 645-WN/CF) was ventrally injected 18-24 hours
after cutting at both sides of the anterior blastema. Animals were fixed at 3 days of
regeneration. Since it was important to avoid adherence of the rWnt5a ligand to
the needle small volumes of the rWnt5a solution were introduced every time in
the needle and the injections in the animals were carried out as fast as possible.
For axon repulsion analysis, the same amount of rWNT5a was ventrally injected
in wild type animals at 18-24 hours after amputation in the right blastema side.
Animals were fixed at 3 days of regeneration. For the analysis of s/iz expression, the
same amount of rWNT5a was ventrally injected in intact, wild type or ror RNAi
animals in the posterior midline between the gut branches. In regenerating
conditions, animals were injected as described for axon repulsion analysis. In all

the cases, control animals were injected with the solution in which Wnt5a is

dissolved (0.1mM EDTA, 0.5% CHAPS, 0.1% BSA in PBS 1X)

7. Whole-mount TUNEL

For TUNEL analysis, animals were fixed and treated as described (Pellettieri et al.

2010) using the ApopTag Red in Situ Apoptosis Detection Kit (Merck-Millipore
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Ref.S7165). To avoid technical variance at least two independent TUNEL

experiments were performed.

8. qRT-PCR

Quantitative Real Time PCRs experiments were performed as previously
described (Solana et al. 2013). Worms were killed in TRIzol® reagent following
manufacturer instructions and RNA extraction was done as previous described
(Rodriguez-Esteban et al. 2015). cDNAs were synthesized using SuperScriptlI]
Reverse Transcriptase (Invitrogen). qRT-PCR experiments were performed using
the Absolute qPCR SYBR Green Master Mix (Thermo Scientific). Five animals
were used per condition and each condition was done by triplicate. In each
experiment, three technical replicates were performed. Smed-Ura4 was used for

normalization.

The following primers were used:

Smed-kif10/11 5 AGATCCGATGAGCTGTCTCG 3 5" AATGATCGCTCCGATTGAAC 3
Smed-wnt5 5 GAAGGATTGTGTTGCAATCG 3 5" CTTGGCATTTGATTTTGCAG 3
Smed-slit 5" CCTGATTCTCAAGGGACCTG 3’ 5 TCTTGATGACATCCGATTGC 3
Smed-ror 5’AATGCCAAGATATCGGCCACA 3 5" CCCCGATGCAGTTTGGATTG 3
Smed-roboc 5" CTCGCTGTCGACACAAACAC 3’ 5 TCTATGGGGCACTGCAGAAT 3

Statistical significance was measured by Student’s T test (* p<0.05).
g y p
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9. Gene Expression Analysis

Whole intact worms were used for wnz5/s/it RNAI transcriptomic studies. Animals
were injected with 96nl of dsRNA at 1ug/ul during 3 consecutively days per week
during 3 weeks (three rounds) and fixed the day 28" after first injection. Five
animals were used for condition and 3 replicates were analyzed. Worms were
killed in TRIzol reagent and RNA extractions were done following manufacturer

instructions.

10. Imaging

In vivo pictures were obtained under ZEISS stereomicroscope STEMI SV6, and
images were captured with sSCMEX Scientific 3 camera. Colorimetric ISH were
observed in a Leica MZIGF stereomicroscope (Leica Microsystems,
Mannheim,BW, Germany) and images were taken with a ProgRes C3 camera
from Jenoptik. Fluorescent ISH and immunostaining images were obtained under
a Leica TCS-SP2 confocal laser-scanning microscope (Leica Lasertchnik,

Heidelberg, BW, Germany) adapted for an inverted microscope.
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Abstract

adult stem cells and regeneration.

of studies is still lacking.

community of researchers.

Background: The freshwater planarian Schmidtea mediterranea is recognised as a valuable model for research into

With the advent of the high-throughput sequencing technologies, it has become feasible to undertake detailed
transcriptional analysis of its unique stem cell population, the neoblasts. Nonetheless, a reliable reference for this type

Results: Taking advantage of digital gene expression (DGE) sequencing technology we compare all the available
transcriptomes for S. mediterranea and improve their annotation. These results are accessible via web for the

Using the quantitative nature of DGE, we describe the transcriptional profile of neoblasts and present 42 new neoblast
genes, including several cancer-related genes and transcription factors. Furthermore, we describe in detail the
Smed-meis-like gene and the three Nuclear Factor Y subunits Smed-nf-YA, Smed-nf-YB-2 and Smed-nf-YC.

Conclusions: DGE is a valuable tool for gene discovery, quantification and annotation. The application of DGE in S.
mediterranea confirms the planarian stem cells or neoblasts as a complex population of pluripotent and multipotent
cells regulated by a mixture of transcription factors and cancer-related genes.

Keywords: Planaria, Neoblast, Stem cell, Transcriptome, Transcription factor

Background

During the last decade, there has been increasing interest
in the use of Schmidtea mediterranea as a model organism
for the study of stem cells. These freshwater planari-
ans contain a population of adult stem cells known as
neoblasts, which are essential for normal cell renewal
during homeostasis and which confers them with amaz-
ing regeneration capabilities [1-4]. Although a number of
studies based on massive RNA interference (RNAi) [5],
gene inhibition [6], microarray [7], and proteomics [8,9]
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Departament de Geneética, Facultat de Biologia, Universitat de Barcelona (UB),
and Institut de Biomedicina de la Universitat de Barcelona (IBUB), Av. Diagonal
643, 08028 Barcelona, Catalonia, Spain

( BioMed Central

approaches have been carried out to identify the crucial
neoblast genes responsible for their stemness, our under-
standing of their biology is far from complete. The use
of next generation sequencing (NGS) technologies pro-
vides an opportunity to study these cells in depth at a
transcriptional level. For that to be accomplished, how-
ever, a reliable transcriptome and genome references are
required. Up to eight versions of the transcriptome for
this organism have been published to date, making use
of different RNA-Seq technologies [10-16], including one
meta-assembly which slightly improves each one sepa-
rately [17]. Despite all these efforts, a consistent reference
transcriptome is still lacking.

Some studies have provided quantitative data on
transcripts and their respective assemblies, focusing

© 2015 Rodriguez-Esteban et al,; licensee BioMed Central. This is an Open Access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly credited. The Creative Commons Public

Domain Dedication waiver (http:/creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this

article, unless otherwise stated.
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on regeneration [13,17,18] or directly on neoblasts
[11,14,15,19]. However, RNA-Seq suffers from an intrinsic
bias that affects the quantification of transcript expres-
sion in a length-dependent manner. This bias is indepen-
dent of the sequencing platform and cannot be avoided
nor removed by increasing the sequencing coverage or
the length of the reads. Furthermore, it cannot be cor-
rected a posteriori during the statistical analysis (by tran-
script length normalization, for instance). Consequently,
the quantification of the transcripts and the detection
of differentially expressed genes is compromised [20-22].
Digital gene expression (DGE) [23] is a sequence-based
approach for gene expression analyses, that generates a
digital output at an unparalleled level of sensitivity [22,24].
The output is highly correlated with qPCR [25-27] and
does not suffer from sequence-length bias. The combi-
nation of DGE and RNA-Seq data has been shown to
help overcome the specific limitations of RNA-Seq [28],
and the usefulness of DGE has been thoroughly demon-
strated in research ranging from humans [26,29] to non-
model organisms [22,24]. However, to date, DGE has not
been extensively applied to the study of the planarian
transcriptome.

Here, we have compiled and analyzed all the transcrip-
tomic and genomic data available for S. mediterranea
using DGE. This has facilitated an improved annotation
and provided tools to ease the comparison and brows-
ing of all the information available for the planarian
community.

We have taken advantage of the resolution of DGE to
quantitatively characterize isolated populations of pro-
liferating neoblasts, their progeny, and differentiated
cells through fluorescence-activated cell sorting (FACS)
[30,31]. The resulting changes in transcription levels
were analyzed to obtain transcript candidates for which
an extensive experimental validation was performed.
This has yielded new neoblast-specific genes, including
many transcription factors and cancer-related homolo-
gous genes, confirming the validity of our strategy and
the utility of the tools that we have implemented. More-
over, we provide a deeper molecular description of four
of those candidates, the Smed-meis-like, and the three
subunits of the Nuclear Factor Y (NF-Y) complex Smed-
nf-YA, Smed-nf-YB-2, and Smed-nf-Y-C. Both families of
genes are attractive candidates to be studied in planaria.
The Meis family of transcription factors specify anterior
cell fate and axial patterning [32], whereas the NF-Y com-
plex is a heterotrimeric transcription factor that promotes
chromatin opening and is involved in the regulation of a
wide number of early developmental genes [33].

