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 Chapter 1 

Development, general considerations 
Development is the process that sequentially characterizes the life history of 
an individual. Scientifically it can be defined as the temporal and spatial 
control of gene expression. The process itself includes different aspects that 
mark the lifespan of an animal [1]:    

a) Embryogenesis or embryonic development, which leads to the 
formation of a multi-cellular and functional organism, starting from 
a single cell after fertilization [2]; 

b) Cell differentiation, through which a non-specialized cell becomes a 
highly specialized cell type, giving rise to different functional 
tissues/organs in the embryo [1];  

c) Growth, properly defined as the increase of size and number of cell 
in an organism and continues after embryogenesis [3]; 

d) Metamorphosis, classically defined as a spectacular post-embryonic 
transition leading to significant changes in structures and form of an 
organism from its immature stage (larva) to its mature phase (adult) 
[4, 5]; 

e) Ageing, commonly defined as the accumulation of changes in an 
individual overtime, recently found to be under genetic regulation 
control [6]; 

f) Regeneration, during which some of the embryogenesis genes are 
reactivated to build a missing body part [7].   

Among all the different aspects of Development, the embryogenesis is 
probably the most captivating one. Indeed the understanding of this process 
represents the answer to one of the most fundamental questions in biology, 
which is “How can an animal develop from a single cell?”. In an 
evolutionary framework, this question could be rephrased as follows: “How 
can different animals develop different functional structures starting from a 
single cell?”. The variability among species cannot be simply explained by 
the information present in the genetic code (DNA). Indeed it has been 
proved that many key factors acting during embryogenesis are highly 
conserved among species, but they play different roles in different types of 
embryos, therefore the answer to this question can be obtained just by 
comparing the embryonic development of different taxonomic group.  

For all the animals, embryogenesis starts with the fertilization of an 
egg cell (ovum) by a sperm (spermatozoon). The egg can be divided in two 
hemispheres: the animal pole, which will give rise to the ectoderm and the 
vegetal pole which will give rise to both endoderm and mesoderm [8]. 
According to different species, fertilization can occur at the animal or 
vegetal pole [9, 10] and can be internal to a female body (internal 
fertilization: Mammals, Birds, Reptiles, Insects, Molluscs) or external to it 
(external fertilization: Amphibians, Fishes, Worms, Cnidarians) [11–15]. 
Upon fertilization, female and male pronuclei containing a haploid number 
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of chromosomes migrate to the center of the cell in order to fuse their 
genetic material, after dispersion of their membranes, and give rise to the 
zygote, which is a diploid cell [16]. The first nuclear division of the zygote 
represents for many species the occurred transition from maternal RNAs-
control to proper zygotic genes-control, while other species realize this 
transition later on during embryogenesis [17]. After fertilization, the zygote 
undergoes a series of synchronous mitotic cell divisions, which characterize 
the cleavage stage without any substantial cell growth between subsequent 
divisions. During this stage cell divisions can be holoblastic or meroblastic 
according to the amount of yolk present in the egg. Holoblastic divisions 
(Mammals, Amphibians, Worms, Molluscs) occur in a zygote containing a 
small amount of yolk, in this case the derived cells are called isolecithal and 
division planes pass all the way through the zygote. In eggs full of yolk, the 
division of the zygote is instead partial or meroblastic (Birds, reptiles, Fish, 
Insects) [18]. The cleavage stage leads to the formation of a blastula in all 
kind of different animals. A blastula can be generally defined as a ball of 
cells called blastomeres surrounding a cavity, blastocoel, containing yolk 
[1]. At this stage the blastomeres are thought to have an epithelial nature 
with apico-basal polarity and the presence of different kind of membrane 
junctions  [19, 20]. During the stage of Gatsrulation the embryo goes from 
being a mass of cells (blastomeres) organized in simple structure to a 
complex, organized, multilayered embryo, in which it is possible to 
distinguish different germ layers: ectoderm and endoderm in diploblastic 
animals and ectoderm, mesoderm and endoderm in triploblastic animals 
[21]. Despite the different ways in which this process can occur in different 
species, it is possible to generally state that gastrulation starts with the 
invagination of the embryo at the blastopore (also called blastoderm margin 
[22] in fish or primitive streak in amniotes [23]), which represents the site 
where the cells enter the blastocoel [5]. This region is actually very special 
in the embryo. It is in fact where the future inner layers (endoderm and 
mesoderm) involute and after gastrulation it marks the point where ectoderm 
meets the ectoderm [24]. According to the blastopore fate, animals can be 
distinguished in two major groups: Deuterostomes (Vertebrates, some 
Worms, Echinodermates), where the blastopore constitutes the future anus 
and Protostomes (Insects, Worms) where the blastopore gives rise to the 
mouth [25]. During this stage the embryo is called Gastrula and invaginating 
cells acquire different properties than the ones exhibited by blastomeres in 
order to change their morphology and become more motile to be able to 
penetrate the embryo [26, 27]. At the end of gastrulation different 
populations of cells are allocated to different germ layer to give rise to 
specific organs or body parts during the stage of organogenesis [5]. While 
cleavage and Gastrulation stages are quite similar across the animal 
kingdom, organogenesis drastically differs between phyla with, for instance, 



