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ABSTRACT 

The Wnt/-catenin signaling pathway is highly conserved in all metazoans, involved in 

numerous developmental processes and regulating stem cell proliferation in 

adulthood. Disruption of the Wnt/-catenin signaling pathway induces a range of 

abnormalities in embryonic development as well as important adult pathologies such 

as cancer. In Hydra, the Wnt/-catenin signaling pathway plays a key role in the apical 

organizer that maintains apical patterning and allows the development of new heads. 

The objective of this PhD project is to better understand the regulation of the Wnt/-

catenin pathway during Hydra regeneration and maintenance of the apical organizer. 

We designed strategies to understand the dialogue between Wnt/-catenin signaling 

and Sp5 in the maintenance of the apical organizer in adult animals and in the 

formation of a new organizer during developmental processes such as budding and 

regeneration. 

We first identified the transcription factor Sp5 as an inhibitor of the apical organizing 

center in Hydra, and show that this gene fulfills the five conditions necessary for an 

apical inhibitor. Briefly, this Sp5 gene is (1) predominantly expressed in the head, with 

a graded expression profile from apical to basal; (2) up-regulated during apical 

regeneration; (3) its expression is induced by the Wnt/ -catenin signaling pathway; (4) 

Sp5 inhibits the expression of Wnt3 and -catenin, thereby inhibiting the activity of 

this signaling pathway; and (5) Sp5 restricts apical development.  

In the following chapter, we focused on the study of Sp5 regulation in vivo. We 

generated two transgenic lines, which constitutively express either in the epidermal 

layer or in the gastrodermal layer a unique construct, whose tandem structure allows 

the expression of the mCherry reporter gene under the control of the Hydra actin gene 

promoter on the one hand, and the eGFP reporter gene under the control of the Hydra 

Sp5 promoter on the other. This approach revealed that in the intact animal, especially 

in the apical organizer region, Sp5 has a distinct spatial regulation in the epidermis and 

in the gastrodermis. During apical regeneration, the difference in expression between 

epidermis and gastrodermis is mainly quantitative during the first 24 hours, very low 

in the epidermis and massive in the gastrodermis.  
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Following treatment with alsterpaullone, which constitutively activates Wnt/-catenin 

signaling, Sp5 expression is suppressed in the apical region, while two belts of maximal 

epidermal expression are transiently formed below the apical region and near the basal 

region. In parallel, Sp5 is globally upregulated in the gastrodermis. Furthermore, the 

production of transgenic animals silenced for the -catenin or the Sp5 genes suggest 

that a negative autoregulation of Sp5 takes place extensively in the epidermis, more 

restrictedly in the gastrodermis. Knowing the prominent role of gastrodermal epithelial 

cells in the activity of the apical organizer, these results raise the question of the role 

of interactions between Sp5 and the Wnt/ -catenin signaling pathway within and 

between the epidermis and gastrodermis in the context of the homeostatic apical 

organizer and the developmental apical organizer. 

In conclusion, this study highlights the fine regulation of Sp5, a target gene of the 

Wnt/-catenin signaling pathway, as well as the putative interactions between Wnt3 

and Sp5 in the different cell layers of Hydra, either in intact or developing animals, or 

in animals subjected to pharmacological or genetic perturbations. It also highlights in 

the model organism of Hydra expression patterns of Sp5 and Wnt3 that are different 

in the two modes of functioning of the apical organizer, homeostatic in adult animals 

on the one hand, dynamic because in the process of formation or newly formed on the 

other hand. 
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RESUME 

La voie de signalisation Wnt/-catenin est hautement conservée chez les métazoaires, 

impliquée dans de nombreux processus du développement et régulant la prolifération 

des cellules souches à l'âge adulte. La perturbation de la voie de signalisation Wnt/-

catenin induit une série d’anomalies congénitales ainsi qu'à d'importantes pathologies 

adultes telles que le cancer. Chez l’Hydre, la voie de signalisation Wnt/-catenin joue 

un rôle clé dans l'organisateur apical qui maintient le patron apical et permet le 

développement de nouvelles têtes. L'objectif de ce projet de doctorat est de mieux 

comprendre la régulation du processus d'inhibition de la voie Wnt/-catenin pendant 

la régénération de l'Hydre et le maintien de l'organisateur de la tête. Nous avons établi 

des stratégies pour comprendre le dialogue entre Sp5 et Wnt/-catenin dans le 

maintien de l’organisateur apical chez l’animal adulte et dans la formation d’un nouvel 

organisateur lors des processus de développement tels que le bourgeonnement et la 

régénération.  

Nous avons tout d’abord identifié le facteur de transcription Sp5 comme inhibant le 

centre organisteur de la tête chez l'Hydre, et nous montrons que ce gène remplit les 

cinq conditions nécessaires à un inhibiteur de la tête. En bref, ce gène Sp5 est (1) 

principalement exprimé dans la tête, avec un profil d'expression gradué d'apical à 

basal; (2) son expression est activée pendant la régénération de l’extrémité apicale; (3) 

son expression est induite par la voie de signalisation Wnt/-catenin; (4) Sp5 inhibe 

l’expression de Wnt3 et -catenin, inhibant de ce fait l’activité de cette voie de 

signalisation et (5) Sp5 restreint le développement de la tête.  

Dans le chapitre suivant, nous nous sommes concentrés sur l'étude de la régulation de 

Sp5 in vivo. Nous avons généré deux lignées transgéniques, qui expriment de façon 

constitutive soit dans la couche épidermique, soit dans la couche gastrodermique une 

construction unique, dont la structure en tandem permet l’expression d’une part du 

gène rapporteur mCherry sous le contrôle du promoteur du gène d’actine, d’autre part 

le gène rapporteur eGFP sous le contrôle du promoteur Sp5 d’Hydre. Cette approche 

a révélé que dans l’animal intact, en particulier dans la région de l’organisateur apical, 

Sp5 a une régulation spatiale distincte dans l’épiderme et dans le gastroderme. Au 

9



 

 

cours de la régénération apicale, la différence d’expression entre épiderme et 

gastroderme est principalement quantitative au cours des premières 24 heures, très 

faible dans l’épiderme et massive dans le gastroderme.  

Suite au traitement à l’alsterpaullone, qui active la signalisation Wnt/-catenin de 

manière constitutive, l'expression épidermique de Sp5 est supprimée dans la région 

apicale, tandis que se forment transitoirement deux ceintures d'expression maximale 

sous la région apicale et à proximité de la région basale. Parallèlement, Sp5 est 

globalement régulé à la hausse dans le gastroderme Par ailleurs, la production 

d’animaux transgéniques rendus silencieux pour le gène b-catenin ou pour le gène Sp5 

suggèrent qu'une autorégulation négative de Sp5 a lieu de façon importante dans 

l'épiderme, de façon plus restreinte dans le gastroderme. Sachant le rôle prépondérant 

des cellules épithéliales du gastroderme dans l’activité de l’organisateur apical, ces 

résultats posent la question du rôle des interactions entre Sp5 et la voie de 

signalisation Wnt/-catenin au sein et entre l’épiderme et le gastroderme dans le 

contexte de l’organisateur apical homéostatique et de l’organisateur apical 

dévelopmental. 

En conclusion, cette étude met en lumière la régulation fine de Sp5, un gène cible de 

la voie de signalisation Wnt/-catenin, ainsi que les intéractions putatives entre Wnt3 

et Sp5 dans les différentes couches cellulaires de l'Hydre qu’il s’agisse d’animaux 

intacts, en cours de développement ou soumis à des perturbations pharmacologiques 

ou génétiques. Elle met également en évidence dans l'organisme modèle de l’Hydre 

des patrons d’expression distincts au cours des deux modes de fonctionnement de 

l’organisateur apical, homeostatique chez l’animal adulte d’une part, dynamique car en 

cours de formation ou nouvellement formé d’autre part.  
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INTRODUCTION 

1. Whole-Body regeneration: a phenomenon across metazoan 

Regeneration is the process of replacing or restoring damaged or missing cells, tissues, 

organs, appendages or any other lost body parts to the original tissue architecture with 

the purpose to recapitulate its full function (Bely and Nyberg, 2010; Gurtner et al., 2008; 

Poss, 2010). Nonetheless, in most of the cases, injuries lead to a non-functioning mass 

of fibrotic tissue known as a scar (Gurtner et al., 2008). From a classical point of view, 

regeneration can be divided into two types: morphallaxis, which occurs when active 

cell proliferation is absent or limited, and therefore it occurs thanks to the remodeling 

of existing tissue, or epimorphosis, which occurs when there is requirement of cell 

proliferation and the formation of a blastema, which is a mass of undifferentiated cells 

capable of regeneration (Thomas Hunt Morgan, 1901). However, it has been proposed 

that categorizing regeneration into two types may not be entirely correct because 

regeneration without any proliferation is extremely rare, and that categorizing 

regeneration into two types would simplify the process by eliminating the need to 

consider all of the different regenerative contexts (Galliot and Ghila, 2010). This 

phenomenon is common across the animal kingdom, although the regenerating 

potential varies widely between species and even between parts of the same organism. 

While certain metazoans, such as planarians and Hydra, display an extraordinary ability 

to regenerate, others, such as nematodes and birds, have lost this ability (Bely and 

Nyberg, 2010). 

Regeneration has long been investigated in order to understand how tissue 

regeneration occurs, and it has captivated the attention of countless biologists since 

many centuries. Aristotle (around 350 B.C.) was the first one to report that lizards and 

snails were able to regenerate the tail. Since then, many regeneration events have been 

described among the different organisms (Sánchez Alvarado, 2000). In 1744, the Swiss 

zoologist Abraham Trembley revealed the amazing capacity of Hydra regeneration 

(Abraham Trembley, 1744); in 1766, Peter Simon Pallas reported the regenerative 

properties of planarian (Pallas, 1766), and in 1769, Lazzaro Spallanzani, made the first 
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discoveries that amphibian tadpoles were able to regenerate their tails and 

salamanders could regenerate their jaws, limbs, tails and eyes just to mention few 

examples (Spallanzani Lazzaro, 1768). Two centuries after, in 1987, a study was 

published showing that human liver is also capable of regenerating itself (Nagasue et 

al., 1987). Below there are examples of the regeneration capacities of different species 

that have been described (Figure 1). 

 

Figure 1. The ability of various organisms to regenerate.  

Planarians and Hydra have the amazing capacity to regrow the head or tail after removing and 

regenerate the whole body from a body piece (Reddien and Sánchez Alvarado, 2004). Zebrafish 

can regenerate the retina, spinal cord and fin, as well as various organs such as the heart and 

skin (Marques et al., 2019). Axolotl is a well-studied salamander with the ability to regenerate 

limbs, digits and the tail (Joven et al., 2019; Kragl et al., 2009). Mammalian regeneration 

potential is less frequent; nonetheless, deers renew antlers (Price et al., 2005), Acomys 
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regenerate kidney, skin and ear (Okamura et al., 2021; Seifert et al., 2012), and humans have the 

ability to regenerate liver and bone marrow (Nagasue et al., 1987; Orlic et al., 2003). 

Many episodes of gaining and losing regenerative ability have been described in 

various groups during evolution, but the cause of this occurrence is unknown (Bely and 

Nyberg, 2010). Nevertheless, it’s possible that maintaining this favorable trait in some 

species is too energy demanding, and so incompatible with the species’ long-term 

survival. As a result, an explanation for this variation remains a major challenge in 

regenerative biology.  

2. Hydra as a model system to study regeneration 

Hydra is an animal of about 1cm in length with some of the most remarkable 

regenerative abilities ever seen in the animal kingdom, such as the ability to completely 

regrow any missing body part after amputation or even reaggregate when dissociated 

into single cells. It is a member of the Cnidarian phylum which is the sister group of 

Bilaterian, and despite having diverged from the Bilaterian 740 million years ago (Park 

et al., 2012) and regarding its simple anatomy, share a large part of their gene 

repertoire with vertebrates, making it an excellent model system to study development, 

patterning, homeostasis, aging, regulation of stem cells and regeneration among many 

others (Galliot, 2012).  

I. Anatomy and morphology 

Hydra lives in fresh water, whereas practically all other cnidarians such as the starlet 

sea anemone Nematostella vectensis or the jellyfish are marine animals. This phylum 

is very diverse in morphology and is subdivided into four classes: Hydrozoa, 

Scyphozoa, Anthozoa and Cubozoa (Figure 2). Hydra genus can be classified in four 

distinct species, H. viridissima, H. braueri, H. oligactis and H. vulgaris (Martínez et al., 

2010). Despite having a similar morphology, Hydra species differ in physiology and 

genome size; H. viridissima is the only one to live at all stages of its life cycle in 

permanent symbiosis with a unicellular algae named Chlorella vulgaris; moreover, it 

has the smallest genome size among all Hydra species with approximately 380 Mpb, 
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whereas the other species range from 1100 to 1450 Mbp (Hemmrich et al., 2007; 

Zacharias et al., 2004).  

 

Figure 2. Phylogenetic tree of the Cnidarian phylum and the various Hydra species.  

Among the various classes existing in Cnidarians, Hydra is a member of the Hydrozoa class. As 

represented, four different species of Hydra exist, with distinctions made in Basel, 

Magnipapillata, and AEP among the Vulgaris group (Vogg et al., 2019b; Wenger and Galliot, 

2013). 

 

Hydra anatomy is rather simple; it comprises of a single axis composed of the oral – 

aboral pole with radial symmetry. Along the axis of this animal, three major parts can 

be distinguished: the apical region, also named head, which is located in one extremity, 

the basal region, also named foot, which is positioned on the other side, and the gastric 

region, also called as the central body column, which connects both regions (Figure 3). 

At the oral pole, the head is surrounded by a ring of tentacles that are used to capture 

preys and bring them to the mouth opening located at the very apical tip (Galliot, 

2012). The foot, also named basal disc is located at the aboral side and allows animals 

to attach to the different surfaces thanks to the production of mucus, produced by acid 

mucopolysaccharide droplets located in epidermal epithelial cells, which are terminally 

differentiated in this area (Rodrigues et al., 2016).  
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Figure 3. Hydra anatomy.  

On the oral side, there is the head, which is surrounded by tentacles and contains the 

hypostome, which is positioned at the most apical region of the animal. The body column is 

positioned in the gastric area, and the budding process occurs in its lower part. The foot on the 

aboral side is where the basal disc is located. 

Hydra consists of two epithelial cell layers, each of which is made up of a single cell 

thick and extends throughout the animal. The outer layer is called epidermis (also 

known as ectoderm) and the inner layer called gastrodermis (also known as endoderm). 

These layers are organized side by side to produce a two-layered tube that surrounds 

the gastric cavity and they are separated by a collagen-containing extracellular matrix 

called mesoglea (Galliot, 2012).  

II. Homeostatic and developmental properties of Hydra 

Hydra is characterized by three stem cell populations with a continuous self-renewal 

capacity that allow for continuous cell renewal in the polyp (Figure 4). The epidermal 

and gastrodermal epithelial cells in the Hydra body column are unipotent stem cells 

that are constantly proliferating and self-renewing, thus contribute to the budding 

process in intact animals, and to regeneration in amputated ones. In addition, these 

cells, when they reach the extremities, terminally differentiate and replace the 

terminally differentiated epithelial cells located at the extremities of the polyp, the 

tentacles and the foot that get sloughed off. Epithelial cells perform several functions 
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such as osmoregulation, food digesting (gastrodermal epithelial cells), and muscle-like 

contraction (Buzgariu et al., 2015). 

 

Figure 4. Illustration of the two layers that constitute the Hydra polyp.  

The mesoglea (grey) separates the gastrodermis (left) and epidermis (right) layers, which are 

composed of gastrodermal and epidermal epithelial cells, respectively. The other non-epithelial 

cells types are also represented in the location where they are commonly found. 

The third stem cell population in Hydra are the interstitial stem cells, which are highly 

proliferative, interspersed throughout the epithelial cells of the epidermal layer mainly 

in the central body column. Interstitial stem cells are multipotent stem cells that 

differentiate into neurons, secretory cells also named gland cells, nematocytes as well 

as germ cells (David, 2012). They do not, however, give rise to epithelial cells. Note that 

the various differentiated stem cells are also in a steady state of production and loss. 

The sustained proliferation of these three stem cell populations characterizes tissue 

dynamics in Hydra. However, epithelial and interstitial stem cells do not proliferate at 

the same rate; epithermal stem cells self-renew approximately every 3-4 days, whereas 

interstitial stem cells self-renew at a faster rate, every 24-30 hours (David, 2012; David 

and Campbell, 1972).  

i. Asexual (budding) and sexual reproduction 

Two different modes of reproduction coexist in this animal; sexual through 

gametogenesis and asexual through a process called budding. When the animals are 

fed on a regular basis, budding occurs by default. This process takes place in the 

budding zone, which is located in the lower part of the body column, but with certain 

distance from the foot. It takes about four days from the time a small bud begins to 

grow, recruiting cells from the parental animal, to develop all the different structures, 

and finally detach through the foot from the parental body column (Otto and 
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Campbell, 1977). Animals, on the other hand, undergo sexual reproduction when they 

are confronted to harsh conditions, such as temperature changes or a lack of food. 

When this occurs, some animals undergo sexual differentiation, differentiate testes or 

oocytes (or both) in the epidermal layer of the body column. The oocyte once fertilized 

will detaches from the polyp and develops into an embryo, eventually giving rise to a 

new polyp (Bossert and Galliot, 2012). 

ii. Regeneration 

Head and foot regeneration in Hydra are two highly robust processes as a result of its 

tissue dynamics thanks to the continuous self-renewal of stem cells. It is a relatively 

quick procedure, as within 2-3 days after mid-gastric bisection, the upper body column 

will regenerate a foot at the basal end and the lower body column will regenerate a 

head at the apical end (Figure 5). After mid-gastric bisection, wound healing 

immediately takes place with epithelial cells extending to cover and close the wound 

within 3 to 6 hours. Concomitantly to wound healing, regeneration is initiated. Head 

regeneration proceeds from the lower half, and tentacles emerging within 40 to 46 

hours after bisection, with head regeneration completing within 2 to 3 days. Foot 

regeneration from the upper part of the animal is faster, taking approximately 30 hours 

(Bode, 2003).  

 

Figure 5. Hydra regeneration after mid-gastric bisection.  

When a Hydra polyp is cut in half, each half has the capacity to fully regrow the missing section. 

As a result, the upper part will regenerate the foot, while the lower part, will fully regenerate the 
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entire head structure. 

Regeneration is also efficient if a slice of the body column is isolated, it will heal into a 

small cylinder and subsequently regenerate into its normal size (Bode, 2003). If a polyp 

is bisected vertically, isolated sections of the body column form a head and a foot at 

the apical and basal ends respectively, indicating that there is an oral-aboral polarity, 

which is retained even after injury (Bode and Bode, 1980). The regeneration potential 

of Hydra is incredibly robust, as a whole animal can be formed from as little as 5% of 

the body column, where stem cells are located. That is, regeneration will not be 

achieved if the same percentage of tissue is taken from the tentacles or the foot region 

(Bode and Bode, 1980). Even though the three stem cell lineages are distributed along 

the body column, only the epithelial cells of both layers are involved in regeneration 

because animals can regenerate normally after interstitial stem cell depletion (Marcum 

and Campbell, 1978). Furthermore, in Hydra, where interstitial stem cells and thus the 

nervous system are depleted, epithelial cells take over the role by increasing their 

sensibility thanks to their plasticity (Wenger et al., 2016). 

Since the cellular processes supporting head regeneration after decapitation (animal 

cut at 80% body length) seem to significantly differ from those underlying head 

regeneration following mid-gastric bisection (cut at 50%), two types of regeneration 

have been described in Hydra (Galliot and Chera, 2010). Regeneration occurs following 

head decapitation as inductive components from the amputated hypostome persist in 

the remaining tissue, and this region is already populated with apical progenitor cells, 

therefore resulting in a remodeling of the existing tissue. Head regeneration after mid-

gastric bisection, on the other hand, relies on apoptosis-induced compensatory 

proliferation because the cells of this area are proliferating stem cells that have not yet 

acquired an apical destiny, resulting in an epimorphic process (Chera et al., 2009; Galliot 

and Chera, 2010). Furthermore, two proliferative waves in which several cell cycle genes 

are up-regulated occur more intensely during head regeneration after bisection than 

after decapitation (Buzgariu et al., 2018). Therefore, the initial homeostatic conditions 

appear have an impact on the type of regeneration that occurs in Hydra. 
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iii. Reaggregation 

Self-organization during development is an important concern in animal development 

that can only be addressed experimentally in a few model systems. Hydra tissue can 

be dissociated, and subsequently the isolated cells can re-aggregate and form a 

complete animal by self-organization within three to five days (Figure 6) (Gierer et al., 

1972). Self-organization in Hydra aggregates occurs via de novo pattern formation 

(Technau and Holstein, 1992). Cells are randomly distributed in a sphere-like structure 

after dissociation. Then, after 2-3 days, clusters of 5-15 epithelial cells with the 

appropriate head competence level form an activation center by de novo formation, 

and the surrounding tissue gets organized into a complete polyp. Thus, even if cells 

with different levels of head competence are dispersed in the aggregate after 

dissociation, head development is initiated by cells with highest levels of head 

competence, which becomes an activation center and operates as a classical organizer 

(Technau and Holstein, 1992). 

 

Figure 6. The dissociation-aggregation process of Hydra.  

A Hydra polyp is macerated to the point where tissues are dissociated into single cells. When 

these cells are put in a close proximity, they form a sphere aggregate. Immediately, the 

epidermal and gastrodermal cells get separated from each other, with the epidermal cells sorted 

in the aggregate’s outer layer and the gastrodermal cells in the aggregate’s interior. Afterwards, 

developmental processes take place, culminating in the formation of one or several fully formed 

new polyp (Adapted from Cohen, 2017).  

To sum up, the extraordinary regeneration capacity that Hydra constantly provides, 

offers a permanent access to study developmental and patterning mechanisms at 

cellular and molecular levels. As a result, even as an adult animal, it exhibits many 

embryonic characteristics as it seems to lack organismal aging. Furthermore, despite 

its simple anatomy, it has a well-defined body plan, making it a good model organism 
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for studying basic biological processes such as cell proliferation, migration and 

differentiation.  

3. Hydra, a model organism to study organizer activity 

I. Discovery of the concept of organizer  

Ethel Browne was the first to discover the induction phenomena already in 1909 

(Browne, 1909). By doing a series of transplantation studies in Hydra, she discovered 

that the tissue situated at the tip of the head, the hypostome, was capable of inducing 

the formation of a new axis when grafted laterally to another Hydra. She observed that 

grafted cells from an unpigmented hypostome were able to recruit green-pigmented 

cells from the host and induce the formation of another polyp (Figure 7). Similarly, 

tissue from the apical regenerating tip after (at least 10 hours following mid-gastric 

bisection) and tissue from the anterior end of a young bud were able to recruit cells 

from the host when grafted laterally to a host Hydra. Thus, tissue from the hypostome 

of the Hydra, apical regenerating tip and apical budding region has the properties of 

an organizer and thus produces substances that recruit cells from the host and 

stimulate the formation of the new axis.  

 

Figure 7. Scheme of the grafting experiment performed by Ethel Browne.  

When a piece of the hypostome tissue together with a tentacle used as a marker from an 

unpigmented Hydra is grafted into the body column of a pigmented Hydra, the unpigmented 

piece is able to recruit cells from the body column and induce the formation of a secondary 

body axis in the pigmented one. 

In 1924, Spemann and Mangold introduced the term “organizer”, defined as a “region 

or group of cells unique in being able both to induce and to pattern neighboring 

tissue”(Anderson and Stern, 2016). Spermann and Mangold were inspired by Ross 
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Harrison, who employed the lineage-tracing approach in 1903 (De Robertis, 2009), and 

grafted the dorsal blastopore lip of a non-pigmented salamander into the ventral side 

of a pigmented one. This experiment allowed them to observe how the various cells 

coming from the transplant or the host contribute to the formation of the new axis. 

They discovered that the dorsal lip of the blastopore was the only region that retained 

its original fate and gave rise to dorsal tissues when transplanted. As a result, they 

adopted the term “organizer” to describe the induced new axis since the transplanted 

tissue caused primary embryonic tissue to become divided in two. In 1932, Spemann 

was awarded with the Nobel Prize for the discovery of the induction phenomenon 

(Spemann and Mangold, 1924). Despite the fact that Spemann coined the term 

“organizer”, Ethel Browne was the first to discover the induction phenomenon by 

transplantation experiments. However, Spemann never cited her work despite having 

her manuscript (Lenhoff, 1991). 

Since then, similar experiments in different organisms have revealed groups of cells 

with similar instructive potential, and thus other organizer centers have been described 

such as the Hensen’s node in the avian embryo, which induces and patterns the central 

nervous system; the notochord/floor-plate, which induces and organizes different sets 

of neurons in the neural tube; the zone of polarizing activity (ZPA) and apical 

ectodermal ridge (AER), which induces a patterns a set of limb elements, and the 

midbrain-hindbrain boundary, which specifies and patterns the adjacent regions of the 

midbrain/tectum and hindbrain/cerebellum (Anderson and Stern, 2016). 

II. The activator and inhibitor components of the Hydra head 

organizer 

Ethel Browne concluded in 1909 that tissue from the hypostome, head regenerating 

tip, and anterior region of a young bug has the ability to stimulate and thus positively 

dominate the development of specialized structures (Browne, 1909). 

Later, in 1926, further grafting tests were carried out in Hydra, resulting in the 

identification of an inhibitory component also located in the head (Rand et al., 1926). 

Rand grafted the head of a Hydra laterally into the body column of a host. Once the 
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graft was attached to the host (one or two days later), the head of the host was 

amputated, and no regeneration of the host was observed (Figure 8). However, 

regeneration of the host occurred when grafting a piece that was headless. As a result, 

Rand concluded that inhibition was caused by the head or to something situated or 

generated by it.  

 

Figure 8. Schematic representation of the experiment performed in Hydra to demonstrate the 

presence of the inhibitory component. 

When a head region is grafted laterally to a host and subsequently the head of the host is 

amputated, regeneration of the head does not occur due to the high inhibition level of the 

grafted head, which transmits to the host and disrupts its proper regeneration.  

 

Following that, similar transplantation experiments were performed by several 

scientists in which brought to confirm that grafting a dominant region restricts the 

creation of another dominant region and that the distance between the laterally 

grafted hypostome (dominant region) and the host’s amputation surface is critical for 

distal regeneration to occur or not (Rand et al., 1926; Webster, 1966; Webster and 

Wolpert, 1966). Thus, the frequency of head development is reduced at places close to 

an existing head. 

After that, a series of transplantation experiments were carried out to assess the levels 

of head activation and head inhibition. Pieces from different regions where grafted 

below the budding region of a host to assess head activation levels, and the results 

showed that pieces obtained from regions close to the head are more likely to produce 

an ectopic head when transplanted than pieces obtained from more distal parts (Figure 

9, left) (Webster and Wolpert, 1966). To assess the head inhibition level, a piece of the 

upper body column was grafted into several positions of the host (Webster, 1966). The 
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formation of an ectopic head occurred more frequently if the graft was made in the 

basal region because the host tissue capacity to inhibit the formation of on ectopic 

head is lower in this region compared to more apical regions. Overall, it shows that the 

head activator and head inhibitor are graded down the body column (Figure 9, right) 

(Shimizu, 2012; Takano and Sugiyama, 1983). Hydra has as well a foot organizer in the 

aboral pole that, similar to the head organizer, produces a foot activator and a foot 

inhibitor, both of whose activities are graded as well (MacWilliams and Kafatos, 1968).  

  

 

Figure 9. Schematic representation of Hydra transplantation experiments that were 

performed to determine the levels of head activation (left) and head inhibition (right).  

On the left, a piece of tissue dissected from various regions along the body column is grafted 

into the lower part of the body column of a host animal. When pieces close to the head region 

are transplanted, the success rate of developing an ectopic axis through self-differentiation is 

higher, implying a higher activation. On the right, a piece of tissue dissected from a region close 

to the head is grafted at different levels along the body column of the host, ectopic axis 

formation is more successful when the graft is inserted at distance from the existing head, 

suggesting that the inhibitory activity is lower there (Adapted from Shimizu, 2012).  

To summarize, transplantation is a powerful tool that provides basic understanding of 

various aspects of developmental biology allowing researchers to better understand 

embryonic development such as cell specification, cell fate determination, induction 

and plasticity. Hydra is a model organism with great potential because, as previously 

stated, transplantation can be done quickly and easily. In addition, thanks to the 

established organizer in homeostatic conditions as well as the potential organizers 

during developing conditions, is bringing a better understanding of the head activation 

and inhibition levels produced on the organizer in the different contexts. The head 

organizer produces morphogenic gradients and because of the tissue dynamics and 

regeneration capacity, morphogenesis and pattering are active and tightly regulated 
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throughout the entire life of this animal, making it an excellent model organism to 

study these concepts. 

III. Modeling of the two components of the Hydra head organizer 

The hypostome of the Hydra polyp produces a head activator gradient that is maximal 

in the head and graded down the body column as it has the characteristics of an 

organizer, and thus has the capacity to induce the host tissue and form a secondary 

axis by recruiting the cells from the host. Tissue from the body column, on the other 

hand, has self-organizing activity but not inductive activity. As a result, the head 

organizer features of the Hydra are quite similar to those previously reported in 

vertebrate embryos (Broun and Bode, 2002). The fact that this occurs in an adult Hydra 

polyp could reflect the fact that tissue dynamics are constantly engaged in this animal, 

implying that axial patterning processes are constantly active. The organizer, which as 

mentioned is located in the head, produces an activator and inhibitor signaling that is 

graded down the body column. The head organizer has to be constantly maintained 

in the scenario of tissue dynamics and thus constant cell replacement that occurs 

throughout the lifespan of Hydra (Bode, 2009).  

The reaction-diffusion system proposed by Turing (Turing, 1952) to generate spatio-

temporal patterns autonomously in which two substances that interact with each other 

and diffuse at different rates was later adopted by Gierer and Meinhardt in 1972 for 

Hydra patterning (Gierer and Meinhardt, 1972). Gierer and Meinhardt proposed a non-

linear activation-inhibition paradigm in which the activator produced by a source might 

locally self-regulate and therefore activate the synthesis of the inhibitor, which in turn 

would repress the activator (Figure 10). The activation gradient with a short range 

would provide head formation capacity in the body column and during regeneration, 

whereas the inhibition gradient with a long range fast-diffusive would prevent head 

formation along the body column and restrict head formation during regeneration, 

distinguishing between the activator and inhibitor concentrations on one side, and the 

densities of their sources on the other. Gierer and Meinhardt used all of the 

quantitative data gathered from previous transplantation experiments performed in 

Hydra to develop this model.  
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Figure 10. Illustration of the non-linear activation-inhibition model proposed by Gierer and 

Meinhardt.  

The Hydra head activator, which operates in a positive feedback loop, activates the Hydra head 

inhibitor, which represses the head activator and thus prevents head formation throughout the 

body of the animal. 

IV. Hydra, a model organism to study the molecular components of the 

organizer activity 

The activities of the head activator and the head inhibitor were also assessed along the 

body column during head regeneration. To measure the activator properties, apical 

regenerating tips were transplanted laterally to a host at different time points during 

head regeneration to measure the frequency of head formation. The measurements 

revealed that the activity of the activator increases over time during head regeneration, 

that it is a local phenomenon limited to the head region, and that it is recovered within 

12 hours post mid-gastric bisection (MacWilliams, 1983a). Regarding the activity of the 

inhibitor, which is also primarily produced in the head but also in the body in lesser 

amounts, it has a half-time of less than 6 hours after decapitation because 

transplantation of a body region into a decapitated host does not prevent head 

formation in the donor grafted piece because the head inhibition level of the host at 6 

hours post amputation has not yet been restored. After that, the activity of the inhibitor 

is gradually restored in the regenerating head, but does not fully acquire its normal 

inhibition ability until 24 hours mid-gastric bisection (MacWilliams, 1983b).  
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V. Molecular nature of the head activator and head inhibitor in Hydra 

As in organizer formation in zebrafish embryos (Kelly et al., 2000), -catenin signaling 

also plays a critical role in setting up the Hydra head organizer (Gee et al., 2010). In the 

hypostome several members of the Wnt/-catenin signaling pathway are expressed in 

homeostatic conditions like -catenin and Tcf (Hobmayer et al., 2000). They are 

expressed in a broad manner since very early budding stages in the budding zone, 

where later become restricted to the bud site and finally to the head of the bud. Similar 

spatio-temporal expression occurs during regeneration (Hobmayer et al., 2000). 

Nuclear -catenin is found predominantly in the hypostome in homeostatic conditions 

(Broun et al., 2005) and loss-of-function assays using the -catenin inhibitor iCRT14 

shows that is indeed required for head and foot regeneration (Gufler et al., 2018) and 

gain-of-function assays by using a transgenic line where -catenin is overexpressed, 

animals formed heads and secondary axes in several places of the body column and 

regenerated more head and feet (Gee et al., 2010; Gufler et al., 2018).  

Eleven Wnts genes have been described in Hydra, seven of them being expressed in 

the adult hypostome, and re-expressed during regeneration (Lengfeld et al., 2009). 

Wnt3 expression is restricted to the most apical region in homeostatic conditions and 

to the apical region in newly formed buds. In addition, is the first one to be expressed 

being up-regulated 1.5 hours post amputation (hpa) during head regeneration, 

exhibiting a broad expression pattern in the regenerating tip at early time points that 

is later restricted to the most apical region by 24hpa. Furthermore, the addition of 

recombinant HyWnt3 protein in the Hydra medium improves head regeneration in a 

head-regeneration deficient strain. (Hobmayer et al., 2000; Lengfeld et al., 2009). Taken 

together, these findings suggest that Wnt3 may be the master regulator of axial 

patterning in Hydra. Indeed, two years later Wnt3 was identified as the Hydra head 

activator being expressed in the most apical region of the animal, being rapidly up-

regulated during regeneration and its activity relies on Wnt/b-catenin-dependent 

regulation. In addition, to control the organizer activity, Hydra Wnt3 promoter harbors 

two different cis-regulatory elements: an autoregulatory element that activates Wnt3 

transcription and a repressor element that restricts the activity of the autoregulatory 
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element, limiting the expression to the most apical region (Nakamura et al., 2011).  

VI. The inhibitory component of the head organizer 

Concerning the nature of the Hydra head inhibitor, several attempts were made to 

identify it. A protease inhibitor substance was suggested, but its nature was never 

determined (Berking, 1979). Among putative candidates, Hydra Dkk1/2/4 (HyDkk1/2/4) 

emerged as a putative candidate. The DKK gene family encodes secreted antagonists 

of Wnt signaling, however, HyDkk is not expressed in the head region and is negatively 

regulated by Wnt/-catenin signaling (Augustin et al., 2006; Guder et al., 2006). After, 

a Thrombospondin (HmTSP) was described as a Wnt signaling target being expressed 

in the hypostome region and being down-regulated after the knock-down of -catenin 

by RNA interference (RNAi). However, the knock-down of HmTSP does not induce a 

multiple-headed phenotype in Hydra (Lommel et al., 2018). HAS-7, an astacin 

proteinase, was recently identified as a potential candidate for limiting head organizer 

formation (Ziegler et al., 2021). HAS-7 maintains a single head organizer via Wnt3 

proteolysis, but it is not expressed in the head and thus is not in close proximity to the 

region where Wnt3 is expressed. In 2019, the transcription factor Sp5 was identified as 

the Hydra head inhibitor. This transcription factor, which is predominantly expressed 

in the head and at lower levels along the body column, meets all of the criteria for 

being the Hydra head inhibitor (Vogg et al., 2019a). Sp5 has an apical-to-basal graded 

activity, is rapidly up-regulated during head regeneration, is under the control of 

Wnt/-catenin signaling, it inhibits Wnt/-catenin signaling, and prevents head 

formation along the body column since the knock-down of Sp5 results in a multiple 

headed phenotype. 

4. The importance of Wnt/-catenin signaling in intact and 

regenerating Hydra 

The canonical Wnt/-catenin signaling is involved in axis formation in Hydra and in the 

reestablishment of the head organizer (Hobmayer et al., 2000). Moreover, ectopic 

activation of Wnt/-catenin signaling in Hydra by treating them with Alsterpaullone 

(ALP) (a GSK3 kinase inhibitor) causes that tissue from the body column to acquire 
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the characteristics of the head organizer thus expressing genes that are normally 

expressed in the hypostome and the formation of ectopic tentacles along the body 

column, demonstrating the importance of Wnt/-catenin signaling in axis 

development (Broun et al., 2005; Gee et al., 2010). 

Over the last 20 years, numerous experimental studies in the field of regeneration have 

uncovered signaling molecules associated with injured tissues that are necessary for 

successful regeneration (Tanaka and Reddien, 2011). Cell signaling, particularly Wnt 

and FGF signaling, is critical for regeneration initiation and blastema formation. Wnt/-

catenin signaling is a highly conserved signaling pathway required for embryonic 

development, tissue regeneration, and a number of other biological processes. It has 

been revealed that Wnt/-catenin signaling plays a key role in the regeneration of a 

range of organisms, including Hydra and planarians, as well as limb regeneration in 

amphibians, fin regeneration in zebrafish and blastema production in various species 

(Gurley et al., 2008; Hobmayer et al., 2000; Kawakami et al., 2006; Li et al., 2015; Stoick-

Cooper et al., 2007; Wehner et al., 2014). 

I. The Wnt/-catenin signaling pathway is evolutionarily-conserved 

The formation of the embryonic axis is one of the first and most critical events during 

the development of organisms. The canonical Wnt/-catenin signaling pathway has 

been strongly linked to axis formation across all phyla (Croce and McClay, 2006). The 

Wnt/-catenin signaling pathway is an ancient and evolutionarily conserved signaling 

pathway that regulates critical aspects of embryonic development such as cell fate 

determination, cell migration, cell polarity, proliferation, neural patterning, and 

organogenesis, as well as homeostasis. As a result, it is involved in nearly every aspect 

of embryonic development and also regulates homeostatic self-renewal of stem cells 

in a variety of adult tissues (Clevers, 2006). Unsurprisingly, changes in the Wnt pathway 

components generally cause growth-related pathologies, and thus mutations in the 

Wnt pathway can be found in a wide range of cancers (Nusse and Clevers, 2017). 

Mutations in various Wnt/-catenin pathway components, including APC, -catenin, 

and Axin have been found in a large proportion of primary human tumours. Other 

components of this pathway, such as the transcription factor TCF, have been linked to 
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type II diabetes, and Wnt antagonists are being explored to treat osteoporosis, for 

example (MacDonald et al., 2009). 