Results and discussion

Three DGE libraries were obtained from FACS-isolated
cell populations X1 (proliferating stem cells, S/G2/M), X2
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(a mix of stem cell progeny and proliferating, G0/G1), and
Xin (differentiated cells, G0/G1) [30] (Additional file 1).
8,298,210 total reads were sequenced (X1: 3,641,099; X2:
3,488,712; Xin: 1,168,399), representing 98,156 distinct
tags (X1: 70,849; X2: 24,621; Xin: 25,221), with an aver-
age of 84.5 reads per tag (X1: 51.4; X2: 141.7; Xin: 46.3).
The distribution of the tags in each cell population can
be observed in Additional file 2A. DGE is reported to
achieve near saturation in genes detected after 6-8 mil-
lion tags [22]. Furthermore, for moderately to very highly
expressed genes (>2 cpm) it occurs with three or even just
two million tags [22,34]. Figure 1 shows that saturation
was reached at around two million tags for most of the
data sets which the distinct tags were mapped to, although
the slope for the total number of distinct tags decreases
without saturating. It is worth noting that all the reference
transcriptome sets performed similarly, achieving a max-
imum near 20,000 mapped tags. However, when looking
at how many distinct tags map to any of those transcrip-
tomes, about 5,000 tags appear not to be shared among all
of them (see the “All mapped” and the “All distinct” data
series on Figure 1, and further details on mapping below).

A critical point in this kind of experiment has to do
with the number of times a tag has to be seen so that it
can be considered reliable. Discarding too many tags in an
attempt to increase reliability will result in a loss of infor-
mation whereas keeping all of them may generate back-
ground noise. To estimate the specificity of our tags and
to establish an optimal cutoff for the minimum number
of counts a tag should have in order not to be considered
artefactual, we performed a series of simulations mapping
iteratively randomized sets of our data. The results are
summarized in Additional file 3 for the different cutoffs
tested (1, 5, 10, 15 and 20 minimum occurrences of tags).
For cutoffs higher than five there is no substantial gain
in terms of specificity (the number of hits decreases less
than one order of magnitude). Thus, we defined reliable
tags as those sequenced five times or more and discarded
the rest. Thereafter, for the subsequent computational and
experimental analyses, only those tags occurring at least
five times were considered. From the initial set of 98,156
distinct tags, 40,670 passed that cutoff (Additional file 2B).

The low technical variability of DGE and its high
reproducibility, together with the digital quantification of
transcripts, enables direct comparison of samples across
different experiments, even from different laboratories
[21,22,24-26,29,35]. That property allowed us to contrast
our results with those from Galloni [36], who used DGE
to identify neoblast genes by comparing irradiated ver-
sus control animals over the same strain of clonal S.
mediterranea. A Venn diagram showing the similarity of
the strategies can be seen in Additional file 4. From the
total distinct tags, 31.38% (30,806 out of 98,156) were
sequenced 10 times or more in our study, compared with
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Figure 1 Saturation plot for the distinct tags mapped over each reference data set. Tag sequences were randomly taken to build, by steps of 200,000
tags, increasing-size libraries that were then mapped against the reference data sets. Saturation is reached for libraries around two million tags.

just 11,28% (42,159 out of 373,532) in the irradiation
strategy, indicating a greater representation of each tag.
This suggests, as expected, that the cell-sorting approach
has higher specificity. In addition, the strand-specific
nature of DGE allows the discrimination of sense and
antisense transcripts. Almost 30% of the transcripts suc-
cessfully identified also presented antisense transcription,
even though at lower levels than canonical transcription.
This confirms the findings of the aforementioned study in
planarians [36] and others [37], and shows that a large pro-
portion of the genome is transcribed from both strands of
the DNA. Although the purpose of these transcripts is still
open to debate, evidences point to a post-transcriptional
gene regulatory function [38].

Tag mapping to reference sequence data sets

An essential step in DGE is the recovery of the transcript
represented by each tag. The nature of the DGE method-
ology, which generates reads of only 21 nucleotides,
implies mapping short reads against a reference genome
or a collection of ESTs to retrieve full-length sequences
for the original transcripts. On the other hand, the short
length facilitates the fast mapping of the tags against
the reference sequence data set. To obtain the maxi-
mum number of transcripts, tags were mapped against
the 94,876 S. mediterranea ESTs from the NCBI dbEST
[39-42] and all the available transcriptomes (formally

those can also be considered as ESTs libraries). 26,822 tags
(65.95%) mapped over at least one set of ESTs/transcripts,
leaving a huge number (34.05%) unmapped.

In an attempt to recover tags that did not map over the
transcripts, tags were also mapped over the S. mediter-
ranea genome assembly draft AUVCO1 masked with the
S. mediterranea repeats [23,43-45] (Table 1 and Figure 2).
The overlap between transcriptomes was high. Although
in most cases sets of reads mapping over a single tran-
scriptome has a very low incidence, there were two cases
where one could find a relatively small number of tags
mapping to only one transcriptome: 327 tags (1.1%) for
Labbé et al. 2012; 208 tags (0.7%) for Rohuana et al.
2012; 3,231 tags (10.7%) remarkably mapping only over
the genome; and 26.1% of tags (10,617 out of 40,670)
not mapping at all. For tags sequenced 10 times or
more, the proportion of unmapped tags is similar: 20.5%
(6,327 out of 30,806) (Additional file 2B). Even allow-
ing up to two mismatches, 9.36% of the reads remain
not mappable to the genome. This is still an impor-
tant amount, considering that two mismatches is very
permissive (it represents almost a 10% of nucleotide
substitution in the read with respect to the reference
sequence).

These results indicate that there will be a significant
number of transcripts that are not represented yet nei-
ther in the current transcriptomic sets nor in the reference
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Table 1 Summary of mapped tags
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Reference Mapped One match More than one match Orphan Contigs per tag
Abril etal. 2010 17,760 12,848 4912 22,910 1616
Adamidietal. 2011 21,364 18,024 3,340 19,306 1.282
Blythe et al. 2010 20,518 17,649 2,869 20,152 1.204
Kao et al. 2013 23,477 15,791 7,686 17,193 1444
Labbé et al. 2012 20,339 19,513 826 20,331 1.040
Resch etal. 2012 11,334 9,789 1,545 29,336 1.158
Rouhana et al. 2012 21,768 14,891 6,877 18,902 1579
Sandmann et al. 2011 19,885 14,774 5111 20,785 1.407
ESTs 2014 14,482 3,650 10,832 26,188 5442
Genome AUVCO1 2014 25,328 19,019 6,309 15,342 1.272

Counts for the tags mapping over the reference data sets depicted in Figure 2. Total (distinct) tags: 40,670; mapped tags: 30,053; orphan tags (tags not mapped): 10,617.

genome, despite their coverage depth [46-49], and may
correspond, for instance, to weakly expressed genes [50].
Mapping tags are expressed on average at 50.78 cpm,
while non-mapping tags only at 19.85 cpm. Nonetheless,
since transcriptomes currently available lack the com-
plete annotation of 3’-UTR regions and the DGE libraries
were made from the 3’-ends, reads that map to genomic
sequences but not to current transcripts may potentially
come from the 3’-UTR ends not yet sequenced. To eval-
uate this possibility, we have projected the transcriptome
from Kao et al. 2013 [17] over the genome and looked

for the proximity of the tags mapping next to the 3’-
end of the transcripts (Additional file 5). Downstream
sequenced DGE tags account for 4.12% of all the possi-
ble CATG targets. This small amount of sequenced tags
only mapping to the genome may correspond to poten-
tial novel unsequenced transcripts, alternative 3-UTR
exons of splicing isoforms, misannotated or alternative
poly-adenylation sites, or even to non-coding RNAs not
represented yet in the present transcriptome sets. Future
RNA-Seq experiments may provide further sequence evi-
dences supporting transcripts for those tags.