 

4 
 

 Chapter 1 

the segmented germ band stage in insects [28], the nauplius stage in 
crustaceans [29] and the formation of neurula/pharyngula stage in 
vertebrates [5].  

The embryogenesis is quite a complex process and its entire 
understanding depends not just on the combination of different techniques, 
but also on a detailed comparative analysis across the animal kingdom. In 
this way, each stage can be analyzed from both the structural and the 
functional point of view and put within the evolutionary framework.  
 
Studying embryogenesis 
As previously stated, an embryo is the result of a complex combination of 
cell movements that bring to the formation of different layers in which cells 
are highly organized and diversified between each layer. Many biological 
events, coordinated by an elaborated network of genes (as it will be 
discussed in details later), occur during the embryogenesis of an organism. 
These events involve cell division, cell differentiation, cell migration and 
morphogenesis, which make the embryogenesis a highly dynamic process. 
Given the charming nature of this process, in the past years developmental 
biologists sought non-invasive imaging techniques, in order to capture the 
physiological changes occurring in a developing embryo [30, 31]. However, 
imaging cellular movements inside the embryo without compromising its 
viability is technically challenging. Therefore, many embryological works 
rely on the estimation of cellular and molecular details from the observation 
of fixed embryos. These in vitro techniques allowed for gene expression 
studies and screening of phenotype after functional disruption, revealing 
invaluable information about this process [32, 33]. Nonetheless, fixation 
techniques require the imaging of embryos at specific time points of interest, 
risking to loose important details of biological events occurring between 
specific time points. Furthermore, it has been shown that fixation methods 
can introduce artifacts in the samples [34, 35]. For this reason we recently 
assisted to the progressive development of molecular imaging tools such as 
fluorescent protein fusions and antibody conjugates, which can be used to 
specifically track biomolecules in vivo, to enhance our understanding of 
embryogenesis at a molecular level [30, 36]. Such a strategy, combined to 
molecular and gene-functional analysis, promises to reveal insights of this 
process that can have multiple applications, from the clarification of 
different aspects of diseases, such as birth defects, to new medical therapies 
based on embryonic stem cells [37]. Furthermore, many morphogenetic 
movements occurring during early embryogenesis seem to be “mimicked” 
during cancer metastasis [21, 38]. In this context, the stage of gastrulation is 
of particular interest. In fact, at this stage cells need to acquire specific 
properties in order to invaginate and migrate to give rise to different tissues 
in the body, in a process that looks very similar to metastasis formation. 
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Moreover, human embryonic stem cells are pluripotent cells derived from 
the pre-gastrula stage of an embryo. Once in culture they are able to 
differentiate following a program similar to normal embryonic development 
but without pattern formation [39]. The stage of gastrulation is also strictly 
linked to the origin of mesoderm. Indeed the evolution of specific 
morphogenetic movements occurring during this stage brought to the 
evolution of new cell types included in a new layer (the mesoderm) in 
triploblastic animals [40].  

Therefore, given the importance of this stage, the next paragraphs 
will carefully describe and analyze all the morphogenetic movements that 
can occur during gastrulation of different organism and the Genetic 
Regulatory Network (GNR) therein.   
 