Wnt genes encode a large family of secreted protein growth factors found in all 

metazoan animals, from poriferans to humans (Lapébie et al., 2009; Miller, 2002). Wnt 

proteins contain a high number of conserved cysteine residues and an N-terminal 

signal peptide for secretion. Wnt3a, a Wnt molecule isolated in mice in 2003, was 

studied and it was discovered that Wnt proteins undergo a post-translation 

modification called palmitoylation, which involves the attachment of a palmitic acid 

molecule to a conserved cysteine. It was later discovered that all Wnts undergo this 

lipid modification caused by the porcupine enzyme, which would explain why these 

proteins are so insoluble (MacDonald et al., 2009; Willert et al., 2003).  

There are three different Wnt signaling pathways, which include the canonical Wnt/-

catenin pathway (Figure 11), the Wnt/Ca2+ pathway, and the Wnt/polarity pathway, 

also known as the noncanonical planar cell polarity (PCP) pathway. Each of these 

pathways is activated by different sets of Wnt and Frizzled receptors (Clevers, 2006; 

Miller, 2002). Here I will focus on the canonical Wnt/-catenin signaling pathway since 

it is the most well studied and the most relevant for this study. The canonical Wnt/-

catenin signaling pathway regulates the amount of the transcriptional co-activator -

catenin in the nucleus. 
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Figure 11. An overview of the canonical Wnt/-catenin signaling mechanism.  

In the absence of Wnt ligands, the destruction complex phosphorylates -catenin, which is then 

recognized and degraded by the proteasome. In the presence of Wnt ligands, its interaction 

with Frizzled and LRP5/6 receptors recruits Dvl and causes the destruction complex to 

dissociate. -catenin is no longer phosphorylated and accumulates in the cytoplasm before 

being translocated to the nucleus to interact with TCF to activate gene expression (Adapted 

from MacDonald et al., 2009). 

Binding of Wnt proteins to cell surface receptors of the Frizzled (Fzd) family and the 

LDL-receptor-related protein (LRP) family, is required for Wnt signaling (Miller et al., 

2001). Frizzled proteins are seven-pass transmembrane cell-surface receptors with a 

conversed motif in their cytoplasmic tail that is required for pathway activation, while 

LRP proteins have a single-pass transmembrane co-receptor. When Wnt ligands bind 

to Fzd/LRP proteins, the physical interaction with Fzd activates cytoplasmic Disheveled 

(Dvl), which is then translocated to the membrane. There, Dsh inhibits Glycogen 

synthase kinase-3 beta (Gsk3) thus preventing the phosphorylation of -catenin and 

its degradation. As a consequence, -catenin is stabilized and translocates to the 

nucleus, where it interacts with a member of the TCF/LEF transcription factor family to 

modulate the transcription of Wnt signaling target genes. In the absence of Wnt 

ligands, this pathway is no longer activated, resulting in the formation of a cytoplasmic 

complex called the destruction complex, made up of the tumor suppressors 

adenomatous polyposis coli (APC) and Axin, as well as the kinases Gsk3  and Casein 

Kinase 1 (CK). The kinases phosphorylate -catenin, which is then ubiquitinated and 

rapidly targeted for degradation by the proteasome (Clevers, 2006; Croce and McClay, 

2006). The continuous proteasomal degradation of -catenin prevents it from reaching 

the nucleus and thus activating the signaling pathway. 

II. Wnt/-catenin signaling during bilaterian homeostasis, 

development, regeneration and disease 

This signaling pathway dates back to when Wnt signals first appeared in the simplest 

multicellular organisms, when Wnts served as primordial symmetry-breaking signals 

that were critical for the formation of patterned tissues during embryogenesis (Clevers 

et al., 2014). These signals are also involved in pattern maintenance in vertebrates: they 
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promote tissue regeneration, thus allowing tissues to be refilled and maintained 

throughout time (Clevers et al., 2014). 

Wnts determine polarity in bilaterian animals via -catenin, the most important protein 

in the canonical Wnt signaling. -catenin, in particular, defines the posterior nature of 

the anteroposterior axis throughout the bilaterians. Also, in pre-bilaterians (Cnidarians 

and Poriferans) Wnts are expressed in a polarized manner along the main axis. 

However, in bilaterians, Wnts are expressed at the oral pole, while Wnt inhibitors are 

expressed aborally (Petersen and Reddien, 2009). Perturbation of Wnt/-catenin 

signaling has significant axis defects throughout the animal kingdom. For example, 

wnt3a causes head enlargement and tail development failure in zebrafish (Shimizu et 

al., 2005) and -catenin silencing causes ectopic head formation in planarians (Gurley 

et al., 2008). Overall, the canonical Wnt/-catenin signaling is widely used in all 

metazoans and has a conserved role in promoting the polarized features of head-to-

tail or oral-aboral axis (Petersen and Reddien, 2009).  

In addition to playing an important function throughout embryonic development and 

adult tissue homeostasis, Wnt/-catenin signaling appears to have an essential role 

during regeneration. In zebrafish for example, Wnt/-catenin signaling is required for 

zebrafish tail fin regeneration and is sufficient to increase regeneration (Stoick-Cooper 

et al., 2007). In Planarians, Wnt is expressed in the animals’ posterior end, and -catenin 

acts as a molecular switch to determine and preserve the anterior-posterior (AP) 

identity in homeostasis but also during regeneration. The knockdown of -catenin 

through RNAi causes the regeneration of a head after tail amputation in regenerating 

animals and the formation of ectopic head on the posterior side in homeostatic 

animals. Thus, polarity is controlled by the anterior-posterior location of Wnt genes 

and Wnt signaling antagonists, which is also determinant for the polarity during 

regeneration (Gurley et al., 2008; Petersen and Reddien, 2008). Thus, Wnt coordinates 

repair after injury and imparts positional information crucial for shaping proper 

regeneration. 
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5. The Sp/KLF family of transcription factors 

Krüppel-like factor (KLF) and Sp proteins are members of a family of transcription 

factors that play an important role in the development of a variety of organisms. These 

transcription factors bind to GC/GT-rich promoter sites via the characterized zinc finger 

DNA binding domain that contains several Cys(2)-His(2) at their C-terminal domain. 

These promoter regions are critical for the proper expression of ubiquitous and tissue-

specific genes, particularly those involved in cell cycle regulation or developmental 

patterning (Black et al., 2001; Suske, 1999; Turner and Crossley, 1999). 

The Specificity protein (Sp) transcription factor family is a subclass among the Sp/KLF 

family, characterized by the presence of a three zinc finger DNA-binding domain 

(Harrison et al., 2000; Kaczynski et al., 2003; Zhang et al., 2001). One distinguishing 

feature of Sp proteins is the presence of the Buttonhead (Btd) box, positioned right at 

the N-terminus of the zinc fingers and necessary for transactivation activity (Athanikar 

et al., 1997). Another trait of most Sp factors is the existence of a highly conserved 

amino acid sequence, called Sp box, located at the N-terminus, with an unknown 

function (Suske et al., 2005). Sp1 was the first member of the family to be identified as 

well as one of the first transcription factors discovered in mammalian cells, in the early 

1980s. Since then, nine distinct Sp proteins have been identified in humans (Kim et al., 

2017) (Figure 12). Although the majority of members of this family have been 

discovered in mammals, these proteins have also been identified in a variety of 

vertebrates and invertebrate species, and they appear to have evolved through a series 

of gene-duplication events. Despite the significant overall sequence similarity of the 

zinc-finger motifs among the different members of this family, their capacity to 

regulate transcription varies greatly. Therefore, distinct members of the Sp/KLF family 

can operate as transcriptional activators or repressors depending on the promoter to 

which they bind as on the different cellular context. Additionally, there are multiple 

transcription-related domains in the amino-terminal of these proteins, and they are 

highly diverse. As a result, they may also be regulated by the interaction with 

coregulators through these domains, adding more complexity to the transcriptional 

regulation of this family of transcription factors (Kaczynski et al., 2003; Safe and 
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Abdelrahim, 2005). The analysis of the expression pattern and the results of loss-of-

function assays of genes from the Sp/KLF family demonstrates that they are engaged 

in growth-regulatory and developmental processes in a wide range of tissues. 

 

      

Figure 12. Structure of the nine SP proteins identified in humans.  

The three zinc-finger domains as well as the Btd domain are found in all nine SP proteins. Except 

for the SP9 protein, all proteins contain the Sp box domain. A repression domain has also been 

identified in SP1 and SP3 proteins. (Adapted from Kim et al., 2017) 

I. Developmental role(s) of the Sp5 transcription factor in bilaterians 

Sp5 is a transcription factor that belongs to the Sp/KLP family. It encodes a protein 

containing a C2H2 zinc finger domain at the C-terminus that allows this transcription 

factor to bind to DNA. Sp5 binds to the GC box of promoter elements in the same way 

that other Sp members do and it also contains a Btd box and a Sp box. Sp5 has been 

identified in a variety of organisms (Figure 13), and in the majority of them, it is 

associated with a role in early development. 

The Sp5 transcription factor in mouse 

Sp5, first discovered in mouse, is closely related to the previously identified Sp1 

transcription factor. Sp5 demonstrates a remarkably dynamic and limited pattern of 

expression throughout mouse embryogenesis (Harrison et al., 2000; Treichel et al., 

2001). Moreover, there is an interaction between Sp5 and Brachyury, implying that may 
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play a role in the coordination of changes in transcription to generate numerous tissue 

patterning events in the developing embryo, such as gastrulation and axial elongation; 

differentiation and patterning of the neural tube, pharyngeal region, and somites; and 

formation of skeletal muscle in the body and limbs (Harrison et al., 2000). Later on, it 

was demonstrated that the transcription factors Sp5 and Sp8 seem to have a redundant 

role in trunk and tail development because the generation of Sp5;Sp8 double mutants 

exhibit a phenotype that is very similar to the Wnt3a-/- phenotype, suggesting an 

essential role for the regulation of neuromesodermal stem cells (Dunty et al., 2014). 

The Sp5 transcription factor in humans 

In human fetuses, SP5, is highly expressed in lungs, colon and stomach, as well as in 

the uterus and the skin (Chen et al., 2006). SP5 is up-regulated in various human 

cancers, including hepatocellular carcinoma, gastric cancer and colon cancer. SP5 

expression appears to be restricted in fetal tissues, suggesting to play an important 

function in early development, similar to mouse Sp5. In addition, it may work to 

promote the growth of human tumor cells SP5 was later discovered to be primarily 

activated in human pluripotent stem cells (hPSCs), with a critical paper for the correct 

differentiation of hPSCs confirming the important role in developmental environments 

(Huggins et al., 2017).  

The Sp5 transcription factor in chicken 

Recently, during the characterization of the genetic circuit responsible for the 

developmental switch in neural crest, Sp5 was identified in chick embryos (Azambuja 

and Simoes-Costa, 2021). Here, SP5 is expressed during gastrula stages and stimulates 

the expression of genes produced during this stage, while restricting the expression of 

specification genes from being expressed (AXUD1). Later in the specification process, 

Sp5 is rapidly downregulated in the neural crest lineage, allowing AXUD1 to be 

transcribed in the neural crest. In conclusion, Sp5 directly promotes neural plate border 

identity and, in collaboration with AXUD1, regulates the temporal activation of neural 

crest genes. 
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The Sp5 transcription factor in Xenopus 

The zinc finger clusters of XSPR-1 and XSPR-2 in Xenopus laevis are closely related to 

mouse Sp5 as deduced from the sequence alignment (Ossipova et al., 2002). XSPR-1/2 

are dynamically expressed throughout Xenopus embryogenesis, mimicking several 

characteristics of Sp5 expression in mouse. They are, however, distinctly expressed 

during development, indicating that they have varied functional roles (Elsy et al., 2019; 

Ossipova et al., 2002). XSPR-1 is expressed in the non-involuting marginal zone during 

gastrulation and at later stages shows the expression in the neuroectoderm, forebrain 

and the midbrain/hindbrain boundary, whereas XSPR-2, is expressed in the 

presumptive mesoderm during gastrulation and subsequently in the tip of the tail 

(Ossipova et al., 2002). In 2005, XSPR-1 was designated as the Xenopus Sp5, playing 

an important role in neural crest formation during early embryogenesis (Park et al., 

2013), and XSPR-2 as the Sp5-like (Sp5l), and participating in posterior patterning. 

Furthermore, like the mouse Sp5, both Xenopus Sp5 and Sp5l are regulators in the tail 

bud (Elsy et al., 2019).  

The Sp5 transcription factor in zebrafish 

In zebrafish, two zinc-finger transcriptional activators of the Sp-1 family, initially termed 

bts1 (Tallafuss et al., 2001) and spr2 (Zhao et al., 2003) were identified. These two 

transcriptional activators have a similar expression pattern in early stages, but they 

differ in the expression at later time points. During gastrulation, Bts1, later renamed 

Sp5, is expressed in the presumptive midbrain/hindbrain area (Tallafuss et al., 2001). 

Spr2, later on renamed Sp5-like, was found to be expressed in hypoblast and epiblast 

cells in the late blastula and early gastrula suggesting that is involved in mesoderm 

induction (Zhao et al., 2003). Following that, it was demonstrated that Sp5 and Sp5l are 

crucial mediators in mesoderm and neuroectoderm patterning in zebrafish (Weidinger 

et al., 2005) and that Sp5l is also required to govern tail formation (Thorpe et al., 2005). 

The Sp5 transcription factor in Cephalochordates 

Three Sp genes were reported in Branchiostoma, a genus of lancelets in the subphylum 

Cephalochordata, among which, one is Sp5 (Dailey et al., 2017). In this organism, Sp5 

is expressed in axial mesoderm and neuroectoderm, the brain vesicle and the tailbud, 
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which is consistent with the expression and the role of Sp5 previously described in 

chordates.  

The Sp5 transcription factor in planarians and acoels 

Sp5 is expressed in a variety of cells from the posterior pole in planarians and acoels 

(Tewari et al., 2019). In addition, Sp5 is specifically upregulated at posterior-facing 

wounds of head and trunk regenerating fragments at 24 hours post-amputation (hpa) 

while broadly expressed at 0 hpa in tail fragments, where it shifts expression to the 

posterior end by 24 hpa, forming a gradient in tail fragments. Furthermore, after 

knocking-down Sp5 by RNAi, a series of genes expressed in the tail become 

upregulated, indicating that Sp5 contributes to regulate the posterior identity during 

both development and regeneration (Ramirez et al., 2020; Tewari et al., 2019) 

The Sp5 transcription factor in Panarthropoda  

In Drosophila melanogaster, Sp5 was first described as Buttonhead (Btd), a gap-like 

segmentation gene involved in head development (Cohen and Jürgens, 1990). 

Following the gastrulation stage, Btd is also expressed during the formation of the 

peripheral nervous system, implying that Sp5/Btd contributes to several 

developmental processes (Wimmer et al., 1996). This role in head development is likely 

evolutionarily-conserved in arthropods, as the Sp5/Btd expression pattern is similar in 

Tribolium castaneum, Thermobia domestica, and Folsomia candida (Schaeper et al., 

2010).  

In the velvet worm Euperopatoides kanangrensis, which belongs to the phylum 

Onychophora, a sister group to arthropods, Sp5/btd1 is expressed earlier in 

development, around the blastopore, and later in the transverse segmental stripes, 

which will subsequently pattern the tips of the appendages and the ventral nervous 

system. Sp5/btd1 expression is very similar to that of Sp6-9, implying a putative 

redundancy between Sp5/btd1 and Sp6-9. Overall, these findings point to Sp5/btd1 as 

playing a conserved role in the development of appendages and the nervous system 

in arthropods and onychophorans (Janssen and Budd, 2020). 
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The Sp5 transcription factor in Cnidarians  

In Nematostella, Sp5 mainly localized to the oral site and is target gene of Wnt/-

catenin signaling (Bagaeva et al., 2020). Sp5 was identified as the head inhibitor in 

Hydra, and thus plays and important role in both maintaining and establishing the 

head organizer during developmental processes (Vogg et al., 2019a). Is primarily 

expressed in the head and graded down the body column, and it is also regulated by 

Wnt/-catenin signaling. 
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Figure 13. Alignment of Sp5 in the described organisms. 

The alignment of the protein sequences of transcription factor Sp5 from different organisms 

shows that, despite some differences, the BTD box domain and the three zinc fingers domains 

are well conserved. 

II. Sp5 as a downstream target of Wnt/-catenin and FGF signaling 

pathways 

Sp5 and Sp5-like genes act downstream of Wnt/-catenin signaling in vertebrates like 

zebrafish (Thorpe et al., 2005; Weidinger et al., 2005; Zhao et al., 2003), Xenopus (Park 

et al., 2013), humans (Huggins et al., 2017; Takahashi et al., 2005) and chick (Azambuja 

and Simoes-Costa, 2021). In mouse embryos, Sp5 is up regulated after ectopic 

activation of -catenin (Fujimura et al., 2007). Furthermore, the mouse Sp5 promoter 

contains five TCF/LEF binding sites, which mediate the direct regulation of Sp5 

expression by Wnt/-catenin signaling (Fujimura et al., 2007; Kennedy et al., 2016). 

These results demonstrate that Sp5 is a direct target gene of Wnt/-catenin signaling. 

In the same line, the human SP5 promoter region contains seven consensus TCF/LEF 

binding sites (Chen et al., 2006), Sp5 also responds to Wnt/-catenin signaling in 

Branchiostoma (Dailey et al., 2017), as in Hydra (Vogg et al., 2019a), planarians and 

acoels (Tewari et al., 2019). Sp5 and Sp5l also function as downstream regulators of the 

FGF signaling pathway in zebrafish (Zhao et al., 2003) and Xenopus to regulate neural 

crest induction (Elsy et al., 2019; Park et al., 2013). 

III. The regulation of the transcription factor Sp5 

Sp5, like other members of the Sp/KLF family, appears to have distinct transcriptional 

activities and, as a result, functions as a transcriptional activator or repressor depending 

on the target genes as well as in a context-dependent manner. In mouse, for example, 

Sp5 was initially discovered to be a transcriptional repressor, mediating the 

downstream responses to Wnt/-catenin signaling by directly repressing Sp1 target 

genes (Fujimura et al., 2007). However, it was later demonstrated that Sp5 and Sp8 

directly bind to DNA via interactions with Tcf1/Lef1, thereby becoming new partners 

of the -catenin-Tcf/Lef complex and thus promoting -catenin association to activate 

selected Wnt target genes (Kennedy et al., 2016). SP5 is also recruited in close proximity 
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to -catenin in humans, and more specifically in hPSCs, suggesting that that the two 

proteins interact in this system as well. However, evidence suggests that in this case, 

SP5 acts to down regulate the expression of several genes that are activated by Wnt/-

catenin signaling, including SP5 itself. As a result, SP5 would act as a transcriptional 

repressor on its own promoter (Huggins et al., 2017). Sp5 appears to function as a 

transcriptional activator in zebrafish (Tallafuss et al., 2001), as does Sp5-l, which seems 

to bind promoters of Wnt target genes and enhance their activation (Thorpe et al., 

2005). In Branchiostoma, on the other hand, it is hypothesized to function in a 

negative-feedback loop in the Wnt/-catenin signaling pathway (Dailey et al., 2017). 

Similarly, in planarians and acoels it acts to down-regulate the expression of Wnt-

regulated trunk genes in the tail, promoting different spatial identities on the primary 

axis of these animals (Tewari et al., 2019). In Hydra, Sp5 appears to function as both a 

transcriptional repressor by inhibiting Wnt/-catenin signaling and a transcriptional 

activator on its own promoter, as revealed by in vitro data (Vogg et al., 2019a). Finally, 

SP5 also plays a dual role in the chick; it activates neural plate border genes while also 

preventing premature expression of specification genes. In this system it is shown that 

it also regulates its own transcription (Azambuja and Simoes-Costa, 2021). 

 

Overall, we can see that the DNA binding domain and the transactivation domain the 

Sp5 transcription factor are well conserved across the different organisms in which it 

has been identified. Furthermore, we can conclude that Sp5 is primarily expressed 

during embryogenesis, playing a critical role in patterning during the early stages of 

development. Further to that, it is re-expressed when replicating developmental 

processes such as regeneration and during the development of many cancers. Sp5 

appears to function as a transcriptional activator or transcriptional repressor 

depending on the context, and because it is a target of the conserved Wnt/-catenin 

signaling pathway, we hope to elucidate the ancient regulation of this transcription 

factor by studying its regulation in Hydra.  
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6. Methodological tools developed for Hydra 

Hydra is a model organism that is generally maintained in the laboratory at 18ºC. They 

are usually kept in glass or plastic dishes and fed with freshly hatched Artemia nauplii 

twice to four times per week. They can also be easily kept at 4ºC, where a feeding every 

two weeks is sufficient. Several cellular and molecular tools have become available for 

the Hydra model system over the last 20 years. The genome of Hydra magnipapillata 

was not made public available until 2010 (Chapman et al., 2010). The Hydra genome is 

(A+T)-rich and contains approximately 57% transposable elements, making this 

process more challenging. The Hydra genome was re-sequenced in 2015 using long-

range sequencing approaches and Hydra viridissima genome became as well available 

in 2020 (Hamada et al., 2020). Later, thanks to the efforts of several laboratories other 

OMICS tools such as transcriptomics became available (Boehm et al., 2012; Hemmrich 

et al., 2012; Wenger and Galliot, 2013) and single-cell RNA sequencing was finally 

approached in 2019 (Siebert et al., 2019). In 2015 an extensive proteomic analysis was 

also made available (Petersen et al., 2015) and the Hydra 2.0 Genome Project Portal 

was released in May 2017. Furthermore, HydrATLAS ,a very useful tool for blasting any 

sequence against the Hydra transcriptome, was launched (Wenger et al., 2019a). Gene 

expression along the Hydra axis, gene expression profile during regeneration, and gene 

expression at the different cell types can all be visualized here. 

To study gene expression and regulation, stable transgenic animals can be generated 

(Wittlieb et al., 2006). Furthermore, it enables to study functional gene analysis because 

gene overexpression constructs (Gee et al., 2010) and gene knockdown via short 

hairpin RNA (shRNA) plasmids can be used to generate transgenic lines (Boehm et al., 

2012; Franzenburg et al., 2012; Klimovich et al., 2019). In brief, transgenic Hydra are 

created by microinjecting the desired plasmid into an oocyte that will later be fertilized. 

Random genome integration, on one hand, occurs with low success rate and is highly 

variable from one plasmid to another. On the other hand, the rate of hatched polyps 

after injection is very low, as well as the rate of gametogenesis in terms of oocyte 

production in Hydra females is not very high. Finally, once a positive polyp hatches, 

only a few cells are usually positive, resulting in a chimeric animal from which a fully 
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stable transgenic line can be obtained by clonal propagation after several rounds of 

budding processes.  

On one hand attempts were made to develop CRISPR-Cas9 in Hydra (Lommel et al., 

2017). Transient gene knockdown by RNAi, on the other hand, is well established in 

Hydra (Watanabe et al., 2014). Gene silencing is accomplished through the 

electroporation of small interfering RNA (siRNAs) or shRNAs into the animals, and the 

efficiency varies depending on each gene, thus necessitating multiple electroporations 

for some genes (Klimovich et al., 2018; Vogg et al., 2019a). 
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7. AIMS of this study 

Hydra is a well-known classic organism recognized for its exceptional ability to 

regenerate. Furthermore, regarding its simple anatomy, it contains a high percentage 

of conserved genes, particularly in signaling pathways such as the Wnt/-catenin 

signaling pathway. As a result, we chose this model organism to investigate the 

molecular mechanisms underlying head regeneration. During this process, a master 

regulator, Wnt3, initiates the process following mid-gastric amputation, thus acting as 

the head activator. The goal of this research is to identify and characterize the 

molecular nature of the Hydra head inhibitor, which is required to restrict head 

formation in intact and regenerating conditions. Furthermore, because Hydra is an 

excellent model for studying regulation not only regulation in homeostatic conditions 

but also during developmental contexts, we will investigate the regulation of the Hydra 

head inhibitor in both contexts. To do so, we compared planarian down-regulated 

genes after the silencing of -catenin (Reuter et al., 2015) to Hydra genes with apical-

to-basal graded expression as well as that are up-regulated during head regeneration. 

Once identified, we will create a Hydra transgenic line expressing the Hydra head 

inhibitor and we will develop antibodies against it to perform ChIP-sequencing assay 

in order to characterize its target genes. 

 

1) Identification and characterization of the Hydra head inhibitor 

2) Study the regulation of Hydra Sp5 in vivo  

3) Identify and characterize direct Hydra Sp5 target genes with a putative role in 

Hydra head inhibition  

 

Finally, our study aims to acquire new insights into the developmental function of the 

evolutionarily conserved Wnt/-catenin/Sp5 signaling pathway. 
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Chapter-1 IDENTIFICATION OF THE HYDRA HEAD INHIBITOR 

The results presented in this chapter correspond primarily to those obtained during 

my master’s degree, which I completed in Galliot’s laboratory under the supervision of 

Dr. Matthias Vogg, as well as the beginning of my doctoral thesis. The main goal was 

to identify and characterize the Hydra head inhibitor, which had remained unknown 

for long time despite the fact that an inhibitory head component had been mentioned 

in 1926 (Rand et al., 1926).  

To find the head inhibitor, a planarian gene dataset was assessed, which included 

genes whose expression was down-regulated after the silencing of -catenin (Reuter 

et al., 2015). To identify the corresponding genes in Hydra, the planarian dataset was 

blasted against the Hydra transcriptome (Wenger et al., 2019a). Among the 124 genes 

identified in Hydra, potential candidates were those whose expression was focused 

primarily in the head and transitioned down the body column. Another requirement 

was that the candidate was rapidly up-regulated during head regeneration. Among the 

remaining three candidates, the transcription factor Sp5 meets all of the requirements 

for the Hydra head inhibitor. Once selected, the main goal was to demonstrate that 

this candidate met all of the previously established criteria for the head inhibitor gene.  

This project was started by Dr. Matthias Vogg, so Sp5 was already identified as a 

potential candidate when I joined this project. Nonetheless, I contributed to this work 

by performing the gene expression analysis with In situ hybridization, cell culture 

experiments to understand Sp5 in vitro regulation, loss-of-function assays that resulted 

in the characteristic multiple headed phenotype, and ALP drug treatments which lead 

to confirm that Wnt/-catenin positively regulates the expression of Sp5. I performed 

all the ISH of the paper and made supplementary figure 4, supplementary figure 14A. 
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An evolutionarily-conserved Wnt3/β-catenin/Sp5
feedback loop restricts head organizer activity
in Hydra
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Polyps of the cnidarian Hydra maintain their adult anatomy through two developmental

organizers, the head organizer located apically and the foot organizer basally. The head

organizer is made of two antagonistic cross-reacting components, an activator, driving apical

differentiation and an inhibitor, preventing ectopic head formation. Here we characterize the

head inhibitor by comparing planarian genes down-regulated when β-catenin is silenced to

Hydra genes displaying a graded apical-to-basal expression and an up-regulation during head

regeneration. We identify Sp5 as a transcription factor that fulfills the head inhibitor prop-

erties: leading to a robust multiheaded phenotype when knocked-down in Hydra, acting as a

transcriptional repressor of Wnt3 and positively regulated by Wnt/β-catenin signaling. Hydra

and zebrafish Sp5 repress Wnt3 promoter activity while Hydra Sp5 also activates its own

expression, likely via β-catenin/TCF interaction. This work identifies Sp5 as a potent feedback

loop inhibitor of Wnt/β-catenin signaling, a function conserved across eumetazoan evolution.
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The freshwater Hydra polyp, which belongs to Cnidaria, a
sister group to Bilateria, has the remarkable talent to
regenerate any lost body parts, including a fully functional

head. Hydra, which is made of two cell layers, external named
epidermis and internal named gastrodermis, shows a polarized
tubular anatomy with a head at the apical/oral pole and a foot at
the basal/aboral one, both extremities being enriched in nerve
cells (Fig. 1a). Remarkably, the cnidarian oral pole has been
proposed to correspond to the posterior end of bilaterians1. Head
regeneration relies on the rapid transformation of a piece of
somatic adult tissue, the amputated gastric tube, into a tissue with
developmental properties named head organizer, which directs
the patterning of the regenerating tissue (reviewed in2–4)
(Fig. 1b). This process is highly robust in Hydra, occurring after
bisection at any level along the body column. The concept of
organizer was first discovered by Ethel Browne who performed
lateral transplantation experiments between pigmented and
depigmented Hydra5. By grafting a non-pigmented piece of head
onto the body column of a pigmented host, she observed the
development of an ectopic axis predominantly made of pig-
mented cells, demonstrating the recruitment of host cells by the
graft. This discovery was later confirmed in hydrozoans6–10 but
also in vertebrates where organizers play an essential role during
embryonic development11. In Hydra regenerating its head, the
organizer gets established within 10 to 12 h after mid-gastric
bisection, restricted to the head-regenerating tip within the first
24 h, remaining stable until the new head is formed and subse-
quently persisting as a homeostatic head organizer9.

The Hydra model also helped understand the dual structure of
organizers. By comparing the efficiency of apical grafts to induce
ectopic axis on intact or decapitated hosts, Rand et al. showed
that the Hydra head organizer exerts two opposite activities, one
activator that promotes apical differentiation, and another inhi-
bitory that prevents the formation of supernumerary or ectopic
heads12. In Hydra the inhibitory activity is graded along the body
axis, maximal at the apical pole8, and tightly modulated during
head regeneration, rapidly decaying after amputation and slowly
recovering13. Gierer and Meinhardt used the results obtained
from a series of transplantation experiments to propose a general
mathematical model of morphogenesis14. Their model revisits the
Turing model based on the reaction-diffusion model, where two
substances that exhibit distinct diffusion properties and interact
with each other, form a minimal regulatory loop that suffices for
de novo pattern formation15. Gierer and Meinhardt posed that
the activation component acts over short-range distance and the
inhibition one over long-range distance. They distinguished
between “the effective concentrations of activator and inhibitor, on
one hand, and the density of their sources on the other”14. These
models proved to efficiently simulate basic properties of pattern
formation and to fit molecular data in a variety of developmental
contexts16.

In Hydra, the Holstein lab identified Wnt3 as a growth factor
fulfilling the criteria of the head activator, expressed locally at the
tip of the head in intact Hydra, rapidly re-expressed in head-
regenerating tips after amputation, and able to trigger an auto-
catalytic feedback loop17–19. Concerning the head inhibitor
necessary to maintain a single head in homeostatic polyps and to
develop a single head in budding and regenerating contexts,
several attempts were made to characterize it, either biochemi-
cally or genetically. A protease-resistant small hydrophilic mole-
cule was identified, exhibiting an apical to basal graded activity
although with some activity also detected in the basal disc20,21.
This last property discouraged from any further characterization.
A genetic screen identified a Hydra ortholog of the vertebrate
Wnt dickkopf inhibitors, named hyDkk1/2/4, which efficiently
antagonizes Wnt activity in Xenopus22. However, Dkk1/2/4 is not

expressed apically, being negatively regulated by Wnt/β-catenin
signaling and its downregulation does not induce a multiheaded
phenotype22,23. A recent study suggests that Hydra Thrombos-
pondin might be involved in head inhibition, however its
downregulation does not lead to a multiheaded phenotype24.
Therefore, the molecular nature of the negative regulator(s) of the
Hydra head organizer remains unknown. Here we used a strategy
based on the evolutionarily conservation of Wnt/β-catenin sig-
naling to trace the Hydra head inhibitor. We identify the tran-
scription factor Sp5 as a transcriptional repressor of Wnt3,
leading to a robust multiheaded phenotype when knocked-down
in Hydra, while Wnt/β-catenin signaling positively modulates Sp5
expression. Sp5 fulfills the requirements of a head inhibitor in
Hydra, and we show that this feedback loop between Sp5 and
Wnt/β-catenin signaling appears conserved across eumetazoan
evolution.

Results
Identification of putative Hydra head inhibitors. To identify
inhibitors of apical patterning that regulate the activity of the
head organizer in both homeostatic and regenerative conditions,
we established five criteria to be fulfilled by head inhibitor (HI)
gene(s): (1) be controlled by Wnt/β-catenin signaling, (2) display
an apical-to-basal graded activity, (3) be upregulated within the
first day of head regeneration, (4) inhibit Wnt/β-catenin signal-
ing, (5) prevent head formation (Fig. 1b). To select β-catenin
target genes, we used a dataset of 440 genes downregulated in
planarians silenced for β-catenin25 to retrieve 124 Hydra cognate
genes (Supplementary Data 1). We analyzed their spatial and
temporal RNA-seq expression profiles and found 5/124 genes
predominantly expressed in the head and 3/5 upregulated in
head-regenerating tips at least 1.5 fold after 24 h of regeneration
(Fig. 1c, d). Among these candidates, we found Wnt3 and Wnt5,
known as positive regulators of morphogenetic processes17,18,26

and Sp5, previously identified as a Wnt/β-catenin target gene in
vertebrates27–31, thus a putative HI candidate (Fig. 1e). Hydra Sp5
(HySp5) encodes a Sp/Klf-class transcription factor whose
sequence clusters with the bilaterian Sp5 ones in phylogenetic
analyses (Supplementary Figs. 1–3).

Whole mount in situ hybridization confirmed the RNA-seq
Sp5 pattern in intact Hydra, predominantly expressed in the head
although absent from the apical tip where Wnt3 expression is
maximal (Fig. 1f, g). After mid-gastric bisection, Sp5 is rapidly
upregulated in both head- and foot-regenerating tips but its
expression is only sustained in head-regenerating ones (Fig. 1g,
Supplementary Fig. 4) supporting the idea that Sp5 is involved in
head but not foot regeneration. We also performed a RNA-seq
analysis of the cell-type expression32 and found that both Sp5 and
Wnt3 are predominantly expressed in the gastrodermal epithelial
stem cells (gESCs), a cell type associated with morphogenetic
processes (Supplementary Fig. 5).

Hydra Sp5 a robust head inhibitory component. Next, we
silenced Sp5 by electroporating siRNAs in intact animals and
observed that within two days following the third electropora-
tion (RNAi3), Sp5(RNAi) animals develop ectopic axes, initially
from the budding zone, few days later from the upper body
column (Fig. 2a, Supplementary Fig. 6). These ectopic axes
differentiate multiple heads when located in the basal half but
not from the upper half. Both ectopic axes and ectopic heads
express the apical markers Wnt3, Bra1 and Tsp1, and the gland
cell marker Kazal1 in the gastric tissue (Fig. 2b). When single-
headed animals silenced for Sp5 are bisected after RNAi2, they
all regenerate multiple heads that express Wnt3 at the tip
(Fig. 2c, Supplementary Fig. 7). This multiheaded phenotype is
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robust, emerging quite synchronously in 50% uncut animals one
day after RNAi2, in 100% two days after RNAi3 (Fig. 2d, Sup-
plementary Fig. 6a–c). Furthermore, these ectopic heads express
the neuropeptide RF-amide and are able to catch and ingest live
Artemia, indicating that each ectopic head is functional (Fig. 2e,
Supplementary Fig. 6d, Supplementary Movies 1–4). These
results indicate that Sp5 acts as a strong inhibitor of head for-
mation in Hydra.

Sp5 antagonizes Wnt/β-catenin signaling in Hydra. Next, we
tested whether the multiheaded phenotype corresponds to a
de-repression of Wnt3. To do this, we first tested whether the
phenotype occurs when the Wnt/β-catenin pathway is inactive
and thus knocked-down Sp5 together with β-catenin (Fig. 3a).
Silencing β-catenin on its own delays head regeneration (Sup-
plementary Fig. 8) and causes the formation of ectopic bumps in
intact animals (Fig. 3a, Supplementary Fig. 9). While knocking
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down Sp5 causes the formation of multiple heads, the simulta-
neous knockdown of Sp5 and β-catenin prevents the occurrence
of the multiheaded phenotype (Fig. 3a, Supplementary Fig. 9),
suggesting that an increase in Wnt/β-catenin signaling activity is
necessary to trigger multiple head formation when Sp5 is knocked
down.

To further demonstrate that Sp5 represses Wnt/β-catenin
signaling via Wnt3 repression, we knocked-down Sp5 in
combination with Alsterpaullone (ALP), a drug that activates
the Wnt/β-catenin pathway by antagonizing GSK3β33,34. As
anticipated this combination led to a significant increase in
ectopic tentacle formation, while knocking down β-catenin
provides the opposite effect (Fig. 3b, Supplementary Fig. 10a).
In these Sp5(RNAi) animals, we could also detect an increase in
Wnt3 expression along the body column, indicating that Sp5 does
repress Wnt3 expression (Fig. 3c, Supplementary Fig. 10b).

We also performed reaggregation experiments with cells
coming from ALP-treated animals knocked-down either for Sp5
or for β-catenin. In standard conditions of reaggregation, several
head spots form, each of them containing 5–15 Wnt3 expressing
cells at 24 hours35. When Sp5 is knocked-down, we noted that the
reaggregates tend to form multiple axes with a number of Wnt3
expressing spots increased by two-fold (Fig. 3d, e, Supplementary
Fig. 11). In contrast, when β-catenin is knocked-down, the
reaggregation process proceeds slower with aggregates exhibiting
only few tentacles at day-4, with a number of Wnt3-expressing
clusters similar to that observed in scramble(RNAi) control
animals (Fig. 3d). These results confirm that Sp5 directly or
indirectly represses Wnt3 expression.

To test whether Sp5 can directly repress the Wnt3 promoter,
we produced a transgenic strain expressing the HyWnt3–2149:
GFP-HyAct:dsRed construct where 2’149 bp of the Hydra Wnt3
promoter drives GFP expression and the Hydra Actin promoter
drives dsRed expression19. We noted distinct levels of Wnt3-
driven GFP fluorescence in control transgenic animals, maximal
at the apex, intermediate in the adjacent region above the tentacle
ring, and null at the level of the tentacle ring and along the body
column (Supplementary Fig. 12a). In such transgenic animals
knocked-down for Sp5, we did not record any body-wide GFP
fluorescence but rather the appearance of patches of GFP+ cells
at the tip of the ectopic axes (Supplementary Fig. 12b). We could
confirm this patchy Wnt3 activation along the body column of
Sp5(RNAi) animals by performing a detailed kinetic analysis of
Wnt3 expression (Supplementary Fig. 12c–d). This Wnt3 ectopic
expression pattern suggests that Sp5 is silenced in restricted
regions along the body column where Wnt3 is de-repressed and
enhances its own expression via β-catenin signaling as previously
recorded.