Venn Stave of DGE Mapped Tags

wiwize i EEEEE © B E EE -
wwavis i EEDEEEEEEEE EEEE B o«
wwess i HEENEEEEEEE EEER 0.0
meta20 i D HEEEEEEE EEEE BER =
weetat202 il T HE EE BEEEEEE EBER oo
Reschetal202 [ = BB N B | T
ruastanzoz- i D BB EEEEEE EEEEER B 2w
CLLUDEE NS Bene ROR N B R B R R B HE N W e
smaests2oe [l [ N EENE EEn 14,402
comesvcoroe Il T EEEEE FEEE EEER o
%”%%"’1,%’%, Vo, ", Yoy Yoy Yoy Ty Ty Ty, Y, T T, ey ey Ty Yy N Ny
LI el b i % DGE Mapped Tags

Figure 2 Venn stave showing the proportions of the distinct tags mapped over the different reference data sets. Integrating data for Venn

diagrams for sets larger than four or five can be a challenging task, so that, a linear projection of such a diagram is provided in the stave—showing
the 20 topmost scoring comparisons from 752 different subsets, accounting for 62.26% (18,710 out of 30,053) of total mappings—for ten reference
sequence sets: eight transcriptomes, the S. mediterranea ESTs from NCBI dbESTs [39-42], and the latest genome draft AUVCO1 [43,44]. Color gradient
scale is provided on the bottom bar and it is proportional to the number of unique tags mapped over each sequence subset. X-axis ticks present the
number of tags and their relative percent; the numbers on the right Y-axis correspond to the total number of tags mapped into a given sequence
sets comparison. It is easy to spot that 15% of the unique reads are mapping onto all the sequence sets.
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Functional annotation

8,903 contigs from Smed454_90e—Smed454 from
now on—[10] showing significant expression changes
(p < 0.001) were selected and, from those, 7,735 con-
tigs presented a hit to a Pfam domain model (Figure 3).
For those sequences having a significant hit to a known
domain/protein, gene ontology (GO) analysis was per-
formed in order to summarize changes on the biological
processes and molecular functions due to the observed
expression patterns of the enriched sets of transcripts.
Those transcripts were classified according to the cell
type in which they were mostly expressed, then their sig-
nificant GO annotations were clustered (also taking into
account their parent nodes in the ontology), to calculate
the terms abundance log-odds ratio. Comparison of GO
categories between transcripts predominantly expressed
in X1, X2 or Xin cell fractions revealed significant pat-
terns of enrichment as indicated in Additional file 6 (see
also the “Transcriptomes” tables available from the web
site—planarian.bio.ub.edu/SmedDGE—for specific GO
terms assigned to each transcript).

The GO comparison between the neoblast population
(X1) and the differentiated cells (Xin) reflects dis-
tinct functional signatures: X1 is enriched in ubiquitin-
dependent protein catabolic process, nucleic acid binding,
RNA-binding, helicase activity, ATP binding, transla-
tion, and nucleosome assembly; Xin most represented
categories include actin binding, actin cytoskeleton orga-
nization, small GTPase mediated signal transduction, pro-
teolysis, and calcium ion binding; whereas in X2, markers
of secretory activity such as vacuolar transport are more
abundant.

Browsing data

All tag mappings over the different transcriptome ver-
sions are available in the form of dynamic tables from
our web site (planarian.bio.ub.edu/SmedDGE, Figure 4A).
The relationship between Smed454, along with their
domains and functional annotation, with the other refer-
ence transcriptomes described in this manuscript can be
browsed on a subset of those tables. In order to estab-
lish the correspondence between the transcriptomes, a
megablast—NCBI BLAST+ 2.2.29 [51]—was performed,
filtering the resulting hits afterwards by three levels of
coverage (90%, 95% and 98%). Although the focus is set
on Smed454, the user can reorder those tables by columns
containing identifiers for other transcriptome versions or
she can choose to jump to the transcriptome version
specific summary table.

Moreover, the Smed454 contig browser [10,52]
has been revamped into a more flexible interface based
on GBrowse2 (planarian.bio.ub.edu/gbrowse/smed454_
transcriptome). One can find there different types of
annotation tracks: reads coverage, homology to known
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genes/proteins, hits to Pfam domains, and also the infor-
mation of the tags mapped over the sequence. One
track-specific GBrowse2 Perl module was modified to
display DGE tags data, such as the sequence, counts and
rank position. Further customization of the GBrowse2
configuration facilitates the access to most of that infor-
mation in the form of pop-up summary boxes, but also by
means of additional “Details” page (see yellow panel on
the right side of Figure 4B).

This browser has been developed under the principle of
easy accessibility, in the hope that it will become a use-
ful and informative user friendly tool for experimental
researchers in their daily work.

Experimental validation

The validity of our approach is corroborated by the
expression levels detected in 40 already known and well-
characterized neoblast genes (Table 2), plus another 29
genes described in the literature with evidence of also
being neoblast related (Table 3). As can be observed in
Figure 5, both sets of genes show the expected expression
pattern along the vertical right hyperbola, indicating a
clear X1 specificity, with two exceptions overrepresented
in X2: Smed-nlk-1 and Smed-prog-1, which is described
to be found in postmitotic cells [53]. Smed-dlx and Smed-
sp6-9 are key genes in eye formation [54]; despite their
localized activation, DGE was sensitive enough to identify
both of them predominantly in the X1 subfraction. More-
over, we could detect expression of genes such as Smed-
smg-1—which is described as broadly expressed through
all tissues, including neoblasts [55]—in both neoblasts and
differentiated cells. Finally, 133 clones from two different
studies [6,56] focussing on regeneration, stemness and tis-
sue homeostasis are, indeed, significantly overexpressed
in neoblasts (Additional file 7).

Based on their X1/Xin expression ratio, we selected
a collection of potential new neoblast genes among the
most represented in the X1 population. With the cho-
sen candidates we performed expression pattern analysis
by whole mount in situ hybridization (WISH) in irra-
diated animals. At different times after irradiation, as
the neoblasts and its progeny decline, the hybridization
signal disappears [57]. The expression of 42 out
of 47 genes tested was diminished or completely
lost in irradiated animals (Table 4 and Additional
file 8).

Although neoblasts are essential also during homeosta-
sis for normal cell renewal, the phenotype becomes more
evident during regeneration. Functional analyses were
therefore carried out by RNAi followed by head and tail
amputation in order to visualize defects in the regener-
ating process. From the 42 genes whose expression was
affected by irradiation, 24 showed a phenotype after RNAi
(Additional file 9), most of them preventing a successful
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Figure 3 Predicted functional domains for several of the selected transcript candidates. Functional domains annotation based on Pfam hidden
Markov models. Legend box shows a classification of the domain hits based on its match to complete domain model; the boxes height is
proportional to the E-value score provided for each match. Significant matches were considered for HMMER [117] E-value < 0.001; however,
low-significance matches are also shown, as well as hits to Pfam-B models produced by automated alignment protocols. Further annotation over
Smed454 transcripts is already available at the GBrowse2 URL planarian.bio.ub.edu/gbrowse/smed454_transcriptome; an example can also be
found on Figure 4.
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Figure 4 Online data sets and DGE data on Smed454 GBrowse2. A - To facilitate browsing of mapped tags over the transcripts we have worked
with, we provide a dynamic table interface that paginates through the huge lists of records. This jQuery [112] interface allows the user to easily sort
the output table by a given column—ijust by clicking on the column label—or to search for specific values on the cells—using either the form box
just below the column labels or the advanced search available from the magnifying glass icon at the bottom of the table. Three tables, like the one
in the background, contain the equivalences between contigs from different transcriptomes, as well as functional annotations, always focusing on
the Smed454 data set. The other tables, like the one in the foreground, contain the tag mappings for each single transcriptomes considered to date.
B - Previously published Smed454 database [10] has been ported to GBrowse2 in order to facilitate navigating through the transcripts annotations,
such as predicted domains from Pfam, assembly reads mapping, etc. This panel shows the annotations on Smed-wi-3 homologous contig as an
example. A customized track allows the integration of information about mapped DGE tags into single or combined tracks; tags are represented as
boxes with height proportional to log of the normalized tag counts, the rank and the strand for the tag hit are shown in the label just below that
box. Bottom left blue box zooms into one of those combined tracks to visualize the pop-up box that the user can recover when moving the mouse
over a given tag feature. In addition, bottom right red box displays the details page one can get when clicking on a tag feature.
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Table 2 Neoblast genes