Gastrulation, an embryological overview 
According to Lewis Wolpert, Gastrulation is the most important time in our 
life. Indeed, it is undoubtedly a central event in animal (metazoan) 
development, involving different cellular behaviors. Gastrulation literally 
means the formation of gastric cavity (from Greek, Gastrula=belly), the 
archenteron, in which food can be digested later in the adult animals [41]. It 
is absolutely the primary morphogenetic event during early embryogenesis. 
This fundamental process employs cellular rearrangements and movements 
to reposition and shape the germ layers, thus creating the internal 
organization as well as the external form of developing animals. There are 
many different cellular mechanism used to accomplish the formation of the 
germ layers, and all of them can be grouped in four main evolutionary 
conserved gastrulation movements: i) emboly, or internalization, which 
moves cells fated to become mesoderm or endoderm beneath the future 
ectoderm; ii) epiboly, which spread group of cells over the surface of 
another one; iii) convergence, which move cells dorso/medio-laterally 
whereas the iv) extension drives them antero/posteriorly [42]. Here below a 
further description of all the morphogenetic strategies occurring during this 
stage (Fig.1.1) is provided. 
 
Emboly 
During emboly (or internalization) cells can enter the embryo from the 
blastopore using different cellular mechanism such as: 

a) Invagination, through which epithelial cell of the blastula literally 
fold in order to penetrate the blastocoel (Fig. 1.1A);  

b)  Ingression, migration of single cells into the blastocoel (Fig. 1.1B); 
c) Involution, coordinated movement of group of cells (sheets) into the 

interior of the embryo (Fig. 1.1C); 
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d) Intercalation, during which cells move between one and another 
creating as a result a layer of cells that is thinner but longer (Fig. 
1.1D) [26, 43].  

It must be remarked that at the time that embolic movements start cells 
reside in an epithelium, but during this process epithelial junctions are 
disassembled and cell adhesion molecules are downregulated, while cells 
acquire more motile and migratory properties in a biological process called 
Epithelial-to-Mesenchymal Transition (EMT) (discussed in details later on 
in this thesis) [44]. At the end of it cells can even detach the pre-ectodermal 
plate, while invaginating, in order to go to be part of the mesoderm or 
endoderm layer. Thus, ingression movements require EMT, while often 
invagination and involution precede EMT, in the way that prospective 
mesodermal or endodermal cells detach the epithelium once it entered the 
embryo, so that they can migrate on the internal side of the uninvoluted 
tissue (blastocoel roof), as it happens during the gastrulation of flies and 
frogs [45]. During the gastrulation of Sea urchin and amniotes instead EMT 
occurs before internalization. Thus, mesodermal and endodermal precursors 
residing at the epithelium included in the blastopore region undergo to EMT 
to break away from it and move as individuals into the embryo [46, 47]. 
Variation on this theme also are allowed, for example in fish cells can detach 
the pre-ectodermal plate singularly but synchronized [41]. 
 
Epiboly 
Through Epiboly (Fig. 1.1E) the embryos is literally able to spread and thin 
germ layers. This is usually carried out through the intercalation of cells 
between different layers of the embryo (frog, fish). Since the intercalation of 
cells is not polarized towards any direction compared to the embryonic axes, 
it results in equal expansion of tissues around the embryos [48, 49]. 
 
Convergence and extension 
Convergence and extension (Fig. 1.1F) represent a type of movement that is 
used by the embryo to elongates germ layers, and for this reason they are 
used also during late stages of embryogenesis for instance in the elongation 
of tubular organs [50]. In frog convergence and extension (C&E) occur in 
antero-posterior direction when cells intercalated in medial or lateral 
direction move/migrate between their antero and posterior cell neighbors 
[51]. In this way antero-posterior tissues are elongated. Similar elongation 
can also be achieved by polarized intercalation between different layers in 
multilayered tissues separating the anterior and posterior cell neighbors, as 
occurring in fish [52]. Cell migration also represents a mechanism of these 
morphogenetic movements, in fact, as it occurs during the embryogenesis of 
fish, cell from the mesoderm can migrate dorsally converging towards the 
dorsal midline and therefore extending this germ layer. Extension of a germ 
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layer can be also achieved by random walk of cells [52].  
Together with the above mentioned morphogenetic movements, 

gastrulation might also occur through another mechanism, which doesn’t 
involve cellular movements (migration). 
 
Delamination  
Typical of meroblastic animals the inner layer is formed by cell division of 
the epithelial layer of the blastula which occurs with the spindle axis 
oriented perpendicularly to the embryo surface, resulting in one daughter 
cell remaining on the surface and the other one located in the blastocoel 
(Fig. 1D) [5].   