Sp5 represses the Hydra and zebrafish Wnt3 promoter. To
further investigate the repressing activity of HySp5 on the

HyWnt3 promoter, we performed luciferase reporter assays in
human HEK293T cells (Fig. 4a–c). As the HyWnt3–2149:Luc
construct shows a very low basal activity, we co-expressed a
constitutively active form of β-Catenin (CMV:huΔβ-Cat)36 that
enhances by ~10-fold the luciferase activity (Fig. 4b). In such
conditions, the co-expression of HySp5 significantly reduces the
activity of the HyWnt3 promoter (Fig. 4b). This effect was not
observed when a partial version of HySp5 lacking the
DNA-binding domain was used, indicating that the repressive
effect of HySp5 is DNA-binding dependent (Fig. 4b). Two adja-
cent cis-regulatory modules were previously identified in the
HyWnt3 promoter, a 599 bp-long activator that contains three
clustered TCF binding sites and a 386 bp-long repressor
sequence19, located immediately downstream (Fig. 4a, Supple-
mentary Fig. 13a). This repressor module, highly conserved
across Hydra species (Fig. 4a), is necessary for the Sp5-mediated
Wnt3 repression, as the repression is no longer observed when
this element is removed (Fig. 4b). Among the four constructs that
harbor limited deletions within the Wnt3 repressor element, the
construct containing both the -386/-286 and the -95/-1 sequences
is the only one repressed by Sp5 (Fig. 4c), suggesting that the Sp5-
dependent Wnt3 repression requires the cooperative activity of
these two elements.

To test whether Sp5 also represses Wnt3 transcription in
vertebrates we tested the 4 kb promoter region of the zebrafish
Wnt3 locus in reporter assays where the zebrafish paralogs
ZfSp5a and ZfSp5l1 are expressed (Fig. 4d, e). As for the
HyWnt3–2149 construct, the transcriptional activity of the
ZfWnt3–3997 construct was strongly enhanced by huΔβ-Cat,
but repressed upon co-expression of ZfSp5a or ZfSp5l1 (Fig. 4e).
The repressor activity of ZfSp5a was abolished when the DNA-
binding domain was deleted. Although the zebrafish Wnt3
promoter does not share obvious sequence homologies with that
of the HyWnt3 promoter, we could identify regions
evolutionarily-conserved across different teleost lineages as well
as TCF binding sites (TCF-BS) (Fig. 4d, Supplementary Fig. 13b).
ChIP-qPCR experiments performed in transfected HEK293T
identified two evolutionarily-conserved elements within the
ZfWnt3 promoter directly bound by ZfSp5a (Fig. 4f).

Wnt/β-catenin signaling regulates HySp5 expression. In pla-
narians as in zebrafish and mammals, the canonical Wnt/β-
catenin pathway positively regulates the expression of
Sp525,27,31,37. In mammals, Sp5 has also been reported to auto-
regulate its expression, although studies in human and mouse
embryonic stem cells (ESCs) differ on whether Sp5 acts positively
or negatively on its own promoter31,37. In Hydra, a two days
exposure to ALP suffices to upregulate Sp5 expression along the
body column (Fig. 5a, Supplementary Fig. 14), suggesting that Sp5
regulation by the Wnt/β-catenin pathway predates the divergence
of cnidarians. To test this hypothesis, we cloned 2’992 bp of the

Fig. 1 Screening strategy to identify candidate head inhibitor genes in Hydra. a Anatomy of an intact Hydra. The apical extremity (head) is composed of a
dome-shaped structure called hypostome, surrounded by a ring of tentacles. At the other extremity (foot), the basal disk allows the animals to attach.
b The five criteria used to identify HI candidate genes. c, d Screening procedure applied to identify HI candidate genes: An RNA-seq dataset of 440
downregulated genes in β-catenin (RNAi) planarians was used to retrieve through blastx on NCBI (E value < 1e−10) 124 non-redundant Hydra sequences
that correspond to 106 unique proteins (Supplementary Data 1). These candidates were next tested on RNA-seq data sets obtained in intact Hydra
measured at five positions along the body axis (apical -Ap-, regions R1, R3, R4, basal -Ba-) to identify five apical-to-basal graded genes, which were tested
on RNA-seq data sets obtained from regenerating tips taken at nine time points after a 50% or 80% bisection. Data available on HydrAtlas.unige.ch
e Three genes downregulated after β-catenin(RNAi) in planarians, show an apical-to-basal graded expression in Hydra, and a minimal 1.5-fold upregulation
in head-regenerating tips at 24 hpa. The 3rd column indicates the mean value of the number of reads measured in three biological replicates in the
indicated regions. Fold Change (FC) measured in head-regenerating (HR) tips at 24 h post-amputation (hpa) over the values measured at time 0. f Wnt3
and HySp5 RNA-seq profiles in intact and regenerating animals. g HySp5 expression patterns in intact and regenerating Hydra tested as indicated after mid-
gastric bisection in two independent experiments. Inset: magnified view of the apex. Scale bars: 250 μm
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HySp5 promoter, a region that is evolutionarily-conserved across
Hydra species and contains five putative TCF binding sites
(Fig. 5b, Supplementary Fig. 13c). We evidenced its responsive-
ness to Wnt/β-catenin signaling, as we recorded a significant
upregulation of the activity of the HySp5–2992:Luc reporter
construct when the human WNT3, LRP6 or huΔβ-Cat proteins
were co-expressed (Fig. 5c). In addition, we found that HySp5 can
bind its own promoter as in ChIP-qPCR experiments Sp5 binding
is significantly enriched in two neighboring regions located
immediately upstream of the Sp5 Transcriptional Start Site (TSS)
(Fig. 5d). Furthermore, co-expression of HySp5–2992:Luc and
HySp5, alone or in combination with huΔβ-Cat resulted in a
strong increase in luciferase activity (Fig. 5e). In mouse ESCs, Sp5
interacts with β-catenin and Tcf-Lef1 to regulate gene expres-
sion31. As anticipated, we found in a ChIP-seq analysis the mouse
Sp5 and β-catenin proteins enriched in the same region of the
Sp5 promoter (Supplementary Fig. 15a), suggesting a possible
cooperation to regulate Sp5 transcription. We performed
co-immunoprecipitation experiments with HEK293T cells
co-transfected with HySp5 and huΔβ-Cat or huTCF1 and

observed an interaction between HySp5 and these factors (Fig. 5f,
Supplementary Fig. 15b–c). These results indicate that HySp5,
similarly to its mammalian cognates, can act as an activator or a
repressor of transcription and that Hydra and vertebrate Sp5 can
interact with β-catenin or TCF1.

Sp5 DNA-binding properties are evolutionarily-conserved. To
further compare the transcriptional activities of HySp5 and
ZfSp5a, we expressed HySp5 or ZfSp5a in HEK293T cells and
analyzed the genomic occupancies and the transcriptional chan-
ges induced by their overexpression (Fig. 6a). ChIP-seq analysis
revealed that HySp5 binds a much smaller fraction of sequences
than ZfSp5a (Fig. 6b), while the number of genes bound by
HySp5 and ZfSp5a is not so different, 13’251 vs. 18’619, 99% of
the HySp5 bound genes are also ZfSp5a targets (Fig. 6c). Inter-
estingly, HySp5 and ZfSp5a differ in the spatial distribution of
their target sequences: the majority of HySp5 bound elements
localize within the 5 kb proximal region of the assigned genes,
while ZfSp5a proportionally binds more frequently elements
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located in upstream sequences, above 10 kb from the TSS
(Fig. 6d, e). This suggests that vertebrate Sp5 more readily
recognizes sequences enriched in long-range regulatory elements,
which are not recognized by the HySp5 protein.

Motif enrichment analysis of the HySp5 and ZfSp5a bound
elements revealed that the two orthologs recognize both similar
and divergent consensus binding sites (Fig. 6f). In both cases, the
most enriched motif resembled the general SP/KLF consensus

sequence (GGGxGGG/A). We then used the enriched motifs to
identify putative HySp5/ZfSp5a binding sites in the regulatory
regions of HyWnt3, ZfWnt3 and HySp5. We could identify
putative HySp5 binding sites in the two regions of the HyWnt3
repressor required to inhibit transcription (Supplementary
Figs. 13). Similarly, we also found evolutionarily-conserved Sp5
binding sites in the regions of ZfWnt3 and HySp5 enriched in the
ChIP-qPCR analysis, supporting the idea that Hydra and
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zebrafish Sp5 directly regulate the transcriptional activity of these
promoters. Despite the similarity in the main consensus sites
bound by HySp5 and ZfSp5a, we also identified motifs
differentially enriched among the elements bound by these two
orthologs (Fig. 6f). Interestingly, ZfSp5a binds elements that
display an over-representation of Tbx1 and Sox13 motifs, which
were not identified in the pool of HySp5 bound sequences
(Fig. 6f). Members of the Tbx and Sox families are known to

interact with Sp138 and β-catenin39 respectively, suggesting that
they could also form transcriptional complexes with Sp5. Thus,
the enrichment in Tbx/Sox consensus sequences suggests that
vertebrate Sp5 but not Hydra Sp5 may regulate gene expression in
complexes involving these transcription factors.

To further validate that HySp5 has similar DNA-binding
properties than its vertebrate orthologs, we inspected the HySp5
genomic coverages in the proximities of genes identified as
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Wnt/β-catenin targets in mouse and human ESCs31,37. Compar-
able binding profiles of HySp5 and mSp5 were observed for the
Axin2, Bra and Lrg5 loci in human and mouse cells, while quite
different at the Nanog and Plk4 loci, the latter likely due to cell-
type or species specific differences (Supplementary Fig. 16a). We
also found a strong enrichment of HySp5 and ZfSp5a binding in
the WNT3 intronic sequences, in the promoter and intronic
sequences of the neighboring WNT9B locus and in the upstream
and intronic sequences of SP5 (Supplementary Fig. 16b). The
GO term enrichment analysis actually identified the Wnt pathway
as the most enriched category (Supplementary Fig. 16c, Supple-
mentary Data 2).

All together, these results point to similar DNA-binding
capacities between HySp5 and ZfSp5a even though the latter
recognizes a larger set of sequences, often located at mid-long
distances upstream from the TSS, possibly acting in combination
with Sox and/or Tbx proteins.

Conserved and divergent transcriptional functions of Sp5. To
assess the transcriptional activity of HySp5 and ZfSp5a, we
measured by qRNA-seq the transcriptional changes induced by
the overexpression of HySp5 and ZfSp5a in HEK293T cells co-
expressing or not the huΔβ-Cat construct (Fig. 6a). As controls
we used HEK293T cells transfected with a mock plasmid, the
huΔβ-Cat construct alone or the mutated HySp5-ΔDBD and
ZfSp5a-ΔDBD constructs. Principal component analysis (PCA)
showed that HySp5 and ZfSp5a transfected samples, either alone
or in combination with huΔβ-Cat, segregated together, widely
separated from the control or HySp5-ΔDBD/ZfSp5a-ΔDBD

values (Fig. 6g). This suggests that HySp5 and ZfSp5a elicit
overall similar transcriptional responses. Instead, the values
obtained from huΔβ-Cat transfected cells grouped together with
the values from mock-transfected samples, while the values cor-
responding to cells co-expressing huΔβ-Cat with HySp5 or
ZfSp5a do not substantially differ from those overexpressing
HySp5 or ZfSp5a alone (Fig. 6g, Supplementary Data 2). These
results imply that HEK293T cells do not respond to huΔβ-Cat
overexpression, in agreeement with previous reports showing that
although HEK293T cells respond to Wnt signalling stimulation
by translocating β-catenin to the nucleus40,41, they display
limited transcriptional responses of their endogenous Wnt target
genes37,42.

Next, we analyzed the genes whose expression is modulated
upon HySp5 or ZfSp5a overexpression but remains unaffected
when their respective DNA-binding domain is deleted (Fig. 6h,
Supplementary Data 2). We focused our analysis on the
modulated genes that were associated to HySp5- or ZfSp5a-
bound elements in ChIP-seq analysis, suggesting that these genes
are directly activated or directly repressed targets. We identified
downregulated genes, 153 upon HySp5 expression, 113 by
ZfSp5a, and 83 by both (Fig. 6i, Supplementary Fig. 17,
Supplementary Data 3). This demonstrates that the cnidarian
and vertebrate Sp5 proteins have a similar repressive capacity. We
also identified 137 and 23 genes upregulated upon ZfSp5a and
HySp5 overexpression, respectively. Of these, only 5 are activated
by both Sp5 orthologs (Fig. 6i, Supplementary Fig. 17, Supple-
mentary Data 3), indicating that the activator function of the
cnidarian and vertebrate Sp5 transcription factors diverged
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Fig. 5 Wnt/β-catenin signaling regulates HySp5 expression. a HySp5 expression in intact Hydra exposed to ALP for two days, detected by WISH (left) (3
independent experiments) and qPCR (right). Each point represents an independent replicate. Scale bar: 250 μm. b Map of the 2’992 bp genomic region
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d ChIP-qPCR assays performed in HEK293T cells expressing HySp5–2992:Luc together with HySp5–420 or HySp5-ΔDBD. Source Data are provided as
a Source Data file. e HySp5 promoter activity measured in HEK293T cells expressing HySp5–2992:Luc with huΔβ-Catenin, HySp5–420 or HySp5-ΔDBD.
f Immunoprecipitation (IP) of HA-tagged HySp5–420 expressed in HEK293T cells together or not with huΔβ-Catenin (upper) or huTCF1 (lower). IP was
performed with an anti-HA antibody and Co-IP products were detected with the anti-β-catenin or anti-TCF1 antibodies. Same results were obtained in two
independent experiments. Each data point in (c-e) represents one biological independent experiment. Statistical p values: *p≤ 0.05, **p ≤ 0.01, ***p≤
0.001, ****p≤ 0.0001 (unpaired t test). Error bars indicate SD. PP primer pair, RLA relative luciferase activity
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during evolution. This is surprising, since both HySp5 and
mammalian orthologs can interact with β-catenin (Fig. 5f) to
promote target gene activation. As the HEK293T cells are largely
insensitive to huΔβ-Cat overexpression (Fig. 6g), the observed
upregulation of HySp5 and ZfSp5a direct targets relies on
mechanisms largely independent of β-catenin signaling. By
contrast, the overexpression of HySp5 and ZfSp5a in zebrafish
embryos leads to similar developmental alterations, which
resemble those produced by the over-activation of Wnt/β-catenin
signaling (Supplementary Fig. 18, Supplementary Data 4).

Discussion
Studies performed in developing vertebrates show that Sp5 is a
target of Wnt/β-catenin signaling as recorded in zebrafish27,28,
mice29, Xenopus30, as well as in self-renewing mouse and human
ESCs31,37. In line with these results, we show that in Hydra, Sp5 is
positively regulated by Wnt/β-catenin signaling as evidenced by
its upregulation when Wnt/β-catenin signaling is pharmacologi-
cally enhanced. These results illustrate the deep conservation of
the Wnt/β-catenin-dependent regulation of Sp5 across eume-
tazoans. Wnt5, another candidate identified in the screen might
also play a role in head inhibition, as a putative inhibitor of the
canonical Wnt pathway43,44 and a possible HySp5 target gene. By
contrast, secreted Wnt antagonists such as Dickkopf (Dkk)45 or
Notum46, both expressed in Hydra, were not identified in this
screen.

Wnt3 and Sp5 upregulations in head-regenerating tips are
consistent with a rapid head organizer formation after bisection.
Sp5 is re-expressed early during head regeneration, although as
expected, later than Wnt3. This temporal parameter is indeed
essential for the establishment of a de novo head organizer as
demonstrated by transplantation experiments that accurately
measured the successive re-activation of the two head organizer
components, with head activation restored within 12 hpa and
head inhibition coming back later, detectable at 24 hpa9,13. Here
we used the qRNA-seq data to compare the respective regulations
of Wnt3 and Sp5 in regenerating tips after decapitation or mid-
gastric bisection. While Wnt3 is rapidly upregulated to reach a
plateau value at 4 hpa, Sp5 shows an initial drop in expression
within the first two hours following bisection, then an upregu-
lation and a peak of expression detected at 8 hpa, four hours after
that measured for Wnt3. If one assumes that the reestablishment
of active Wnt3 and Sp5 proteins follows similar kinetics, then this
four hour time window corresponds to a period when Wnt3/β-
catenin signaling is active but Sp5 still inactive as Wnt3 repressor,
leaving sufficient time to instruct tissues to form a head.

A recent observation suggested that human SP5 can directly
repress the WNT3 promoter in human ESCs37. Here we
demonstrate that indeed Sp5 from Hydra and zebrafish inhibit
Wnt/β-catenin signaling by repressing the activity of the Wnt3
promoter. Both the RNA-seq and the ChIP-seq data presented
here confirm this view, by showing firstly that HySp5 and ZfSp5a
when overexpressed in HEK293T cells repress largely overlapping
sets of genes and secondly that both Hydra and zebrafish Sp5
preferentially bind genes of the Wnt/β-catenin signaling pathway,
as observed in the promoter and intronic regions of the human
WNT3 and WNT9B genes. The studies performed in
HEK293T cells also highlighted the fact that HySp5 and ZfSp5a,
as transcriptional repressors, likely bind to regulatory elements
located in the proximity of the TSS of their target genes. All
together, these results highlight the similarity between the
repressor effect of cnidarian and vertebrate Sp5 transcription
factors, which predominantly affects genes of the Wnt/β-catenin
signaling pathway but is not restricted to it. It is thus tempting to
speculate that the Sp5-dependent inhibition of Wnt/β-catenin

signaling originated early in metazoan evolution and was main-
tained across eumetazoans. By contrast, the properties of HySp5
and ZfSp5a as transcriptional activators appear quite different:
both can promote gene activation through β-catenin interaction,
but they largely differ in their capacity to activate target genes in a
β-catenin-independent mode. Therefore, we speculate that Sp5
possibly evolved the capacity to interact with partners not pre-
viously identified such as Tbx or Sox, and/or acquired the capa-
city to bind consensus motifs such as those enriched in the
vertebrate long-range enhancers, after Cnidaria divergence.

Consistent with its Wnt3 repressor function, HySp5 silencing
triggers in a highly robust way the ectopic formation of clusters of
Wnt3-expressing cells, followed by the formation of multiple
heads along the body column of intact animals, in head-
regenerating regions and in reaggregates (Fig. 7). This pheno-
type is different from the ones obtained with pharmacological
treatments, either with the GSK3-β inhibitor ALP22,23,33 or
recombinant Wnt3 that directly enhances β-catenin
signaling18,47, where ectopic tentacles form first, and heads
appear several days later. In intact animals, the knockdown of
HySp5 leads to the direct and rapid formation of fully functional
ectopic heads, preferentially in the budding zone, a region that is
developmentally competent in adult animals where the expres-
sion of both Wnt3 and β-catenin is quite dynamically
regulated17,18. By increasing the number of dsRNA electropora-
tions, we noted the formation of ectopic heads in the apical half of
the body column, even though the development of these heads
remained incomplete. Nevertheless, we never observed super-
numerary heads at the apex of homeostatic HySp5(RNAi) ani-
mals, likely reflecting the difficulty to obtain a significant
silencing in the apical region where Sp5 expression is high. In the
peduncle and basal part of the animal, ectopic head formation
upon HySp5(RNAi) does not occur either, most likely as the
physiological activity of Wnt3/β-catenin signaling is too low in
this region to elicit ectopic head formation when Sp5 is silenced.
In head-regenerating animals or reaggregates, the Sp5(RNAi)
phenotype is readily observed as, similarly to the budding zone,
the expression of Wnt3, β-catenin and Sp5 is quite dynamically
regulated.

To further investigate these dynamic modulations, we designed
strategies to modulate the Sp5(RNAi) phenotype. We first noticed
that when β-catenin is silenced, the Sp5(RNAi) phenotype is
greatly reduced, indicating that an active Wnt3/β-catenin sig-
naling is necessarily required for ectopic head formation. We also
measured the spatial spreading of the ALP-induced phenotype
when Sp5 is knocked-down, with ectopic Wnt3 expression and
ectopic tentacle formation all along the body column. This last
result indicates that the constitutive activation of Wnt3/β-catenin
signaling by ALP is significantly enhanced upon Sp5 silencing.
These modulations of the Sp5(RNAi) phenotype in response to β-
catenin(RNAi) or the ALP-induced phenotype in response to Sp5
(RNAi) again confirm the intimate dynamic cross-talk that takes
place between Sp5 regulation, Sp5 activity and the Wnt3/β-cate-
nin signaling activity.

The observed Sp5(RNAi) phenotypic modulations indicate that
Sp5 silencing cannot be easily maintained stable along the mid-
gastric region, namely because its regulation is quite dynamic in
response to the level of Wnt3/β-catenin signaling. Therefore, we
interpret the homeostatic HySp5(RNAi) phenotype in the bud-
ding region as the consequence of the transient downregulation of
HySp5 activity in tissues that have the highest potential for setting
up an organizer as evidenced by the transient upregulation of β-
catenin in the budding zone17. As an evidence of this dynamic
cross-talk, we noticed that a transient drop in HySp5 expression
suffices to rapidly induce a de-repression of Wnt3 expression,
which leads to an upregulation of β-catenin activity, and in turn
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to Wnt3 upregulation followed by that of Sp5 (Fig. 7). The
oscillatory nature of HySp5 and β-catenin expression in regions
competent for head organizer formation suggests a bistability
state relying on an auto-regulatory loop involving two tran-
scription factors48. This bistability as a prerequisite to head
organizer induction and/or head organizer maintenance remains
to be explored.

This study identifies the transcription factor Sp5 as a key
inhibitory component of the Hydra head organizer. Indeed Sp5
fulfills the five criteria we initially fixed, derived from the pre-
dicted properties of the head inhibitor and from the previous
identification of Wnt/β-catenin signaling as the head activator19.
Sp5 globally fits the Turing/Gierer-Meinhardt model as HySp5
expression is controlled by Wnt3/β-catenin signaling, pre-
dominantly expressed in the head, reactivated during head
regeneration, while HySp5, as a Wnt3 repressor, represses ectopic
head formation (Fig. 7). However, several features diverge from
the expected properties of the head inhibitor predicted by the
Gierer-Meinhardt model.

Firstly, we noted the lack of Sp5 expression at the very apical
tip of the hypostome in intact animals, the region where Wnt3
expression, and most likely Wnt3 activity, is maximal. Two dis-
tinct cis-regulatory elements in the Wnt3 promoter were pre-
viously identified, an activator and a repressor element, the latter
restricting Wnt3 expression to the distal tip of the head19. The
Sp5 pattern is thus consistent with the prediction that the inhi-
bitor should be absent or unable to repress Wnt3 in this area. As
Sp5 appears as a direct target of Wnt3/β-catenin signaling (see
below), an additional negative regulation has to take place in this
most apical area, to prevent Sp5 expression. This local regulation
remains to be identified.

Secondly, this study supports a scenario where Wnt3 acts as a
short-range activator to sustain its own activity in the head orga-
nizer, while Sp5 prevents the expression of Wnt3 and possibly
other Wnt genes in non-apical tissues. The Gierer-Meinhardt
model, proposed at a time when the concept of transcription factor

was still unknown, predicts that the head inhibitor is a diffusible
substance, acting non-cell autonomously across the tissue layers.
As a transcription factor, HySp5 is suspected to act cell-
autonomously and thus not diffusible. However, some transcrip-
tion factors can be secreted, as reported for the helix-turn-helix
transcription factor EspR in bacteria49 or for some homeoproteins
that exert non-cell autonomous functions in the mammalian
brain50. Also, Sp5 might upregulate target genes that encode
secreted peptides or proteins that diffuse in the extra-cellular space
and exert head inhibitory functions. Such target genes, possibly
taxon-specific, remain to be identified.

Thirdly, we cannot exclude that Wnt signals, which are
numerous to be emitted from the apical region18 are not short-
range signals but rather act over long-range distances to activate
HySp5 expression with lipid-binding proteins or cytonemes
modulating the spread of Wnt proteins as observed in Drosophila,
Xenopus and zebrafish51–53. The inhibition of Wnt3/β-catenin
signaling along the Hydra body axis might thus solely be medi-
ated by transcriptional repression, with Sp5 regulating its own
expression and tightly tuning the level of Wnt signals.

As a fourth divergence with the Gierer-Meinhardt model, we
found that HySp5 activates its own promoter. Both the reporter
assays and the ChIP-qPCR data demonstrate that HySp5 directly
binds its own promoter, while the ChIP-seq data also suggest that
HySp5 is able to bind the human SP5 promoter. These observa-
tions are consistent with a study showing that the mouse Sp5
protein directly binds and activates its own promoter31. In
addition, β-catenin slightly enhances the activating effect of
HySp5 on its promoter, likely through direct interaction between
HySp5, TCF1 and/or β-catenin as observed in vitro. A recent
study demonstrates a direct interaction between the zinc finger
domain of mouse Sp5 and the HMG domain of Tcf/Lef1, while
no direct interaction was observed for β-catenin31. Also the for-
mation of active Tcf/Lef1-β-catenin complexes appears necessary
for Sp5 DNA-binding in mouse ESCs31. In contrary, in human
ESCs, SP5 could directly repress the human SP5 promoter37.
Thus, currently we cannot exclude that besides its auto-activating
effect, HySp5 might also have an auto-repressing effect when it
reaches high intracellular levels for example. Further studies
should evidence this putative auto-repressing effect as well as the
interactions between HySp5 and TCF/β-catenin that favor the
switch from Sp5 auto-activation to Sp5 auto-repression.

Methods
Animal culture and drug treatment. All experiments were carried out with Hydra
vulgaris (Hv) from the Basel, AEP or Hm-105 strains. Cultures were maintained in
Hydra Medium (HM: 1 mM NaCl, 1 mM CaCl2, 0.1 mM KCl, 0.1 mM MgSO4,
1 mM Tris pH 7.6) or in Volvic water, supplemented with 0.5 mM CaCl2. Animals
were fed two to three times per week with freshly hatched Artemia nauplii and
starved for four days before any experiment. For drug treatments Hv_Basel were
treated for two days with 5 μM Alsterpaullone (ALP, Sigma) diluted in HM,
0.015% DMSO then rinsed 3x in fresh HM. All animals were selected randomly for
experiments.

Generation of the HyWnt3:GFP-HyAct:dsRED transgenic strain. To induce
gametogenesis, H. vulgaris of the strain AEP were fed with freshly hatched Artemia
nauplii 7× per week for three weeks and then 1× per week for 1 week. Thereafter,
male and female animals were cultured together, resulting in fertilized embryos.
The hoTG-HyWnt3FL-EGFP-HyAct:dsRED plasmid (kind gift from T. Holstein,
Heidelberg)19 was injected into one-cell stage embryos. Out of 504 injected eggs,
104 embryos hatched and 7/104 embryos exhibited GFP fluorescence in the
hypostome.

RNA interference. In short, intact Hydra were briefly washed and incubated for
45 min in Milli-Q water54. 20 animals per condition were placed in 200 µl 10 mM
sterilized HEPES solution (pH 7.0) and then transferred into a 0.4 cm gap elec-
troporation cuvette (Cell Projects Ltd). Animals were electroporated with 4 μM of
Sp5 (siRNA-1+siRNA-2+siRNA-3) or scramble siRNAs (Supplementary
Table 1b) using the Biorad GenePulser Xcell electroporation system. For double
knockdown experiments 2 μM of Sp5 siRNAs were mixed with 2 μM of scramble of
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Fig. 7 Working model of the feedback loop involving Wnt3/β-catenin/TCF
and Sp5. Wnt/β-catenin signaling positively regulates Wnt3 expression via
β-catenin stabilization as well as Sp5 expression. Head organizer activity is
restricted by Sp5 that positively auto-regulates its own expression, likely by
interacting with the β-catenin/TCF complex, but also represses the
expression ofWnt3 through theWnt3 repressor element. Depending on the
level of Sp5 in a cell, Sp5 might also repress its own expression. This tight
transcriptional control mechanism might then ensure a stable repression of
the Wnt3 promoter. In the absence of Sp5, the repressing effect on the
Wnt3 promoter is lost and Wnt3 is no longer restricted to the head
organizer. The release of Wnt3 expression is sufficient to trigger multiple
head formation in intact and regenerating conditions as well as in
reaggregates

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-018-08242-2 ARTICLE

NATURE COMMUNICATIONS |          (2019) 10:312 | https://doi.org/10.1038/s41467-018-08242-2 |www.nature.com/naturecommunications 1167

www.nature.com/naturecommunications
www.nature.com/naturecommunications


β-catenin siRNAs. The conditions of electroporation were: Voltage: 150 Volts;
Pulse length: 50 milliseconds; Number of pulses: 2; Pulse intervals: 0.1 s. For
subsequent ALP treatment, RNAi animals that did not show any phenotypic signs
were kept for 18 h in HM containing 5 μM ALP. The animals were then relaxed in
2% urethane/HM for one minute, fixed in 4% PFA prepared in HM (pH 7.5) for
2 h at RT and either processed for WISH, or directly mounted with Mowiol for
picturing.

Reaggregation. Animals were electroporated twice (RNAi1, RNAi2) with siRNAs
and treated with ALP as described above. Next, 50–60 animals of the same size that
did not show any phenotypic signs, were dissociated in 10 mL of dissociation
medium (DM) (3.6 mM KCl, 6 mM CaCl2, 1.2 mM MgSO4, 6 mM Na-Citrate,
6 mM Pyruvate, 4 mM Glucose and 12.5 mM TES; pH 6.9)55 and the cell sus-
pension was centrifuged at 1’400 rpm for 30 min at 4 °C. The pellet was resus-
pended in 1 mL DM and 450 µl of the cell suspension equally distributed into
1.5 mL tubes, followed by centrifugation at 1’400 r.p.m. for 30 min. After detach-
ment, the aggregates were kept for one hour at 18 °C in 75%DM/HM and over-
night in 50% DM/HM. On the next day, the aggregates were transferred into HM.

Quantitative RT-PCR. Total RNA was extracted using the E.Z.N.A.® Total RNA
kit (Omega) and cDNA synthesized using the qScriptTM cDNA SuperMix (Quanta
Biosciences). qPCR was performed in a 96-well format using the SYBRTM Select
Master Mix for CFX (Thermo Fisher Scientific) and a Biorad CFX96TM Real-Time
System. The TBP gene was used as an internal reference gene. HySp5 and TBP
primer sequences are listed in Supplementary Table 1c. For ChIP-qPCR, DNA was
prepared as below (ChIP-seq section) and qPCR performed as above with primer
sequences listed in Supplementary Table 1d.

Whole mount In Situ Hybridization and immunodetection. Hydra were relaxed
in 2% urethane/HM for one minute, fixed in 4% PFA prepared in HM (pH 7.5) for
4 h at RT and stored in MeOH at −20 °C for at least one day. Samples were
rehydrated through a series of EtOH, PBSTw (PBS, Tween 0.1%) washes (75%, 50%,
25%) for 5 min each, washed 3× with PBSTw for 5 min, digested with 10 μg/mL
Proteinase K (PK, Roche) in 0.1% SDS, PBSTw for 10min, stopped by adding
Glycine (4 mg/mL) and incubated for 10min. Samples were washed 2x in PBSTw
for 5 min, treated with 0.1M TEA for 2 × 5 min, incubated 5min after adding acetic
anhydride 0.25% (v/v), 5 min after adding again acetic anhydride 0.25% (final
concentration 0.5% v/v). Samples were then washed in PBSTw 2 × 5min, post-fixed
in 4% formaldehyde, PBSTw for 20min, washed in PBSTw 4 × 5min before adding
the pre-warmed pre-hybridization buffer (PreHyb: 50% Formamide, 0.1 % CHAPS,
1× Denhardt’s, 0.1 mg/mL Heparin, 0.1% Tween, 5x SSC) and incubated for 2 h at
58 °C. Next, 350 μL hybridization buffer (PreHyb containing 0.2mg/mL t-RNA, 5%
Dextran) containing 200 ng DIG-labeled riboprobe was heated 5 min at 80 °C, then
placed on ice for 2 min. This mix was added onto the samples, then incubated for
19 h at 58 °C. Next, the samples were rinsed 3x in pre-warmed PostHyb-1 (50%
formamide, 5x SSC) and successively incubated for 10min at 58 °C in PostHyb-1,
PostHyb-2 (75% PostHyb-1, 25% 2x SSC, 0.1% Tween), PostHyb-3 (50% PostHyb-
1, 50% 2x SSC, 0.1% Tween) and PostHyb-4 (25% PostHyb-1, 75% 2× SSC, 0.1%
Tween). Samples were then washed 2 × 30min in 2× SSC, 0.1% Tween, 2 × 30min
in 0.2x SSC, 0.1% Tween, 2 × 10min in MAB-Buffer1 (1× MAB, 0.1% Tween),
blocked in MAB-Buffer2 (20% sheep serum, MAB-Buffer1) for 1 h and incubated
with anti-DIG-AP antibody (1:4000, Roche) in MAB-Buffer2 overnight at 4 °C.
Next, the samples were washed in MAB-Buffer1 for 4 × 15min, then in NTMT
(NaCl 0.1M, Tris-HCl pH 9.5 0.1M, Tween 0.1%) for 5 min and finally in NTMT,
levamisole 1 mM for 2 × 5min. The colorimetric reaction was started by adding
staining solution (Tris-HCl pH 9.5 0.1mM, NaCl 0.1 mM, PVA 7.8%, levamisole
1 mM) containing NBT/BCIP (Roche). The background color was removed by a
series of washes in EtOH/PBSTw (30%/70%, 50%/50%, 70%/30%, 100% EtOH,
70%/30%, 50%/50%, 30%/70%), PBSTw 2 × 10min. Samples were post-fixed for
20min in FA 3.7% diluted in PBSTw, washed in PBSTw 3 × 10min and mounted
with Mowiol. All steps were performed at RT unless indicated otherwise. Whole
mount immunofluorescence with the anti-RFamide antibody (kind gift of C.
Grimmelikhuijzen, 1:1000) was performed as in ref. 32.

Peroxidase assay. Hydra were relaxed in 2% urethane/HM for one minute and
fixed in 4% PFA prepared in HM (pH= 7.5) for 2 h at RT. Samples were washed
3 × 10 min with PBS, followed by adding 500 μL DAB (SIGMAFASTTM 3,3′-
Diamino-benzide) solution. The DAB solution was prepared as follows: 1 tablet
of DAB was dissolved in 10 mL of PBS and filtered with a 0.22 μm filter. 5 mL of
the filtered solution was added to 5 mL of PBS together with 20 μL of Triton
X-100 (0.2%) and 1 μL of a 30% H2O2 solution. The animals were incubated
for 10 min in DAB solution and the reaction stopped by washing the samples
3 × 10 min with PBS.

Plasmid constructions. To generate the HyWnt3:Luc construct 2149 bp of the
Hydra Wnt3 promoter were transferred from the hoTG-HyWnt3FL-EGFP con-
struct (kind gift from T. Holstein, Heidelberg)19 into the pGL3 reporter construct
(kind gift from Z. Kozmik, Prague)29. For the HyWnt3-ΔRep:Luc construct, the
whole HyWnt3:Luc plasmid sequence was PCR-amplified except the 386 bp

corresponding to the repressor element. For the ZfWnt3:Luc construct 3997 bp of
the zebrafish Wnt3 promoter were transferred from pEGFP-Wnt3 (kind gift of
Cathleen Teh, Singapore) into pGL3. For the HySp5:Luc construct, 2’992 bp of the
Hydra Sp5 promoter were PCR-amplified from Hm-105 genomic DNA and sub-
cloned into pGL3. To express HA-tagged HySp5, ZfSp5a, ZfSp5l1 proteins, a
C-terminal HA-tag was introduced into the pCS2+ constructs encoding the Hydra
Sp5 (human codon-optimized), zebrafish Sp5a and Sp5l1 full-length coding
sequences. The HySp5-ΔSP construct was produced by inserting a human codon-
optimized HySp5 sequence lacking 110 amino acids of the N-terminal end together
with a C-terminal HA-tag into pCS2+. The HySp5-ΔDBD and HySp5-ΔSP-ΔDBD
constructs were generated using the QuikChange Lightning Multi Site-Directed
Mutagenesis Kit (Agilent Technologies), following the manufacturer’s instructions.
To generate the ZfSp5a-ΔDBD construct, the ZfSp5a-FL plasmid sequence was
PCR-amplified except the DNA-binding domain. For preparing riboprobes, the
HyWnt3, HyBra1, HyTsp1, HyKazal1 and HySp5 PCR products were cloned into
pGEM-T-Easy (Promega). All constructs were verified by sequencing. All plasmids
are listed in Supplementary Table 2 and primer sequences in Supplementary
Table 1a.

Reporter assays in human HEK293T cells. HEK293T cells were maintained in
DMEM High Glucose, 1 mM Na pyruvate, 6 mM L-glutamine, 10% fetal bovine
serum. For the luciferase assays HEK293T cells were seeded into 96-well plates
(5000 cells/well) and transfected 18 h later with X-tremeGENETM HP DNA
transfection reagent (Roche). The plasmids listed in Supplementary Table 2 were
transfected as follows: pGL4.74(hRluc/TK) (Promega): 1 ng, luciferase reporter
constructs: 40 ng, CMV:huΔβ-Cat: 10 ng, Sp5 expression constructs: 20 ng,
huWnt3 and huLRP6: 40 ng. Total DNA amount was adjusted with pTZ18R to
100 ng per well. To measure Firefly and Renilla luciferase activities, the samples
were prepared using the Dual-Luciferase Reporter Assay System (Promega),
transferred to a white OptiPlateTM-96 (PerkinElmer) and measured with a mul-
tilabel detection platform (CHAMELEONTM).