Gene X1 X2 Xin p-val X1-Xin p-val X2-Xin Accession PubMed
Smed-bruli 21257 122.68 0 2.20e-062 1.58e-035 DQ344977 16890156
Smed-chd4 159.84 18.34 13.69 591e-032 1.10e-001 GU980571 20223763
Smed-coe 10.16 0 0 9.77e-004 1 KF487109 25356635
Smed-cycD 18.95 0 0 1.91e-006 1 JX967267 23123964
Smed-dlx 522 0 0 3.12e-002 1 JN983829 21852957
Smed-e2f4-1 141.72 2350 29.96 6.24e-018 7.79e-002 JX967265 23123964
Smed-egfr-3 19.50 0.57 0 1.91e-006 5.00e-001 HM777016 21458439
Smed-egr-1 510.01 37.26 153.20 9.16e-045 3.06e-017 JF914965 21846378
Smed-foxA 15.65 0 0 1.53e-005 1 JX010556 24737865
Smed-hdac-1 1086.49 0 60.77 4.19e-122 4.34e-019 JX967266 23123964
Smed-hnf4 30.21 8.31 8.56 3.85e-004 1.85e-001 JF802199 21566185
Smed-hsp60 11343 10.32 3338 8.64e-011 2.18e-004 GU591874 21356107
Smed-hsp70 326.28 0 11.13 3.98e-081 4.88e-004 GU591875 21356107
Smed-jnk 87.61 1347 11.98 8.29e-016 1.55e-001 KC879720 24922054
Smed-Ist8 43.12 143 0 1.14e-013 5.00e-001 IN815261 22479207
Smed-msh2 5713 2.58 0 6.94e-018 1.25e-001 JF511467 21747960
Smed-nanos 39.27 1.15 0 1.82e-012 5.00e-001 EF153633 17390146
Smed-ncoa’s 4834 30.38 0 1.46e-011 5.96e-008 KF668097 24268775
Smed-nf-YB 11.26 258 0 4.88e-004 1.25e-001 HM100653 20844018
Smed-p53 522 573 0 3.12e-002 1.56e-002 AY068713 12421706
Smed-papbc 46.96 0 0 7.11e-015 1 HM100651 20844018
Smed-pbx 226.03 38.12 19.69 1.17e-044 6.41e-003 KC353351 23318635
Smed-pcna 72863 24.08 0 351e-217 5.96e-008 EUB56391 18786419
Smed-prmt5 43.67 0.57 0 5.68e-014 5.00e-001 JQ035529 22318224
Smed-prog-1 1.92 389.54 37.66 7.09e-010 742e-074 JX122762 18786419
Smed-runt-1 16.48 0 0 1.53e-005 1 JF720854 21846378
Smed-sd-1 14.28 0.57 0 6.10e-005 5.00e-001 KF990481 24523458
Smed-sd-2 467 0 0 3.12e-002 1 KF990482 24523458
Smed-smB 461.12 0 29.96 1.72e-099 9.31e-010 GU562964 20215344
Smed-smg-1 72.78 11.47 26.53 1.51e-006 4.38e-003 JF894292 22479207
Smed-soxP-1 15.11 315 0 3.05e-005 1.25e-001 JQ425151 22385657
Smed-sp6-9 38.72 0.57 0 1.82e-012 5.00e-001 JN983830 21852957
Smed-srf 40.37 0.29 16.26 5.78e-004 1.53e-005 JX010474 22549959
Smed-tert 19.22 0 0 1.91e-006 1 JF693290 22371573
Smed-tor 31.86 0 10.27 3.35e-004 9.77e-004 JF894291 22479207
Smed-vasa-1 1209.52 2293 22.25 3.3%-162 1.17e-001 JQ425140 22385657
Smed-wi-1 644.59 1347 0 6.01e-192 1.22e-004 DQ186985 16311336
Smed-wi-2 72478 5045 26.53 141e-176 2.90e-003 DQ186986 16311336
Smed-wi-3 433.93 76.82 2140 9.76e-101 4.01e-009 EUS586258 18456843
Smed-xin-11 26.64 0 0 7.45e-009 1 DQ851133 17670787

X1, X2 and Xin DGE expression levels of already known and deeply characterized neoblast genes.
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Table 3 Likely neoblast genes

Gene X1 X2 Xin p-val X1-Xin p-val X2-Xin Accession PubMed
Smed-armcl 20.60 2.01 0 4.77e-007 2.50e-001 JQ425158 22385657
Smed-ash2 17.58 0.86 0 3.81e-006 5.00e-001 KC262336 23235145
Smed-cpsf3 19.77 0 0 9.54e-007 1 KJ573358 24737865
Smed-da 13.46 0 0 1.22e-004 1 KF487093 24173799
Smed-eed-1 42.02 0 0 2.27e-013 1 JQ425136 22385657
Smed-ezh 31.03 2.01 0 4.66e-010 2.50e-001 JQ425137 22385657
Smed-fer3l-1 12.36 1.15 0 2.44e-004 5.00e-001 KF487094 24173799
Smed-fhl-1 158.19 8.31 23.11 2.79e-025 3.67e-003 JQ425148 22385657
Smed-hcf1 20.60 0 0 4.77e-007 1 KC262343 23235145
Smed-hesl-3 26.09 0.57 0 1.49e-008 5.00e-001 KF487112 24173799
Smed-junl-1 173.30 459 0 1.97e-050 3.12e-002 JQ425155 22385657
Smed-khd-1 29.94 4.87 8.56 3.85e-004 1.22e-001 JQ425142 22385657
Smed-mcm7 351.82 24.08 0 5.22e-104 5.96e-008 KJ573361 24737865
Smed-mll5-2 97.50 1548 3252 7.09e-008 3.88e-003 KC262344 23235145
Smed-mrg-1 53.28 344 0 1.11e-016 1.25e-001 JQ425133 22385657
Smed-nlk-1 0 30.10 0 1 9.31e-010 JQ425157 22385657
Smed-nsd-1 13540 8.03 0 4.23e-039 3.91e-003 JQ425134 22385657
Smed-pabp2 191.98 2.58 8.56 2.84e-045 5.37e-002 KJ573359 24737865
Smed-rbbp4-1 121.67 0 0 3.13e-035 1 JQ425135 22385657
Smed-sae2 19.77 6.02 0 9.54e-007 1.56e-002 KJ573350 24737865
Smed-setd8-1 10.99 0.57 0 4.88e-004 5.00e-001 JQ425139 22385657
Smed-soxP-2 3763 4.01 0 3.64e-012 6.25e-002 JQ425152 22385657
Smed-soxP-3 14.01 1462 0 6.10e-005 3.05e-005 JQ425153 22385657
Smed-sz12-1 76.90 0 0 6.62e-024 1 JQ425138 22385657
Smed-tcf15 47.51 16.05 0 3.55e-015 1.53e-005 JQ425150 22385657
Smed-vasa-2 491.06 184.02 5563 6.25e-087 2.3%-016 JQ425141 22385657
Smed-wdr82-2 195.55 16.63 0 2.66e-057 7.63e-006 KC262342 23235145
Smed-zmym-1 180.99 6.31 0 8.05e-053 1.56e-002 JQ425146 22385657
Smed-znf207-1 44.77 373 0 2.84e-014 6.25e-002 JQ425147 22385657

X1, X2 and Xin DGE expression levels of genes described in the literature with some evidences of being neoblast genes.

regeneration and leading to the death of the animals, the
usual phenotype for neoblast genes [58,59].

New neoblast genes

Interestingly, several of the new genes identified as
neoblast genes correspond to transcription factors,
which are key elements implicated in cell fate deci-
sions. Furthermore, many are also homologous to cancer
related genes. We briefly describe those that pro-
duce planarian regeneration impairment after RNAi
(Additional file 9). The inhibition of six of them pro-
duce a reduced blastema with defective head and
eyes. Smed-atf6A, is a cyclic AMP-dependent transcrip-
tion factor, which interacts with the Nuclear Tran-
scription Factor Y (NF-Y) complex (further analyzed

later). Smed-ccarl, is a perinuclear phospho-protein
that functions as a p53 coactivator modulating apoptosis
and cell cycle arrest [60]. Smed-hnrnpA1/A2BI1, a compo-
nent of the ribonucleosome, is involved in the packaging
of pre-mRNA into hnRNP particles in embryonic inverte-
brate development [61] and in stem cells [62]. Smed-srrt,
modulates arsenic sensitivity, a carcinogenic compound
that inhibits DNA repair [63]. Smed-med7 and Smed-
med27 belong to a mediator complex essential for the
assembly of general transcription factors. Smed-ranbp2
is a member of the nuclear pore complex and is impli-
cated in nuclear protein import. Within the same family,
Smed-nup50 shows also a stronger phenotype. The knock-
down of the other 14 genes prevents the formation of the
blastema completely. Smed-gtf2E1 and Smed-gtf2F1, are
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components of the general transcription factors IIE and
IIE. Smed-ncapD?2 is necessary for the chromosome con-
densation during mitosis [64]. Smed-pesl, is required in
zebrafish for embryonic stem cell proliferation [65]. Smed-
rackl, is an intracellular adaptor of the protein kinase C in
avariety of signaling processes. Smed-1in9, is related to the
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retinoblastoma pathway interacting with Retinoblastoma
1, which is required for cell cycle progression [66]. All six
different retinoblastoma binding proteins produce a non-
blastema phenotype. The retinoblastoma pathway has
been described to regulate stem cell proliferation in pla-
narians [67] and some of its genes are already identified.
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Despite that, most of them are yet to be analyzed. Finally,
Smed-rrM2B, is a subunit of the ribonucleotide reductase
(RNR) complex required for DNA repair [68]. Details on
these genes as well as the rest of the genes tested from the
X1 population can be examined in the Additional file 10.

The four remaining genes presenting an aberrant phe-
notype during regeneration when inhibited by RNAIi are
described in detail in the following two sections: the
Smed-meis-like, a new member of the Meis family, and the
three components of the Nuclear Factor Y complex, all of
them found to be overexpressed in neoblasts.

Smed-meis-like

Smed-meis-like is a member of the TALE-class homeobox
family, similar to Meis genes, which was found to be over-
expressed in the X1 subpopulation. This gene family is
characterized by the presence of a homeobox domain with
three extra amino acids between helices 1 and 2 [69]. Some
of its members can act as cofactors for Hox genes [32]. In
S. mediterranea, other members of the family have been
described: Smed-prep [70], Smed-meis [54] and Smed-pbx
[71,72].