All of the morphogenetic movements described above are quite 
conserved across the animal kingdom in the meaning that so far there is no 
metazoan able to develop without undergoing a substantial reorganization of 
its cells [25]. Despite this, gastrulation strategies used by animals can be 
very different across species. Gatsrulation strategies require coordinated 
regulation of cell biological processes such as adhesion, changes in shape, 
contractile activity and regulation of cytoskeleton. The investigation of these 
processes and the understanding of the cell biology underlying this stage in 
different taxa, will help clarifying the evolution of Gastrulation [43].  
 
Genes involved in gastrulation 
The establishment of the three germ layers of a triploblastic embryo requires 
both inductive events and coordinated cell movements. As explained above, 
there are many different ways in which endoderm and mesoderm can 
separate from ectoderm. Differences found in the mechanism leading the 
formation of these two germ layers bring up the question whether they share 
the same origin. Thus, it seems easy to find an answer in the analysis of the 
GRN behind gastrulation, and therefore carefully considering the 
transcription factors involved during this stage. Among all the transcription 
factors playing a key role during gastrulation there are some such as GATA 
factors, FORKHEAD, BRACHYURY, TWIST and SNAIL, which seem to 
be crucial for both the promotion of morphogenetic movements and 
mesoderm specification [40]. The following section will be shortly 
reviewing their role during gastrulation of bilaterian animals (animals 
showing bilateral symmetry, from worms and insects to humans). 
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Fig. 1.1. Scheme of morphogenetic movements occurring during gastrulation.  
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GATA factors 
GATA factors belong to a family of zinc fingers transcription factors able to 
bind the DNA at the GATA promoter sequence. The family size varies 
among different animals. For instance it is composed of six GATA factors 
named from GATA1 to GATA6 in vertebrates, while only three GATA 
factors have been isolated from flies and many in worms. They all share the 
characteristic zinc finger motif: CXNCX17CNXC and in vertebrates they are 
responsible for the specification of many mesodermal cell types such as red 
and white blood cells, smooth muscle cells, cardiac cells, adipocytes and 
gonadal cells. They are also involved in epithelial morphogenesis in both 
vertebrates and invertebrates by regulating cell rearrangement [53]. 
Generally, GATA factors 4-5-6 are involved in the specification of 
mesoendoderm from ectoderm during gastrulation and later on in the 
differentiation of endoderm from mesoderm tissues either in invertebrates 
and vertebrates. In frogs, for instance, GATA factors 4 and 6 are expressed 
in the migratory tissue during gastrulation. Indeed in these animals, these 
factors are responsible of cell spreading, polarization and migration. GATA1 
instead regulates the expression of α-spectrin, a cytoskeletal protein found 
on the plasma membrane, involved in the maintenance of the plasma 
membrane integrity and cytoskeletal structure, which are crucial during cell 
movement [54]. GATA factors are regulated by nodal during the early 
embryogenesis, while during organogenesis their regulation goes under the 
control of the Bone Morphogenetic Protein (BMP) and Fibroblast Growth 
Factor (FGF) [55]. The investigation of the expression domains of the 
GATA factors during the embryogenesis and the examination of the 
interaction network established by the same across the animal kingdom 
promises to help clarifying if specific signaling pathways were conserved 
throughout the evolution.  
 
FORKHEAD transcriptional factors 
FORKHEAD proteins constitute a family of winged helix transcriptional 
factors that belongs to the group superfamily Forkhead box (FOX). These 
factors are important during embryonic development as regulators of 
mesoderm formation in all vertebrates together with other important 
functions during early development of the same group of animals, such as 
cell proliferation and differentiation. Fox genes encode transcription factors 
containing a fork head helix-turn-helix DNA binding domain of 100 amino 
acids. Since their discovery in flies 24 families of Fox factors have been 
identified, making it possible to compare their orthologs in different species 
to gain insights into their roles in metazoan developmental programs [56, 
57]. For instance, in mice, fish and frogs the depletion of specific Forkhead 
transcriptional factors prevents C&E gastrulation movements, without 
inhibiting mesoderm migration [58, 59]. In chordates, Forkhead 
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transcriptional factors act together with BRACHYURY for the specification 
of the axial mesoderm [60], while in mice they are important for dorsal 
mesoendoderm formation [61].  
 