ChIP-seq sample preparation. 920’000 HEK293T (92 cells/μL) cells were seeded
into a 10 cm dish containing 10 mL of cell culture medium and transfected as
described above with HySp5 or ZfSp5a, both containing a C-teminal HA tag
(3’666 ng). Twenty-four hours later, cells were collected, washed twice in pre-
warmed culture medium, fixed in 1% formaldehyde (FA) solution (Sigma) for
15 min until Glycine was added (final 125 mM) for 3 more minutes. In subsequent
steps numerous reagents were from Active MotifTM (AM). The cells were washed
once in ice-cold PBS and re-suspended in 5 mL chromatin prep buffer (AM),
containing 0.1 mM PMSF and 0.1% protease inhibitor cocktail (PIC). The sample
was transferred into a pre-cooled 15 mL glas Douncer, dounced with 30 strokes and
incubated on ice for 10 min. Nuclei were centrifuged at 1250 g for 5 min at 4 °C,
resuspended in 500 μL sonication buffer (1% SDS, 50 mM Tris-HCl pH 8.0, 10 mM
EDTA pH 8.0, 1 mM PMSF, 1% PIC), incubated on ice for 10 min. Next, the
chromatin was sonicated with a Bioblock Scientific VibraCell 75042 sonicator
(Amplitude: 25%, Time: 12 min, 30 s on, 30 s off, 24 cycles), in conditions opti-
mized to have a fragmentation size of ~250 bp. Then 100 μL of the sonicated
chromatin was added to 900 μL ChIP dilution buffer (0.1% NP-40, 0.02M HEPES
pH 7.3, 1 mM EDTA pH 8.0, 0.15M NaCl, 1 mM PMSF, 1% PIC) and incubated
with 4 μg anti-HA antibody overnight at 4 °C on a rotator. Next, the sample was
loaded on a ChIP-IT ProteinG Agarose Column (AM), incubated for 3 h at 4 °C on
a rotator, washed 6x with 1 mL AM1 buffer and the DNA eluted with 180 μL pre-
warmed AM4 buffer. The sample was decrosslinked by adding 100 μL high
salt buffer (1M NaCl, 3× TE buffer) and incubated for 5 h at 65 °C. RNAse A
(10 μg/μL) was added and the sample incubated at 37 °C for 30 min before adding
PK (10 μg/μL) and further incubated for 2 h at 55 °C. The DNA was purified with
the MiniElute PCR purification kit (Qiagen). For preparing the Input DNA, 5 μL
sonicated chromatin was diluted in 45 μL 0.5 M NaCl, incubated for 15 min at
95 °C, then transferred to 37 °C, incubated for 5 min with RNAse A (10 μg/μL),
adding PK (10 μg/μL) and incubated at 55 °C for 30 min. 10 μL were taken for
purification (MiniElute PCR purification kit from Qiagen).

RNA-seq sample preparation. 156’500 HEK293T (78.25 cells/μL) cells were
seeded into a 6-well plate containing 2 mL of cell culture medium and transfected
as described above with 626 ng of HySp5, ZfSp5a, HySp5-ΔDBD, ZfSp5a-ΔDBD
and 313 ng of human Δβ-Catenin. RNA was extracted with the E.Z.N.A. total RNA
kit I from OMEGA following the manufacturer’s instructions.

Co-immunoprecipitation assay and Western blotting. 920’000 HEK293T cells
(92 cells/μL) were seeded into a 10 cm dish containing 10 mL of cell culture
medium and transfected with huΔβ-Cat (1830 ng), huTCF1 (1830 ng) and HySp5
(3660 ng). 24 h later, Co-IP samples were prepared using the nuclear complex Co-
IP kit from Active Motif, following the manufacturer’s instructions (all steps at 4 °C
with ice-cold buffers). 100 μg nuclear extracts were then diluted in 500 μL Co-IP
incubation buffer containing 4 μg anti-HA antibody or 4 μg rabbit IgG (12–370,
Merck Millipore) and incubated overnight on a rotator. The Co-IP reaction was
then loaded on a Protein G Agarose column (AM) and incubated one hour on a
rotating wheel. The column was washed 3x in 500 μL Co-IP wash buffer
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supplemented with 1 mg/mL BSA, 3x in 500 μL of Co-IP wash buffer supplemented
with 300 mM NaCl. The column was centrifuged at 1250 × g for 3 min and 25 μL 2x
reducing buffer directly added onto the column. After 60 s incubation and 3 min
centrifugation at 1250 × g, 5 μL glycerol (Sigma) was added and the sample boiled
for 5 min at 95 °C before loading on a 8% SDS-PAGE gel, electrophoresed and
transferred onto PVDF membrane (Bio-Rad). Then all steps were performed at RT
unless specified. The membrane was blocked with M-TBS-Tw (TBS containing
0.1% Tween, 0.5% dry milk) for one hour until primary antibodies diluted 1:2000
in M-TBS-Tw were added for overnight incubation at 4 °C. The membrane was
then washed 4 × 10min in TBS-Tw, incubated in anti-rabbit (ab99697, Abcam) or
anti-mouse (W402B, Promega) IgG horseraddish peroxidase antibody (1:5000)
for one hour, visualized with Western Lightning® Plus-ECL reagent (PerkinElmer).
10 μg extract were used as Input sample. Antibodies: anti-HA antibody
(NB600–363, Novus Biologicals), anti-β-catenin antibody (610153, BD Bios-
ciences), anti-TCF1 (sc-271453, Santa Cruz Biotechnology). All uncropped western
blots can be found in Supplementary Fig. 15.

ChIP-seq data analysis. Demultiplexed ChIP-seq reads from our sequenced
samples were mapped onto the Human GRCh37 (hg19) genome assembly using
bowtie2, version 2.2.6.256, implemented in galaxy57. Significantly enriched regions
were identified using MACS258 (version 2.1.0.20151222.0). Coverage files were
normalized by the millions of mapped reads in each sample using a manually
created R script. Normalized bedgraph files were converted to bigwig using the
Wig/BedGraph-to-bigWig converter tool (version 1.1.1) implemented in the
pubblic Galaxy server (https://usegalaxy.org/) and visualized with UCSC genome
browser. The fastq files from the two biological replicates of each condition were
merged and remapped in order to obtain the average coverage profile. Only
autosomal chromosomes were analysed in this study. MACpeaks regions were
either extended or cropped from their respective center to match a final size of 500
bp using a personalized R script based on the GenomicRanges package (version
1.32.6). Fasta files containing the DNA sequences corresponding to the coordinates
of the MACpeaks regions were obtained using the UCSC table browser tool. These
files were used to identify enriched motifs for transcription factor binding sites
using the MEME-ChIP Suite59 (http://meme-suite.org/tools/meme-chip) in classic
mode. Significantly enriched motifs were identified and compared to previously
described TF weight matrixes from the JASPAR CORE 2014 database59 using the
TOMTOM tool of the MEME-ChIP suite. Significantly enriched motifs were used
to scan the HySp5, HyWnt3 and ZfWnt3 promoters, using the FIMO tool (http://
meme-suite.org/tools/fimo)60 to identify putative Sp5 binding sites. Gene assign-
ment of the identified MACpeak region was performed using the ChipEnrich
Package in R (version 2.4.0; locus definition: nearest TSS; gene set: gene ontology
biological process; method: polyenrich). Calculations of the total HySp5 and
ZfSp5a coverages (in Mb) and of the frequency distribution of the number of Sp5-
enriched regions per gene were performed in R using personalized scripts. ChIP-
seq data sets for the Sp5 and β-catenin occupancies in mouse ES cells31,61 were,
respectively, downloaded from the GEO subseries GSE72989 and GSM1065517
and re-mapped on the mouse mm10 genome assembly using the same workflow
describe above.

RNA-seq data analysis. Demultiplexed RNA-seq reads from our sequenced
samples were mapped onto the Human GRCh37 (hg19) genome assembly using
the STAR RNA-seq aligner62 workflow implemented in Galaxy. The fastq files
from the three biological replicates of each condition were merged and remapped
in order to obtain the average coverage profile. Coverage files were normalized by
the millions of mapped reads in each sample using a manually created R script.
Normalized bedgraph files were converted to bigwig using the Wig/BedGraph-to-
bigWig converter tool implemented in the public Galaxy server (https://usegalaxy.
org/) and visualized with UCSC genome browser. We used Htseq63 implemented
in the Galaxy server to count the number of uniquely mapped reads attributable to
each gene (based on human genomic annotations from Ensembl release 8264). We
used DESeq265 to perform differential expression analyses. Specifically, we con-
trasted a generalized linear model that explains the variation in read counts for
each gene, as a function of the different transfection conditions, to a null model
that assumes no effect of the HySp5/HySp5-ΔDBD, ZfSP5a or ZfSp5a-ΔDBD. We
ran the Wald test and the P values were corrected for multiple testing with the
Benjamini–Hochberg approach. We computed reads per kilobase of exon per
million mapped reads gene expression levels using Cufflinks66.

FPKM levels were Log2-transformed, after adding an offset of 1 to each value.
The Log2-transformed values were centered across samples before Principal
Component Analysis (PCA); no variance scaling was performed. Heatmap plots
were produced using the gplot package (version 3.0.1 in R). For this we computed
the Z score ((X− μ)/σ, where for each gene μ and σ are respectively the average and
standard deviation of all the replicates of the two conditions being compared and X
is the FPKM value of each sample) based on the FPKM value of each gene
differentially expressed between HySp5 vs HySp5-ΔDBD or between ZfSp5a vs
ZfSp5a-ΔDBD. Up- and downregulated genes from this analysis were considered as
HySp5 and/or ZfSp5a putative targets if they were associated with a MACpeak
enriched region for these proteins (based on the chipenrich analysis described
above).

GO term enrichment analysis. We used the GOrilla tool67 to search for enriched
GO term categories associated with HySp5/ZfSp5a bound genes and with upre-
gulated or downregulated HySp5/ZfSp5a putative targets using a treshold of p <
10–3 (FDR < 0,05). In the latter case, when more than 10 significantly enriched GO
term categories were identified, we used the REVIGO tool68 using 0,7 as treshold
for allowed similarity between related GO term classes.

Hydra genome assembly. Five clonal animals of the species Hydra viridissima and
Hydra oligactis were sampled independently to extract DNA material using the
DNeasy Blood & Tissue kit (Qiagen). Sequencing libraries were prepared using the
TruSeq Nano DNA kit (Illumina), with 350 bp insert sizes, and sequenced paired-
end using 150 cycles on an Illumina HiSeq X Ten sequencer by Macrogen Inc.
Average and standard deviations of insert sizes of the sequenced reads were
measured using 10 mio reads mapped to a preliminary assembly of each genome,
then the two genomes were assembled using MaSuRCA v3.2.169. All scaffolds
(>300 bp) and unplaced contigs (>500 bp) were retained in the final set of
sequences. The redundancy of each assembly was reduced by using CD-HIT-est
v4.770 with a 100% identity threshold. Sequencing depth was evaluated from the
number of reads and expected genome length: Hydra viridissima: 120×; Hydra
oligactis: 50×. Scaffolds assembly statistics in bp: number of scaffolds: 85677 for
viridissima and 447337 for oligactis; N50: 11871 for viridissima and 5391 for
oligactis.

Hydra RNA-seq transcriptomics. For spatial and cell-type RNA-seq tran-
scriptomics, see ref. 32. All profiles publicly available on the HydrATLAS server
(https://HydrATLAS.unige.ch).

Multiple sequence alignment and phylogenetic analysis. For Supplementary
Figure 2, the multiple sequence alignment was generated using T-Coffee71. The
conserved zinc finger domains, SP and Btd boxes were visualized by IBS72. For the
phylogenetic analysis of the Sp5, Sp-related and Klf-related gene families (Sup-
plementary Figure 3), sequences from Hydra as well as from other cnidarian,
ecdysozoans, lophotrochozoans and deuterostomes representative species were
retrieved from Uniprot or NCBI, aligned with Muscle align (www.ebi.ac.uk/Tools/
msa/muscle/)73 or MAFFT (https://mafft.cbrc.jp/alignment/server/) and tested in
iterative PhyML 3.0 analyses using the LG substitution model, 8 substitution rate
categories and 100 bootstraps74.

Sp5 expression in zebrafish embryos. For all zebrafish experiments, colonies of
the strain AB-Tu or Nacre were used, with animals maintained at 28 °C with a
maximal density of five fish per liter in a 14 h light–10 h dark cycle. The fish were
fed twice a day with 2-day-old Artemia and fish embryos incubated at 28 °C. For
overexpression experiments, capped sense mRNAs were synthesized using the
mMESSAGE mMACHINE® Transcription Kit from Ambion (Ambion, Austin, TX
USA) and 400 pg of HySp5, HySp5-ΔDBD, HySp5-ΔSP or HySp5-ΔSP-ΔDBD
mRNAs injected into one cell stage embryos. For mRNA co-injection experiments,
injected amounts were as follows: 400 pg of HySp5 and 4 pg of ZfWnt8 mRNA. All
embryos were scored for phenotypes 48 h post fertilization.

Statistical analyses. All statistical analyses were performed with the software
GraphPad Prism7. The statistical tests were two-tailed unpaired.

Reporting Summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
The Hydra Sp5 sequence has been deposited in GenBank under: MG437301. The
genome assemblies and reads have been deposited in the BioProject under:
PRJNA419866. RNA-seq and ChIP-seq data have been deposited in the GEO
database under accession code GSE121321 [https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE121321]. The authors declare that all data supporting the
findings of this study are available within the article and its supplementary
information files or from the corresponding author upon reasonable request.
The Source Data underlying Figs. 4f, 5d and Supplementary Figs. 6b, 12d are
provided as a Source Data file.
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Supplementary	  Figures	  

 
Supplementary Figure 1. Upstream and coding Sp5 sequences in Hydra vulgaris Hm-105 strain 
Sp5 genomic sequence is written lowercase, Sp5 transcribed sequence (c16537_g1) upper case. The deduced 
protein sequence is highlighted in green. DNA sequences highlighted in yellow correspond to the regions used to 
design siRNAs, underlined DNA stretches correspond to the primers used for subcloning and riboprobe 
preparation.  
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Supplementary Figure 2. Evolutionarily-conserved structure of Sp5 transcription factors 
(a) Sp5 transcription factors contain a SP box (orange), a buttonhead box (Btd, purple) and a DNA-binding 
domain formed of three zinc finger domains (ZF, green). (b) Alignment of the Sp5 protein sequences from H. 
vulgaris (Hydvu), Danio rerio (Danre, zebrafish), Xenopus tropicalis (Xentr) and human.  
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Supplementary Figure 3. Three Sp families, Sp1-4, Sp5 and Sp6-9, already diversified in the 
last common ancestor of cnidarians and bilaterians  
The PhyML tree built on a MAFFT alignment of 56 full-length protein sequences of the Sp and KLF families tested 
with 100 bootstraps and rooted with two WT1 sequences. Note that a single Sp-related gene, Btdl, was found in 
the sponge Amphimedon, does not group with any of the three eumetazoan Sp super families. Species code: 
Amphimedon queenslandica (Ampqu, demosponge), Apis mellifera (Apime, honeybee), Branchiostoma floridae 
(Brafl, amphioxus), Capitella telata (Capte, annelid worm), Capsaspora owczarzaki (Capow, filasterean), Clytia 
hemisphaerica (Clyhe, jellyfish), Crassostrea gigas (Cragi, oyster), Danio rerio (Danre, zebrafish), Hydra vulgaris 
(Hydvu), Mnemiopsis leidyi (Mnele, ctenophore), Nematostella vectensis (Nemve, sea anemone), Saccoglossus 
kowalevskii (Sacko, acorn worm), Salpingoeca rosetta (Salro, choanoflagellate), Strongylocentrotus purpuratus 
(Strpu, sea urchin), Xenopus tropicalis (Xentr, clawed frog). Note that the two major Sp families identified in 
bilaterians, Sp5 and Sp6-91 can be traced in cnidarians, whereas the unique Sp sequence identified in 
Amphimedon queenslandica cannot be affiliated to any of these, and no typical Sp sequence could be found in 
non-metazoan species. Therefore, the most parsimonious scenario is that a unique Sp gene arose at the base of 
metazoans to duplicate in eumetazoan ancestors. 

76



 5 

 
 
 
 

77



 6 

Supplementary Figure 4. HySp5 expression patterns in intact and regenerating animals  
(a) HySp5 expression in intact Hydra (Hv-Basel) starved for 4 days is predominantly apical, although absent or 
strongly reduced at the most distal tip (red arrowheads). (b, c) HySp5 expression in head- (b) and foot- (c) 
regenerating halves fixed 8, 12, 24, 48 and 72 hours after amputation (hpa, mid-gastric bisection). During head 
regeneration, HySp5 expression is sustained, maximal in head-regenerating tips (black arrows), graded towards 
the basal end. Note the presence of a bud spot in some animals (black arrowheads). During foot regeneration, 
HySp5 expression is strong at 8 and 12 hpa in foot-regenerating tips (light grey arrows) but restricted to this area 
as the adjacent region does not express HySp5 (red bars); it is also transient, partially or totally lost at 24 hpa 
(darker grey arrows). In several animals equipped with a basal disc, the staining inside the lower part of the 
gastric cavity is artefactual (white asterisks). Shown are representative images of an experiment performed in 
duplicate. Scale bars: approximately 200 μm. 
 
 
 

 

Supplementary Figure 5. HySp5 and Wnt3 expression in Hydra stem cell populations  
(a) Procedure applied to perform qRNA-seq analysis of each specific stem cell population in Hydra (see details in 
2). We used three transgenic AEP strains that were produced and kindly provided to us by the laboratory of 
Thomas Bosch (Kiel). In each strain one stem cell population constitutively expresses GFP, either epidermal 
epithelial stem cells (eESCs, Ecto-GFP3), gastrodermal epithelial stem cells (gESCs, Endo-GFP4), or interstitial 
stem cells (ISCs, Cnnos1-GFP,5). Note that only GFP-expressing cells from the central body column were sorted 
by flow cytometry and analyzed for transcriptomics. (b) Cell type RNA-seq profiles of HySp5 and Wnt3. The 
graphs depict the number of sequenced reads (x103) for HySp5 and HyWnt3 in the intact body column (no 
sorting), or in each stem cell population at different time points of starvation. Four biological replicates were tested 
for each condition.  
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Supplementary Figure 6. Kinetics of HySp5 phenotype occurrence in intact animals  
Intact Hydra were electroporated three times every other day (RNAi1, RNAi2, RNAi3) either with a scramble 
siRNA (control) or with a mix of HySp5 siRNAs and imaged live at various time-points after RNAi3 (red 
arrowheads). (a) Three successive views of a representative animal developing ectopic axes, first in the budding 
zone where they differentiate heads (white arrows), later in the upper body column where they remain headless 
(red arrow). (b) Kinetics of Sp5 phenotype occurrence after testing Sp5 siRNAs separately or in a mix (pool of 
siRNA 1-3). Note that the single siRNAs induced a multi-headed phenotype, however with a lower efficiency than 
the siRNA mix (3 independent experiments). Source data are provided as a Source Data file. (c) Multiheaded 
phenotype observed in 20 representative Sp5(RNAi) animals. Note the synchronous emergence of an ectopic 
axis in the budding zone of 12/20 Sp5(RNAi) animals already 12 hours after RNAi3, 1.5 day later in the remaining 
8 animals. Ectopic axes/heads were never observed in control(RNAi) animals. (d) Feeding response tested in 
ectopic heads of Sp5(RNAi) animals 4 days after RNAi3. Inset: Artemia; white arrows: Artemia eyes. Shown are 
representative animals of an experiment performed in triplicate. Scale bars: approximately 200 μm. Error bars 
indicate SD.  
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Supplementary Figure 7. Kinetics of HySp5 phenotype occurrence in head regenerating 
animals  
(a) Morphological changes detected in head regenerating Sp5(RNAi) animals after two exposures to Sp5 siRNAs 
as indicated. Animals were imaged live at various time-points after mid-gastric bisection (red arrowheads). Five 
successive views of a representative animal regenerating multiple heads. (b) Multi-headed phenotype in 14 
representative head regenerating Sp5(RNAi) animals. Note that control RNAi animals never regenerated multiple 
heads. (c) Wnt3 expression in head regenerating Sp5(RNAi) animals on day 5 after mid-gastric bisection. Note 
the emergence of multiple Wnt3 expressing clusters in the apex of Sp5(RNAi) animals (red arrows). (d) Detection 
of foot-specific peroxidase in foot regenerating Sp5(RNAi) animals 5 days after mid-gastric bisection. Note that 
foot regenerating Sp5(RNAi) animals never regenerated multiple heads. Red arrows: Regenerated foot; black 
arrows: foot of ectopic axis; white arrowheads: unspecific signal. Shown are representative animals of an 
experiment performed in triplicate. Scale bars: approximately 200 μm.    
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Supplementary Figure 8. Knockdown of β-catenin delays head regeneration 
Intact Hydra were electroporated twice (RNAi1, RNAi2), either with a scramble siRNA or with a mix of β-catenin 
siRNAs. Head regeneration was induced by mid-gastric bisection 24 hours after RNAi2. (a) β-catenin expression 
detected by qPCR. Black arrows: Time points of RNA extraction. Note the significant down-regulation of β-catenin 
on day 3 and 5. Each data point represents an independent replicate. Statistical p-values: *≤ 0.05 (unpaired t 
test). (b) Scramble and β-catenin(RNAi) animals were imaged live at day 1, 2, 4, 6 post-amputation (black 
arrows). Note the delay in head regeneration after the knockdown of β-catenin as illustrated by a reduced number 
of tentacles on day 6 post-amputation (white arrows). Shown are representative animals of an experiment 
performed in triplicate. Scale bar: 200 μm. Error bars indicate SD.   
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Supplementary Figure 9. HySp5 phenotype occurrence requires active Wnt/β -catenin 
signaling 
Intact Hydra were electroporated three times every other day (RNAi1, RNAi2, RNAi3) either with a scramble 
siRNA or a mix of β-catenin/scramble, Sp5/scramble or β-catenin/Sp5 siRNAs. Shown are live animals on day 4 
after RNAi3. Note that β-catenin/scramble RNAi animals developed ectopic bumps (white arrows) while 
Sp5/scramble RNAi animals developed ectopic heads (red arrows). Ectopic heads did no longer occur when Sp5 
was knocked-down together with β-catenin. Shown are representative animals of an experiment performed in 
duplicate. Scale bar: approximately 200 μm.     
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Supplementary Figure 10. HySp5 antagonizes Wnt/β-catenin signaling 
Intact Hydra were electroporated two times (RNAi1, RNAi2) either with a scramble, Sp5 or β-catenin siRNA, 
followed by treatment with Alsterpaullone (ALP). (a) Shown are ten representative animals of an experiment 
performed in duplicate. Animals were fixed on day 3 after the end of the treatment with ALP. Note that the 
knockdown of Sp5 enhanced ectopic tentacle formation, while the knockdown of β-catenin reduced ectopic 
tentacle formation. (b) Shown are representative animals fixed and detected for Wnt3 expression either 
immediately (Day 4) or 2 days after the end of the treatment with ALP (Day 6). Note that the knockdown of Sp5 
increases the expression of Wnt3 throughout the body column. Black arrows: local increase in Wnt3 expression; 
black arrowheads: diffuse increase in Wnt3; grey arrows: Wnt3-negative bumps; blue arrows: Wnt3-positive 
bumps. Scale bars: approximately 200 μm.     
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Supplementary Figure 11. Knockdown of Sp5 in reaggregation studies 
Intact Hydra electroporated twice (RNAi1, RNAi2) with scramble, Sp5 or β-catenin siRNAs were treated with 
Alsterpaullone (ALP) for 18 hours and dissociated immediately after the ALP treatment to be reaggregated. 
Reaggregates (agg1, agg2, agg3, ...) were imaged live 1, 2, 3 or 4 days after reaggregation and then fixed four 
days post-dissociation (day-8) to be detected for Wnt3 expression. Note the increased number of Wnt3 
expressing clusters in Sp5(RNAi) reaggregates. Shown are representative images of an experiment performed in 
duplicate. Scale bars: 200 μm.      
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Supplementary Figure 12. Kinetics of Wnt3 expression in Sp5(RNAi) animals  
(a) Live transgenic Hydra expressing a HyWnt3:GFP-HyAct:dsRED construct where GFP expression is driven by 
the Wnt3 promoter and dsRED by the ubiquitous HyActin promoter. Vertical bars: TCF binding sites. “++” and “+” 
indicate the maximal and intermediate GFP levels respectively. The same animal is shown in the GFP and dsRED 
channel. (b) Bright field and GFP fluorescence views of two HyWnt3:GFP-HyAct:dsRED animals (Hydra 1 and 2) 
knocked-down for HySp5 and pictured at indicated time-points after RNAi3. Arrows: clustered GFP+ cells at the 
tip of ectopic axes. (c) Ten representative Sp5(RNAi) animals fixed and detected for Wnt3 at different time points 
after RNAi1. Scale bars: 200 μm. (d) Quantification of Wnt3-expressing clusters for animals shown in (c). Round 
circles: average number of ectopic Wnt3-expressing clusters; red horizontal lines: median. Arrow bars indicate 
SD. Source data are provided as a Source Data file. (a-b) Shown are representative animals of an experiment 
performed in duplicate. (c) Shown are animals analyzed in one experiment. 
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Supplementary Figure 13. Mapping of putative Sp5 binding sites in the Wnt3 and Sp5 upstream 
sequences in Hydra and teleost fish  
Map showing the location of the putative Sp5 (pS) and TCF (pT) binding sites along the upstream sequences of 
Hydra Wnt3 (a), zebrafish Wnt3 (b) and Hydra Sp5 (c). Sp5 binding sites were identified using the FIMO tool (see 
material and methods) and the consensus matrixes identified from the analysis of the HySp5 and ZfSp5a ChIP-
seq dataset using MEME ChIP suite (see Methods). TCF binding sites (TCF-BS) were identified using the TCF1-
LEF1 and TCF4 consensus matrixes available from the MultiTF tool implemented in Ecr browser. The 
evolutionary conservation of the putative Sp5 binding sites (Sp5-BS) was determined by comparing their 
sequence across three Hydra or four teleost fish species using the Vista alignment tool. Green bars: Sp5-BS 
conserved in all analyzed species, brown bars: Sp5-BS conserved in only two species, magenta bars: TCF-BS 
conserved in all analyzed species, blue bars : TCF-BS conserved in only two species ; Blue boxes: PP (primer 
pairs) regions tested in ChIP-qPCR experiments. A multispecies alignment of the sequences corresponding to 
each predicted TCF-BS (upper row) or Sp5-BS (lower row) is shown below the Vista plot (pink peaks) with the 
corresponding consensus matrix. The predicted BS sequences are written bold on a gray background. Stars mark 
nucleotides identical in all species, semi-columns the nucleotides conserved in 2/3 or 3/4 species. When the 
putative BS is located in the negative strand the reverse complement version of the corresponding matrix is 
shown. In the case of the HySp5 promoter only the putative Sp5-BS located within the regions enriched in the 
ChIP-qPCR analysis (PP1, PP2, PP3) are shown. In (a) the Wnt3 promoter sequences tested in deletion reporter 
constructs are schematized.  
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Supplementary Figure 14. HySp5 expression in Alsterpaullone-treated animals 
(a) HySp5 expression in intact animals exposed for two days to Alsterpaullone (ALP) and fixed either immediately 
(Day 2), or transferred to HM and fixed two and five days later (Day 4, Day 7). Red arrow: last feeding, blue 
arrows: fixation days. Note that in all animals HySp5 expression is high in the head region but low at the very 
apical tip (red arrowheads). In animals 1-4 (Day 2 untreated animals) HySp5 expression is high in the body 
column with two adjacent regions where HySp5 expression is low (red bars); in animals 5-10, HySp5 expression 
is low in the body column and several show a higher level of HySp5 expression in the budding zone (black 
arrowheads). Upon ALP treatment, HySp5 is increased in the body column of all animals, and ectopic tentacles 
form dots of enhanced HySp5 expression at Day 4, and become visible at Day 7. Shown are representative 
animals of an experiment performed in triplicate. (b) Treatment of intact Hydra with ALP for 2 days followed by 
detection of Wnt3, Bra1 and Sp5 expression by qPCR in head as well as upper and lower body column tissue. 
Blue arrows: Days of RNA extraction. Note the up-regulation of Wnt3, Bra1 and Sp5 in body column tissue on Day 
2 and Day 4, the up-regulation of Wnt3 and Bra1 in head tissue on Day 2 and down-regulation on Day 4 as well 
as the down-regulation of Sp5 in head tissue at both time points. Each point represents an independent replicate. 
(c) Treatment of Hydra with ALP for 2 days and detection of Wnt3 on Day 2 and Day 4 (blue arrows). Note the 
reduction of Wnt3 expression on Day 4 compared to Day 2 in head and body column tissue. Shown are 
representative animals of an experiment performed in triplicate. (d) Intact Hydra were treated with ALP for 2 days 
and imaged on Day 1-4 (blue arrows) after the end of the ALP treatment (left panel). Shown are representative 
animals of an experiment performed in triplicate. Quantification of ectopic tentacles in the upper and lower body 
column two days after the end of the ALP treatment (Day 4) (right panel). Note that ectopic tentacles first occurred 
in the lower half, which is consistent with a higher expression of Wnt3 in lower than upper body column tissue 
(see panel b). Each data point represents one animal. Statistical p-values: **≤ 0.01 (unpaired t test). Scale bars: 
approximately 200 µm. Arrow bars indicate SD. 
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Supplementary Figure 15. Interactions between Sp5 and β-Catenin or TCF1 
(a) ChIP-seq profile showing the genomic occupancies of the mouse Sp5 and β-catenin over the genomic region 
encompassing the Sp5 locus in mouse ES cells. The profiles were obtained by re-mapping publicly available 
datasets6,7. Note the overlap in the occupancies of Sp5 and β-catenin in the vicinity of the Sp5 transcriptional start 
site. (b-c) Nuclear extracts were prepared from HEK293T cells transiently expressing HySp5_HA protein or not, in 
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the presence of a constitutively active form of human β-Catenin (huΔβ-Cat) (b) or human TCF1 (c). (b) HySp5 
and β-Catenin interaction after anti-HA immunoprecipitation, Western blotting and immunodetection with the anti-
β-Catenin antibody (upper, at two distinct exposure times), or the anti-HA antibody (lower). Note that HySp5 
interacts with exogenous (black arrows) and endogenous (white arrow) β-Catenin. T: Top; B= Bottom. (c) HySp5 
and TCF1 interaction detected after anti-HA immunoprecipitation, Western blotting and immunodetection with the 
anti-TCF1 antibody. Note that HySp5 interacts with exogenous and endogenous TCF1. All Co-IP experiments 
were performed twice with extracts prepared independently. 
 
 
 

 
Supplementary Figure 16. Genome-wide mapping of putative Sp5 binding sites in human 
HEK293T cells and mouse ESCs 
(a) ChIP-seq analysis showing the binding profiles of HySp5 expressed in HEK293T cells (left panels) within the 
genomic regions of known Wnt target genes, compared to the previously reported genomic occupancies of the 
mouse Sp5 in the corresponding mouse ortholog loci7 (right panels). The control recombinant protein HySp5-
ΔDBD does not show any significant enrichment over the same genomic regions. (b) ChIP-seq analysis showing 
the genomic occupancies of the HySp5 and ZfSp5a proteins (blue) in the genome of HEK293T cells expressing 
these proteins. No enrichment is scored when HEK293T cells express Sp5 proteins lacking the DBD (red). (c) 
Table summarizing the 10 most enriched GO terms associated with the genes assigned to the Sp5-enriched 
regions in HEK293T cells expressing HySp5 and ZfSp5a. GO term search was performed using the Gorilla 
software to compare the genes assigned to Sp5 bound regions in both HySp5 and ZfSp5a ChIP-seq experiments 
versus the full list of human genes.  
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Supplementary Figure 17. Direct transcriptional targets of HySp5 and ZfSp5a. 
(a) Venn diagram showing the genes repressed (Top) or activated (Bottom) upon HySp5 or ZfSp5a 
overexpression in HEK293T cells and associated with HySp5 or ZfSp5a bound elements. (b) Summary of the 5 
most significantly enriched GO term categories (based on their FDR value) for the different subset of genes 
represented in the Venn diagram in (a). No significatly enriched GO term categories were identifed for the HySp5 
specific and HySp5-ZfSp5a common upregulated targets. When more than 10 significantly enriched GO term 
categories were identified (FDR<0,05) the REVIGO tool was used to group related GO term classes using 0.7 as 
treshold for allowed similarity. 
  

92



 21 

 

Supplementary Figure 18. Overexpressing HySp5 in zebrafish embryos induces Wnt-like 
phenotypes  
To test whether HySp5 is a mediator of the Wnt pathway, we injected HySp5 mRNAs, either full-length (HySp5-
FL) or lacking the SP box (HySp5-ΔSP) into zebrafish embryos and looked at larval morphology on day-2 post-
fertilization (dpf). (upper panel) Wnt-like phenotypes detected in 2 days old zebrafish larvae overexpressing 
HySp5 (HySp5-420). These phenotypes were scored in three classes: no eyes (C1); no eyes + curly axis (C2); no 
eyes, underdeveloped axis and curly tail (C3). The HySp5 constructs lacking the DNA-binding domain do not 
affect embryonic development, whereas co-injecting ZfWnt8 with HySp5-420 increases the phenotypic 
penetrance. The number of independent experiments (n) is indicated for each construct and the graphs show one 
representative experiment. (lower panel) Table showing the scoring of the embryonic phenotypes identified in 
zebrafish overexpressing HySp5 or ZfWnt8. One representative experiment is shown. All embryos were produced 
from wild-type parental strains and analyzed at 48 hpf. N = number of injected embryos; †%(n) = percentage 
(number) of dead embryos; Sn = number of surviving embryos. Given the similarities with the morphological 
defects obtained when the zebrafish β-catenin or Wnt8 are overexpressed during development8,9, we deduced 
that HySp5 can mediate at least some effects of Wnt/β-catenin signaling during zebrafish gastrulation, a 
mediation that requires its DNA-binding activity. 
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Supplementary	  Tables	  
 
Supplementary	  Table	  1.	  Cloning,	  siRNAs,	  qPCR	  and	  ChIP-‐qPCR	  primer	  sequences	  
(a) List of cloning primers 

 Primer name Sequence 
HySp5:Luc HySp5 promoter Forward  CTAGTTCTAATTTAGCTCTATTACGTTCGC 

 HySp5 promoter Reverse GAAACCGCCATCTTATCTTAAATAGCTTCGG 
ZfSp5a-ΔDBD ZfSp5a-ΔDBD Forward CAGAACAAGAAGAGCAAAAGTCACG 

 ZfSp5a-ΔDBD Reverse CTGTTTCTTCTTTCCGGGCTCA 
HyWnt3-ΔRep:Luc HyWnt3-ΔRep:Luc Forward CTCGAGATCTGCGATCTAAG 

 HyWnt3-ΔRep:Luc Reverse GCGGTTAGTTAAATCAAACC 
pGEM-T-Easy-HySp5 HySp5 Forward (Sp5-For1) AATTACTCACAAAAACTTT 

 HySp5 Reverse (Sp5-Rev1) TAAGGTGACTAGTTTTACC 
pGEM-T-Easy-HyWnt3 HyWnt3 Forward ATGGGCACGACGCGTTATAA 

 HyWnt3 Reverse CTATTTACAGGTGTATTCAG 
pGEM-T-Easy-HyBra1 HyBra1 Forward TGGAAGGCGAATGTTTCCTG 

 HyBra1 Reverse TTCGGTGATACGGTGATGGA 
 

 
(b) List of siRNAs 

HySp5 siRNA-1 UUA ACG AGC ACC ACA UAA A 
HySp5 siRNA-2 CUA CAA CAU CCC ACA UAU A 
HySp5 siRNA-3 GCA GCA CGU AUG UCA UAU U 
β-catenin siRNA-1 UCA ACC UAA CAG ACA ACA A 
β-catenin siRNA-2 UGA GGA GCU AUA CUU AUG A 
β-catenin siRNA-3 ACG ACU CUC UGU UGA AUU A 
scramble siRNA AGGUAGUGUAAUCGCCUUG 

 
(c) List of qPCR primers 

HySp5 Forward  CCAGGGTGCGGAAAGGTT 
HySp5 Reverse  CCAGCATGCCATCTTAAATGAG 
Wnt3 Forward GAGTTGACGGTTGCGAACTT 
Wnt3 Reverse ACATGAAACCTTGCAACACCA 
β-catenin Forward  TACGCAATGTTGTTGGTGCT 
β-catenin Reverse  GCTTCAATTCGATGGCCTAA 
Bra1 Forward ATAGATTGGTATCCGTGCGG 
Bra1 Reverse GGAAACTGAGGCGGATACCA 
TBP Forward AAGCGATTTGCAGCAGTTAT 
TBP Reverse GCTCTTCACTTTTTGCTCCA 

 
(d) List of ChIP-qPCR primers  

HySp5 promoter (Hm-105) 
	  PP1-F TAAGCTGTCTCCATTTCAACCA 

PP1-R AATATTTGTTAAGTGTTTTTCGTTGG 
PP2-F TATCTTTTCCGCCTTACGTATTC 
PP2-R ACTGAGAAATGGCGCGTTG 
PP3-F CAGAGAAAATATGATCGCAACG 
PP3-R GAAACCGCCATCTTATCTTAAA 

	   	  ZfWnt3 promoter 
	  PP1-F TCTGAAGAGAAAGGGGCAAA 

PP1-R ACCCTCTCCTCACACACGTC 
PP2-F GCAAGCAACATGGGACAATA 
PP2-R ATGTAGGTTCCGGCCAATTT 
PP3-F ACAGCTGGGTTTCCTTGATG 
PP3-R AGGCTGGGAGGGAATAAGAA 
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Supplementary	  Table	  2.	  DNA	  constructs	  used	  in	  this	  study	  

Name Abbreviation Reference Source 
pGL3-HySp5-2992 HySp5:Luc / This study 
pGL3-HyWnt3-2149 HyWnt3:Luc / This study 
pGL3-HyWnt3-1763 HyWnt3-ΔRep:Luc / This study 
pGL3-HyWnt3-1858 HyWnt3-ΔRep-D1:Luc / This study 
pGL3-HyWnt3-1864 HyWnt3-ΔRep-D2:Luc / This study 
pGL3-HyWnt3-1959 HyWnt3-ΔRep-D3:Luc / This study 
pGL3-HyWnt3-1953 HyWnt3-ΔRep-D4:Luc / This study 
pEGFP-ZfWnt3-3997 ZfWnt3-promoter Ref.10 Cathleen Teh (gift) 
pGL3-ZfWnt3-3997 ZfWnt3:Luc / This study 
pGL3 no-prom:Luc Ref.11 Zbynek Kozmik (gift) 
pCS2+  www.addgene.org/vector-database/2295/ 
pCS2+-HySp5-FL HySp5-420 / This study 
pCS2+-HySp5-ΔDBD HySp5-337 / This study 
pCS2+-HySp5-ΔSP HySp5-310 / This study 
pCS2+-HySp5-ΔSP-ΔDBD  HySp5-227 / This study 
pCS2+-ZfSp5a-FL ZfSp5a-337 / This study 
pCS2+-ZfSp5a-ΔDBD ZfSp5a-289 / This study 
pCS2+-ZfSp5l1-FL ZfSp5l1 / This study 
ZE14 pCS2P+ wnt8 ORF1 ZfWnt8 Ref.9 Addgene # 17048 
pcDNA-Wnt3 huWnt3 Ref.12 Addgene # 35909 
pcDNA6-huLRP6-v5 huLRP6 Ref.13 Bart Willimans (gift) 
pFLAG-CMV-hu-β-CateninΔ45 huΔβ-cat Ref.14 Ariel Ruiz i Altaba (gift) 
pCAG-FLAG-TCF-1 TCF1 Ref.15 Junichiro Yasunaga (gift) 
pGEM-T-Easy-HyWnt3-1092 / / This study 
pGEM-T-Easy-HyBra1-635 / / This study 
pGEM-T-Easy-HySp5-557 / / This study 

pGL4.74[hRluc/TK]  

www.promega.com/-
/media/files/resources/protocols/product-information-
sheets/a/pgl474-vector.pdf?la=en 
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Chapter-2 AUTO-REGULATION STUDY OF THE HYDRA HEAD INHIBITOR 

SP5  

The results presented in this chapter correspond to the main research conducted 

during the doctoral thesis. After identifying Sp5 as the Hydra head inhibitor and 

confirming that this gene met the criteria for being the right candidate, many questions 

remained regarding its in vivo regulation as well as the identification of Sp5 putative 

target gene candidates that could be involved during the inhibition of the head 

activator and thus patterning the established head organizer as well as the putative 

developing head organizers and thus contribute to the axial pattering of this animal. 