WISH on intact animals shows that it is expressed in
the cephalic ganglia, the pharynx, the tip of the head,
and the parenchyma (Figure 6A). The downregulation
observed three days after irradiation suggests that the
parenchyma-associated expression is related to neoblasts
and early postmitotic cells. To corroborate this, a dou-
ble fluorescence in situ hybridization (FISH) together
with the neoblast marker Smed-h2b [59] has been car-
ried out (Figure 6B and Additional file 11A). Confocal
microscopy shows colocalization of both genes in some
cells, which confirms the expression of Smed-meis-like in
neoblasts and, thus, the DGE results. Nevertheless, not
all Smed-meis-like positive cells are expressing Smed-h2b,
reinforcing the idea that Smed-meis-like is not exclusive of
neoblasts.

Knockdown of Smed-meis-like through RNAi produced
a diverse range of anterior regeneration phenotypes
(Figure 6C), which can be explained by a different pene-
trance. The mildest phenotype produced a squared head
with elongated and disorganized eyes. This phenotype
was also clearly visible with fluorescence in situ hybridiza-
tion (FISH) against Smed-opsin [5] and Smed-tph [73],
which label the photoreceptor and the pigment cells of the
eye (Figure 6D). In an intermediate phenotype, cyclopic
animals are obtained, whereas in the strongest one there
is no anterior blastema formation. This range of phe-
notypes can also be observed with the marker of brain
branches Smed-gpas [74], which shows a gradual reduc-
tion of brain regeneration after Smed-meis-like inhibition.
These results are also confirmed by the reduction of
the brain signal of the pan-neural marker o-SYNAPSIN
(Additional file 11B). Posterior regeneration was normal.

ANNEX

Page 13 of 23

In the strongest phenotype, there is also no expres-
sion of the anterior markers Smed-notum [75] and Smed-
sfrp-1 [76,77], and the marker of sensory-related cells
Smed-cintillo (Figure 6E) [78]. This indicates that Smed-
meis-like is necessary for anterior identity. In contrast,
expression of the posterior marker Smed-wnt-1 [77]
remains after Smed-meis-like inhibition. Thus, we can
conclude that Smed-meis-like is necessary for anterior, but
not for posterior regeneration.

Finally, immunohistochemistry against H3P (Figure 6F)
shows a slight—but significant—decrease in prolifera-
tion in the whole animal (133.845.22 mitosis/mm? in
n=9 controls versus 94.6+4.06 cells/mm? in n=9 Smed-
meis-like(RNAi), mean+s.e.m.). This decline in mitosis is
matched by the lack of progenitors of some anterior struc-
tures, indicating also defects in differentiation. Thus, eye
progenitor cells, which are labeled with Smed-ovo [54], are
not present in Smed-meis-like(RNAi) animals (Figure 6E).

The requirement for Smed-meis-like in anterior regen-
eration is similar to another member of the family, Smed-
prep [70]. This differential phenotype is also observed
after the inhibition of other genes, such as Smed-egr4 [79],
Smed-zicA [80,81] and Smed-FoxD [82]. The milder phe-
notype, showing elongated eyes, is similar to the effect
of Smed-meis(RNAi) [54], and also to the mild inhibition
of Smed-bmp4 [83]. Altogether, these results suggest that
Smed-meis-like is important for eye and anterior regen-
eration, similarly to other members of the TALE-class
homeobox family. However, given the lack of expression
of Smed-meis-like in the eyes, the abnormal eye forma-
tion could be a consequence of the anomalous brain
regeneration.

Nuclear Factor Y complex

The Nuclear Factor Y complex (NF-Y) is an important
transcription factor composed by three subunits (NF-YA,
NE-YB and NF-YC), each one encoded by a different gene.
This heterotrimeric complex acts as both an activator
and a repressor, and it regulates other transcription fac-
tors, including several growth-related genes, through the
recognition of the consensus sequence CCAAT localized
in the promoter region [84-88]. In addition, it has been
reported that the NF-Y complex regulates the transcrip-
tion of many important genes like Hoxb4, y-globin, TGF-
beta receptor II, or the Major Histocompatibility Complex
class I and Sox gene families [89]. This large number of
interactions makes the NF-Y complex an important medi-
ator in a wide range of processes, from cell-cycle regula-
tion and apoptosis-induced proliferation to development
and several kinds of cancer [90].

In the sexual strain of S. mediterranea, an NF-YB is
necessary to maintain spermatogonial stem cells [91]. We
have isolated a different NF-YB subunit (NF-YB-2), and
also a member of the other two subunits (NF-YA and
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Figure 6 Smed-meis-like is essential for anterior regeneration. A - WISH reveals that Smed-meis-like is expressed in the cephalic ganglia, the pharynx,
the tip of the head (arrowhead) and the parenchyma, from where it is downregulated three days after irradiation. B - Double FISH of Smed-meis-like
together with the neoblast marker Smed-h2b, shows that Smed-meis-like is expressed in neoblasts (arrowheads) as well as in differentiated cells
(asterisk). DAPI labels the cell nuclei. See Additional file 11A for the separate channels of fluorescence. € - Smed-meis-like(RNAI) produce defects in
anterior regeneration, which range from an squared head with elongated eyes, cyclops, to complete loss of anterior regeneration. The marker of
brain branches Smed-gpas also shows this different penetrance. D - Double FISH with Smed-opsin and Smed-tph shows aberrant eyes in the less
severe phenotype. E - The anterior markers Smed-notum, Smed-sfrp1, Smed-cintillo, and the eye progenitor marker Smed-ovo disappear after
Smed-meis-like(RNAI), while the posterior marker Smed-wnt-1 remains. F - Quantification of mitotic cells by «-H3P immunohistochemistry in the whole
animal (p < 0.001, t-test). All the experiments are done on bipolar regenerating trunks, at 11 days of regeneration after three rounds of injection.
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NE-YC). WISH shows that the three genes are expressed
ubiquitously and in the cephalic ganglia (Figure 7A).
Moreover, the expression decrease one day after irradia-
tion indicating a linkage with stem cells, as described in
other organisms [92]. Double FISH of each NF-Y subunit
together with Smed-h2b confirms the expression of this
complex in neoblasts and also in some determined cells
(Figure 7B and Additional file 12A).

It has been suggested that each NF-Y component could
have a specific role [93]. Therefore, to better understand
the function of this complex, we knocked down each sub-
unit separately. Although the penetrance varies depending
on the subunit inhibited, the phenotype observed after
RNAI treatment is the same. In intact non-regenerating
animals, RNAi resulted in head regression, ventral curling
and, finally, death by lysis (data not shown), as described
for other neoblast-related genes [58,59]. After 11 days,
head and tail amputated animals failed to regenerate prop-
erly, with a smaller brain and fewer brain ramifications as
revealed by Smed-gpas (Figure 7C) and by «-SYNAPSIN
(Additional file 12B). Furthermore, we observe an increase
in the number of Smed-h2b* cells (Figure 7C,E), also
in the area in front of the eyes, where there should
not be undifferentiated neoblasts, even though mitosis
are reduced (Figure 7D). There is also a decrease in
the number of early postmitotic cells (Smed-nb.21.11e*)
(Figure 7C,E), whereas late postmitotic cells (Smed-agat-
1*) do not present significant differences (Figure 7E) [53].
These early progeny markers have recently been associ-
ated with epidermal renewal [94]. Hence, the accumu-
lation of neoblasts and the decrease of the subepider-
mal postmitotic population suggest a defect in the early
stages of the differentiation process affecting the epider-
mal linage. The neural lineage may also be compromised
according to the atrophied cephalic ganglia.

Conclusions

This work presents experimental validation of a collec-
tion of putative neoblast genes obtained from a DGE assay
on cell fractions. As clearly depicted in the splashplot for
the comparison of expression levels between X1, X2 and
Xin fractions (Figure 5 and Additional file 13A), there are
only a few transcripts specific to X2. The plot produced
with the data provided by Labbé [14] from their RNA-Seq
analysis on X1, X2 and Xin cell fractions for S. mediter-
ranea shows a similar pattern (Additional file 13B). More-
over, comparison among the three sets using Pearson and
Spearman correlations indicates that X1 and X2 are the
most correlated populations (Additional file 14). Follow-
ing these results, most of the transcripts expressed in X2
are also expressed in X1. Hence, X2 is a heterogeneous
population that cannot be transcriptionally differentiated
from X1 without a deeper discrimination method. In this
regard, the strategy recently applied by van Wolfswinkel
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and collaborators using the last sequencing technology
to obtain the transcriptome of individual cells [94], rep-
resents the most promising approach to deciphering the
heterogenity of the neoblast progeny.