BRACHYURY 
BRACHYURY is a T-box transcription factor encoded by the T-gene. This 
protein is involved in mesoderm differentiation and elongation of the 
posterior body axis in all vertebrates. In mice BRACHYURY is expressed in 
the cell fated to constitute the future endoderm, in frogs it is expressed in the 
mesodermal marginal zone in the pre-gastrula embryos. It acts by binding 
the DNA through its N-terminal region, called T-box, at the sequence 
TCACACCT [62, 63]. Interference with Brachyury function in these 
animals inhibits C&E, causes apoptosis, and reveals separate requirements 
in the FGF- and Activin-signalling pathways [62]. It is indeed a prime 
example of a gene affecting diverse cell types. The fish BRACHYURY 
ortholog is required for the normal morphogenetic movements of 
mesodermal cells during gastrulation. It has also been found that this factor 
is important during left-right body axis differentiation in the embryo [55]. 
 
TWIST and SNAIL 
TWIST is a helix loop helix transcription factor encoded by a zygotic gene, 
responsible for mesoderm specification either in flies and vertebrates [64, 
65]. In flies it actually seems having dual role, in fact previous gastrulation it 
is expressed in the ventral region of the blastula activating genes important 
for mesoderm specification. At this moment it is also important for 
morphogenetic movements occurring during gastrulation. After gastrulation 
it is required for mesoderm derivatives development. In vertebrates TWIST 
is actually expressed after gastrulation and seems to have a role in mesoderm 
differentiation [66]. SNAIL is a zinc finger transcription factor, which 
belongs to the superfamily of SNAIL transcriptional factors. Together with 
TWIST, this kind of transcription factor has a crucial role in the promotion 
of cell motility in all Bilateria. The activation of the SNAIL proteins 
depends on a conserved zinc finger domain and an N-terminal snail/Gfi 
domain. The C-terminal region, instead, is used to attach the E-box to 
repress the expression of target genes associated with epithelial cell markers 
and activates mesenchymal protein expression [67].  

Both proteins, TWIST and SNAIL, are specifically known for 
suppressing the expression of epithelial genes, such as E-cadherins, and 
activate the expression of mesenchymal proteins, including N-cadherin and 
fibronectin (as it will be discussed in great details in the next chapters of this 
thesis). In this way, they induce cell migration and invasion, being the major 
regulators of EMT, a process involved either in development and cancer [68, 
69]. 
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The comparative analysis of these crucial transcription factors, involved in 
the early specification and differentiation of the three germ layers, among 
the animal kingdom might provide clues about the evolution of gastrulation 
movements. Generally we can state that if we are able to find a conserved 
set of genes involved in this stage between animals distantly related, this 
means that their ancestor must also have been using the same genes in this 
context. 