To study the regulation of Sp5 in vivo, we decided to generate transgenic Hydra lines 

with a tandem reporter construct in which the Hydra Sp5 promoter (HySp5-3169) 

drives the expression of a reporter gene, in this case GFP. By performing gain- and 

loss-of-function analysis on Sp5 transgenic lines, we aim to decipher the in vivo auto-

regulation of Sp5. We obtained two Sp5 transgenic lines, one that expresses the 

reporter construct in the epidermis and the other one in the gastrodermis. Thus, by 

using different assays, we were able to not only demonstrate that Sp5 has a negative 

auto-regulation in both layers, but also to better understand how each layer could 

contribute to the Sp5 phenotype as well as how each layer plays a role when we 

ectopically activate Wnt/-catenin signaling and thus contribute to pattern the 

different ectopic structures caused by Wnt/-catenin signaling overexpression.  

For this chapter I carried out all the experiments, analyzed the results and created all 

of the figures. With the additional help of Chrystelle Perruchoud, I injected myself the 

construct for the production of the Sp5 transgenic lines. The project was developed in 

cooperation with Brigitte Galliot, with meaningful insights from Dr. Matthias Vogg and 

Dr. Paul Gerald Sánchez. 

Finally, Dr. Leonardo Beccari supported in developing the ChIP optimization protocol 

for this paper using Hydra tissue. 
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ABSTRACT  

The Sp5 transcription factor was identified as a negative regulator of Wnt/-catenin 

signaling, the activator component of the Hydra apical organizer. Here we investigate 

how Sp5 expression is regulated in the two Hydra epithelial layers, epidermis and 

gastrodermis. We generated two Hv_AEP2 transgenic lines that constitutively express 

either in the gastrodermis or in the epidermis, a tandem reporter construct where the 

Hydra actin promoter and the Hydra Sp5 promoter drive mCherry and eGFP expression 

respectively (HyAct-1388:mCherry_HySp5-3169:eGFP). That way we could monitor in 

each layer mCherry and GFP fluorescence, as well as GFP, Sp5 and Wnt3 expression. 

In intact and apical-regenerating animals, we recorded distinct spatial regulations of 

Sp5 and Wnt3 in the epidermis and the gastrodermis, suggesting that the cellular and 

molecular interactions are not identical in homeostatic and developmental apical 

organizers. Upon alsterpaullone treatment, Wnt/-catenin signaling is constitutively 

activated, maximal apically where epidermal Sp5 expression is suppressed while in the 

upper and lower body column Sp5 transiently forms two zones of maximal expression; 

in parallel Sp5 is globally upregulated in the gastrodermis. Both, -catenin and Sp5 

silencing lead to paradoxal epidermal Sp5 expression along the body column, 

suggesting a Sp5 promoter activation resulting from the suppression of a negative Sp5 

autoregulation. By contrast, in the gastrodermis, Sp5 silencing leads to restricted spots 

of Sp5 expression. The proximal Sp5 promoter contains clustered Sp5 binding-sites, 

recognized by Sp5 in ChIP-PCR assay. We propose that Sp5 autoregulation with layer-

specific modulations impacts the cross-talk between the different components of the 

apical organizer.  

 

Keywords: Sp5 transcription factor, inhibitor of Hydra apical organizer, tandem reporter 

constructs, Hydra transgenic lines, epidermis and gastrodermal layers, Sp5 promoter 

sequences 
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INTRODUCTION  

Appendage and whole-body regeneration are amazing biological processes that offer the 

possibility to study in a juvenile or adult context how developmental genetic programs that took 

place during embryogenesis but at a much smaller scale, can possibly be reactivated and what 

are the specific biophysical, biochemical and cellular processes involved in this reactivation 

(Tanaka and Reddien, 2011). Hydra is an organism that, even in adulthood, allows to study 

morphogenesis and de novo pattern formation due to its specific tissue dynamics and the 

presence of organizers, apical and basal, that generate morphogenetic factors that tightly 

regulate the 3D reconstruction occurring during regeneration but also budding (Galliot, 2012; 

Vogg et al., 2019b). Hydra is a cnidarian freshwater polyp of about one cm long organized 

around a single oral-aboral axis. The apical extremity (also named “head”) is centered around 

the mouth (the unique opening of the animal) and surrounded by a ring of tentacles, while the 

basal extremity is a basal disc also named foot that can attach to substrates. The central region 

of the animal, named body column, is basically a gastric tube that connects the apical region 

to the basal one at the aboral side. All along its body, the animal is composed of two 

myoepithelial layers known as the epidermis and gastrodermis, which correspond to the inner 

and outer layers respectively. The animal is populated by a dozen of distinct cell types that 

derive from three stem cell populations, epithelial epidermal, epithelial gastrodermal and 

interstitial, which constantly self-renew in the body column to maintain Hydra homeostasis 

(Vogg et al., 2021a).  

Hydra is known for its exceptional regenerative capacities, capable to regenerate any missing 

part of its body, such as a new fully functional head in three to four days after mid-gastric 

bisection. This developmental process relies on the activation of an apical organizer in the 

regenerating tip (also named head organizer) whose activity relies on two main regulators : 

Wnt3, which acts as an activator, is required to maintain apical differentiation and initiate apical 

regeneration (Hobmayer et al., 2000; Lengfeld et al., 2009; Nakamura et al., 2011), and the 

transcription factor Sp5, which in a negative feedback loop, restricts the activity of the activator, 

thus considered as a key inhibitor of the apical organizer (Vogg et al., 2019a). Wnt3 is 

predominantly expressed in the gastrodermal epithelial cells of the apical region, specifically 

in the tip of the hypostome, the most apical region of the animal where the apical organizer is 

located (Lengfeld et al., 2009). 

In intact animals, HySp5 is predominantly expressed apically, in both the hypostome and the 

tentacle ring but not at the tip where Wnt3 expression is maximal, and at a lower level along 

the body column. HySp5 is expressed in the epithelial cells, at higher levels in the gastrodermis 

than in the epidermis (Figure 1A). After mid-gastric bisection, Sp5 and Wnt3 are specifically 

up-regulated in the apical-regenerating tips, within two to three hours for Wnt3, after eight 
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hours for Sp5, and they remain expressed at high levels throughout the entire regenerative 

process. Knocking down Sp5 shows that Sp5 prevents ectopic head formation along the body 

column in homeostatic conditions and restricts apical regeneration after bisection.  

Three distinct experimental approaches bring evidence that the body column can acquire the 

properties of an apical organizer: (i) the pharmacological activation of Wnt/-catenin signaling 

by the drug alsterpaullone (ALP) that leads to the ectopic expression of Wnt3 along the body 

column and the rapid formation of ectopic tentacles (Broun et al., 2005; Gee et al., 2010); (ii) 

the exposure to the HyWnt3 or human Wnt3 recombinant protein, which improves head 

regeneration (Chera et al., 2009; Lengfeld et al., 2009); (iii) the silencing of Sp5 that triggers a 

multiheaded phenotype in both homeostatic and regenerating animals (Vogg et al., 2019a). 

Hence, the crosstalk between Wnt3 and Sp5 plays a critical role in the maintenance of apical 

patterning in Hydra and in the apical developmental processes as observed during 

regeneration and budding. However, the precise way this crosstalk is regulated in each tissue 

layer remains unclear. With this study we wanted to uncover whether HySp5 auto-regulation 

plays a role in vivo (Figure 1A).  

In Hydra, the Wnt3 promoter contains an auto-regulatory element that positively activates Wnt3 

(Nakamura et al., 2011); similarly, data obtained in mammalian cells transiently co-expressing 

HySp5 together with a reporter construct driven by HySp5 promoter, suggest a positive Sp5 

auto-regulation (Vogg et al., 2019a). Hydra Sp5 is a downstream target of the evolutionarily 

conserved Wnt/-catenin signaling pathway, as is Sp5 in other vertebrate organisms such as 

zebrafish (Weidinger et al., 2005), Xenopus (Park et al., 2013) and humans (Takahashi et al., 

2005). Regarding the regulation, in human pluripotent stem cells (hPSCs) Sp5 down-regulates 

genes activated by Wnt/b-catenin signaling including SP5 (Huggins et al., 2017), whereas in 

mouse embryonic stem cells (mESCs), Sp5 selectively activates Wnt/-catenin target genes 

(Kennedy et al., 2016), suggesting that Sp5 may act as a transcriptional activator or a 

transcriptional repressor depending on the context.  

To test the homeostatic as well as developmental regulation of Sp5 in each epithelial layer, we 

produced transgenic lines that constitutively express the tandem reporter construct either in 

the epidermis or in the gastrodermis a tandem reporter construct where the Hydra actin 

promoter drives mCherry expression and the Hydra Sp5 promoter eGFP expression We 

monitored GFP fluorescence and GFP, Sp5, Wnt3 expression in intact, budding and 

regenerating transgenic animals, after either pharmacological activation of Wnt/-catenin 

signaling, or b-catenin silencing, or Sp5 silencing. The results show distinct spatial regulations 

of HySp5 expression in the epidermis and the gastrodermis as well as a negative auto-

regulation of the Hydra head inhibitor Sp5.  
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RESULTS 

GFP fluorescence in HySp5-3169:GFP epidermal and HySp5-3169:GFP gastrodermal 
transgenic animals mimics endogenous spatial Sp5 expression 

To monitor the regulation of Sp5 expression, we designed a tandem reporter construct where 

3169 bp of the HySp5 promoter drive eGFP expression and 1388 bp of the HyActin promoter 

drive mCherry expression, used here as a gene ubiquitously expressed (Figure 1B). After 

injecting the reporter construct into Hv_AEP one or two cell stage embryos, two Sp5 reporter 

lines were obtained: HySp5-3169:GFP_ep and HySp5-3169:GFP_ga and clonal populations 

were amplified. We first performed a q-PCR analysis of Sp5, GFP and Wnt3 expression in the 

apical, central body column and basal regions to compare endogenous Sp5 expression and 

GFP expression in each of the two transgenic lines (Figure 1C, 1D). This analysis confirmed 

the expected Sp5 and Wnt3 expression profiles in both transgenic lines, exclusively apical for 

Wnt3, with highest levels apically for Sp5, and showed that GFP is also expressed at highest 

levels apically in HySp5-3169:GFP_ep animals (Figure 1C) but at similar levels apically and 

along the body column in HySp5-3169:GFP_ga animals (Figure 1D). This result indicates that 

Sp5 expression driven by the 3169 bp sequences of the Sp5 promoter is strikingly different 

between the epidermal and gastrodermal layers both in the apical and the body column 

regions.  

In HySp5-3169:GFP_ep animals, eGFP expression recorded in live animals through 

fluorescence (Figure 1E) or in fixed animals after immunodetection (Figure 1G) is restricted 

to the epithelial cells of the epidermal layer, present over the whole hypostome, the proximal 

part of the tentacles, the tentacle ring with a rather sharp boundary below the tentacle ring. In 

HySp5-3169:GFP_ga animals, eGFP expression recorded in live animals through 

fluorescence (Figure 1F) or in fixed animals after immunodetection (Figure 1H) is restricted 

to the epithelial cells of the gastrodermal layer, showing a broad domain of expression that 

extends from the apical region throughout the body column. However, the tip of the hypostome 

is free of GFP fluorescence and GFP protein (see enlarged head in Figure 1F, arrows in Figure 

1H), an area where Wnt3 expression is maximal and endogenous Sp5 expression minimal 

(Nakamura et al., 2011; Vogg et al., 2019a). This analysis of GFP expression shows that 3169 

bp sequences of the Sp5 promoter are sufficient to recapitulate the endogenous Sp5 

expression pattern previously identified in the apical region and along the body column (Vogg 

et al., 2019a).  

From the eGFP and mCherry fluorescence profiles obtained from live or fixed animals, we 

produced a relative GFP intensity profile for each animal that corresponds to the 

eGFP/mCherry ratio at all points along the body axis (Figure 1E, 1F, FigS1). By grouping the 

relative GFP intensity profiles of 10 animals, we concluded that GFP fluorescence in live 
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HySp5-3169:GFP_ep animals is graded apical-to-basal, from 100% to 70% body length, then 

maintained at low levels between positions 70% to 10% (Figure 1I, FigS1B). By contrast, the 

same analyses performed in HySp5-3169:GFP_ga animals, shows that GFP levels are low at 

the tip (position 100%-90%), reach a plateau from position 90% up to 40% body-length, then 

declines towards the basal extremity (Figure 1J, FigS1D). The profiles obtained after 

immunodetection of GFP and mCherry in the two HySp5-3169:GFP transgenic strains are 

highly similar to the patterns obtained by analysis of GFP fluorescence (Figure 1K, 1L). In 

summary, the analysis of the level of GFP transcripts, GFP protein and GFP fluorescence 

identify distinct spatial patterns along the body axis in the epidermis and the gastrodermis, 

suggesting that Sp5 regulation is not identical in these two layers.  

Developmental regulation of Sp5 in the epidermal and gastrodermal layers 

During budding, GFP fluorescence is detected throughout the whole process in HySp5-

3169:GFP_ep and HySp5-3169:GFP_ga animals (Figure 2A, 2B, 2C). GFP fluorescence is 

first detected on the parental polyp as a patch in the epidermal layer (stage-1) as well as in the 

budding zone with well-defined boundaries (see stages 3 and 4 in Figure 2A, 2C). In the 

growing bud, GFP fluorescence is ubiquitously expressed in both layers, becoming from stage 

6 restricted to the presumptive head only in the epidermal layer. At stages 9 and 10, the bud 

is mature, ready to detach, and spatial patterns of epidermal and gastrodermal GFP 

fluorescences correspond to those observed in adult polyps.  

During apical regeneration after mid-gastric bisection, a strong GFP fluorescence can be 

detected at 8 hours post-amputation (hpa), similar in both layers, broadly distributed along the 

lower half except in the peduncle region, subsequently maintained during the first 24 hours 

(Figure 2D, 2E, FigS2). Subsequently, when tentacle rudiments appear, the epidermal GFP 

fluorescence becomes restricted to the apical region while the gastrodermal one remains 

broadly distributed, and within three days, the adult homeostatic patterns are reestablished. 

During basal regeneration, no GFP fluorescence is observed in the upper regenerating halves 

of HySp5-3169:GFP_ep animals except the original GFP fluorescence of the apical region 

(Figure 2D, FigS2A). In HySp5-3169:GFP_ga animals, the GFP fluorescence is broadly 

distributed along the body axis, becoming excluded from the basal disc when it gets 

differentiated after 24 hpa (Figure 2E, FigS2B).  

The analysis of GFP transcripts by WMISH reveals that in HySp5-3169:GFP_ep animals, GFP 

expression is low in apical-regenerating tips at 8 hpa, progressively increased at 12 and 24 

hpa (FigS3A). At 48 hpa, tentacle rudiments that emerge do not express GFP whereas the 

apical region strongly expresses GFP; at 72 hpa, the epidermal GFP pattern is typical, with 

maximal expression at the root of tentacles. In HySp5-3169:GFP_ga animals, GFP is first 

detected immediately after bisection, possibly artefactual in the injured tissues, then at high 
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levels in a broad domain encompassing the apical-regenerating tips at 8, 12 and 24 hpa, with 

in some but not all animals some expression in lower regions of the body column. At 48 hpa, 

while tentacle rudiments emerge, GFP expression becomes restricted to the apical area 

surrounding the tentacles, leaving the tentacles and the tip of the future hypostome free of 

expression. Most animals also show some GFP expression along the body column, including 

in the peduncle area. At 72 hpa, GFP expression is predominantly apical at the level of the 

tentacle ring but absent from the tentacles and the hypostome, with some low level of 

expression in the peduncle region. The analysis of the gastrodermal GFP pattern during apical 

regeneration identifies modulations of the GFP pattern along the gastrodermis, some animals 

showing stripes of high expression levels and others exhibiting a diffuse expression throughout 

the animal.  

During basal regeneration, GFP WMISH reveals that GFP expression is excluded from the 

basal-regenerating half in HySp5-3169:GFP_ep animals at all time-points (FigS3B). At 48 hpa, 

most animals have differentiated a new basal disc and GFP expression is slightly up-regulated 

in the peduncle region. In HySp5-3169:GFP_ga animals, the GFP up-regulation observed 

immediately after bisection in the basal-regenerating tip might be artefactual, linked to injury 

as in apical-regenerating tips artefactual. At 8 hpa, GFP expression is quite strong in the body 

column, in continuity with the apical domain. GFP is also expressed in the regenerating-tips, 

in continuity or not with the body column domain. At 12 hpa, three domains of high levels of 

GFP expression can be identified in most animals: the apical region, the central body column 

domain and the regenerating tips; at 24 hpa, the central body column domain and the 

regenerating tip domain appear weaker. At 48 and 72 hpa, the basal disc has formed in most 

animals, free of GFP, whereas the peduncle domain is visible, which in half of the animals 

extends towards the apical extremity. In summary, the epidermal and gastrodermal HySp5-

3169:GFP transgenic lines provide the means to deduce the layer-specific temporal 

regulations of Sp5 linked to regeneration. As deduced from the observed layer-specific GFP 

modulations, Sp5 is up-regulated at an immediate-early phase in the gastrodermis and at an 

early-late phase in the epidermis during apical regeneration; while during basal regeneration, 

Sp5 is not expressed in the epidermis except at the apical extremity, and is strongly expressed 

in the regenerating tip and highly modulated in the gastrodermis of the whole regenerating 

half.  

Layer-specific modulations of Sp5 expression upon pharmacological activation of 

Wnt/-catenin signaling  

In H. vulgaris, the pharmacological activation of Wnt/-catenin signaling by the GSK3 inhibitor 

Alsterpaullone (ALP), causes the formation of ectopic tentacles along the body column after a 

two-day treatment (Broun et al., 2005). In Hv_AEP animals, a two-day ALP treatment does not 

lead to the formation of ectopic tentacles along the body column (Figure 3A, 3B, FigS4), which 
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is not surprising as this strain is known to be less sensitive to drug treatments (Suknovic et al., 

2021). However, when ALP treatment is prolonged for at least four days, morphogenetic 

changes take place such as the size reduction of the original tentacles together with the 

enlargement of the original hypostome region that appears “swollen”, the progressive 

transformation of the basal extremity already visible after a four-day treatment. After a 14-day 

treatment, the tentacle ring is duplicated, and the peduncle and basal regions become 

dramatically thinned, the two extremities expressing Wnt3 at high levels while ectopic tentacles 

along the body column are not visible (Figure 3C). The monitoring of GFP fluorescence in 

HySp5-3169:GFP_ep, HySp5-3169:GFP_ga animals shows a global up-regulation in the body 

column after a two-day and four-day ALP exposure. A seven-day treatment results in a 

complete shift of GFP fluorescence to the basal region in HySp5-3169:GFP-ga animals while 

in HySp5-3169:GFP-ep animals, GFP fluorescence is only visualized at the apical and basal 

extremities (Figure 3A).  

To further investigate how Sp5 expression is regulated in this context, we analyzed the parallel 

modulations of GFP and Wnt3, or Sp5 and Wnt3 expression in wt Hv_AEP, HySp5-

3169:GFP_ep, and HySp5-3169:GFP_ga animals exposed to a two- or four-day ALP 

treatment (Figure 3B, FigS4, FigS5). Given the feedback regulatory loop between Sp5 and 

Wnt3 expression, we also included in this analysis animals from the two transgenic lines 

HyWnt3-2149:GFP_ep and HyWnt3-2149:GFP_ga where GFP expression is driven by 2149 

bp of the Wnt3 promoter (Nakamura et al., 2011; Vogg et al., 2019a). The analysis of GFP 

expression in these four transgenic lines helps identify the layer-specific regulations of Sp5 

(FigS5) and Wnt3 (FigS6) respectively.  

After a two-day ALP treatment, animals exhibit an expansion of the Wnt3 apical domain with 

large spots at the level of the tentacle ring, some dots of expression in the upper and lower 

body column, which are well visible in HyWnt3-2149:GFP-ep animals. Some animals also 

show some Wnt3 expression at the basal extremity. By contrast, Sp5 expression, normally at 

highest levels at the base of the hypostome and in the tentacle ring, vanishes from these two 

locations and seems shifted towards the uppest body column where it forms a belt of strong 

expression detected in both the epidermis and the gastrodermis. In parallel, in the epidermis 

Sp5 also forms a second belt of high expression close to the basal extremity and in some 

animals, small circular figures along the body column, which likely correspond to regions where 

ectopic tentacles could emerge (Figure 3B, FigS4A, FigS5). In HySp5-3169:GFP_ga animals 

GFP expression is up-regulated along the body column, reflecting the ALP-dependent up-

regulation of the diffuse gastrodermal Sp5 pattern. After a four-day ALP treatment, the 

endogenous Wnt3 is expressed in a dotted pattern all along the body column (Figure 3B, 

FigS4); in HyWnt3-2149:GFP-ep and HyWnt3-2149:GFP-ga animals this dotted pattern is well 

visible together with a diffuse up-regulation of GFP (Figure 3B, FigS6). As observed in 
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Hv_Basel animals, this Wnt3 dotted pattern in the central body column is transient, no longer 

observed after a 14-day ALP treatment (Figure 3C). In parallel to this Wnt3 up-regulation, we 

noted in all lines a global down-regulation of Sp5 after a 4-day ALP treatment when compared 

to the 2d-ALP pattern (Figure 3B, FigS5).  

In summary, Wnt3 and Sp5 show quite distinct regulations in response to ALP-dependent 

activation of Wnt/b-catenin signaling: firstly, an expansion of the Wnt3 apical expression 

domain that excludes Sp5 expression from this region while Sp5 is transiently up-regulated in 

the body column, and secondly, a Wnt3 dotted pattern along the body column accompanied 

by a global down-regulation of Sp5 expression. Even after prolonged ALP treatment, wt and 

transgenic Hv_AEP animals do not develop the previously described phenotype of ectopic 

tentacle formation but exhibit a shift of apical markers to the basal region.  

Modulations of epidermal GFP expression upon -catenin (RNAi) 

Altering Wnt/-catenin signaling by knocking-down -catenin triggers the formation of “bumps” 

along the body column, e-g lateral structures looking like buds but never form a head or 

differentiate tentacles (Vogg et al., 2019a) although these bumps express Sp5 in Hv-Basel 

(FigS7). Here, we knocked-down -catenin expression by submitting HySp5-3169:GFP_ep 

transgenic animals to repeated electroporations (EP) of scramble and -catenin dsRNAs. To 

monitor GFP expression, animals were pictured live at indicated time-points after EP2 and 

EP3, and RNAs were prepared from the apical (100% - 80% body length) and body column 

(80%-0% body length) at same time points (Figure 4A). Concerning the live picturing of 

animals, we first noted in control animals a stable epidermal GFP pattern in the apical region 

as previously described (Figure 4A, FigS8A). In -catenin (RNAi) animals, we noted two days 

post-EP2 and three days post-EP3 a loss of GFP fluorescence in large parts of the apical 

region and along the body column including the bump structures that never show any GFP 

fluorescence. Unexpectedly, we also detected two days post-EP2 in half of the animals, areas 

along the body column where GFP fluorescence is strongly up-regulated (Figure 4A, FigS8A).  

The anti-GFP immunodetection performed three days post-EP3 confirmed these findings: the 

loss of epidermal GFP expression in a large part of the apical region in most animals, the lack 

of GFP expression in bump structures, the localized epidermal GFP ectopic expression along 

the body column of some animals (Figure 4B, FigS8B). The qPCR analysis detects a modest 

decrease in the levels of -catenin transcripts in the apical region after EP1, EP2 and EP3 

after -catenin (RNAi) and a two-fold reduction in the body column (Figure 4C). Concerning 

GFP expression, we observed an up-regulation, about two-fold, in the body column of animals 

electroporated with scramble siRNAs, supporting the hypothesis that the stress of the 

electroporation suffices to activate the Sp5 regulatory sequences. This GFP up-regulation is 

no longer observed in animals exposed to -catenin (RNAi), likely as a result of the global GFP 
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down-regulation along the body column even though some areas overexpress GFP. In parallel, 

we found endogenous Sp5 expression slightly reduced in the apical region and the body 

column, a result that was expected since Sp5 is supposed to be a direct downstream target of 

Wnt/-catenin signaling (Vogg et al., 2019a).  

From the observed modulations of GFP fluorescence and GFP expression in response to -

catenin (RNAi), we can draw two conclusions, (i) the HySp5-3169:GFP reporter construct 

contains the necessary Hydra Sp5 regulatory sequences to respond positively to Wnt/-

catenin signaling, (ii) the localized areas of GFP overexpression along the body column 

suggest a negative auto-regulation of Sp5, as -catenin (RNAi) leads to Sp5 downregulation. 

The up-regulation of HySp5-3169:GFP expression in -catenin (RNAi) animals might result 

from the lower Wnt3/-catenin activity, a positive regulator of Sp5 expression, and the 

subsequent down-regulation of Sp5 levels and Sp5 activity, including the transcriptional 

repressor activity on Sp5 promoter. 

Evidence for a negative regulation of Sp5 on its own promoter. 

To further evidence whether Sp5 negatively regulates its own expression in the epidermis 

and/or the gastrodermis, we silenced Sp5 in HySp5-3169:GFP_ep and HySp5-3169:GFP_ga 

animals and monitored the changes in GFP fluorescence in vivo, as well as the changes in 

GFP, Wnt3 and Sp5 expression 8, 16 and 24 hours post-EP1 (h-pEP1) and post-EP2 (h-pEP2, 

Figure 5A). In HySp5-3169:GFP_ep in Sp5 (RNAi) animals, we noted a marked increase in 

GFP fluorescence along the body column already 16 h-pEP1, maintained high at subsequent 

time-points (FigS9A). Soon after electroporation (8h-pEP1, 8h-pEP2), some weak GFP 

fluorescence is visible in the epidermal layer of the upper body column of some control and 

Sp5(RNAi) animals, possibly linked to the stress of the electroporation.  

GFP expression detected by WMISH in HySp5-3169:GFP_ep animals is moderately increased 

along the body column at 8 h-pEP1, then enhanced at 16 and 24 h-pEP1 (Figure 5B, FigS10). 

Eight hours after EP2, epidermal GFP expression along the body column is rather low, up-

regulated again at 16 and 24 h-pEP2. The quantification by qPCR of epidermal GFP transcripts 

in the apical region and the body column confirms the up-regulation in GFP expression in these 

two regions after EP1 and EP2 (Figure 5C, FigS9B). The quantification of Sp5 and Wnt3 

transcript levels does not reveal any significant modulations except an increase in Wnt3 

transcripts after EP2, similarly visible in the body column samples of scramble and Sp5 (RNAi) 

animals, therefore possibly linked to a stress response.  

In HySp5-3169:GFP_ga in Sp5 (RNAi) animals, no notable increase in GFP expression can 

be detected in the body column, most likely because these animals constitutively express GFP 

in the gastrodermis (Figure 5B). However, after EP2 some animals show ectopic spots of GFP 
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fluorescence in the lowest body column (Figure 5A, FigS11A), these spots are also detected 

in the WMISH analysis (Figure 5B, FigS12). The q-PCR analysis does not detect any 

significant up-regulation of GFP or Sp5 but shows the unspecific Wnt3 up-regulation, 

particularly in the body column of scramble and Sp5(RNAi) animals (Figure 5D, FigS11B).  

We also analyzed the GFP fluorescence at a later stage, two days after the second 

electroporation (2d-pEP2). We found the increase in GFP fluorescence still visible in the body 

column of HySp5-3169:GFP_ep animals while some GFP spots are visible in the tentacles of 

HySp5-3169:GFP_ga animals (Figure 5E, FigS13). Nevertheless, the analysis of the GFP, 

Sp5 and Wnt3 transcript levels in the apical region, the central body column and the basal 

region shows that in HySp5-3169:GFP_ep animals GFP expression is significantly lower in the 

body column and basal region two days post-EP2 while the expression of -catenin is up-

regulated in the body column and that of Sp5 and Wnt3 are not significantly modified (Figure 

5F). In HySp5-3169:GFP_ga animals, none of these genes show a significant modulation upon 

Sp5 (RNAi), except an increase in -catenin expression in the body column of Sp5 (RNAi) 

animals (Figure 5G).  

These results indicate that knocking-down Sp5 induces a 24 hour-long up-regulation of Sp5-

3169:GFP expression along the epidermis of the body column and in some restricted areas of 

the gastrodermis, while an up-regulation of -catenin transcripts can be detected 24 hours later 

in the body column and the basal region. Concomitantly, between 24 and 48 hours pEP2, the 

GFP up-regulation induced by Sp5 (RNAi) ceases and GFP transcript levels go back to basal 

expression levels in the gastrodermis or even lower in the epidermis, even though ectopic GFP 

fluorescence is still visible in the epidermis, in line with the long life of GFP protein (Corish and 

Tyler-Smith, 1999).  

Identification of Sp5-binding sites in Hydra Sp5 promoter sequences 

The Hydra Sp5 transcription factor belongs to the Sp/KLF family, a class of DNA-binding 

proteins that bind GC-rich boxes or GT/CACC elements through their three zinc finger domains 

(Harrison et al., 2000; Kennedy et al., 2016). Among the 2’966 bp of the Sp5 promoter, we 

previously identified by ChIP-seq analysis performed with extracts from HEK293T cells five 

Sp5 binding sites (Sp5-BS) and five TCF binding sites (TCF-BS), clustered in two adjacent 

regions PPA and PPB in the vicinity of the Sp5 transcriptional start site (Figure 6A, 6B) (Vogg 

et al., 2019a). To test whether these putative Sp5-BS are functional in Hydra, we designed 

double-stranded oligonucleotides (ds-oligos) encompassing these sequences to perform 

EMSA. When Hydra NEs were incubated with biotin-labeled Sp5 ds-oligos, we noticed a 

mobility shift, while in competition conditions, i.e. in the presence of a 200x excess of unlabeled 

oligonucleotides, the shift was no longer visible (Figure 6C). Mutation of the Sp5-BS of the 

PPA region did not cancel the shift, but rather accentuated it; in contrast, when the Sp5-BS of 
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the PPB region were mutated, the shift virtually disappeared. This result indicates that Sp5 

likely binds the presumptive Sp5-BS of regions PPA and PPB, the latter with higher specificity. 

Next, we produced two anti Hydra Sp5 antibodies with the aim to reproduce with Hydra extracts 

the ChIP-seq analysis of Sp5-BS previously performed with extracts from mammalian cells 

expressing HySp5 (Vogg et al., 2019a). We raised two antibodies against HySp5, one 

monoclonal and one polyclonal, designed to target regions that do not overlap with the 

evolutionarily-conserved Sp5 domains previously identified, i.e. the Sp box, the Buttonhead 

(Btd) box and the DNA-binding domain (Figure 6D, FigS14A). The two Sp5 antibodies 

specifically recognize the Sp5 protein either synthesized as a fragment (24 kDa) to raise the 

Sp5 monoclonal antibody, or produced in vitro with the TNT reticulocyte transcription-coupled-

translation system, or produced in transfected mammalian HEK293T cells. The monoclonal 

anti-Sp5 specifically detects the Sp5 protein contained in Hv_AEP2 extracts, at higher levels 

in the apical region than in the body column as expected (Figure 6E, FigS14B-C). Surprisingly, 

the polyclonal anti-Sp5 antibody recognizes a band at the appropriate size but exclusively in 

extracts prepared from the lower body column and not from the apical region (a result obtained 

in three independent experiments) (FigS14C). As a control experiment, we produced the 

Hydra Sp4 protein in TNT and tested the polyclonal -Sp5 antibody that did not detect any 

band. These results suggests that the polyclonal -Sp5 antibody detects with a higher affinity 

a Sp/KLF protein predominantly expressed in the basal half of Hydra.  

Next, we decided to use both the monoclonal and the polyclonal -Sp5 antibodies for ChIP-

qPCR analysis. We first used Hv_magnipapillata extracts to assay the amplification of 15 

regions along the 3’169 bp of the Sp5 promoter and 5’UTR sequences after ChIP (Figure 6F, 

FigS14D). Among these 15 regions, we found only two regions specifically enriched with one 

or the other antibody but not by the pre-immune serum, the regions PP4 and PP5, similarly to 

the results obtained with extracts from mammalian cells expressing HySp5 (Vogg et al., 

2019a). Both regions contain three Sp5-BS; Sp5-BS1, Sp5-BS2, Sp5-BS3 for PP4, and Sp5-

BS3, Sp5-BS4, Sp5-BS5 for PP5 (Figure 6A). A similar enrichment in regions PP4 and PP5 

was observed when extracts from Hv_AEP2 animals were used for the ChIP-qPCR (Figure 

6G, FigS14D). These results confirm that in Hydra, two locations within the proximal Sp5 

promoter can bind the Sp5 transcription factor, thus possibly involved in Sp5 autoregulation. 

Further experiments testing this region in vivo when it is either deleted or mutated should clarify 

this hypothesis.  
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DISCUSSION 

Technical considerations might impact levels of gene silencing or transcript detection 
between epidermis and gastrodermis 

The observed differences in Sp5 regulation between the epidermal and gastrodermal layers 

were confirmed by different methods applied to the transgenic HySp5-3961:GFP strains (in 

vivo fluorescence, immunodetection, qPCR, WMISH) and we consider the obtained results as 

robust and reliable. Nevertheless, some technical limitations might interfere with these results. 

First of all, the gene silencing obtained by electroporation of siRNAs is not homogenous along 

the surface of the animal given the short exposure to a polarized current. For this reason, 

electroporations are repeated two to three times. Second, the gastrodermis, which is the inner 

layer of the animal, is more difficult to penetrate upon electroporation and consequently, gene 

silencing is likely more limited in this layer. This problem was solved when RNA interference 

was obtained by feeding the animals with dsRNAs (Chera et al., 2006); unfortunately, the 

efficiency of this approach dramatically varies with Hydra strains and RNAi by feeding is poorly 

efficient in Hv_AEP2.   

Similarly, when considering the analysis of gene expression on whole mount animals, 

transcripts expressed in the gastrodermis are more difficult to detect than transcripts 

expressed in the epidermis. Moreover, in experiments where we detected transcripts from two 

distinct genes, we combined two methods to detect the riboprobes, one of which is NBT/BCIP 

for the DIG-labeled riboprobe, and the other is Fast Red for the fluorescein-labeled riboprobes. 

The former is far more sensitive than the later, but at the same time, the NBT/BCIP detection 

is less efficient when tissues are treated for Fast Red. Consequently, the co-detection of two 

genes is highly informative when each expression pattern was analyzed independently and 

when variations within a given context (such as different time-points after gene silencing or 

pharmacological treatment) are analyzed. These two conditions were fulfilled when we 

analyzed the expression of Wnt3 and Sp5 or Wnt3 and GFP after ALP treatment.  

Wnt3/-catenin signaling and Sp5 crosstalk in the homeostatic and developmental 
apical organizers 

In intact animals, Lengfeld et al. (2009) and Nakamura et al. (2011) have shown that Wnt3 is 

predominantly expressed in gastrodermal epithelial cells at the tip of the hypostome, while 

cells from this area do not express endogenous Sp5 (Vogg et al., 2019a). The generation of 

the gastrodermal and epidermal HyAct-1388:mCherry_HySp5-3169:eGFP transgenic lines 

opened the possibility to produce a comparative analysis of the in vivo regulation of HySp5 in 

each animal layer. In intact transgenic animals, GFP fluorescence and GFP expression are 

primarily detected in the apical region, although with noticeable differences between the two 

layers as in the epidermal line, the whole hypostome does express GFP, while in the 
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gastrodermal one, the tip of the hypostome is free of GFP, as expected from the fact that Sp5 

transcripts are hardly detected in this area (Vogg et al., 2019) (Figure 7A). This result indicates 

that, in homeostatic context, Sp5 regulatory sequences are not activated in gastrodermal 

epithelial cells where Wnt3 expression is maximal. We also recorded marked differences along 

the body column, with GFP expression and GFP fluorescence restricted to the apical region in 

the epidermis, while similarly distributed along the body column down to the peduncle in the 

gastrodermis (Figure 7A).  

During apical regeneration, GFP fluorescence in HySp5-3169:GFP_ep transgenic animals is 

detected in a broad apical domain during the first three days after mid-gastric bisection, 

although GFP expression is rather low in the epidermis at early time-points. GFP expression 

is up-regulated from 24 hpa and gets restricted to the newly formed apex at 72 hpa, while the 

GFP fluorescence pattern does not get restricted before 5 dpa, reflecting the high stability of 

GFP protein when compared to Sp5 and GFP regulation. During budding, GFP fluorescence 

in the epidermis highlights the budding belt on the parental polyp and is visible in the whole 

growing bud up to stage 5, becoming progressively restricted to the apical region from stage 

6. In HySp5-3169:GFP_ga animals undergoing budding or regeneration, GFP expression is 

massive in apical regenerating tips, initially present in the whole area corresponding to the 

presumptive apical region, but at late stages excluded from the tip of the forming hypostome 

(from 48 hpa in apical regeneration, or from stage 6 of budding). The immediate and early 

spatio-temporal pattern of gastrodermal GFP expression and GFP fluorescence during 

regeneration suggests a critical role of these gastrodermal epithelial cells in the regenerative 

process, which might be considered as blastema cells that undergo cycling once before head 

formation (Buzgariu et al., 2018).  