Randomization simulations also illustrate the specificity
of the 21bp tags to detect real transcripts, corrobo-
rating previous estimations [29,46,48,49,95,96]. Further-
more, those results reinforce the assumption that most
of the non-mapping tags will correspond to real tran-
scripts [46-49], still lacking from reference data sets for
this species. Antisense transcription was also detected,
confirming previous reports [25,36,49]. Although further
analysis will be required to determine whether this could
explain a fraction of the “novel” tags, our primary focus
was to characterize the canonical protein-coding tran-
scripts. Due to the heterogeneity of this species genome,
we would expect some variability-both at sequence and
expression arising from individuals (the pool of animals
taken for the samples), and cells (as they do not come from
a cell culture). This could explain another fraction of tags
not mapping onto the reference transcriptomes. Conse-
quently, we were quite strict in the current manuscript to
look for exact tag matches, taking into account that one
or more mismatches represents a mappability issue even
for finished transcriptomes of the quality of human [97]
or Drosophila melanogaster [98].

DGE has proven to be reliable for transcript quantifi-
cation and new gene identification in planaria. In this
work, we have described a new member of the TALE-
class homeobox family, Smed-meis-like. Similar to other
members of this family, this gene seems to be involved
exclusively on anterior polarity determination during
regeneration. Given that the expression of this gene is
not restricted to neoblasts, its role can also be important
in committed cells. Our results with the NF-Y complex
suggest that the knockdown of this complex blocks early
differentiation of the epidermal and, probably, neural lin-
eages, both belonging to the ectodermal line, generating
a neoblast accumulation and deregulation. This effect has
been shown in other organisms such as Drosophila, in
which NF-Y knockout blocks differentiation of R7 neu-
rons through senseless [89,99]. The majority of the new
neoblast genes reported and validated in this study were
found to participate in cell proliferation, cell cycle regula-
tion, embryogenesis or development in other models, and
many of them are involved in processes related to can-
cer. The pathways participating in tumorigenic processes
and stem cell regulation are often the same, as has been
proposed previously for planarians [100]. These genes
are probably fundamental for stem cell maintenance and
the control of proliferation in organisms with the capac-
ity to regenerate [101], thus reinforcing the potential value
of S. mediterranea as an in vivo model for stem cell
research [102].
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Figure 7 Smed-nf-Y gene complex is required for the proper neoblast differentiation and localization. A - WISH shows that the three Smed-nf-Y
genes are expressed ubiquitously and in the cephalic ganglia, and one day after irradiation their expressions decrease. B - Double FISH of
Smed-nf-YA, Smed-nf-YB-2, and Smed-nf-YC together with the neoblast marker Smed-h2b shows colocalization with the NF-Y subunits (arrowheads),
demonstrating the expression of this complex in neoblasts as well as in differentiated cells (asterisk). DAPI labels the cell nuclei. See Additional

file 12A to check each channel of fluorescence separately. € - Smed-nf-Y(RNAI) animals regenerate thinner blastemas with non well formed eyes and
shape defects, and fail to differentiate a proper brain, with reduced cephalic ganglia as revealed with Smed-gpas. FISH with the neoblast marker
Smed-h2b shows an accumulation of neoblasts in the region in front of the eyes while the early progeny marker Smed-nb.21.11e reveals a decrease
of early postmitotic cells in Smed-nf-Y(RNAI) animals. D - Immunohistochemistry with the mitotic marker a-H3P shows a reduction in the number of
mitosis. E - Quantification with category markers indicate a significant increase of Smed-h2b* cells in Smed-nf-YB-2(RNAi) and Smed-nf-YC(RNAI)
animals and a significant decrease of nb.21.17e* cells in all of the RNAi animals, whereas Smed-agat-1" cells do not show significant changes

(p < 0.001, t-test). Counts are referred to the whole body. ph: pharynx. All the experiments are done on bipolar regenerating trunks, at 11 days of
regeneration after one round of injection.
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Our DGE analysis pointed out a high resemblance
among all the transcriptomes available for S. mediter-
ranea. We have also shown the redundancy of the tran-
scriptomes currently available for S. mediterranea in
agreement with Kao [17], together with their incom-
pleteness under the light of the DGE data. Although
our results provide a comprehensive comparison among
them, it would be desirable to agree on a unique tran-
scriptome to be used by the whole community. To this
end, the PlanMine initiative [103] is attempting to obtain
consensus among the researchers on an appropriate ref-
erence. Nonetheless, the need for a completely sequenced
and well-annotated genome remains. The DGE strategy
can help in this endeavour, since short sequences can be
rapidly projected over the reference genome or the tran-
scriptome, even from different laboratories, in order to
improve their annotation [46]. Similarly, DGE allows the
data generated to be reassessed as many times as required,
as a more complete genome and transcriptome references
for this species become available. Hence, the quantitative
data provided here by DGE will prove useful in order
to recover and annotate more undescribed genes in the
future.

Methods

Animal samples

Planarians used in this study were from the asexual clonal
line of S. mediterranea BCN10. Animals were maintained
in artificial water and were starved at least seven days
prior to experimentation.

Cell dissociation, cell sorting and RNA extraction

To trigger neoblast proliferation and differentation, two
days head and tail regenerating animals were used for
the preparation of the libraries. Three animals per library
were used in order to obtain the required amount of
RNA. Cell dissociation and FACS were carried out as
described by Méritz [31] and Hayashi [30]. Briefly, after
cell staining with Calcein AM and Hoechst 33342 (Molec-
ular Probes, Life Technologies), one million cells were
separated for each population in a FACSAria sorter
(Becton Dickinson) at the Scientific and Technologi-
cal Centers of the University of Barcelona (CCiTUB)
cytometry facilities. A representative plot of the cell
populations after the sorting can be seen in Addi-
tional file 1A. Cells were directly collected in TRIzol
LS (Life Technologies) at 4°C and maintained in ice
to preserve RNA integrity. RNA extraction followed to
obtain 1ug of total RNA for each library. Quantifica-
tion of RNA was assessed with a Nanodrop ND-1000
spectrophotometer (Thermo Scientific) and quality check
was performed by capillary electrophoresis in an Agilent
2100 Bioanalyzer (Agilent Technologies) prior to library
preparation.

ANNEX

Page 17 of 23

DGE sequencing

Unlike RNA-Seq, this method only sequences a short read
of a fixed length, named tag, derived from a single site
proximal to the 3’-end of polyadenylated transcripts. This
short read is later used to identify the full transcript.
The number of times that the very same tag has been
sequenced—its number of occurrences—is proportional
to the abundance of the transcript which it belongs to.
Since it only counts one sequence per transcript, its abil-
ity to quantify is not affected by the transcript length. For
that reason, DGE is better suited for the detection of short
transcripts and low expressed genes when compared with
RNA-Seq [20-22].

Sequence tag preparation was done with Illumina’s DGE
Tag Profiling Kit according to the manufacturer’s proto-
col as described [104]. In short, the most relevant steps
included the incubation of 11g of total RNA with oligo-d T
beads to capture the polyadenlyated RNA fraction fol-
lowed by ¢cDNA synthesis. Then, samples were digested
with Nlalll to retain a cDNA fragment from the most 3’
CATG proximal site to the poly(A)-tail. Subsequently, a
second digestion with Mmel was performed, which cuts
17 bp downstream of the CATG site, generating, thus, the
21 bp tags.

Cluster generation was performed after applying 4pM
of each sample to the individual lanes of the Illumina 1G
flowcell. After hybridization of the sequencing primer to
the single-stranded products, 18 cycles of base incorpo-
ration were carried out on the 1G analyzer according to
the manufacturer’s instructions. Image analysis and base
calling were performed using the Illumina pipeline, where
tag sequences were obtained after purity filtering. Gener-
ation of expression matrices, data annotation, filtering and
processing were performed by using the Biotag software
(SkuldTech, France) [104].

Raw sequencing data in FASTQ format as well as pro-
cessed tag sequences and their associated expressions
have been deposited at NCBI Gene Expression Omnibus
(GEO) [105] and are accessible through GEO Series acces-
sion number GSE51681 [106].

Comparison of expression data
Tag raw expression was normalized to counts per million
(cpm). The statistical value of DGE data comparisons, as
a function of tag counts, was calculated by assuming that
each tag has an equal chance to be detected, in fair agree-
ment with a binomial law. An internal algorithm allows
the comparison between different libraries and measures
the significance threshold for the observed variations and
p-value calculation (see Mathematical Appendix of Pique-
mal et al. 2002 [104]).

Different Perl [107] scripts were designed for the subse-
quent analyses. All of them are available from the web site
planarian.bio.ub.edu/SmedDGE.
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Tag mapping

A database with all the possible CATG + 17bp theoretical
tag sequences was constructed for each one of the refer-
ence data sets. Tags were compared to these databases to
identify all perfect matches and, when more than one tag
mapped over the same transcript, only the tag closer to the
3’-end was considered. For the genome reference, 2 mis-
matches were also considered for unmappable tags with
the SeqMap mapper [108,109].