It is important to note that a single word is commonly used in the field for the head organizer, 

which actually covers two distinct structures with distinct biological activities, one located at 

the apex of an intact an animal that carries a function related to the maintenance of patterning 

(homeostatic apical organizer), the second located in the presumptive apical region of a bud 

or a regenerating tip, which carries a function related to the reactivation of the patterning 

process (developmental apical organizer). The results obtained here show that this distinction 

is supported by the comparative analysis of the Sp5 and Wnt3 regulation. In contrast to the 

homeostatic context where the Wnt3 and Sp5 domains at the hypostome tip do not overlap, at 

least in the gastrodermal layer, the Wnt3 and Sp5 gastrodermal domains do overlap during at 

least the first 24 hours post-amputation (the early and early-late phases of regeneration), when 

the gastric tissue acquires the properties of an apical organizer capable of shaping a new 

head. Given the key role played by the gastrodermis in the formation and maintenance of the 

apical organizer, these results suggest that the cross-talk between Wnt3/b-catenin signaling 

and Sp5 is distinct in the homeostatic apical organizer and the developmental apical organizer.  
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ALP exposures highlight the plasticity of the regulation between the activator and 
inhibitor components of the apical organizer 

Surprisingly, in Hv_AEP2 animals exposed to alsterpaullone (ALP), we did not observe the 

typical ALP-induced phenotype recorded in Hv_Basel or Hm105, i.e. multiple ectopic tentacles 

along the body column. Instead, we noted after a four-day treatment, a modification of the 

apical extremity with an enlargment of the hypostome together with the shortening of the 

tentacles, while the basal region gets transformed with the basal disc rapidly losing its typical 

anatomy and the peduncle area undergoing thinning. After prolonged treatments (7 or 14 

days), ectopic tentacles were still not visible along the body column but additional tentacle 

rings develop at the apical extremity. This difference in ALP-induced phenotypes between 

Hv_Basel or Hm105 and Hv_AEP2 suggest that the activator (Wnt/-catenin signaling) and 

inhibitor (Sp5 activity) activities of the apical organizer are differentially distributed along the 

body axis, resulting in a balance differentially regulated in these strains.  

The comparative analysis of Wnt3, Sp5 and GFP expression in ALP-treated animals, shows 

the good correlation between the endogenous Sp5 expression and the Sp5-driven GFP 

expression, indicating that the 2’966 bp-long upstream Sp5 sequences suffice to respond to 

Wnt/-catenin signaling. After an expansion of the Wnt3 domain in the tentacle ring, in the 

tentacles and along the body column, a typical Wnt3 dotted expression pattern can be detected 

along the body column in both layers after a four-day exposure (Figure 7A). Gastrodermal 

Sp5, which is initially broadly up-regulated along the body column, is subsequently excluded 

from the apical region where Wnt3 expression is high, and reduced along the body column. 

We suspect that along the body column of Hv_AEP2 animals the balance between the global 

upregulation of Sp5 and the ectopic Wnt3 expression allows the formation of regular dots after 

four days, but in contrast to Hv_Basel or Hm105 strains, these dots never support the ectopic 

formation of tentacles. In the basal region where Sp5 transiently forms a belt of epidermal 

expression after a 2-day ALP treatment, Wnt3 is expressed at high levels in both layers, 

supporting the observed morphological transformation of the aboral pole, which however does 

not differentiate apical structures.  

The distinct ALP-induced phenotypes in different Hv strains highlights the plasticity of the 

regulation between the activator and inhibitor components of the apical organizer. Among 

these components, it would be of interest to monitor Zic4 expression, a Sp5 target gene 

involved in tentacle formation and tentacle maintenance (Vogg et al., 2021b). Two types of 

approaches are needed to better understand the regulation of the cross-talk between Wnt3/b-

catenin signaling and Sp5 activity, firstly experiments that would identify the other partners of 

this crosstalk, secondly experiments that would precisely quantify the drug-induced 

modulations of activity of each component.  
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Aberrant growth and paradoxal Sp5 up-regulation upon -catenin silencing  

When Wnt/-catenin signaling is altered as after knocking-down -catenin by RNAi, Sp5-driven 

GFP expression is down-regulated as revealed by the decrease in GFP fluorescence in the 

apical region but also by qPCR in the apical and body column regions, whereas the levels of 

endogenous Sp5 expression are not modified. The loss of GFP fluorescence in the apical 

region is rather sustained, as not restored three days after the third exposure to -catenin 

siRNAs. The phenotype induced by -catenin (RNAi) is characterized by “bump” structures 

that form along the body axis but, contrary to buds, do not differentiate apical or basal 

extremities (Vogg et al., 2019a). After three electroporations, such bumps are observed in all 

Hv_Basel animals and in half of Hv_AEP2 animals. 

Preliminary experiments had shown that in these bumps, -catenin protein is mostly nuclear, 

as if a -catenin down-regulation would lead to a massive translocation of the stock of -catenin 

protein available (Luiza Ghila, unpublished). We suspect that this sudden nuclear translocation 

of -catenin leads to a transient transactivation of -catenin target genes and to the fast growth 

of this aberrant growth zone along the body column. In agreement with this scenario, we found 

Wnt3 but also Sp5 expressed at high levels in these bump structures (Vogg et al., 2019a; this 

work). However, we never detected a bump structure with a high level of GFP fluorescence, 

at least in the HySp5-3169:GFP_ep transgenic animals, indicating that the HySp5-3169:GFP 

construct does not contain the necessary regulatory sequences, or that the observed Sp5 up-

regulation does not rely on a transcriptional mechanism. 

By contrast, we noticed regions of high GFP fluorescence along the body column of HySp5-

3169:GFP_ep -catenin (RNAi) animals, in all animals showing the “bump” phenotype, always 

on the opposite side of the bump, as well as in some animals without bumps. One possible 

scenario would be that this localized up-regulation reflects a loss of negative autoregulation of 

Sp5 on its own promoter, most likely transient, but still visible during several days given the 

high stability of the GFP protein. Indeed, regions of high Sp5 expression facing the bump 

structures on -catenin (RNAi) Hv_Basel animals were visible only in few animals. This 

hypothesis of a -catenin (RNAi) induced release of Sp5 negative autoregulation pushed us to 

test whether Sp5 (RNAi) would also lead to some paradoxal HySp5-3169:GFP 

overexpression. 

Sp5 (RNAi) supports the hypothesis of a negative Sp5 auto-regulation  

By knocking-down Sp5 in the HySp5-3169:GFP transgenic lines, we were able to monitor Sp5 

regulation in vivo and identify an up-regulation of Sp5, as evidenced by the massive increase 

in GFP fluorescence along the body column of epidermal HySp5-3169:eGFP animals when 

compared to scramble (RNAi) control animals (Figure 7B). In gastrodermal HySp5-3169:GFP 
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animals, we could also detect some spots of ectopic GFP fluorescence in the peduncle region 

and in tentacles. The analysis of GFP expression confirmed this up-regulation in both Sp5 

transgenic lines, although more extensive in the epidermal transgenic line. This increased level 

in GFP expression was confirmed by qPCR, specifically at 16 hours after EP1 and EP2 in the 

body column (80%-0%), and we interpreted it as a release of the negative autoregulation 

played by Sp5 on its own promoter. This release is only transient as Sp5 as well as GFP 

expression returned to baseline by two days post-EP2. At this stage, GFP fluorescence is still 

enhanced over the body column, as expected given the long life of GFP protein. The higher 

upregulation of GFP in the body column when compared to the apical region is reasonable as 

the initial level of Sp5 expression is significantly lower in the body column than in the apical 

region. As previously shown, Sp5(RNAi) in Hv_Basel animals easily triggers a multiheaded 

phenotype along the body column, in regenerating tips or in growing buds. But it does not 

affect the initial apical morphology, implying that gene regulations are highly robust in this area. 

We cannot rule out that the negative Sp5 autoregulation is taking place in both layers, as 

modulations in GFP fluorescence are easier to visualize in the epidermis than in the 

gastrodermis. Also as discussed above, gene silencing upon siRNA electroporation is more 

efficient in the epidermis. However, the few GFP positive spots that are visible in the peduncle 

or in the tentacles support the hypothesis of a negative Sp5 autoregulation in the gastrodermis.  

The hypothesis of a Sp5 negative autoregulation is supported by the presence of clustered 

Sp5 binding-sites in the proximal Sp5 promoter. The two -HySp5 antibodies that we 

developed allowed us to reproduce with Hydra extracts the ChIP-qPCR results we previously 

obtained with mammalian cell extracts (Vogg et al., 2019a). The enrichment we detected in 

two locations of the proximal Sp5 promoter among 2’966 bp, indicates that Sp5 can bind the 

Sp5 promoter. The next step will be to perform a genomic ChIP-seq analysis with the Sp5 

antibodies in specific regions along the body axis, mainly the apical region and the body 

column, as well as in the apical-regenerating tips to identify in each context the Sp5 target 

genes that contribute to Wnt3/-catenin inhibition and to characterize the conditions when the 

Sp5 negative auto-regulation takes place.  

In conclusion, the generation of HySp5-3169:eGFP epidermal and gastrodermal transgenic 

lines made possible the analysis of GFP expression after ALP treatment, -catenin (RNAi) or 

Sp5 (RNAi), which supports the possibility of an in vivo negative auto-regulation of HySp5. If 

confirmed, this would mean that in contrast to the Hydra head activator Wnt3/b-catenin, which 

autoregulates positively, the head inhibitor operates in a negative feedback loop.  
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MATERIALS AND METHODS 

Animal culture and drug treatment: Hydra vulgaris from the Basel, magnipapillata or AEP2 

strains (Schenkelaars et al., 2020) were cultured in Hydra Medium (HM: 1 mM NaCl, 1 mM 

CaCl2, 0.1 mM KCl, 0.1 mM MgSO4, 1 mM Tris pH 7.6) at 18ºC and fed two to three times a 

week with freshly hatched Artemia nauplii (Sanders, Aqua Schwarz). For regeneration 

experiments, animals were starved for four days, then bisected at mid-gastric bisection. To 

activate Wnt/-catenin signaling, Hv_Basel or Hv_AEP2 animals were starved for three or four 

days, then treated with 5 µM Alsterpaullone (ALP, Sigma-Aldrich A4847) or 0.015% DMSO for 

the indicated periods of time, and subsequently washed with HM.  

Mapping of the transcriptional start site (TSS): Sp5 cDNAs sequences obtained by high 

throughput sequencing, available either on HydrAtlas (Wenger et al., 2019) for Cold Sensitive 

or Cold Resistant H. oligactis (HolCS, HolCR) and Hv_AEP strains, or on NCBI for the Hm105 

strain were aligned to the Sp5 H. magnipapillata genomic sequence (Sp5_Hmgen) with the 

Muscle Align software selecting a ClustalW output format. Next, the alignment was visualized 

with the MView tool (Madeira et al., 2022). Three transcriptional start sites were identified: 

TSS1 for Hv_AEP Sp5 (position +1), TSS2 for Hm105 Sp5 (position -149) and TSS3 for H. 

oligactis Sp5 (position -192).  

Production of the Sp5 reporter construct: To produce the HyAct-1388:mCherry_HySp5-

3169:eGFP construct, a block of 3’194 bp HySp5 sequences were amplified from Hm105 

genomic DNA including 2’966 bp promoter sequences, 203 bp 5’UTR sequences and 25 bp 

coding sequences. The sequences of the HySp5 promoter Forward and Reverse primers are 

given in Supplementary Table 1. The hoTG-HyWnt3FL-EGFP-HyAct:dsRED plasmid (kind gift 

from T. Holstein, Heidelberg) (Nakamura et al., 2011) was then digested with the EcoRV and 

AgeI enzymes to remove the HyWnt3FL promoter region and insert the Sp5 3’194 bp region. 

Next, dsRED sequence was replaced by the mCherry sequence by GenScript. The sequences 

of the final construct were verified by sequencing. 

Generation of the transgenic lines: To generate the Sp5 transgenic lines, gametogenesis 

was induced in Hv_AEP2 strain by alternating the feeding rhythm from four times per week to 

once a week consequently. The HyAct-1388:mCherry-HySp5-3169:eGFP construct was 

injected into one- or two-cell stage Hv_AEP2 embryos as described in (Wittlieb et al., 2006). 

Out of 330 injected eggs, 27 embryos hatched and 3/27 embryos exhibited GFP and mCherry 

fluorescence. The two lines analyzed in this work were obtained through clonal propagation 

from one epidermal-positive embryo for HySp5-3169:GFP_ep and one gastrodermal-positive 

embryo for HySp5-3169:GFP_ga, in which only a few cells were positive after hatching. By 

asexual reproduction of the original animal, i.e. budding, we obtained two transgenic animals 
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with a complete set of mCherry-eGFP positive epithelial cells, either epidermal or 

gastrodermal. The generation of the epidermal and gastrodermal HyAct-

1388:mCherry_HyWnt3-2149:eGFP transgenic lines is described in (Vogg et al., 2019a). 

RNA interference: For gene silencing experiments, we applied the procedure reported in 

(Vogg et al., 2019a). Briefly, four-day starved budless animals were selected from the 

Hv_AEP2 culture, rinsed 3x in water, incubated for 45-60 minutes in Milli-Q water and 

electroporated with 4 µM siRNAs, either targeting Sp5 or -catenin or scramble as negative 

control. For Sp5 and -catenin an equimolecular mixture of three siRNA was used 

(siRNA1+siRNA2+siRNA3, see sequences in Supplementary Table 1). 

Quantitative RT-PCR: RNA extraction was performed using the E.Z.N.A.® Total RNA kit 

(Omega) and cDNA was synthesized with the qScriptTM cDNA SuperMix (Quanta 

Biosciences). Quantitative RT-PCR was performed using the SYBR Select Master Mix for CFX 

and a Biorad CFX96TM Real-Time System. Primer sequences to amplify the Sp5, Wnt3, -

catenin, GFP and TBP genes are noted in Supplementary Table 1. When using distinct 

regions, 20 animals per condition were amputated either at 80% level to obtain the apical 

region (100%-80%) and the body column (80%-0%), or at 80% and 30% levels to obtain the 

apical region as above, the central body column (80%-30%) and the basal region (30%-0%). 

The different parts of the animals were transferred to RNA-later (Sigma-Aldrich R0901) 

immediately after amputation and kept at 4ºC prior to RNA extraction. 

Whole mount In situ hybridization (WMISH): The animals were allowed to relax in 2% 

urethane/HM for 1 minute, and fixed in 4% PFA prepared in HM for 4 hours at room 

temperature (RT). The animals were washed several times with MeOH before being stored in 

MeOH at -20°C. WMISH was performed as described in (Vogg et al., 2019a). For double 

WMISH, the Wnt3 riboprobe was labeled with DIG (Sigma-Aldrich, Roche-11277073910) and 

the Sp5 and GFP riboprobes labeled with fluorescein (Sigma-Aldrich, Roche-11685619910); 

the Wnt3-DIG riboprobe was co-incubated with either Sp5-FLUO or GFP-FLUO riboprobe 

during the hybridization step. At the development stage, the Wnt3-DIG riboprobe was first 

detected with NBT/BCIP (Sigma-Aldrich, Roche-11383213001) and the FLUO-labeled 

riboprobe subsequently detected with Fast Red. To stop NBT/BCIP reaction, samples were 

washed several times in NTMT, then incubated in glycine 100 mM, 0.1%Tween (pH 2.2) for 

10 minutes and washed in Buffer I (1x MAB; 0.1% Tween). Next, samples were incubated in 

Buffer I containing 10% sheep serum (Buffer I-SS) for 30 min at RT, prolonged for 1 hour with 

fresh Buffer I-SS at 4ºC. Incubation with anti-FLUO-AP antibody (1:4000, Roche-1142638910) 

was done at 4ºC overnight. The next day, samples were briefly washed in Buffer I then in 0.1M 

Tris/HCl (pH 8.2) 3x10min. Samples were developed with Fast Red (SigmaFAST Fast Red 

TR/Naphtol AS-MX kit, F4648). To stop the reaction, samples were washed several times in 

117



20 

 

0.1M Tris/HCl (pH 8.2) and fixed in 3.7% formaldehyde for 10 min at RT, rinsed in water and 

mounted in Mowiol. 

Immunofluorescence: Animals were fixed and subsequently rehydrated as for WMISH with 

repeated washes in successive dilutions of EtOH in PBST (PBS, 0.5% Triton). Blocking was 

performed with 2% BSA in PBST for 1-2 hours at RT. For immunostaining, samples were 

incubated overnight at 4°C with an anti-GFP antibody (1:400, Novus NB600-308) in 2% BSA. 

Then, after several washes in PBST, the secondary antibody anti-rabbit coupled to Alexa 488 

(1:600, Invitrogen A21206) was added in 2% BSA for 4 hours. For double 

immunofluorescence, the anti-mCherry antibody (1:400, Abcam ab125096) and the secondary 

antibody anti-mouse coupled to Alexa 555 (1:600, Invitrogen A31570) were used. 

Nuclear extracts (NEs): NEs were prepared according to (Galliot et al., 1995). Briefly, 100 H. 

magnipapillata or Hv_AEP2 were washed rapidly in HM and once in Hypotonic Buffer (HB: 10 

mM Hepes pH7.9, 2 mM MgCl2, 5 mM KCl, 0.5 mM spermidine, 0.15 mM spermine), then 

placed in a 1 ml glass douncer with 1ml of HB and 20 strokes were given. After adding slowly 

(drop by drop) 210 µl of 2 M sucrose, 15 more strokes were given. The extract was centrifuged 

for 10 min at 3’200 rpm at 4ºC, the pellet was washed twice with 800 µl Sucrose Buffer (0.3 M 

sucrose in HB) and resuspended in 50 µl Elution Buffer (glycerol 10%, 400 mM NaCl, 10 mM 

Hepes pH 7.9, 0.1 mM EDTA, 0.1 mM EGTA, 0.5 mM spermidine, 0.15 mM spermine) and 

incubated for 45 min. The eluate was centrifuged at 4ºC for 20 min at 13’000 rpm, and the 

supernatant aliquoted, and stored at -80ºC. All manipulations were carried out on ice and all 

buffers contain a mix of protease inhibitor cocktail (Bimake B14012).  

Production of anti-Sp5 antibodies: Two anti-Sp5 antibodies were generated. A rabbit 

polyclonal antibody was produced by Covalab (Bron, France) against three peptides P1 (178-

191): NEHHIKEYSEHSQA, P2 (398-411): CDENVMELEVNVEN and P3 (155-175). After four 

immunizations the sera were collected from a single rabbit and ELISA test was performed to 

check immunoreactivity. After, purification with P1 and P2 to remove P3 cross-reactivity was 

performed by Covalab. The mouse monoclonal antibody was produced by Proteogenix 

(Schiltigheim, France) against a 6His-tag (MGSHHHHHHSG) coupled to a 218 AA-long Hydra 

Sp5 fragment (see sequence in FigS14A) produced by Proteogenix. The partial recombinant 

Sp5 protein (24.5 kDa) was expressed in E. coli and injected to the animals. After four 

immunizations, spleen cells collected from two mice were fused to myeloma cells. The 

antibody was produced from one selected clone and validated by IP analysis.  

Electro-Mobility Shift Assay (EMSA) or band-shift assay: The LightShift Chemiluminescent 

EMSA Kit (Thermo-Scientific, 89880) was used to perform EMSA with Hydra NE and 

biotinlabeled double-stranded oligos described in the Supplementary Table 1. Briefly, 3 µl of 

Hydra NEs per 20 µl binding reaction were incubated for 20 minutes with the double-stranded 
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oligos (20 fmol), then loaded on a 6% polyacrylamide gel (PAGE) in TBE 0.5x, electrophoresed 

and transferred onto a nylon membrane (BrightStar-Plus Invitrogen AM10102). Crosslink was 

done by exposing the membrane to UV-light 120 mJ/cm2 for 30-50s (Marshall Scientific, SS-

UV1800) and the samples fixed on the membrane were blocked for 15 minutes with Blocking 

Buffer (Thermo-Scientific 89880A). The membrane was then conjugated with Stabilized 

Streptavidin-Horseradish Peroxidase (1:300 dilution, Thermo-Scientific, 89880D) and 

developed by adding Luminol/Enhancer solution (Thermo-Scientific 89880E/F). 

Cell culture and whole cell extracts (WCEs): HEK293T cells were cultured in DMEM High 

Glucose, 10% fetal bovine serum (FBS), 6 mM L-glutamine, and 1 mM NA pyruvate in 10 cm 

diameter cell culture dishes (CellStar, Greiner Bio-One 664160). After a two-day growth, the 

cells were collected by scraping, counted and 15x 104 cells per well were seeded in 6-well 

plates and grown for 19 hours. Next, cells were transfected with 2 µg of pCS2+empty or 

pCS2+HySp5 plasmid using the X-tremeGENE HP DNA transfection reagent (Sigma, 

6366546001) and cell extracts were prepared 24 hours later. Cells were resuspended in PBS 

1x before being centrifuged for 3 minutes at 3’000 rpm at 4°C and the supernatant was 

discarded. The pellet was resuspended in fresh Lysis Buffer (50 mM Hepes pH 7.6, 150 mM 

NaCl, 2.5 mM MgCl2, 0.5 mM DTT, 10% glycerol, 1% Triton 100x, 0.1 mg/ml PMSF, 10% 

protease inhibitor cocktail (Bimake, B14012) and a lab-made phosphatase inhibitors cocktail 

(8 mM NaF, 20 mM -glycerophosphate, 10 mM Na3VO4) and incubated on ice for 30 minutes. 

Centrifugation was performed 14’000 rpm for 10 minutes at 4ºC, the supernatant was 

aliquoted, and kept at -80ºC. 

Western blotting: 20 µg extracts, either WCEs or NEs, were diluted with Loading Laemmli 

buffer and then boiled for 5 minutes at 95ºC before being loaded onto a 10% SDS-PAGE, then 

electrophoresed and transferred onto a PVDF membrane (Bio-Rad 162-0177). Next, the 

membrane was blocked for 2 hours at RT with 5% dry milk in TBS 1x, 0.1%Tween (TBS-T). 

Anti-Sp5 antibodies were added at a 1:500 dilution and incubated overnight at 4ºC. The 

membranes were washed 3x 10 minutes in TBS-T before being incubated for 2 hours with the 

secondary anti-mouse-HRP- or anti-rabbit HRP antibody (1:5000, Promega anti-mouse, 

W4021; anti-rabbit W4011)). The membranes were washed in TBS-T for 3x 10 minutes and 

developed with Western Lightning Plus-ECL reagent (Perkin Elmer NEL104). To produce in 

vitro the Sp5 protein, the pCS2+empty and pCS2*HySp5 plasmids were incubated using the 

TNT Quick Coupled Transcription/Translation Systems (Promega L2080) as described in the 

guidelines and 1 µl was loaded on 10% SDS-PAGE. 

ChIP-qPCR: 300 H. magnipapillata or Hv_AEP2 animals were fixed in 1% Formaldehyde 

Solution (Thermo-Scientific 28906) for 15 minutes, followed by 3 minutes in Stop Solution 

(Active Motif 103922), then briefly washed in cold HM before being resuspended in 5 ml 
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Chromatin prep buffer containing 0.1 mM PMSF, 0.1% protease inhibitor cocktail (Active Motif 

103923). The sample was transferred to a pre-cooled 15 ml glass douncer and 30 strokes 

were performed. The sample was incubated on ice for 10 minutes before being centrifuged at 

4ºC for 5 minutes at 1’250 rcf. The pellet was resuspended in 1 ml Sonication Buffer (SB: 1% 

SDS, 50 mM Tris-HCl pH 8.0, 10 mM EDTA pH 8.0, 1 mM PMSF, 1% protease inhibitor 

cocktail) and incubated on ice for 10 minutes. The chromatin was then sonicated with a 

Diagenode Bioruptor Cooler (sonication conditions: Amp: 25%, Time: 20s on, 30s off, 2 

cycles). The samples were centrifuged at 14’000 rpm for 10 minutes at 4ºC, the supernatant 

was sonicated (sonication conditions as above but 3 cycles), centrifuged 14’000 rpm for 10 

minutes at 4ºC, and the supernatant recovered. After measuring DNA with Qubit, 10 µg of the 

sonicated chromatin were diluted (1:5) in ChIP Dilution Buffer (DB: 0.1% NP-40, 0.02 M Hepes 

pH 7.3, 1 mM EDTA pH 8.0, 0.15 M NaCl, 1 mM PMSF, 1% protease inhibitor cocktail) and 

incubated with 1 µg of either monoclonal or polyclonal -Sp5 antibody or pre-immune serum 

antibody overnight at 4ºC on a rotating wheel. The sample was then loaded onto a ChIP-IT 

ProteinG Agarose Column (Active Motif 53039), incubated on a rotating wheel for 3 hours at 

4ºC, washed 6 times with 1 ml Buffer AM1 before being eluted with 180 µl Buffer AM4. After, 

1M NaCl and 3x TE buffer were added to perform decrosslinking overnight at 65ºC. The next 

day, RNAse A (10 µg/µl) was added for 30 min at 37ºC followed by Proteinase K (10 µg/µl) for 

2 hours at 55ºC. Finally, the MiniElute PCR purification kit (Qiagen, 28004) was used to purify 

the samples. DNA was eluted in 30 µl and 1 µl per condition was used for qPCR. 

Imaging: Live imaging to analyze the dynamics of mCherry and GFP fluorescence was 

performed on the Leica DM5500 microscope using the Leica software. To quantify GFP 

fluorescence, the acquired data were analyzed with Fiji (ImageJ). The same microscope was 

used to image immunofluorescence on whole animals. A confocal LSM780 microscope was 

used to image with high magnification the immunostained hypostome region of transgenic 

animals, as well as the budding region of live transgenic animals. In this latter case, animals 

were incubated in 1 mM linalool, HM for 10 min prior to imaging, then kept in the linalool 

solution between two coverslips separated by a 0.025 mm spacer. WMISH pictures were 

acquired with the Olympus SZX10 microscope.  

Statistical analyses: The statistical analyses were two-tailed unpaired and were carried out 

using the GraphPad Prism software. P values are for **** ≤ 0.0001, *** > 0.0001 and ≤ 0.001, 

** > 0.001 and ≤ 0.01, * > 0.01 and < 0.05, ns ≥0.05. 
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SUPPLEMENTARY TABLE 1: List of primers, siRNAs and ds-oligonucleotides 

 

Cloning 
primers 

HySp5 promoter Forward CCGGATATCCTAGTTCTAATTTAGCTCTATTACGTTCGC 

HySp5 promoter Reverse AACCCCTTATCAAAGAAGCCACCGGTCTAG 

siRNAs 
HySp5 siRNA-1 UUA ACG AGC ACC ACA UAA A 

HySp5 siRNA-2 CUA CAA CAU CCC ACA UAU A 

HySp5 siRNA-3 GCA GCA CGU AUG UCA UAU U 

-catenin siRNA-1 UCA ACC UAA CAG ACA ACA A 

-catenin siRNA-2 UGA GGA GCU AUA CUU AUG A 

-catenin siRNA-3 ACG ACU CUC UGU UGA AUU U 

Scramble siRNA AGG UAG UGU AAU CGC CUU G 

qPCR 
primers 

HySp5 Forward CCAGGGTGCGGAAAGGTT 

HySp5 Reverse CCAGCATGCCATCTTAAATGAG 

HyWnt3 Forward GAGTTGACGGTTGCGAACTT 

HyWnt3 Reverse ACATGAAACCTTGCAACACCA 

-catenin Forward TACGCAATGTTGTTGGTGCT 

-catenin Reverse GCTTCAATTCGATGGCCTAA 

GFP Forward TGGAAGCGTTCAACTAGCAG 

GFP Reverse AAAGGGCAGATTGTGTGGAC 

TBP Forward AAGCGATTTGCAGCAGTTAT 

TBP Reverse GCTCTTCACTTTTTGCTCCA 

qPCR 
primers 
for ChIP 

Sp5prom_F_1 TAAGCTGTCTCCATTTCAACCA 

Sp5prom_R_1 AATATTTGTTAAGTGTTTTTCGTTGG 

Sp5prom_F_2 AATTGCGGTAAAGATCAGTAAGAA 

Sp5prom_R_2 TGGTTGAAATGGAGACAGCTT 

Sp5prom_F_3 AAGTATCAAGTTTAAAAATTCCTTCG 

Sp5prom_R_3 ATTTAGAATTCTTACTGATCTTTACCG 

Sp5prom_F_4 TATCTTTTCCGCCTTACGTATTC 

Sp5prom_R_4 ACTGAGAAATGGCGCGTTG 

Sp5prom_F_5 CAGAGAAAATATGATCGCAACG 

Sp5prom_R_5 GAAACCGCCATCTTATCTTAAA 

Sp5prom_F_6 AACCAAATATTTAAAATGATAAACTGG 

Sp5prom_R_6 CAAAGGCGGAGTAATTAGGTG 

Sp5prom_F_7 TGATTTGAAGTCAAAAACAAAATAACA 

Sp5prom_R_7 TGGTTAAAAGATATAAAACGCTATTTG 

Sp5prom_F_8 TGGTAAAGTTCGTAAAACCAATGA 

Sp5prom_R_8 AAACATTCCGACAATCCACAG 

Sp5prom_F_9 AAGTAGCGACAGCGCCAGT 

Sp5prom_R_9 ATATCCTAGCCAAAACAAAACAA 

Sp5prom_F_10 GGTCAGCGAGTTTGGATCAT 

Sp5prom_R_10 AGCCTCAGGACTTCCCATTT 

Sp5prom_F_11 CGAGCGTTGCTTTGACTTTA 

Sp5prom_R_11 CAATTACGGATCACCGAAGG 

Sp5prom_F_12 CTCAGTGCATCCGTTCGTT 

Sp5prom_R_12 TCTTGCTTGCTTACGGATGA 

Sp5prom_F_13 TGAAATATTAAAAAGACGGAAGGAA 

Sp5prom_R_13 TGCAGTGAAAAGCAACAAACA 

Sp5prom_F_14 CGTTCGCAAAGTTGACAAAGT 

Sp5prom_R_14 CAATTTTTATAAGCGTGATAAAGCAA 

Sp5prom_F_15 TCAATTTCAACAAAATAAGTGTCAA 

Sp5prom_R_15 TGAAGTTTCAATCCCTTTTAAACAA 

double-
stranded 
oligos for 
EMSA 

ds-Sp5-oligo PPA wt TATCTTTTCCGCCTTACGTATTCTGTTTATCACCGCCTCTTAGACCATCCCATTTGTACGTAA
ACAGAG 

ds-Sp5-oligo PPA mut TATCTTTTCTTCCTTACGTATTCTGTTTATCACTTCCTCTTAGACCATCCCATTTGTACGTAAA
CAGAG 

ds-Sp5-oligo PPB wt CAGAGAAAATATGATCGCAACGCGCCATTTCTCAGTCAGAGGCGTGACATTAACCCCTTATC
AAAGAAGCCGA 

ds-Sp5-oligo PPB mut CAGAGAAAATATGATCGCAACGTTCCATTTCTCAGTCAGATTCGTGACATTAACCCCTTATC
AAAGAAGCCGA 
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SUPPLEMENTARY TABLE 2: List of plasmids 

 

PLASMID NAME PLASMID DESCRIPTION REFERENCE 

HYACT-1388 1’388 bp of Hydra Actin promoter and 5’UTR 
sequences 

 

HYSP5-3169 2’992 bp of Hydra Sp5 promoter and 5’UTR 
sequences 

 

HYWNT3-2149 2’449 bp of Hydra Wnt3 promoter sequences  

HYACT-1388:MCHERRY_ 
_HYSP5-3169:EGFP 

Tandem reporter construct with ubiquitous mCherry 
expression and Sp5-driven eGFP expression 

This work 

HYACT-1388:DSRED_ 
_HYWNT3-2449:EGFP 

Tandem reporter construct with ubiquitous dsRED 
expression and Wnt3-driven eGFP expression 

(Nakamura et al., 2011) 

PCS2-SP5 Sp5 bacterial expression vector (Vogg et al., 2019a) 

   

 

SUPPLEMENTARY TABLE 3: List of transgenic lines 

TRANSGENIC LINES DESCRIPTION REFERENCE 

HyAct-1388:mCherry_ 

_HySp5-3169:eGFP_epidermal 

 This work 

HyAct-1388:mCherry_ 

_HySp5-3169:eGFP_gastrodermal 

 This work 

HyAct-1388:dsRED_ 

_HyWnt3-2149:eGFP_epidermal 

 (Vogg et al., 2019a) 

HyAct-1388:dsRED_ 

HyWnt3-2149:eGFP_gastrodermal 

 (Nakamura et al., 2011; 

Vogg et al., 2019a) 
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expression in HySp5-3169:GFP transgenic animals 

 

Figure 2. Developmental regulation of epidermal and gastrodermal GFP fluorescence in budding 
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Figure 1. Epidermal-specific and gastrodermal-specific patterns of GFP fluorescence and GFP 

expression in HySp5-3169:GFP transgenic animals 

(A) Schematic representation of the homeostatic HySp5 RNA-seq profile measured in five regions 

along the body axis: Apical, R1, R2, R3, R4 and Basal regions. The cross-talk between Wnt3 and Sp5 

is represented on the left side of the scheme (after Vogg et al., 2019). The question mark highlights 
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the Sp5 auto-regulation hypothesis. (B) Structure of the tandem reporter construct used to generate 

the Sp5 transgenic lines, where 3169 bp of the HySp5 promoter drives eGFP expression and 1’388 

bp of the HyActin promoter drives mCherry expression (HyAct-1388:mCherry-HySp5-3169:GFP). 

Two transgenic lines were produced, HySp5:GFP-ep and HySp5:GFP-ga, which constitutively express 

the tandem reporter in the epidermal or the gastrodermal epithelial layer respectively as 

represented in the scheme below of the Hydra. TCF-BS : TCF binding sites (orange); Sp5-BS: Sp5 

binding sites (grey). (C, D) Q-PCR analysis of GFP, Sp5 and Wnt3 expression in HySp5:GFP-ep (C) 

and HySp5:GFP-ga (D) animals dissected in three regions, apical, body column (BC) and basal 

immediately before fixation. P values are as follows: **** ≤ 0.0001, *** > 0.0001 and ≤ 0.001, ** > 

0.001 and ≤ 0.01, * > 0.01 and < 0.05, ns ≥0.05. (E, F) Live imaging of HySp5:GFP animals, with eGFP 

green, mCherry red; the apical region of each animal is magnified on the right column. White arrows 

point to the tip of the hypostome. Scale bar: 250 µm. The graphs show the eGFP/mCherry 

fluorescence intensity ratios (Relative eGFP intensity) along the animal axis. (G, H) Immunodetection 

of GFP (green) and mCherry (red) in the apical region (white arrow) of HySp5:GFP-ep (G) and 

HySp5:GFP-ga (H) animals. Scale bar: 250 µm. (I-L) Graphs showing the relative GFP live fluorescence 

(I, J) or relative GFP immuno-fluorescence (K, L) measured in HySp5:GFP-ep (I, K) and HySp5:GFP-ga 

(J, L) animals. The apical extremity is on the left (100%), the basal one on the right (0%). See 

Supplemental Figure S1. 
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Figure 2. Developmental regulation of epidermal and gastrodermal GFP fluorescence in budding 

and regenerating HySp5-3961:GFP_ep and HySp5-3961:GFP_ga animals.  

(A-C) Live imaging of budding animals taken at indicated stages. Red arrows point to developing 

apical regions; yellow arrowhead to the “budding belt” on the parental polyp, red arrowheads to the 

presumptive or differentiating basal region of the buds. Scale bar: 250 µm. (D, E) GFP and mCherry 

fluorescence in apical-regenerating halves (D) and basal-regenerating halves (E) pictured live at 8, 

12, 24, 48 and 72 hours post-amputation (hpa). White arrows point to apical regions of original 

polyps, red arrows to apical-regenerating regions; white arrowheads to mature basal regions from 
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the original polyp, red arrowheads to the basal-regenerating regions. Scale bar: 250 µm. See 

Supplemental Figures S2, S3.  
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Figure 3. Morphological changes and GFP, Wnt3 and Sp5 ectopic expression induced by 

alsterpaullone (ALP) treatment in HySp5-3169:GFP and HyWnt3-2149:GFP animals 

(A) Live imaging of HySp5-3169:GFP_ep and HySp5-3169:GFP_ga animals on day 2, 4 and 7 during 

the seven-days ALP treatment compared to control animals treated with DMSO as indicated in the 

schematic view of the procedure. For each condition, GFP fluorescence is shown on the left, and the 

merged GFP and mCherry fluorescence on the right. White bars indicate areas along the body 

column where ectopic GFP fluorescence after ALP treatment is detected. Scale bar: 250 µm. (B) 

Double WMISH detecting GFP/Wnt3 (left column) and Sp5/Wnt3 (right column) in Hv_AEP, HySp5-

3169:GFP-ep, HySp5-3169:GFP-ga, HyWnt3-2149:GFP-ep and HyWnt3-2149:GFP-ga animals 

treated with ALP during 2 days or 4 days as indicated. s.t.: short tentacles; scale bar: 200 µm. See 

Supplemental Figures S4, S5, S6. (C) Wnt3 expression in ALP-treated animals for 14 days versus 

control animals (DMSO). Note the two unusualWnt3 expression domains: apical in multiple tentacle 

rings, and in the lower section of the body column including the basal extremity. Scale bar: 200 µm.  
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Figure 4. Modulations of GFP fluorescence and GFP expression in HySp5-3169:GFP_ep animals 

knocked-down for -catenin 

(A) Schematic view of the knock-down procedure with electroporations (EP) of -catenin or scramble 

siRNAs performed at day 0 (EP1), day 2 (EP2) and day 4 (EP3). Red triangles: imaging of GFP and 

mCherry fluorescences of live HySp5-3169:GFP_ep animals; gray triangles: dissection of the apical 

and body column regions followed by immediate RNA extraction. On images, white and red arrows 

point to apical regions where GFP fluorescence is either normal (white) or reduced (red); blue arrow 

points to a “bump” structure that develops along the body axis three days post-EP3, and green 

triangles to ectopic GFP fluorescence. Scale bar: 250 µm. (B) Immunodetection of GFP and mCherry 

in HySp5-3169:GFP_ep animals three days after EP3. Magnified apical regions of b-catenin (RNAi) 

and scramble animals are shown in the right side. White and red arrows as in A See Supplemental 

Figures S7, S8. Scale bar: 250 µm. (C) Q-PCR values of −catenin, GFP and Sp5 at indicated time 

points after EP1, EP2 and EP3.  
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Figure 5. Ectopic GFP fluorescence and GFP expression in HySp5-3169:GFP animals knocked-down 

for Sp5  

(A) Schematic view of the RNAi procedure with two electroporations (EP1, EP2) of scramble or Sp5 

siRNAs. Live imaging of intact animals and RNA extraction from the apical region and body column 

were performed at indicated time points (8h, 16h, 24h post-EP1, 8h, 16h, 24h post-EP2). Images 

show GFP and mCherry fluorescences detected in HySp5-3169:GFP_ep (left) and HySp5-

3169:GFP_ga (right) animals. White bars indicate areas of ectopic GFP fluorescence along the body 

column of HySp5-3169:GFP_ep animals, white arrows spots of GFP fluorescence in the lower body 

column of HySp5-3169:GFP_ga animals. Scale bar: 250 µm. See Supplemental Figures S9, S11. (B) 

GFP expression detected by WMISH at indicated time-points after Sp5 (RNAi). Black bars and white 

arrows indicate regions where GFP is up-regulated along the body column of HySp5-3169:GFP_ep 

animals, or in the lower body column of HySp5-3169:GFP_ga animals. Scale bar: 200 µm. See 

Supplemental Figures S10, S12. (C, D) Q-PCR analysis of GFP, Wnt3 and Sp5 expression measured 

after scramble or Sp5 (RNAi) in the apical (100%-80%) and body column (80%-0%) regions dissected 

from HySp5-3169:GFP_ep (C) and HySp5-3169:GFP_ga (D) animals as indicated in (A). See 

Supplemental Figure S9. (E) Analysis of GFP and mCherry fluorescences in HySp5-3169:GFP_ep and 

HySp5-3169:GFP_ga animals electroporated twice and pictured two days post-EP2. White bar as in 

B; white arrows: spots of GFP fluorescence in tentacles in HySp5-3169:GFP_ga animals. Scale bar: 

250 µm. Supplemental Figure S13. (F, G) Q-PCR analysis of Sp5, GFP, Wnt3 and −catenin expression 

in HySp5-3169:GFP_ep (F) and HySp5-3169:GFP_ga (G) animals treated as in (E) and dissected 2 days 

post-EP2 in three regions, apical (100%-80%), central body column (BC, 80%-30%) and basal (30%-

0%). 
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Figure 6. CHIP-qPCR identification of Sp5-binding sites in the HySp5 promoter 

(A) Proximal sequence of the Hydra Sp5 promoter (-162 to +29), which contains the transcriptional 

start sites identified in Hv_AEP (TSS1, +1) and Hm105 (TSS2, -149), the PPA (-135 to –67) and PPB (-
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71 to +2) regions encompassing each two putative Sp5 binding sites (SP5-BS) respectively, 

highlighted in light blue, used in EMSA and underlined with purple (PPA) and pink (PPB) dashed 

lines respectively. In the same region, the PP4 and PP5 primers used for ChIP-qPCR are written grey 

and green respectively. (B) Map of the HySp5 2’966 bp promoter region indicating the predicted 

TSS1, the clustered TCF-BS and Sp5-BS in light purple and orange respectively, and the three primer 

pairs used for ChIP-qPCR. The TCF-BS and Sp5-BS sequences identified in the Sp5 promoter are 

given. (C) EMSA showing a shift of the PPA and PPB ds-DNAs incubated with Hydra NEs. Comp.: 

unlabelled ds-PPA (left) or ds-PPB (right) added 200x in excess during the incubation. (D) Structure 

of the Hydra Sp5 protein with the conserved Sp box (green), Buttonhead box (Btd, light purple) and 

zinc-finger (ZF) domain (light blue). A purple line covers the region used to raise the monoclonal 

anti-Sp5 antibody and the green lines indicated the peptides used to raise the polyclonal anti-Sp5 

antibody. (E) Western blot using the anti-Sp5 monoclonal antibody to detect the Sp5 protein 

produced either with the TNT system (lanes 1, 2), or as recombinant partial protein to raise the 

monoclonal antibody (218 AAs, lane 3), or in HEK293T cells (lanes 4, 5), or present in Hydra NEs 

prepared from whole Hv_AEP2 animals (lane 6) or from their apical region (100%-50% body length, 

lane 7), or from the body column (50%-0% body length, lane 8). (F) Schematic view of the 15 regions 

tested along the 2’992 bp-long Sp5 promoter sequences by ChIP-qPCR using Hv_magnipapillata 

extracts and the -Sp5 monoclonal antibody. The graph below shows a relative enrichment in 

regions PP4 and PP5. (G-H) Comparative analysis of the enrichment obtained by ChIP-qPCR in 

regions PP4 and PP5 compared to region PP1/PP2 when using the anti Sp5 monoclonal antibody in 

Hv_magnipapillata (G) or Hv_AEP2 (H). See Supplemental Figure S14.  
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Figure 7: Summary view of the layer-specific regulation of Sp5 in Hydra 

(A) Scheme showing the Wnt3 and Sp5 expression patterns in the epidermal and gastrodermal 

layers after ALP treatment that leads to a constitutive activation of Wnt/-catenin signaling. The 

epidermal and gastrodermal HyWnt3-2149:GFP and HySp5-3169:GFP transgenic lines were used to 

discriminate their layer-specific regulation in intact animals. Epidermal and gastrodermal Wnt3 

expression patterns are shown in light green and dark green respectively; epidermal and 

gastrodermal Sp5 expression patterns are shown in yellow and brown respectively. (B) Schematic 

view of GFP fluorescence in HySp5-3169:GFP transgenic animals, either maintained in homeostatic 

conditions (left), or knocked-down for Sp5 (middle). Note after Sp5 (RNAi) the extended zone of 

GFP fluorescence along the epidermis of the body column and, in the gastrodermis, the presence 

of ectopic spots of GFP fluorescence at the level of the peduncle and in the tentacles. On the right, 

we show the cross-talk between Wnt3/-catenin and Sp5 and their respective auto-regulatory loops, 

positive for Wnt3/-catenin, negative for Sp5. 
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Figure S1. Epidermal and gastrodermal eGFP and mCherry fluorescences detected in live HySp5-3169: GFP-ep 

and HySp5-3169: GFP-ga transgenic animals.  

(A, C) Live imaging of GFP (green) and mCherry (red) fluorescences in HySp5-3169: GFP-ep (A) and HySp5-

3169: GFP-ga (C) transgenic animals maintained in homeostatic conditions (n=10). The ratio between the 

eGFP and mCherry fluorescences is shown as the relative eGFP intensity. Magnified views of the hypostome 

are shown on the right. White arrows indicate tips of the hypostome; red arrows point to GFP fluorescence 

in budding regions, red arrowheads to basal regions. Scale bar: 250 µm. Note the lack of GFP fluorescence 

at the tip of the hypostome of HySp5-3169: GFP-ga animals. (B, D) Graph displaying the GFP (center), 
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mCherry (middle) and relative GFP (right) intensities along the apical (100%, left) to basal (0%, right) axis of 

the animals. Supplement to Figure 1C-1F.   
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Figure S2. GFP fluorescence detected in live HySp5-3169:GFP_ep (A) and HySp5-3169:GFP_ga (B) animals 

undergoing apical or basal regeneration  

(A-B) Live imaging of GFP and mCherry fluorescence in HySp5-3169: GFP-ep (A) and HySp5-3169: GFP-ga 

(B) transgenic animals in apical- and basal-regenerating halves pictured at 8, 12, 24, 48 and 72 hpa. HySp5-

3169: GFP-ep animals are also live imaged at 4 and 5 dpa in apical- and basal-regenerating halves. White 

arrows indicate the apical regions of original polyps; red arrows to the apical-regenerating regions; white 
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arrowheads to the basal regions of original polys and red arrowheads to the basal-regenerating regions. 

Scale bar: 250 µm.   
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Figure S3. GFP expression in HySp5-3169:GFP_ep and HySp5-3169:GFP_ga animals undergoing apical (A) or basal 

(B) regeneration.  

GFP expression in apical- (A) and basal-regenerating (B) halves taken at 0, 8, 12, 24, 48 and 72 hours post 

amputation (hpa). Arrows: developing apical regions of HySp5-3169:GFP_ep (red) or HySp5-3169:GFP_ga 
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(brown) animals; brown vertical bars: gastrodermal GFP expression along the body column; red triangles: 

basal region undergoing differentiation; white triangles: differentiated basal discs. Scale bar: 250 µm.  

  

150



9 

 

 

Figure S4. Alsterpaullone (ALP)-induced modulations of Sp5, Wnt3 and GFP expression in Hv_AEP animals. 

Double WMISH detecting Sp5 (dark blue) and Wnt3 (red) (A), or GFP (dark blue) and Wnt3 (red) (B) in animals 

untreated (DMSO) or treated with alsterpaullone (ALP) for 2 or 4 days. Schematic views of Hydra polyps on 

the right depict the typical expression profile of each condition. As expected, wt Hv_AEP animals do not 

express GFP. Scale bar: 200 µm; s.t.: short tentacles; white arrows: apical Wnt3 homeostatic expression 

domain; salmon arrows: ectopic Wnt3 expression domains; black bars: Sp5 expression domain along the 

body column.  
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Figure S5A,B. Co-detection of Sp5 and Wnt3 expression in HySp5-3169:GFP-ep (A) and HySp5-3169:GFP-ga (B) 

transgenic animals exposed to Alsterpaullone (ALP) 

Double WMISH showing Sp5 expression (dark blue) and Wnt3 expression (red) in animals treated with DMSO 

(-) or ALP (+) for 2 or 4 days. Schematic views of Hydra polyps on the right of each row depict the typical 

expression profile of each condition. Black arrows: Sp5 apical expression domain; black bars: Sp5 expression 

domain along the body column; black triangles: Sp5 basal expression domain; light blue arrows: circular Sp5 

expression; s.t.: short tentacles; white arrows: apical Wnt3 homeostatic expression domain; scale bars: 200 

µm.  
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Figure S5C,D. Co-detection of GFP and Wnt3 expression in HySp5-3169:GFP-ep (C) and HySp5-3169:GFP-ga (D) 

transgenic animals exposed to Alsterpaullone (ALP) 

Double WMISH showing GFP (dark blue) and Wnt3 (pink) expression in animals treated with DMSO (-) or 

ALP (+) for 2 or 4 days. Schematic views of Hydra polyps on the right of each row depict the typical 

expression profile of each condition. Black arrows point to the upper body column Sp5 expression domain 

immediately below the tentacle ring; black bars: Sp5 expression domain along the body column; black 

triangles: Sp5 basal expression domain; light blue arrows: circular Sp5 expression; white arrows: homeostatic 

Wnt3 expression at the tip of the hypostome; salmon arrows: ectopic Wnt3 expression in the tentacles along 

the body column or at the basal extremity; s.t.: short tentacles; scale bars: 200 µm. 
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Figure S6A,B. Co-detection of Sp5 and Wnt3 expression in HyWnt3-2149:GFP-ep (A) and HyWnt3-2149:GFP-ga 

(B) transgenic animals exposed to Alsterpaullone (ALP) 

Double WMISH showing Sp5 (dark blue) and Wnt3 (red) expression in animals treated with DMSO (-) or ALP 

(+) for 2 or 4 days. Schematic views of Hydra polyps on the right of each row depict the typical expression 

profile of each condition. Black bars: Sp5 expression domain along the body column; white arrows: 

homeostatic Wnt3 expression at the tip of the hypostome; salmon arrows: ectopic Wnt3 expression in the 

tentacles, along the body column or at the basal extremity; s.t.: short tentacles; scale bars: 200 µm. 
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Figure S6C,D. Co-detection of GFP and Wnt3 expression in HyWnt3-2149:GFP-ep (C) and HyWnt3-2149:GFP-ga 

(D) transgenic animals exposed to Alsterpaullone (ALP) 

Double WMISH showing GFP (dark blue) and Wnt3 (red) expression in animals treated with DMSO (-) or ALP 

(+) for 2 or 4 days. Schematic views of Hydra polyps on the right of each row depict the typical expression 

profile of each condition. White arrows: apical GFP expression at the tip of the hypostome; gray arrows: GFP 

expression at the base of the apical region; salmon arrows: ectopic Wnt3 expression along the body column; 

gray triangles: GFP expression at the basal extremity; s.t.: short tentacles; scale bars: 200 µm. 
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Figure S7. Ectopic “bump” structures along the body column of Hv-Basel animals knocked-down for b-catenin  

Hv_Basel animals electroporated three times with scramble or -catenin siRNAs and fixed at indicated time-

points for detecting Sp5 expression by WMISH. Yellow arrows point to presumptive (patches) or already 

grown bump structures that highly express Sp5. Scale bars: 200 µm.  
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Figure S8. Ectopic epidermal GFP fluorescence in HySp5-3169:GFP_ep animals knocked-down for -catenin  

(A) Live imaging of GFP fluorescence in HySp5-3169:GFP_ep transgenic animals electroporated twice with 

scramble or -catenin siRNAs, 2 days post-EP2. Red triangles indicate apical areas where GFP fluorescence 

is reduced, green arrows the areas where GFP is ectopically expressed along the body column and blue 

arrows the bump structures where GFP fluorescence is absent. Scale bars: 250 µm. See Figure 4A. (B) 

Immunodetection of GFP performed on scramble (control) and -catenin (RNAi) animals 3 days post-EP3. 

Enlarged views of the apical region and body column are shown below each condition. GFP fluorescence is 

largely reduced in apical regions (red triangles), absent from the bump structures (blue arrows) and limited 

along the body column (green triangles). Scale bars: 250 µm. See Figure 4B. (C) Q-PCR analysis of Sp5, -

catenin and GFP transcript levels in apical region (100%-80%) and body column (80%-0%) of HySp5-

3169:GFP_ep animals at indicated time-points after EP1, EP2 and EP3. Ratios between values obtained in -

catenin (RNAi) and scramble (RNAi) animals are shown. See Figure 4C. 
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Figure S9. GFP fluorescence and GFP expression in HySp5-3169:GFP_ep animals knocked-down for Sp5  

(A) GFP fluorescence in five representative HySp5-3169:GFP_ep animals electroporated with scramble or Sp5 

siRNAs and imaged at 8, 16, 24 hours post-EP1 (pEP1) and 8, 16, 24 hours post-EP2 (pEP2). Images from GFP 

and mCherry merged channels are shown. Green triangles indicate areas of ectopic GFP fluorescence along 

the body column. Scale bars: 200 µm. See Figure 5A, 5B left panel. (B) Q-PCR analysis of Sp5, Wnt3 and GFP 

transcript levels in apical region (100%-80%) and body column (80%-0%) of HySp5-3169:GFP_ep animals at 
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indicated time-points after EP1 and EP2. Ratios between values obtained in Sp5 (RNAi) and scramble (RNAi) 

animals (continuous and dotted grey lines respectively) are shown. See Figure 5D. 
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Figure S10. Ectopic epidermal GFP expression in HySp5-3169:GFP_ep animals knocked-down for Sp5 
GFP expression in HySp5-3169:GFP_ep animals either untreated (wt, uppest row), or electroporated once or 

twice with scramble or Sp5 siRNAs (EP1, EP2) with EP2 performed two days after EP1. Ten animals are shown 

per condition at six different time points, 8, 16, 24 hours post-EP1 (hpEP1); 8, 16, 24 hours post-EP2 (hpEP2). 
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Bars indicate ectopic GFP expression in the body column at 8, 16 and 24 hours post-EP1 and post-EP2. Scale 

bars: 250 µm. See Figure 5C.  
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Figure S11. GFP fluorescence and GFP expression in HySp5-3169:GFP_ga animals knocked-down for Sp5 

(A) GFP fluorescence in five representative HySp5-3169:GFP_ga animals electroporated with scramble or Sp5 

siRNAs and imaged at 8, 16, 24 hours post-EP1 (pEP1) and 8, 16, 24 hours post-EP2 (pEP2). Images from GFP 

and mCherry merged channels are shown. Green triangles indicate spots of ectopic GFP fluorescence along 

the body column. Scale bars: 200 µm. See Figure 5A, 5B right panel. (B) Q-PCR analysis of Sp5, Wnt3 and GFP 

expression levels in apical region (100%-80%) and body column (80% - 0%) of HySp5-3169:GFP_ga animals 
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at indicated time-points after EP1 and EP2. Ratios between values obtained in Sp5 (RNAi) animals and 

scramble (RNAi) animals are shown. See Figure 5E. 
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Figure S12. Gastrodermal GFP expression in HySp5-3169:eGFP_ga animals knocked-down for Sp5 

GFP expression in HySp5-3169:eGFP_ga animals, either untreated (uppest row) or electroporated (EP1, EP2) 

with scramble (control) or Sp5 siRNAs. Ten animals are shown per condition at six different time points, 8, 

16 and 24 hours post EP1 or EP2 with EP2 performed 2 days after EP1. Note the absence of significant 

modulations in GFP expression in the different conditions. Scale bars: 250 µm. See Figure 5C. 
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Figure S13. Transient ectopic GFP expression in HySp5-3169:GFP Sp5(RNAi) animals 2 days post-EP2 

(A) Schematic view of the procedure where animals are exposed twice to scramble or Sp5 siRNAs and 

pictured two days later (2d pEP2). (B, C) Live imaging of HySp5-3169:GFP_ep (B) and HySp5-3169:GFP_ga 

(C) on 2d pEP2. Green triangles point to ectopic areas of GFP fluorescence, along the epidermis in the body 

column or in the tentacles. Scale bars: 250 µm. (D) Measurement two days post-EP2 of the relative GFP 

intensity in HySp5-3169:GFP_ep animals exposed to scramble or Sp5 siRNAs (panel F, n=10). See Figure 

5E-G.  
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Figure S14. ChIP-qPCR analysis of the Sp5-binding sites in the Hydra Sp5 promoter using anti Hydra-Sp5 

antibodies.  

(A) HySp5 protein sequence with the different domains highlighted in boxes (Sp box: green, Btd box: purple, 

zinc finger domains: blue). The sequence used to raise the monoclonal anti-Sp5 antibody is underlined, the 

peptides used to raise the polyclonal antibody are written green. (B) Western blot showing that the anti-Sp5 

monoclonal antibody but not the pre-immune serum detects Sp5 protein. Conditions, identical for both 

films, are detailed in Figure 5E. (C) Western blot showing that the anti-Sp5 polyclonal antibody detects the 

HySp5 protein expressed in HEK293T cells (lane 2), produced with TNT (lane 4), or as partial recombinant 

protein (lane 5, 24.5kDa),in Hydra NEs when prepared from the body column (lane 8) or the basal region 

(lane 9) but not from whole animal (lane 6) or from the apical region (lane 7). (D) Graph comparing the 

enrichment obtained by ChIP-qPCR with Hv_magnipapillata extracts using the anti-Sp5 polyclonal antibody 

and 15 primer pairs (left). An enrichment is only found in regions PP4 and PP5. Graph comparing the 
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enrichment of regions PP1, PP4 and PP5 (middle) or regions PP2, PP4 and PP5 (right) after ChIP-qPCR using 

Hv_magnipapillata or Hv_AEP extracts with the anti-Sp5 polyclonal antibody.   
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APPENDIX  
 

 

 
 

A1. Mapping the Sp5 Transcriptional Start Sites (TSS) 

Sp5 cDNAs sequences obtained on HydrAtlas (Wenger et al. 2019) for Cold Sensitive or Cold Resistant H. 

oligactis (HolCS, HolCR) and Hv_AEP H. vulgaris strains, on NCBI for Hm105 were first aligned to the Sp5 H. 

magnipapillata genomic sequence (Sp5_Hmgen) with the Muscle Align software selecting a ClustalW output 

format, then the alignment was visualized with the MView tool (Madeira et al., 2022). The three vertical red 

arrows indicate the transcriptional start sites (TSS): TSS1 from Hv_AEP (position +1), TSS2 from Hm105 

(position -149) and TSS3 from H. oligactis (position -192). Accession numbers: Sp5_HolCS : 

S034511c0g1_i01 ; Sp5_HolCR: R029443c0g1_i01 ; Sp5_HvAEP : c16537_g1_i01 ; Sp5_Hm105 

XM_004206770.3. The Sp5 cDNA sequence from Hv_Jussy (seq62049_loc 21222) was not used as its 5’UTR 

sequence is divergent, suggesting a distinct TSS. 

 

 
Madeira F, Pearce M, Tivey ARN, et al. (2022). Search and sequence analysis tools services from EMBL-EBI in 
2022. Nucleic Acids Res Apr:gkac240. DOI: 10.1093/nar/gkac240. 
 
Wenger Y, Buzgariu W, Perruchoud C, Loichot G, Galliot B. (2019). Generic and context-dependent gene 
modulations during Hydra whole body regeneration. BioRXiv 587147; doi: 10.1101/587147 

 
 

 

  

Reference sequence (1): Sp5_HolCS

Identities normalised by aligned length.

Colored by: identity

               cov    pid   1 [        .         .         .         .         :         .         .         . 80 

1 Sp5_HolCS 100.0% 100.0%     --------------------------------------------------------------------------AACCAA    

2 Sp5_HolCR 100.0%  99.4%     -----------------------------------------------------------------------TTTAACCAA    

3 Sp5_Hm105  90.8%  97.6%     --------------------------------------------------------------------------------    

4 Sp5_HvAEP  58.7%  95.6%     --------------------------------------------------------------------------------    

5 Sp5_Hmgen  90.1%  83.2%     TAACAAAATCAACCAATGAACTTCCTTAGAAATTGTTTAATCATAAACCAATCAAATAGCGTTTTATATCTTTTAACCAA    

               cov    pid  81          .         1         .         .         .         .         :         . 160

1 Sp5_HolCS 100.0% 100.0%     TACGATAACAATTTTATTGTTTTGTCGGCATCTTAAGATATTAAAAGTTAATATCTTTTCCGCCTTACGTATTCTGTTTA    

2 Sp5_HolCR 100.0%  99.4%     TACGATAACAATTTTATTGTTTTGTCGGCATCTTAAGATATTAAAAGTTAATATCTTTTCCGCCTTACGTATTCTGTTTA    

3 Sp5_Hm105  90.8%  97.6%     -------------------------------------ATATTAAAAGTTAATATCTTTTCCGCCTTACGTATTCTGTTTA    

4 Sp5_HvAEP  58.7%  95.6%     --------------------------------------------------------------------------------    

5 Sp5_Hmgen  90.1%  83.2%     TAAGATAACAATTTTATTGTTTTGTCGGCATCTTAAGATATTAAAAGTTAATATCTTTTCCGCCTTACGTATTCTGTTTA    

               cov    pid 161          .         .         .         2         .         .         .         . 240

1 Sp5_HolCS 100.0% 100.0%     TCACCGCCTCTTAGACCATCCCATTTGTACGTAAACAGAGAAAATATGATCGCAACGCGCCATTTCTCAGTCAGAGGCGT    

2 Sp5_HolCR 100.0%  99.4%     TCACCGCCTCTTAGACCATCCCATTTGTACGTAAACAGAGAAAATATGATCGCAACGCGCCATTTCTCAGTCAGAGGCGT    

3 Sp5_Hm105  90.8%  97.6%     TCACCGCCTCTTAGACCATCCCATTTGTACGTAAACAGAGAAAATATGATCGCAACGCGCCATTTCTCAGTCAGAGGCGT    

4 Sp5_HvAEP  58.7%  95.6%     --------------------------------------------------------------------------------    

5 Sp5_Hmgen  90.1%  83.2%     TCACCGCCTCTTAGACCATCCCATTTGTACGTAAACAGAGAAAATATGATCGCAACGCGCCATTTCTCAGTCAGAGGCGT    

               cov    pid 241          :         .         .         .         .         3         .         . 320

1 Sp5_HolCS 100.0% 100.0%     GACATTAACCCCTTATCAAAGAAGCCGAAGCTATTTAAGATAAGATGGCGGTTTCTTTTGATGTCTGAATGAATTGTTTC    

2 Sp5_HolCR 100.0%  99.4%     GACATTAACCCCTTATCAAAGAAGCCGAAGCTATTTAAGATAAGATGGCGGTTTCTTTTGATGTCTGAATGAATTGTTTC    

3 Sp5_Hm105  90.8%  97.6%     GACATTAACCCCTTATCAAAGAAGCCGAAGCTATTTAAGATAAGATGGCGGTTTCTTCTGATGTCTGAATGAATTGTTTC    

4 Sp5_HvAEP  58.7%  95.6%     --------------------------GAAGCTATTTAAGATAAGATGGCGGTTTCTTCTGATGTCTGAATGAATTGTTTC    

5 Sp5_Hmgen  90.1%  83.2%     GACATTAACCCCTTATCAAAGAAGCCGAAGCTATTTAAGATAAGATGGCGGTTTCTTCTGATGTCTGAATGAATTGTTTC    

               cov    pid 321          .         .         :         .         .         .         .         4 400

1 Sp5_HolCS 100.0% 100.0%     GGGTTTTTTTGAAGTGAGGATAACGTTAAGAACGATTTGAAATGCCCAGCTGATTTAAATAGAATTGAAGTAGAAAGCAT    

2 Sp5_HolCR 100.0%  99.4%     GGGTTTTTTTGAAGTGAGGATAACGTTAAGAACGATTTGAAATGCCCAGCTGATTTAAATAGAATTGAAGTAGAAAGCAT    

3 Sp5_Hm105  90.8%  97.6%     GGTTTTTTTTGAAGTAAGGATAACGTTAAGAACGATTTGAAATGCCCAGCTGATTTAAATAGAATTGAAGTAGAAAGCAT    

4 Sp5_HvAEP  58.7%  95.6%     GGTTTTTTTTGAAGTAAGGATAACGTTAAGAACGATTTGAAATGCCCAGCTGATTTAAATAGAATTGAAGTAGAAAGCAT    

5 Sp5_Hmgen  90.1%  83.2%     GGTTTTTTTTGAAGTAAGGATAACGTTAAGAACGATTTGAAATGCCCAGCTGATTTAAATAGAATTGAAGTAGAAAGCAT    

               cov    pid 401          .         .         .         .         :         .         .         . 480

1 Sp5_HolCS 100.0% 100.0%     TCAGTTAAACGTTCTACTCTAAAGTGCAAAGACGTTCATAAGAAATATATTTCAGTCAAA-TAAGTAAAATGTCACCTCC    

2 Sp5_HolCR 100.0%  99.4%     TCAGTTAAACGTTCTACTCTAAAGTGCAAAGACGTTCATAAGAAATATATTTCAGTCAAA-TAAGTAAAATGTCACCTCC    

3 Sp5_Hm105  90.8%  97.6%     TCAGTTAAACTTTCTACTTTAAAGTGCAAAGACGTTCATAAGAAATATATTTCAGTAAAATTAACTAAAATGTCACCTCC    

4 Sp5_HvAEP  58.7%  95.6%     TCAGTTAAACTTTCTACTTTAAAGTGCAAAGACGTTCATAAGAAATACATTTCAGTAAAATTAAGTAAAATGTCACCTCC    

5 Sp5_Hmgen  90.1%  83.2%     TCAGTTAAACTTTCTACTTTAAAGTGCAAAGACGTTCATAAGAAATACATTTCAGTAAAATTAAGTAAAATGTCACCTCC    

               cov    pid 481          .         5         .         .         .         ] 540

1 Sp5_HolCS 100.0% 100.0%     AAGTCGTGTTCCAACATCAATTAGTTCAAACTTTAAAAGTCAACATCATTGTCTTAAAGA    

2 Sp5_HolCR 100.0%  99.4%     AAGTCGTGTTCCAACATCAATTAGTTCAAACTTTAAAAGTCAACATCATTGTCTTAAAGA    

3 Sp5_Hm105  90.8%  97.6%     AAGTCGTGTTCCAACAACAATCAGTTCAAACTTTAAAAGTCAACATCATTGTCTTAAAGA    

4 Sp5_HvAEP  58.7%  95.6%     AAGTCGTGTTCCAACAACAATCAGCCCAAACTTTAAAAGTCAACATCATTGTCTTAAAGA    

5 Sp5_Hmgen  90.1%  83.2%     AAGTCGTGTTCCAA----------------------------------------------    

MView 1.63, Copyright © 1997-2018 Nigel P. Brown
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A2. HyActin-1388:mCherry-HySp5-3169:eGFP map and sequences (10’533 bp) 
 

 

pBSSA-AR plasmidic sequence (2’244 bp) 

    1 gtggcacttttcggggaaatgtgcgcggaacccctatttgtttatttttctaaatacattcaaatatgtatccgctcatgagacaataaccctgataaat 

  101 gcttcaataatattgaaaaaggaagagtatgagtattcaacatttccgtgtcgcccttattcccttttttgcggcattttgccttcctgtttttgctcac 

  201 ccagaaacgctggtgaaagtaaaagatgctgaagatcagttgggtgcacgagtgggttacatcgaactggatctcaacagcggtaagatccttgagagtt 

  301 ttcgccccgaagaacgttttccaatgatgagcacttttaaagttctgctatgtggcgcggtattatcccgtattgacgccgggcaagagcaactcggtcg 

  401 ccgcatacactattctcagaatgacttggttgagtactcaccagtcacagaaaagcatcttacggatggcatgacagtaagagaattatgcagtgctgcc 

  501 ataaccatgagtgataacactgcggccaacttacttctgacaacgatcggaggaccgaaggagctaaccgcttttttgcacaacatgggggatcatgtaa 

  601 ctcgccttgatcgttgggaaccggagctgaatgaagccataccaaacgacgagcgtgacaccacgatgcctgtagcaatggcaacaacgttgcgcaaact 

  701 attaactggcgaactacttactctagcttcccggcaacaattaatagactggatggaggcggataaagttgcaggaccacttctgcgctcggcccttccg 

  801 gctggctggtttattgctgataaatctggagccggtgagcgtgggtctcgcggtatcattgcagcactggggccagatggtaagccctcccgtatcgtag 

  901 ttatctacacgacggggagtcaggcaactatggatgaacgaaatagacagatcgctgagataggtgcctcactgattaagcattggtaactgtcagacca 

 1001 agtttactcatatatactttagattgatttaaaacttcatttttaatttaaaaggatctaggtgaagatcctttttgataatctcatgaccaaaatccct 

 1101 taacgtgagttttcgttccactgagcgtcagaccccgtagaaaagatcaaaggatcttcttgagatcctttttttctgcgcgtaatctgctgcttgcaaa 

 1201 caaaaaaaccaccgctaccagcggtggtttgtttgccggatcaagagctaccaactctttttccgaaggtaactggcttcagcagagcgcagataccaaa 

 1301 tactgtccttctagtgtagccgtagttaggccaccacttcaagaactctgtagcaccgcctacatacctcgctctgctaatcctgttaccagtggctgct 

 1401 gccagtggcgataagtcgtgtcttaccgggttggactcaagacgatagttaccggataaggcgcagcggtcgggctgaacggggggttcgtgcacacagc 

 1501 ccagcttggagcgaacgacctacaccgaactgagatacctacagcgtgagctatgagaaagcgccacgcttcccgaagggagaaaggcggacaggtatcc 

 1601 ggtaagcggcagggtcggaacaggagagcgcacgagggagcttccagggggaaacgcctggtatctttatagtcctgtcgGgtttcgccacctctgactt 

 1701 gagcgtcgatttttgtgatgctcgtcaggggggcggagcctatggaaaaacgccagcaacgcggcctttttacggttcctggccttttgctggccttttg 

 1801 ctcacatgttctttcctgcgttatcccctgattctgtggataaccgtattaccgcctttgagtgagctgataccgctcgccgcagccgaacgaccgagcg 

 1901 cagcgagtcagtgagcgaggaagcggaagagcgcccaatacgcaaaccgcctctccccgcgcgttggccgattcattaatgcagctggcacgacaggttt 

 2001 cccgactggaaagcgggcagtgagcgcaacgcaattaatgtgagttagctcactcattaggcaccccaggctttacactttatgcttccggctcgtatgt 

 2101 tgtgtggaattgtgagcggataacaatttcacacaggaaacagctatgaccatgattacgccaagcgcgcaattaaccctcactaaagggaacaaaagct 

 2201 ggtaccgggccccccctcgaggtcgactctagaggatcccccat   2244 

Actin promoter sequences (1’289 bp) + Actin 5’UTR (99 bp) + Actin coding sequence (27 bp) + MCS (27 bp) 

-1289 cgatctgactaacctaaccagtgcaaaaaaatttaaaagatttgcattgtgaaagttagaatattataaaaaatctaaaacgagtattactcgagtaaat 

-1189 gttatacgatctatagattaaatatattaaaaatgtatagcgaatgttaaactaaatatataatataaacttgaaaacttactaaattgcaaaaactcaa 

-1089 aaccgactgtatcatttttacaggaaaccgttattcaagatacttaagttgtttactacattattataacatcttgcaattagcaagacaatcgttattt 

 -989 taacatcacggtatcgaaaggattttgagaaattttattgaaacattttaaacaaaaaatatcatatttagatgcattttaagccgagatgcaggattct 

 -889 gaatgaaaaagaaaaaaagaagtctcggtagagtaaaagtgatcggtttgcaactgtaaaatttattgaagtaccaataattttatttaaaataaaactg 

 -789 aaatataaagttaaagttgctgttctataagtttaccgaattttaaaaccattgtaacgctagagtaatatttgagtctactaagttagtccccgcactt 

 -689 tttaatcaagcaataaatacccaaactttgcttattcaaatcaataaaccaatatatctcttaaaataaagtaaaaacttctgaaattctataaaaaaaa 

 -589 atttaatttcgaaatatcaaatgtaacttcaacaccgcactattttcttttaaacaactgatatagtaattacttctcaaaaacgttatctcaaggtttg 

 -489 tgatgtacttaaaaccactcctattttgttacgcgtttaaaaaagcaaacataagttggtttctattgatgaatgagaacatatttcatttaaagttaaa 

 -389 atcctaccagtggtttcactgtacgtaaacaccgtcaaaaaaacaggaacgtttttaaagattaataattgaagtaaaaaaaatttaataccgggggtta 

 -289 aaaaaatcttttaaaataattataaatatatatattaaaatttataaatttttaaacacatttaaaatatatattaagtataataaaagtaatattataa 

 -189 aaaaaaatttaattttataattatttttattaaatttataaataataggtaaaacttacatatccgttttattttttcttaataaaataacgcgtgcaaa 

                  TSS +1 

  -89 tttttgtccatataaagaccttttcgaacaataacttttttgcttagccgttttttttcttatatggtcaaaaaagcgctcaagcgattCAccataaaaa 

               99 

   12 gcgcaattagttcagcgttcgttattcagaagcttcagctttgcttgatactcagctcttctctttttaaacaaaacacttaatcaaaATGGCCGATGAT 

                 M  A  D  D   

      GAAGTTGCCGCCCTC GCTGCAGCCCCGGTAGAAAAAGTCGAC  

      E  V  A  A  L 

mCherry coding sequence (711 bp) + MCS (14 bp) 

    1 ATGGTTAGTAAAGGAGAAGAAGATAATATGGCTATTATTAAAGAATTTATGAGATTTAAAGTTCATATGGAAGGATCTGTTAATGGTCATGAATTTGAAA 

  101 TTGAAGGTGAAGGAGAAGGTAGACCATATGAAGGTACTCAAACAGCTAAACTTAAAGTTACTAAAGGTGGACCATTACCTTTTGCATGGGATATTCTTTC 

  201 ACCACAATTTATGTATGGAAGTAAAGCTTATGTTAAACATCCAGCAGATATTCCTGATTATCTTAAACTTTCATTTCCTGAAGGTTTTAAATGGGAAAGA 

  301 GTTATGAATTTTGAAGATGGTGGAGTTGTTACTGTTACACAAGATTCTTCATTACAAGATGGAGAATTTATTTATAAAGTTAAACTTAGAGGAACTAATT 

  401 TTCCAAGTGATGGTCCTGTTATGCAAAAGAAAACTATGGGTTGGGAAGCTAGTTCTGAAAGAATGTATCCTGAAGATGGAGCACTTAAAGGTGAAATTAA 

  501 ACAAAGACTTAAACTTAAAGATGGTGGACATTATGATGCTGAAGTTAAAACTACATATAAAGCTAAAAAACCAGTTCAATTACCTGGAGCTTATAATGTT 

  601 AATATTAAACTTGATATTACTTCTCATAATGAAGATTATACAATTGTTGAACAATATGAAAGAGCAGAAGGTAGACATTCAACAGGTGGAATGGATGAAT 

  701 TATATAAATAA  CATTCGTAGAATTC  

Actin 3’ UTR (677 bp) + pBSSA-AR plasmidic sequence (110 bp) 

    1 acaattcgattatatttatactggactatttttacatctgttcggttattttcacatttatttttctatatatatcttataaacgttttaaaacccatgt 

  101 aatttttgttaagctgtaatataaaagacgtcctaacaaacttcttttattactgaatttcctttaattataataaataacaagttttaaaataaattca 

  201 ggcaattaaggcgctcctgaggtactaaaattaatgtaaacatttaaaattaacttggatggtcttaagtactgtactcgtgattttgttatactttatt 

  301 attagaaaagtcgtctattaactttttgttccttaatttacttgattaaattgtcgcttaatttatcaaatcaggttttgcgcgttattttagagaaaaa 

  401 cttattagaaaaatgaataagcaaagtttaggctaacatgtttttttattattttaaatagttcaagtcaatgacgtataaaatgcatttgcaaaaaatt 

  501 ttaagtaaccctataaacttagcaatagtagatactggatgcaagcattcagtagcagcattgcatatctgctgtctttacgtacaaataacagcaaaaa 

  601 tggacctttattggcttcacatcgtcgtaaaacatgtgttattggacttgtcacaaatgtgttaagtatacagagct       677 

    1 tagctcttgatgttgatcactagttctagagcggccgccaccgcggtggagctcggcgcgccggtaccgggccccccctcgaggtcgacggtatcgataa 

  101 gcttgatatc  

Hydra Sp5 promoter (2’966 bp) + Sp5 5’UTR (203 bp) + Sp5 coding sequence (25 bp) + MCS (20 bp) 

-2966  ctagttctaatttagctctattacgttcgcaaagttgacaaagtcgcaaatttttttctttttcaaaagacctcccattcattttaataaagactggttc 
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-2866  taattttgctttatcacgcttataaaaattgacaaagtcgcaagtactttgttttttaaaagacctcccattcattgagataaatactagttattttcat 

-2766  gtatcattgaaatagtaaacaattcattctagtttttatttgtctagggcagtatttcacaccttccacaagtgcgaaacgttttatttacttgattgag 

-2666  taaattaatttaaaataaaataaaaaaataagaacttaatgtgaaaaaaaaaacaaaacaaaaacaataaaaaaaaaaacaatgtaaaatatttctcata 

-2566  gctgttgaaatattaaaaagacggaaggaaaaatataacggcaaagctaaattcttttctgcgtattgctttttatctctttattgtctgtttgttgctt 

-2466  ttcactgcattctattttgtgcttaataaatctcaatcgattttaaggaatgactaggatgtttcattttgtatatatcaataactgaaatattaaaaat 

-2366  ctcctcagtgcatccgttcgttagacaattgggggtattaactcaattatttcctgaatataaactcaacaagtaaaaaagtttcatccgtaagcaagca 