In addition, tags were also mapped against a database
of 8,662,308 CDS and 5,189 genomic sequences from
bacteria directly downloaded from GenBank [110] repos-
itories to check sample contaminations. Only two tags
mapped on bacterial transcripts, confirming the purity of
our libraries.

For the 3’-UTR prediction, all 23,020 contigs of the
transcriptome from Kao et al. 2013 [17], were mapped
over the genome using Exonerate 2.2.0 [111] to charac-
terize the putative 3’-UTR ends (poly-A sites were not
predicted though). Apart from aligning the transcripts
to the genomic contigs, the strand for the longest ORF
contained was also considered to ensure proper tran-
script orientation. For each transcript, 1,000bp upstream
and downstream regions around the genomic coordinate
for the putative 3-UTR ends found were considered to
retrieve DGE tags (noted as transcripts 3’-end relative
position in Additional file 5).

Libraries and reference sequence data sets randomization
Libraries and reference data sets were randomized using
Perl [107] scripts and the Inline::C library to generate anal-
ogous sets of random sequences. This method resembles
the original data sets in terms of size and nucleotide abun-
dance in comparison with other approximations which
generate virtual sequences based on mathematical distri-
butions [49]. 500 and 100 randomizations for each library
and data sets respectively were generated. Mapping was
performed using cutoffs of 1, 5, 10, 15 and 20 occurrences
(Additional file 3).

Browsing data sets
Mapped tags are also available from the web site through
a set of dynamic tables (Figure 4A). They were imple-
mented using the jQuery jqGrid-4.5.2 [112] library, an
Ajax-enabled JavaScript control to represent and manip-
ulate tabular data on the web. Those tables summarize
the tags along with their mappings on the different tran-
scriptomes publicly available (which were downloaded
from the locations cited at the respective papers [10-17]),
their correspondence with the Smed454 transcriptome,
and their annotation.

The transcriptome browser shown in Figure 4B was
initialized with the Smed454 [10] contigs using the
GBrowse2 engine [113]. The browser also includes
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high-scoring segment pairs (HSPs) from whole-
transcriptome BLAST searches performed over the
UniProt database [114] (NCBI BLAST+ 2.2.29 [51]
with default parameters), as well as the Pfam [115,116]
domains mapped by HMMER—with E-val=1 and domain
E-val=1—[117] on the six-frame translations for the con-
tigs sequences. DGE tag sequences—together with the
corresponding counts, normalized scores, their ranks,
etc.—were uploaded to the GBrowse2 MySQL database,
and they are shown in the browser using a customized
version of the Bio::Graphics::Glyph::xyplot module.

Functional annotation was projected from the UniProt
GO annotations over the homologous Smed454 con-
tig sequences. Two-tailed hypergeometric test, which
accounts for significant overrepresented (positive-tail) or
under-represented (negative-tail), was performed by com-
paring the set of GO assigned to transcriptome contigs
over-represented on each of the cell fractions against the
set of GO annotations for the whole set of contigs. Sig-
nificance threshold was set to p < 10 and the results
are summarized in Additional file 6 for the different cell
fraction sets.

Gene nomenclature
New genes were named following the nomenclature
proposed for S. mediterranea [118] based on their
BLASTx homology—NCBI BLAST+ 2.2.29 [51] with
default parameters against the UniProt database [114]—
to its human homologous gene according to the official
gene name approved by the HUGO Gene Nomenclature
Committee (HGNC) [119] whenever possible, and trying
to honor the names of other members of the family if they
were already stated for S. mediterranea. When no signifi-
cant homology for the corresponding gene was available,
its characteristic domain found at the Pfam site [115,116]
was used to identify it.

Gene sequences and primers used for cloning are
deposited at the GenBank [110] site—see Table 4 for the
accession numbers of the sequences.

Irradiation

For experimental protocols requiring irradiated animals,
irradiation was carried out at 75 Gy (1,66 Gy/minute) in a
X-ray cabinet MaxiShot 200 (Yxlon Int.) at the facilities of
the Scientific and Technological Centers of the University
of Barcelona (CCiTUB).

In situ hybridization

WISH was conducted for gene expression analysis, as
previously described [120,121]. Images from representa-
tive organisms of each experiment were captured with a
ProgRes C3 camera (Jenoptik) through a Leica MZ16F
stereomicroscope. Animals were fixed and hybridized at
the indicated time points.
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Fluorescence in situ hybridization

For double FISH animals were treated as described else-
where [122]. Confocal laser scanning microscopy was
performed with a Leica SP2.

Immunohistochemistry

Immunostaining was carried out as described previously
[123]. The following antibodies were used: «-SYNORE-
1, a monoclonal antibody specific for SYNAPSIN, which
was used as a pan-neural marker [124] (1:50; Devel-
opmental Studies Hybridoma Bank); and «-phospho-
histone H3 (H3P), which was used to detect mitotic cells
(1:500; Cell Signaling Technology). Alexa 488-conjugated
goat a-mouse (1:400) and Alexa 568-conjugated goat -
rabbit (1:1000; Molecular Probes) were used as secondary
antibodies.

RNAi experiments

Double-stranded RNAs (dsRNA) were produced by in
vitro transcription (Roche) and injected into the gut of
the planarians as previously described [5]. Three aliquots
of 32 nl (400-800ng/ul) were injected on three consecu-
tive days with a Drummond Scientific Nanoject II injector.
Head and tail ablation pre- and post-pharyngeally fol-
lowed the fourth day. If no phenotype was observed after
two weeks, a second round of injection and amputation
was carried out in the same manner, unless otherwise
stated. Control organisms were injected with gfp dsSRNA.

Availability of supporting data

All data sets are fully available without restriction. Yet rel-
evant data sets were already included within this article
and its additional files, further supporting material, as well
as updates, will be publicly available through the project
web site [https://planarian.bio.ub.edu/SmedDGE].

Raw sequencing data in FASTQ format, along with pro-
cessed tag sequences and their associated expressions,
have been deposited at NCBI Gene Expression Omnibus
(GEO) [105]; they are accessible through GEO Series
accession number GSE51681 [106]. Gene sequences and
primers used for cloning are deposited at the GenBank
[110] repository, the corresponding accession numbers for
the gene sequences are listed on Table 4.

Additional files

Additional file 1: Fluorescence-activated cell sorting plot.

A - Representative FACS plot of the cell sorting experiment carried out in
this study showing the selection criteria applied for the isolation of the X1,
X2, and Xin cell populations as described by Méritz [31] and Hayashi [30].
The cytoplasm of the cells is stained with Calcein AM while their nuclei are
labeled with Hoechst 33342. Then, cells are separated by their
nucleus/cytoplasm ratio. B - Same FACS plot from a cell dissociation
experiment with lethally irradiated planarians four days after irradiation. A
complete ablation of X1 and an important reduction of cells in X2 can be
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observed. The sensitivity of the cells in these populations to irradiation
responds to their composition of neoblasts in different stages of the cell
cycle and distinct levels of determination: X1, proliferating stem cells in
S/G2/M, and X2, stem cell progeny and proliferating neoblasts in GO/G1.
Neoblasts are the only proliferating cells in this organism.

Additional file 2: Distribution of mapped and orphan tags by number
of occurrences. A - Venn diagrams showing the tags overlap between the
three cell populations, by occurrence (top), and by significative p-value,

(p < 0.05, bottom). The number of mapping tags is detailed in italics.

B - Frequency distribution of tags grouped by its number of occurrences,
i.e, sequencing events, in all libraries. Tags detected in a low copy number
are prone to be produced by sequencing errors—likely from more
abundant tags. As can be appreciated, most of the tags with less than five
occurrences do not map over any of the reference data sets, suggesting
that those tags are less reliable [49], which is in agreement with the results
of the randomization simulations (see the text and Additional file 3). Due to
that, tags detected less than five times were discarded in further analysis.

Additional file 3: Randomization simulations. Number of tags mapped
over the randomized reference data sets, and vice versa, at different
occurrences cutoffs. When compared with the theoretical number of
matches expected by chance, this facilitates the assessment of the
minimum number of counts for a tag to be considered reliable.

Additional file 4: X1 and X2 in irradiated animals. Venn diagram
showing the overlap between the results presented here and the DGE
study conducted over irradiated planarians of the same clonal line by
Galloni [36]. The number of mapping tags out of the total is detailed in
italics. It can easily be appreciated that most of the tags present in X1 and
X2 are not detected by the irradiation approach.