-2266  agaataacgacacttgtttacatttaagaatttcttaactttatgtaaaaaacaattcttagttaaaaacgaagtaaaagggttttaattttttgttttt 

-2166  tagttgaaaacaaattgctaaataaaacttaatttaaaaaaaaaaaaccaaatatttaaaatgataaactggttaaaattaatagattatacaaaccatt 

               Sp5-BS  

-2066  gtaagcatttaaaaacaattttttttttataaaaacaacaacaaaaaaatttcacctaattactCCGCCTttgttaataaaacctccgttttacagttaa 

-1966  aagtaatgtatgaaccgtaatccctattacaaaagaaatggtatattgtttataaagacgttttgatgattgtagcttattttatatttttgttgctttt 

-1866  gtttgttttccttgttgttgtttttaatttgattagttatattcttacggccttacgaccacgtttgctgttttaaatcgcgagcgttgctttgacttta 

-1766  cacgaagcctctaaaacaaacataaagagaattcatcgaaagtaaaaaaaatcatgctgaccttcggtgatccgtaattgaaattgatatatattttctc 

-1666  cctattttgacatataaatggttaaagttaatctttttattaaactcaatcaatttcaacaaaataagtgtcaagtttactgcttatttcaagtaacaaa 

-1566  taagtcttattgtaaataaagttattgtttaaaagggattgaaacttcaatcattattgtaataaagaagaatttcatgtaagatttgtatttattaaaa 

-1466  ttaaataaactaaatgaaacaaaagcgctacgtcaaatttatattttgattattaagaggaatttttttacctaatgtaaaactactgtaaaaatcgact 

-1366  gaatcaataaggtcagagagactaggtcagcgagtttggatcattaaaatcgataacaataattaacgatatagtttataatgataggaaacttacactt 

              Sp5-BS  
-1266  gacatttaaatgggaagtcctgaggctataacgttcgtttgtcgtgggtagataagccaattgacaaaaccatcatcttatatttttatggGCGCCAaat 

    TCF-BS  
-1166  gtttatcatgtttaatttCTTTTATataaatgataaaaacatttaaccacaaattattttttttatctccaaatgaaatcaagaacttttaagtcataaa 

    Sp5-BS  
-1066  aagtggcgacaGCGCCAgtgataatcatagacaagtgtacacattagcttatcaaaaagtacgctagagtaaagcttattgttttgttttggctaggata 

        TCF-BS  
 -966  tatccttctcgttaaaataatttgtcctaCTTTTATatacgatattcatatttttaggtttcttgtttcgatatatatatatatttcgttatgtttgtat 

 -866  gtatatatgtgtttgtttgtatgtgtatgtaaaaatatgaaatatactttttgcaaatctttgtagaagtttaataaataaagtatcaagtttaaaaatt 

  TCF-BS  
 -766  cCTTCGATatttttaaagcttcaatttggttgggcgtagacacattagtaattgcggtaaagatcagtaagaattctaaatagacgttaattttaaaacc 

  TCF-BS  
 -666  tggcctgcCCCTTGATtatttaatttgaaatttttaagctgtctccatttcaaccacagtatcaatgggtcggcaaaaaaagaaagattgaacgttttat 

 -566  caattttaccaacgaaaaacacttaacaaatattgtagtacttttttaagtttaaatgttttttgtaaaactgttatttttaaaataaaccttttacttc 

 -466  tttttttttttttttgaaatcgttttaaactgatatttaataaaagcttaaatataaatgtggtaaagttcgtaaaaccaatgaaggcaggtgccggcat 

           TCF-BS  
 -366  agatgaaagtgaaagaacaatttttttttattgaacttcacatttactgtggattgtcggaatgttttactattaagttgATTTGAAGTcaaaaacaaaa 

 

          TSS3 -192  (H. oligactis) 
 -266  taacaaaatcaaccaatgaacttccttagaaattgtttaatcataaaccaatcaaatagcgtttTATAtcttttAaccaataagataacaattttattgt 

 

   TSS2 -149 (Hm105)            Sp5-BS        Sp5-BS 
 -166  tttgtcggcatcttaagAtattaaaagttaatatcttttCCGCCTtacgtattctgtttatcaCCGCCTcttagaccatcccatttgtacgtaaacagag 

 

         Sp5-BS   Sp5-BS       TCF-BS   TSS1 (H. AEP)         Sp5-BS 
  -66  aaaatatgatcgcaacGCGCCAtttctcagtcagAGGCGTgacattaaccccttATCAAAGaagccGaagctatttaagataagaTGGCGGtttcttctg 

 

  +35  atgtctgaatgaattgtttcggttttttttgaagtaaggataacgttaagaacgatttgaaatgcccagctgatttaaatagaattgaagtagaaagcat 

            +204 

 +135  tcagttaaactttctactttaaagtgcaaagacgttcataagaaatacatttcagtaaaattaagtaaaATGTCACCTCCAAGTCGTGTTCCAA +229 

             M  S  P  P  S  R  V  P   

       CTGCAGCACCCGGGGAAAAA  

eGFP coding sequence (717 bp) + MCS (14 bp) 

    1.ATGAGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTG 

  101 AAGGTGATGCAACATACGGAAAACTTACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTTCCATGGCCAACACTTGTCACTACTTTCTGTTATGG 

  201 TGTTCAATGCTTTTCAAGATACCCAGATCATATGAAACGGCATGACTTTTTCAAGAGTGCCATGCCCGAAGGTTATGTACAGGAAAGAACTATATTTTTC 

  301 AAAGATGACGGGAACTACAAGACACGTGCTGAAGTCAAGTTTGAAGGTGATACCCTTGTTAATAGAATCGAGTTAAAAGGTATTGATTTTAAAGAAGATG 

  401 GAAACATTCTTGGACACAAATTGGAATACAACTATAACTCACACAATGTATACATCATGGCAGACAAACAAAAGAATGGAATCAAAGTTAACTTCAAAAT 

  501 TAGACACAACATTGAAGATGGAAGCGTTCAACTAGCAGACCATTATCAACAAAATACTCCAATTGGCGATGGCCCTGTCCTTTTACCAGACAACCATTAC 

  601 CTGTCCACACAATCTGCCCTTTCGAAAGATCCCAACGAAAAGAGAGACCACATGGTCCTTCTTGAGTTTGTAACAGCTGCTGGGATTACACATGGCATGG 

  701 ATGAACTATACAAATAG   CATTCGTAGAATTC 

Actin 3’ UTR (677 bp)  

    1 acaattcgattatatttatactggactatttttacatctgttcggttattttcacatttatttttctatatatatcttataaacgttttaaaacccatgt 

  101 aatttttgttaagctgtaatataaaagacgtcctaacaaacttcttttattactgaatttcctttaattataataaataacaagttttaaaataaattca 

  201 ggcaattaaggcgctcctgaggtactaaaattaatgtaaacatttaaaattaacttggatggtcttaagtactgtactcgtgattttgttatactttatt 

  301 attagaaaagtcgtctattaactttttgttccttaatttacttgattaaattgtcgcttaatttatcaaatcaggttttgcgcgttattttagagaaaaa 

  401 cttattagaaaaatgaataagcaaagtttaggctaacatgtttttttattattttaaatagttcaagtcaatgacgtataaaatgcatttgcaaaaaatt 

  501 ttaagtaaccctataaacttagcaatagtagatactggatgcaagcattcagtagcagcattgcatatctgctgtctttacgtacaaataacagcaaaaa 

  601 tggacctttattggcttcacatcgtcgtaaaacatgtgttattggacttgtcacaaatgtgttaagtatacagagct 677 

pBSSA-AR plasmidic sequence (713 bp) 

      1........10........20........30........40........50........60........70........80........90........1 

    1 tagctcttgatgttgatcactagagcggccgccaccgcggtggagctcggcgcgccagctccaattcgccctatagtgagtcgtattacgcgcgctcact 

  101 ggccgtcgttttacaacgtcgtgactgggaaaaccctggcgttacccaacttaatcgccttgcagcacatccccctttcgccagctggcgtaatagcgaa 

  201 gaggcccgcaccgatcgcccttcccaacagttgcgcagcctgaatggcgaatggaaattgtaagcgttaatattttgttaaaattcgcgttaaatttttg 

  301 ttaaatcagctcattttttaaccaataggccgaaatcggcaaaatcccttataaatcaaaagaatagaccgagatagggttgagtgttgttccagtttgg 

  401 aacaagagtccactattaaagaacgtggactccaacgtcaaagggcgaaaaaccgtctatcagggcgatggcccactacgtgaaccatcaccctaatcaa 

  501 gttttttggggtcgaggtgccgtaaagcactaaatcggaaccctaaagggagcccccgatttagagcttgacggggaaagccggcgaacgtggcgagaaa 

  601 ggaagggaagaaagcgaaaggagcgggcgctagggcgctggcaagtgtagcggtcacgctgcgcgtaaccaccacacccgccgcgcttaatgcgccgcta  

  701 cagggcgcgtcag     713 

171



30 

 

 

 

172



 

 

DISCUSSION 

1. Challenges and limitations of the project 

As previously stated, Hydra is a good model system for studying regeneration, the 

establishment of organizers and the regulation between activators and inhibitors. 

However, despite being very useful for this study, we encountered a number of 

drawbacks and challenges: 

a. Investigation of re-expressed genes in the first few hours after amputation. 

Wnt3 and Sp5 genes are both re-expressed very early after amputation, and 

determining their spatiotemporal expression is critical to understanding their 

cross-talk during head formation. However, after amputation, the wound takes 

about 4-5 hours to close, and therefore the wound is still open at the critical 

timepoints when Wnt3 and Sp5 start to be re-expressed, making the 

comprehension of their expression more difficult to understand if the wound is 

not properly closed because it is difficult to distinguish between real expression 

pattern or an artifact expression at the wound edge (Chapter 2, Figure S3). 

b. Gene knockdown in Hydra. The electroporation of siRNA was used to gene 

knockdown in this study. This method however, is quite heterogeneous and it 

is difficult to predict which cells will be targeted. Moreover, its efficiency varies 

depending on the gene as well as the cell type gene expression. As seen here, 

targeting gastrodermal genes is more difficult than epidermal genes because 

they are less exposed. Finally, while this method was very effective for Sp5 

because it triggers an easily observed phenotype (Chapter 1, Figure 2), we have 

to consider that the gene knockdown is transient and thus will not be sustained 

over time. As a result, targeting a gene with a high turnover rate, as expected 

for Sp5, makes it more challenging. Thus, performing gene knockout using 

CRISPR-Cas9 would be a more definitive method to perform loss-of-function 

assays. This method has been established in a few cnidarian organisms 

including Nematostella (Ikmi et al., 2014) and Hydractinia (Gahan et al., 2017), 

but it is not yet established in Hydra although some attempts were developed 

(Lommel et al., 2017). 
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c. Live imaging of transgenic animals. The generation of Sp5 transgenic lines 

expressing a tandem reporter gene provided us with a significant advantage as 

we were able to track the fluorescence over time in the different contexts in 

real time. Nonetheless, despite the fact that few methods for performing live 

imaging in Hydra have been developed, such as anesthetizing them with 

linalool (Goel et al., 2019) or embedding them in 1-2% agarose, it was critical 

in this case to be able to keep the animal shape after imaging and ensure that 

animal regeneration was not altered. Thus, the animals were simply kept in 

Hydra medium, allowing them to move naturally and thus react to light, and 

make imaging of both GFP and mCherry channels more challenging.  

d. Generation of stable transgenic lines. The creation of stable transgenic lines in 

Hydra is a long and laborious process. As described in the Material and 

Methods section of Chapter 2, we only obtained three positive hatched 

embryos from the 330 injected eggs. Since the hatched embryos had few 

fluorescent positive cells, it took a long time to get the two fully positive Sp5 

transgenic lines from a single embryo each. As a result, producing transgenic 

lines in Hydra is not an easy task; otherwise, we would have created additional 

transgenic lines to complete this study, such as a transgenic line with putative 

Sp5 binding regions deleted to observe and follow the fluorescence. 

Furthermore, oocyte production in females is not continuous, with usually only 

one or two eggs produced in each female; consequently, a limited number of 

oocytes is another element to consider while producing transgenic animals. 

e. Developing an antibody for Hydra. The process of developing an antibody for 

Hydra tissue is very challenging because there are usually no commercial 

antibodies for this model organism and customized ones are not always good, 

as previously experienced in the lab, and thus similar happened when 

developing an antibody against Hydra Sp5. Initially, we developed a polyclonal 

antibody against three peptides of the Sp5 protein sequence; however, one of 

these peptides was localized in one of the zinc-finger domains, a region that is 

well conversed in Hydra Sp4, and thus the antibody was not specific for Sp5. 

While purifying this antibody against the two resting peptides located outside 
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of this domain, we began to develop a monoclonal antibody since they are 

usually highly specific. The monoclonal antibody was produced against a region 

of the Sp5 protein sequence that did not overlap with any previously known 

domains. The purpose of developing a Hydra -Sp5 antibody was to use it for 

ChIP-seq to identify putative Sp5 target genes that could eventually contribute 

to the head inhibition process. A disadvantage of monoclonal antibodies is that 

if the epitope recognized by the antibody is masked during the process of this 

protocol, the chances of immunoprecipitation are very low (Wardle and Tan, 

2015). Nonetheless, the ChIP-qPCR results using both monoclonal and 

polyclonal (2-peptide) antibodies, show an enrichment in regions PP4 and PP5 

of the Hydra Sp5 promoter (Chapter 2, Figure 6, FigS14) as previously reported 

in vitro (Chapter 1, Figure 5D). These antibodies were also tested by Western 

blotting and show a specific recognition of recombinant Sp5 protein. 

Furthermore, when using Hydra tissue, monoclonal antibody shows very clean 

and specific protein recognition, whereas polyclonal antibody shows many 

more unspecific bands (Chapter 2, Figure 6, FigS14). Several attempts were also 

performed to test these two -Sp5 antibodies for immunofluorescence, but 

none were successful. 

f. Establishment of ChIP with Hydra tissue. A similar protocol to that used in 

Chapter 1 when using mammalian cells was used to perform chromatin 

immunoprecipitation using Hydra tissue in Chapter 2. Nevertheless, several 

steps such as the number of animals, dilution conditions, sonication conditions, 

the amount of chromatin for immunoprecipitation, and the amount of -Sp5 

antibody, had to be established. This was done with the kind help of Dr. 

Leonardo Beccari. 

 

2. Identification of the transcription factor Sp5 as the Hydra head 

inhibitor 

Sp5 satisfy all of the criteria established for the Hydra head inhibitor. However, we 

cannot rule out the possibility that other genes play a role in the head inhibition 
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process during head formation. Wnt5, which was also identified in the screen, could as 

well play a role, as could other Wnts that are expressed in the head region (Lengfeld 

et al., 2009). Nonetheless, the knockdown of Wnt5 does not result in a multiple headed 

phenotype as Sp5 does. However, setting up the organizer is a complex process that 

has to be well-regulated in both place and time. As a consequence, while a head 

activation regulator, Wnt3, and a head inhibitor regulated gene, Sp5, have been 

identified, we hypothesize that many more genes have to be involved in this process. 

For this reason, one of the goals of this study was to identify putative Sp5 target genes 

in order to better understand how the head is established and regulated during 

development, as well as how it is maintained and regulated in homeostatic conditions. 

Sp5 is positively regulated by Wnt/-catenin signaling in Hydra, as it is in developing 

vertebrates such as mice and zebrafish (Kennedy et al., 2016; Weidinger et al., 2005), 

suggesting that Wnt/-catenin regulation is evolutionary-conservation across 

eumetazoan. Thus, using the Hydra model organism to identify Sp5 target genes could 

lead to a better understanding of not only the specific genes involved in the regulation 

and patterning of the head of the Hydra and thus the head organizer, but also 

important genes that are evolutionarily conserved and may play a role in regulating 

the Wnt/-catenin signaling pathway.  

 

However, because Sp5 is transcription factor and therefore presumed to work cell-

autonomously and not be diffusible, it contradicts with the expected properties for the 

predicted head inhibitor suggested by Gierer and Meinhardt’s model (Gierer and 

Meinhardt, 1972). Nonetheless, this model was anticipated when transcription factors 

were unknown, and has been revealed that certain transcription factors can be secreted 

like some homeoproteins (Bernard et al., 2016), or that unidentified Sp5 target genes 

are diffusible proteins that contribute to exert the inhibitory effect. In addition, Wnts 

are secreted signaling proteins that can act as morphogens and can operate over both 

short and long-range distances. However, because Wnt proteins are coupled to a lipid 

and hence hydrophobic, it poses the question of their diffusion and distribution since 

they cannot freely traverse the extracellular space and thus function primarily between 
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nearby cells (Clevers et al., 2014; MacDonald et al., 2009). Although it is commonly 

considered that Wnts serve as short-range intercellular signals, some specific proteins 

or extracellular vesicles appear to protect the lipid section, allowing wnt signals to 

behave as long-range morphogens. It has been postulated that Wnts can bind 

lipoprotein particles, allowing them the movement through the epithelium in 

Drosophila and human cells (Neumann et al., 2009; Panáková et al., 2005). Other 

evidence suggests that Wnt proteins are bound by secreted wingless-interacting 

molecules such as Swim, to facilitate transport by maintaining the solubility (Mulligan 

et al., 2012), or that Wnt signaling may travel through cytonemes, which are specialized 

signaling filopodia that would allow signaling over longer distances within a short 

period of time (Stanganello and Scholpp, 2016). 

Recently, a novel mathematical model involving reciprocal inhibition for de novo 

patterning formation was proposed, which included Wnt3/-catenin on one side and 

HyDkk1/2/4 in the other side (Mercker et al., 2021). As previously stated, HyDkk1/2/4 

has already been proposed as a candidate for the Hydra head inhibitor (Augustin et 

al., 2006; Guder et al., 2006). Despite being negatively regulated by Wnt/-catenin 

signaling, the expression patterns of Wnt3 and Dkk1/2/4 completely exclude each 

other and are never expressed nearby, with Wnt3 being expressed primarily in 

epithelial cells and Dkk1/2/4 being expressed in gland cells. Furthermore, this new 

model does not take into account the autocatalytic loop described in the HyWnt3 

promoter (Nakamura et al., 2011), necessary to sustain the activation function in the 

established head and in the developing ones.  

 

3. Spatio-temporal GFP distribution in the Sp5 transgenic lines 

The injection of the tandem reporter construct to generate a Sp5 transgenic line, did 

result to obtain two transgenic lines: one in which the construct is expressed in the 

epidermal layer and another in which the plasmid is expressed in the gastrodermal 

layer, resulting in a much better and more complete understanding of Sp5 regulation. 

GFP expression and GFP fluorescence in both Sp5 transgenic lines mimic endogenous 

Sp5 expression, which is to be mainly expressed in the head and graded down the body 
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column. However, there are some distinctions between the two transgenic lines that 

will be further explain according to the different contexts. 

 

IN HOMEOSTATIC CONDITIONS 

Endogenous Sp5 is mainly expressed by gastrodermal epithelial cells, yet it is expressed 

in epidermal epithelial cells with lesser amount (Chapter 1, FigS5). Sp5 is primarily 

expressed in the head of both epithelial cells, with apical to basal gradient (Chapter 1, 

Figure 1). Its expression in the head is excluded in the hypostome region, where Wnt3 

is expressed. However, a close inspection reveals some Sp5 expression over the 

hypostome in the epidermal epithelial (Figure 14). This completely resembles the 

scenario of Sp5 transgenic lines, where GFP fluorescence is visualized along the 

hypostome in HySp5-3169:GFP_ep animals but mostly excluded in the HySp5-

3169:GFP_ga animals (Chapter 2, Figure 1). 

 

Figure 14. Sp5 and GFP expression patterns by ISH.  

The Sp5 gene expression pattern in an AEP animal is shown in the left, and GFP expression 

patterns in AEP transgenic animals using Sp5 transgenic lines are shown on the right. Arrows 

are pointing to Sp5 and GFP expression over the hypostome. Scale bar: 200µm. 

Regarding GFP expression and fluorescence in the body column, again resembles 

endogenous Sp5 expression which is mostly found in the gastrodermal epithelial cells 

in a graded manner (Chapter 2, Figure 1). Furthermore, in HySp5-3169:GFP_ga 

transgenic animals, Sp5 expression, like GFP expression and fluorescence, is never 

localized in the foot region, where inhibition levels are near zero. Thus, just above the 

foot region, where the budding zone is located, a minimal Sp5 activity would still occur, 

but not enough to prevent the formation of a new bud, because -catenin expression 
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is quite dynamic in this region and generates a belly expression prior the budding 

process (Hobmayer et al., 2000). 

Despite this, we cannot completely rule out the possibility that the GFP expression 

profile and GFP fluorescence distribution is related to the number of copies of the 

tandem reporter construct that we assumed that have been integrated after the 

injection because it is a stable line, or to the location where the construct was 

integrated. We did, however, obtained another Sp5 transgenic line in which the 

reporter construct is expressed in the epidermal layer, and the GFP fluorescence in 

those animals is identical to the transgenic animals used in Chapter 2. Despite the fact 

this transgenic line has not been used in any experiments, gain- and loss-of-function 

assays will be carried out to rule this out. 

 

IN DEVELOPING CONDITIONS 

During the budding process, GFP fluorescence is present in both Sp5 transgenic lines 

from very early stages and continues until the bud detached, after which it persists in 

the newly developed polyp as in the same pattern as an adult animal. We assumed that 

if there is GFP fluorescence, GFP expression was present prior to this region. However, 

further exploration regarding GFP expression in the epidermal and gastrodermal layers 

during the different budding stages is needed to confirm these observations. 

During regeneration, Sp5 was found to be re-expressed in the regenerating apical tip 

at 8 hpa in the RNA-seq regenerating profile, which was further confirmed by ISH 

(Chapter 1, Figure 1, FigS4). Even though ISH Sp5 data from earlier time-points are 

missing, ISH data of Sp5 transgenic lines regarding GFP expression was collected. At 0 

hpa, no GFP expression is found in the apical or basal regenerating tips of HySp5-

3169:GFP_ep animals, but it is found in HySp5-3169:GFP_ga animals. However, because 

the animals were immediately fixed after amputation and at this time point the wound 

of the animals is still open, it is difficult to claim that the expression in both 

regenerating tips from HySp5-3169:GFP_ga animals is due to an upregulation of GFP 

(and thus of Sp5) rather than its GFP expression in the body column from homeostatic 

conditions in HySp5-3169:GFP_ga animals. From 8 hpa GFP starts to be re-expressed 
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in the regenerating apical tip but not in the regenerating basal tip in HySp5-

3169:GFP_ep animals, where GFP is not expressed even at later time points, implying 

that Sp5 plays no role in basal regeneration in the epidermis. Even though there is little 

GFP expression at the apical tip at this time point, GFP fluorescence in this region is 

remarkable, suggesting on one hand a likely instability of the transcripts but a high 

stability of the GFP protein, as previously reported (Corish and Tyler-Smith, 1999). In 

terms of GFP expression in the gastrodermis at later timepoints, we can observe that, 

similar to Sp5 endogenous expression, is re-expressed during basal regeneration at the 

regenerating tip from 8 hpa until 24-48 hpa and then it disappears. GFP is broadly 

expressed during apical regeneration in the regenerating tip at 8 hpa and is then 

mostly excluded from the hypostome region at 48 hpa, similar to Sp5 expression. 

Therefore, differences in GFP expression and fluorescence between the two Sp5 

transgenic lines in homeostatic, budding, and regeneration conditions reflect the role 

that the two layers play during morphogenesis in this animal, highlighting the 

importance of the gastrodermis layer during head formation and the establishment of 

the developing structures since most of the genes responsible for the development of 

the head organizer are mainly expressed in the gastrodermis (Hobmayer et al., 2000).  

 

4. The 3169bp of the Hydra Sp5 promoter respond to Wnt/-catenin 

signaling 

By transfecting a plasmid containing 2992bp of the Hydra Sp5 promoter we were able 

to confirm that this length was sufficient to respond to Wnt/-catenin (Chapter 1, 

Figure 4). Following that, a reporter construct containing this length of the HySp5 

promoter together with the 5’UTR was used to generate the Sp5 transgenic lines, and 

by performing gain – and loss-of-function assays we were able to confirm that it 

sufficient to respond to Wnt/-catenin signaling in vivo (Chapter 2, Figure 3, 4). Thus, 

after the silencing of -catenin by RNAi, GFP fluorescence was decreased in the head 

region of the HySp5-3169:GFP_ep animals, thus in the region where GFP is mainly 

localized in these animals. Because Sp5 is a downstream target of Wnt/-catenin 

signaling, it was hypothesized that GFP expression and fluorescence would be reduced 
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(Chapter 2, Figure 4). Further experiments will confirm whether a drop in GFP 

expression and fluorescence occurs following the silencing of -catenin in HySp5-

3169:GFP_ga animals. 

By performing gain-of-function assays by pharmacologically activating Wnt/-catenin 

signaling with ALP, we could observe an increase in Sp5 expression (Chapter 1, Figure 

5) as well as an increase in GFP expression and fluorescence in regions that under 

normal conditions expression is not localized (Chapter 2, Figure 3). Mostly as result, it 

is evident that the 3169 bp of the Sp5 promoter used to produce the Sp5 transgenic 

animals are responding to perturbation of Wnt/-catenin signaling. Nevertheless, we 

cannot exclude that other regulatory sequences located out of these 3kb are not 

having any role. 

 

5. The negative auto-regulation of Sp5 

Although Sp5 negatively regulates human Wnt3 target genes (Huggins et al., 2017), it 

varies its regulation among different species. And mostly regulated genes involved in 

the Wnt/b-catenin signaling pathway (Kennedy et al., 2016) but it is transcriptional 

regulation is not restricted only to these genes. One of the primary goals of creating 

the transgenic lines was to decipher Sp5 regulation in vivo. However, in the Chapter 1, 

we used Hv_Basel animals to silence Sp5 by RNAi, and first, we wanted to confirm that 

in the Hv_AEP animals used to generate the transgenic lines and for the majority of the 

experiments in Chapter 2, the multiple headed phenotype was as well triggered 

following the knockdown of Sp5. Despite the fact that Hv_AEP animals are more 

resistant to pharmacological treatments than Hv_Basel, the silencing of Sp5 by RNAi in 

Hv_AEP animals stimulate as well the formation of multiple heads, even though three 

rounds of electroporations are usually required (Figure 15). 
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Figure 15. The knockdown of Sp5 results in a multiple headed phenotype in Hv_AEP animals.  

Two days after three rounds of electroporations to silence Sp5 by RNAi, the multiple head 

phenotype occurs in the animals (right) when compared to control animals (left). Scale bar: 

200µm. 

From in vitro experiments performed in mammalian cells, we learnt that Hydra Sp5 has 

a positive auto-regulation (Chapter 1, Figure 5); however, in vivo experiments using the 

Sp5 transgenic lines clearly show that Hydra Sp5 has negative auto-regulation not only 

on the epidermal layer but also on the gastrodermal layer (Chapter 2, Figure 5).  

The negative Sp5 auto-regulation in the epidermis is much easier to visualize because 

the Sp5 knockdown causes a massive increase in GFP expression and fluorescence 

along the body column of the animal, where GFP is normally not localized in HySp5-

3169:GFP_ep animals. In the epidermis, GFP expression is up-regulated at 8hpEP1 and 

GFP fluorescence rises in the body column between 16hpEP1 and 24hpEP1. Even 

though we can observe this rapid GFP up-regulation in the epidermal layer, the 

multiple headed phenotype that results from the knockdown of Sp5 takes considerably 

longer, and in addition, no significant change in Sp5 expression is identified at these 

early timepoints. This finding suggests that the epidermal layer it is not dictating the 

occurrence of the multiple headed phenotype, underlining the fact that it is less 

engaged in morphological alterations involving the head organizer structure since 

genes responsible for the development and maintenance of the head organizer are not 

predominantly expressed in the epidermis. Despite this, GFP up-regulation declines 

prior the second Sp5 knockdown (Chapter 2, Figure 5) and two days pEP2 (Chapter 2, 

FigS13), which is not seen in GFP fluorescence due to the long stability of GFP. This 

drop in GFP expression implies that, despite the negative auto-regulation caused by 
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the silencing of Sp5 by RNAi, it is a tightly regulated gene, and hence GFP expression 

levels return to normal expression levels in less than 48 hours pEP.  

Because GFP expression and fluorescence is highly distributed along the body column 

in the gastrodermal layer, a modulation in GFP expression or fluorescence is 

considerably more difficult to detect in HySp5-3169:GFP_ga animals. Nonetheless, at 

later timepoints after the second round of electroporations, some gene expression 

modulations of GFP, Sp5 and Wnt3 can be perceived in the body column, as can an 

increase in GFP fluorescence in the lower body column and tentacles, two regions 

where GFP fluorescence is normally not seen in HySp5-3169:GFP_ga animals (Chapter 

2, Figure 5 and FigS11 and FigS13). Aside from the amount of GFP in the body column 

and therefore Sp5 in these animals under homeostatic conditions, silencing a 

gastrodermal gene by RNAi is significantly more challenging than knocking-down a 

gene expressed in the epidermis. Furthermore, because it produces severe 

morphological alterations in this case, it must be strictly regulated.  

After analyzing GFP expression and GFP fluorescent pattern upon the knockdown of 

Sp5, we assumed that the targeted cells are those with increased GFP fluorescence 

(and thus an up-regulation of Sp5 gene expression). However, we plan to tag the Sp5 

siRNA with a fluorophore to ensure that the cells targeted by electroporation are the 

ones that experience an increase in GFP due to the silencing of Sp5 in the Sp5 

transgenic lines. 

Finally, we have never noticed an increase in GFP fluorescence in the foot region of Sp5 

transgenic animals as there is rather a sharp boundary of GFP fluorescence in the 

region close to the foot but never going to the end of the foot region (Chapter 2, 

FigS13). Thus, we speculate that BMP signaling genes involved in foot organizer are 

thus preventing Sp5 expression there (Wenger et al., 2019b). 

 

6. Temporal expression of Wnt3 and Sp5 

Sp5 is re-expressed during head regeneration, however its expression occurs later than 

Wnt3 re-expression (Chapter 1, Figure 1), allowing Wnt3 to be expressed first before 
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Sp5expression. A similar scenario must occur when the multiple headed phenotype 

happens caused by the silencing of Sp5 by RNAi. This trait is often observed in the 

budding zone, where -catenin is already quite dynamic (Hobmayer et al., 2000). 

Therefore, given the Sp5 negative autoregulation, we hypothesize that the multiple 

headed phenotype can emerge as a result of one of the two situations described below. 

In the first scenario, the multiple headed phenotype will occur in the cells targeted by 

Sp5 siRNA, resulting in a very transient down-regulation of Sp5 that is therefore 

difficult to detect but sufficient to allow Wnt3 to be expressed and trigger the 

phenotype. Sp5 will be up-regulated immediately after as a result of its negative 

autoregulation, resulting in a rise in GFP. In the second scenario, Sp5 siRNA targeted 

cells would experience a Sp5 up-regulation due to its negative autoregulation, 

resulting in increased GFP expression and fluorescence. Then, the multiple headed 

phenotype would not occur in the cells targeted by Sp5 siRNA, but rather from the 

cells located in the opposite site of the budding region or a bit distant from the 

targeted cells.  

These scenarios explained above, are supported by the GFP expression pattern and 

GFP fluorescence visualized specially in the epidermal Sp5 transgenic animals after the 

silencing of Sp5 by RNAi. In these animals, we usually observe that the increase of GFP 

in concentrated along one side of the animals rather than an increase homogenously 

spread in the animal. Then, the multiple headed phenotype would occur in the budding 

region since it is already a competent area for the budding process, although it is 

possible that the method used to silence Sp5 would also have an impact. To discard 

the possibility that it is not due to the approach, we could generate an inducible 

transgenic line with the tetracycline-sensitive promoter (Klimovich et al., 2018). 

Exposure to doxycycline of this transgenic line would induce the Sp5 knockdown due 

to the conditional expression of Sp5 shRNA inserted in the genome to produce the 

transgenic line. After, we would examine the appearance of the multiple headed 

phenotype caused by the knockdown of Sp5 with this approach and compare with the 

electroporation approach. 
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7. Generation of transgenic lines with unstable reporter genes to 

follow the regulation in the epidermal and the gastrodermal layer 

The development of the two Sp5 transgenic lines demonstrated that Sp5 has different 

spatial regulation in the epidermis and gastrodermis layers in both intact and 

developing contexts. It is evidenced by the previously reported modulations of GFP 

expression and fluorescence upon silencing Sp5, but as well with the silencing of -

catenin or upon ALP treatment.  

The silencing of -catenin by RNAi triggers the formation of ectopic bumps (Chapter 

1, Figure 3). These ectopic bumps express Wnt3 (Chapter 1, Supplementary Figure 10) 

as well as Sp5 (Chapter 2, FigS7). Nonetheless, GFP fluorescence is not observed in 

these ectopic structures in HySp5-3169:GFP_ep transgenic animals and GFP 

modulation in HySp5-3169:GFP_ep transgenic animals has to be further investigated. 

On the other hand, by using Wnt3 and Sp5 transgenic lines with expression in either 

the epidermal or gastrodermal layer, we were able to observe how the expression of 

these two genes behave upon Wnt/-catenin signaling activation (Chapter 2, Figure 3). 

In general, we could see an up-regulation of these genes, which in the epidermis causes 

the formation of concrete and defined expression patterns such as dotted or circular 

expression patterns, but an up-regulation of these genes in the gastrodermis causes a 

more homogeneous and diffuse expression pattern. Furthermore, a prolonged ALP 

treatment would reveal how the expression of Wnt3 and Sp5 evolves over time and 

what structures would emerge, particularly in the basal region of these 

pharmacologically treated animals. This, together with the fixation of these 

pharmacologically treated animals at many more timepoints and the drug treatment 

with iCRT14, a specific down-regulator of Wnt/-catenin (Gufler et al., 2018), will help 

in better understanding the expression patterns and deciphering its control. As a result, 

it is evident that the balance of the two main components of the head organizer, 

Wnt/b-catenin and Sp5, differs between the two epithelial layers. 

To further investigate the different regulation of these two genes in the different 

epithelial layers, a generation of dual reporters involving the Hydra Wnt3 and the 

Hydra Sp5 promoters using reporter genes with a shorter half-life than GFP such as 
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Achilles (Yoshioka-Kobayashi et al., 2020) would definitely shed more light on the layer-

specific regulation of Wnt3 and Sp5. By using these transgenic lines, we would be able 

to track the expression dynamics as well as the fluorescence in real time of Wnt3 and 

Sp5 in the two epithelial layers throughout the emergence of the Sp5 and the -catenin 

phenotypes as well as their regulation when pharmacologically treating them with ALP. 

Furthermore, we would be able to follow whether Sp5 expression oscillates in intact or 

developing conditions, as we observed a highly variable Sp5 ISH expression pattern 

specially in homeostatic conditions (Chapter 1, FigS4).  

 

8. Sp5 binds to the Hydra Sp5 promoter 

We revealed that Hydra Sp5 can bind its own promoter in two areas directly upstream 

of the Sp5 TSS by performing ChIP-qPCR in mammalian cells, and these findings were 

verified by performing ChIP-seq in mammalian cells when Hydra Sp5 was expressed 

(Chapter 1, Figure 5-6). The ChIP-seq analysis confirmed that Hydra Sp5 binds to the 

generic SP/KLF consensus sequence, allowing us to locate this motif in the regions of 

the Hydra Sp5 promoter that were enriched by ChIP-qPCR. In Chapter 2, we performed 

ChIP-qPCR using Hydra tissue and we were able to confirm binding of the Hydra Sp5 

in the previously reported regions of the Hydra Sp5 promoter by using two different 

Hydra -Sp5 antibodies (Chapter 2, Figure 6). The ChIP-seq analysis also identified 

putative Hydra Sp5 binding sites in the repressor element of the Hydra Wnt3 promoter 

(Nakamura et al., 2011). Thus, the next step is to perform ChIP-seq analysis with a Hydra 

-Sp5 antibody to confirm the putative binding sites of Hydra Sp5 in all of the 

previously identified regions and identify putative Sp5 target genes that can contribute 

and thus play a role during the inhibition process of head formation and maintenance. 

Once identified, we want to compare the genes where Sp5 binds in this analysis to the 

previously done ChIP-seq analysis in mammalian cells to identify binding of Hydra Sp5 

in evolutionarily conserved genes as well as binding in Hydra or Cnidarian specific 

genes. 
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CONCLUSIONS AND PERSPECTIVES 

From this investigation we can conclude that Hydra Sp5 despite the fact that its 

spatiotemporal regulation differs between the two epithermal layers, the epidermis 

and the gastrodermis has a negative auto-regulation through the binding in the 

proximal region of the Hydra Sp5 promoter (Figure 16).  

 

Figure 16. Sp5 functions as a transcriptional repressor on its own promoter.  

The silencing of Sp5 by RNAi causes an increase in GFP fluorescence, especially in the body 

column of the Sp5 transgenic lines. As a result, Hydra Sp5 has a negative auto-regulation. 

 

In addition, by using Sp5 and Wnt3 transgenic lines, we show for the first time that the 

balance of these two key components of the apical organizer is different in the two 

epidermal layers, suggesting that their impact may not be the same. Thus, to further 

understand the regulation of these genes, we plan to generate transgenic lines with 

the Hydra Wnt3 and Sp5 promoters using reporter genes that can better follow their 

dynamic expression, such as Achilles. Together with the ChIP-seq experiment that we 

plan to do utilizing a Hydra -Sp5 antibody to identify putative Sp5 target genes, we 

aim to get a much deeper understanding of the complex regulation of the Hydra head 

organizer under both homeostatic and developmental conditions such as regeneration 

and budding. 

In summary, the work presented here contributed to the identification and 

characterization of the Hydra head inhibitor Sp5, which had remained uncharacterized 

for many years despite its existence being known since 1966. Furthermore, shed some 
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insights on the ancestral autoregulation of a downstream target of the evolutionarily 

conserved Wnt/-catenin signaling pathway. 
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APENDIX 1: Construct maps 

Construct name: pCS2+empty 

Made by: Addgene 

Backbone: pCS2+ 

Promoter: CMV 

Insert: - 
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Construct name: pCS2+HySp5 

Made by: GenScript 

Backbone: pCS2+ 

Promoter: CMV 

Insert: HySp5-HA 
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Construct name: HyActin:mCherry-HySp5:GFP 

Made by: Laura Iglesias and GenScript 

Backbone: pBSSA-AR (plasmid from T. Holstein lab) 

Promoter: Hydra Actin and Hydra Sp5 

Insert: Hydra Sp5 promoter and replacement of dsRED to mCherry 
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