Additional file 5: Tags potentially mapping in the 3’-UTR regions.
Y-axis represents the number of tags (tag counts) per nucleotide genomic
position. The sequenced DGE tags were then classified in two groups: those
mapping within the genomic region delimited by the transcript exons
(green area), and those mapping outside (blue area). As position 0 depicts
the last nucleotide for all the transcripts, we can only observe green marks
upstream; blue marks can distribute across all the downstream region too.
Background is defined by all those genomic CATG target sequences that
do not match to any of the sequenced DGE tags (red areas). Dashed line
depicts the average value for the downstream background tag counts.

Additional file 6: Bar plots of the GO significant terms for different
comparisons among X1, X2 and Xin annotation sets. Each panel
presents a list of the significant functional annotations (p < 107,
hypergeometric test), along with the corresponding GO code, that are
over- or under-represented (computed as log-odds of the term abundance
by sequence set) on each of the three ontology domains (Biological
Processes, BP; Molecular Functions, MF; and Cellular Components, CC). Bar
plots compare results obtained when considering the following four
non-overlapping sets: X1-only (red bars), X2-only (green bars), the
intersection between X1 and X2 not in Xin (orange), and Xin-only (blue
bars). Bars color-filling is proportional to the p-value for the given GO code,
thus darker colors corresponds to smaller p-values (all below the significant
threshold anyway). A Venn diagram on top of each page represents the
comparison made among the fraction sets.

Additional file 7: Genes involved in stemness, regeneration or tissue
homeostasis overexpressed in neoblasts and their progeny. DGE
expression of clones reported in two experimental high-throughput
screenings by Reddien [6] and Wenemoser [56] related to regeneration,
stemness or tissue homeostasis identified as being overexpressed in
neoblasts (p < 0.001).

Additional file 8: Whole mount in situ hybridization of new neoblast
genes. Expression by WISH of new neoblast genes in control (left panel)
and irradiated planarians (right panel). 38 out of the 42 genes tested are
presented here. The remaining four are characterized in Figures 6A and 7A.
Time after irradiation in days is shown in the top right corner for each gene.
As expected for neoblast genes, expression is reduced or disappears after
irradiation.

Additional file 9: RNA interference of new neoblast genes showing
defects in regeneration. The stronger and most representative
phenotype obtained after RNAi for those new neoblast genes producing
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aberrant regeneration after head and tail ablation. Days of regeneration
and round of injection in superscript, and number of individuals affected
with respect to the total are shown in the top right and bottom right
corners of each panel. All pictures are dorsal except Smed-rbbp4-4, which
illustrates the typical ventral curling of dying animals. The inhibition of
most of the genes completely prevented the formation of the blastema.
For those cases in which a small blastema was allowed to develop, a detail
of the anterior part is shown to appreciate the defective head and eyes. For
a regenerating control animal see Figures 6C and 7C.

Additional file 10: Literature review of the new neoblast genes
presented in this study. A description is provided for each one of the
new neoblast genes proposed in this study (summarized in Table 4) based
on the literature about their homologs in other species.

Additional file 11: Double fluorescence in situ hybridization of Smed-
h2b with Smed-meis-like. A - Double FISH of Smed-meis-like together with
the neoblast marker Smed-h2b shows colocalization of both genes,
demonstrating the expression of Smed-meis-like in neoblasts. Expression is
also detected in differentiated cells. B - The pan-neural marker a-SYNAPSIN
shows the different penetrance of phenotypes of Smed-meis-like(RNAI).

Additional file 12: Double fluorescence in situ hybridization of
Smed-h2b with Smed-nf-YA, Smed-nf-YB-2, and Smed-nf-YC. A - Double
FISH of Smed-nf-YA, Smed-nf-YB-2, and Smed-nf-YC shows colocalization of
the NF-Y subunits with the neoblast marker Smed-h2b, corroborating the
expression of this complex in neoblasts. Expression is also detected in
differentiated cells. B - The pan-neural marker a-SYNAPSIN shows reduced
cephalic ganglia of RNAi animals compared with gfp controls.

Additional file 13: Splashplot projection of the X1/X2 versus Xin
expression changes of upregulated contigs by cell population.

A - Splashplot for overrepresented contigs in the three cell fractions X1, X2
and Xin according to our DGE data over the Smed454 transcriptome [10].
B - Same representation using the data published by Labbé [14]. Both plots
show a similar composition, revealing a low number of transcripts
overexpressed specifically in X2/progeny cells.

Additional file 14: Pearson and Spearman correlations of the
normalized expression levels among X1, X2 and Xin. Diagonal panels
show violin plots with the distribution of the normalized expression levels
for each of the three cell populations data sets. Panels on the upper
diagonal summarize both Pearson (parametric) and Spearman
(non-parametric) correlations, along with the p-values and the linear
regression model estimates for the pairwise comparison between data
sets. On the bottom diagonal panels, for each pair of cell fractions the
scatterplots show differences in expression for each DGE tag. Blue dotted
line is defined by the intercept and slope values for the linear regression
model presented on the corresponding upper panel, confidence interval is
drawn as a grey shadow along that regression line. Those tags having a
normalized expression value of zero in one or both of the cell types, when
considering each pair-wise comparisons, were removed before computing
correlations and for the plots. One can notice that X1 and X2 are the more
correlated pair of cell fractions, then X2 and Xin, and finally X1 and Xin.
Those results match to what would be expected.
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ANNEX II

Annexl: Orthology analysis of Schimidtea mediterranea NF-Ys. Protein
alignment of the three planarian members of the nuclear factor Y shows the
conservation of the main protein domain of each element (black boxes).
Alignment done by ClustalW and bioedit.
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ANNEX III:

Alignment of planarian NF-Y with different planarian species
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Polycelis tenuis -- --NLEMSS YPVHNMFLQGL ESQNGKDENR ILKEQDRFLP IANVSKIMKR DLPATAKVSK EAKECVQECV SEFISFISSE AAEYCQRDKR
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Schmidtea mediterranea sexual KCQQEKRKTI NGEDLLWAMS MLGFEQSVEP LRMFLTKYRE AMKLDSSMME DNIDMQRQID NSMNMVDGGT MYIRENVGGD YGQGEGSHON MNMVQGGTITL
Schmidtea polychroa KCQQEKRKTI NGEDLLWAMA NLGFEQSVEP LRLFLTKYRE ANKLDSSIMD DSIEMGRHMD NMMGNVENTI YLRDNIEYVQ SEAGHDSTTA TGTITLSTDG
Planaria torva KCQQEKRKTI NGEDLLWAMS MNLGFEQSVEP LRMFLTKYRE ANKLDSSMME DNMEMQRQMD GMLSMIDN-T IYIRENVSSD YGQGESSHDMN N-VQGGTFTL
Polycelis tenuis KCQQEKRKTI NGEDLLWAMS MLGFEQSVEP LRMFLTKYRE ANKLDSSMME DNIDMQRQID NSMNMVDGGT IYIRENVGGD YGQGEGSHDMN NMVQGGTITL
Polycelis nigra KCQQEKRKTI NGEDLLWAMS MLGFEQSVEP LRMFLTKYRE ANKLDSSMME DNIDMQRQID NSMNMVDGGT MYIRENVGGD YGQGEGSHDMN NMVQGGTITL
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Annex 3: Presence of NF-YB in several planarian species. Alignment show that

both NF-YB subunits observed in Schmidtea mediterranea are present in all the

planarian species observed including sexual and asexual biotypes. Blast done

using PlanMine resources (Brandl et al. 2016). Alignment done by ClustalW and

bioedit.
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ANNEX IV:

Expression levels of neural genes after wnz5 and s/iz RNAI.

Ovo+ cells positioning is affected after wnz5 and slit RNAI






ANNEX IV

A gfp RNAI

wnt5 RNAI

slit RNAI

Gene Contig SLIT RNAI WNT5 RNAi
log2FoldChange | padj log2FoldChange | padj Gene Reference
synaptotagmin Smed_v4_21069 0_1 -0,22 1,00 -0,19 1,00 Tazaki A., 1999
synapsin dd_Smed_v4 3135 0 1 0,09 1,00 0,27 0,21 Klagges BR, 1996
NeuroD dd_Smed_v4 21717 0 1 -0,10 1,00 -0,07 1,00 | Cowles M.W., 2013
ovo dd_Smed_v4 48430 0 1 0,02 1,00 -0,05 1,00 Lapan SW, 2012
sp6-9 dd_Smed_v4 17385 0 1 0,01 1,00 0,13 1,00 Lapan SW, 2011
arrestin dd_Smed_v4 17854 0_1 0,14 1,00 0,00 1,00 Agata et al., 1998
opsin dd_Smed_v4_15036_0_1 0,27 0,43 -0,11 1,00 Pineda D., 2002

Annex 4: (A) WISH of ovo probe showing eye precursors after wnt5 and slit RNAi in 2
days regenerating planarians and intact planarians. (B) Table shows the expression
levels of different neural genes after wnt5 or slit RNAi. The data has been extracted
from a transcriptome of wnt5 RNAi and s/it RNAi done in collaboration with Kerstin
Bartscherer lab.
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