 
Gastrulation, an evolutionary overview with respect to the phylum 
Cnidaria 
The origin of Gastrulation is linked to the origin of metazoans and in this 
framework the phylum Cnidaria provides a valuable group of animal 
instrumental for the understanding not just of the evolution of early stage of 
embryogenesis (and therefore of gastrulation) but also of the mesoderm. 
Indeed cnidarians are the sister group of the Bilateria phylum [70], they are 
regarded as diploblastic animals and diverged from the bilaterians at an early 
stage during evolution (∼600 million years [myr] ago). This is the same time 
at which important biological pathways, such as the Wnt or the FGF 
pathway, and important gene clusters (i.e. Hox genes) also arise [71]. The 
phylum itself includes two major clades: Anthozoa (corals and sea 
anemones) and Medusozoa (jellyfish and hydras). These two clades are 
distinguished based on the presence of a medusozoid stage in their life cycle 
(jellyfish) [40]. Members of this phylum possess an outer surface derived 
from ectoderm, while the inner gut and tentacles have an endodermal origin, 
with mesoglea (an extracellular matrix containing few scattered cells) as the 
middle layer between them. As expected, the mesoglea is not a well-
organized intermediate tissue layer neither they possess real muscle cells, 
but they have myoepithelial processes that begin from mesenteries in which 
two layers of gastrodermal epithelium are separated by mesoglea [40]. 
Indeed it has been observed that certain medusae, such as the hydrozoan 
jellyfish Podocoryne, possess an additional tissue layer rather than the 
mesoglea. This is the entocodon, which seems to show some kind of 
homology with the mesoderm [72]. In any case, the mesenteries support the 
pharynx, increase the gastrodermal surface area and serve as the site of 
gamete production. Finally, cnidarians cannot be properly considered 
protostomes neither deuterostomes since their mouth represents the sole 
opening into the gastrovascular cavity [40]. Generally, we can confirm that 
cnidarians represent some of the simplest animals in the world but they 
develop into a variety of forms characteristic of higher metazoan. The 
cleavage stage can vary according to the amount of yolk present in the egg, 
but in all cases it leads to either one of two different types of blastula stages: 
a) the stereoblastula, essentially a full mass of cells or b) the coeloblastula, a 
sheet of cells surrounding an internal hollow [25]. The development of one 
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or the other kind of blastula might depend on the cell size. Indeed the 
blastopore of bilaterians can be tracked back in the cnidarian blastula, 
particularly in the anthozoan Nematostella vectensis where gastrulation 
occurs by invagination and therefore has a defined blastopore region [43]. 
As it will be discussed later, the cnidarian blastopore shows expression of a 
conserved set of transcriptional factors with the bilaterians, meaning that this 
region is specified in a conserved way in all the animal kingdom. 
Interestingly, most of these genes are important for mesoderm specification 
in Bilateria [40, 55]. Gastrulation mechanisms also seem extremely diverse 
even within the same class. In fact, in this phylum we can observe all the 
morphogenetic movements described above, more properly we can say that 
all the gastrulation mechanisms observed in bilateria can be found in this 
phylum, making them a powerful tool for comparative studies [55]. Once 
gastrulated most of these animals give rise to a ciliated larva known as 
planula, which is basically a cylinder made of two germ layers (endoderm 
inside, and ectoderm outside). Indeed many of the genes previously 
mentioned having a role in gastrulation movements are conserved in 
cnidarians even though their function is still far to be understood. For 
instance, the first homolog of forkhead in diploblastic animals was isolated 
from the hydrozoan Hydra. This gene is expressed in the hypostome (the 
corresponding hydrozoan region for the blastopore), suggesting an 
involvement for axial pattering. Two Brachyury orthologs were also isolated 
in Hydra, resulting from an ancient lineage-specific gene duplication. Both 
of the genes (HyBra1 and 2) are expressed in the hypostome region, with 
HyBra1 predominantly endodermal while HyBra2 found in the ectoderm. 
These genes take part to the head formation in these animals. Furthermore 
Brachyury has also been found expressed in the myogenic lineage of 
jellyfish bringing up more proves for a connection with the bilaterian 
mesoderm. In hydras, in the early embryo, Twist is expressed in the 
myoepithelial cells of the larva and then in the entocodon, however no role 
has been found so far for its involvement in muscle specification. Snail has 
been isolated from both hydras and corals, in the first this gene is expressed 
in the entocodon and seems to be responsible for muscle development, while 
in the second it appears to be responsible for endoderm specification, being 
expressed in the endoderm [55]. 

Among the cnidarians, anthozoans appear to be the most relevant for 
comparison to the Bilateria phylum due to their simple life history. 
Furthermore, this class of animals also shows less variation in gastrulation 
modes than other clades of the phylum, which might indicate a closer 
relationship to an ancestral form of cnidarian gastrulation. In this context the 
small translucent sea anemone Nematostella vectensis represents a suitable 
cnidarian model system, being also the first cnidarian of which the genome 
has been completely sequenced [73]. Thus the investigation of Nematostella 
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gastrulation together with the investigation of the genes involved in it 
promises to contribute to the cell biology basis of gastrulation in non-
bilaterian animals. 
 
Nematostella vectensis as a model organism 
Nematostella is a translucent small, solitary, sea anemone found along the 
western and eastern coasts of United States and the southeast coast of the 
United Kingdom [74]. Nematostella has a simple body structure, a simple 
short robust developmental cycle, is easy to culture [75] and many embryos 
can be obtained year-round under laboratory conditions [76]. Sexes are 
separated and the fertilization is external (Fig. 1.2A). After which embryos 
start to cleave approximately 2 hours (hrs) later at 16°C (Fig. 1.2B), at 
cleavage cycle 11, the cell stop dividing and start to organize the embryo to 
form a hollow blastula around 24 hrs after fertilization at 16°C (Fig. 1.2C). 
This stage is followed by the gastrula stage (Fig. 1.2D), approximately 36 
hrs post fertilization at the same temperature, during which the endoderm 
(Fig. 1.2D, purple) and ectoderm (Fig. 1.2D, white) are formed through 
invagination at the blastopore, the future mouth (Fig. 1.2D, red star). 
Subsequently, the embryo turns into a free swimming planula (72 hrs, 16 
°C), showing a little tail of long cilia at the apical tuft (the opposite side of 
the mouth), which allows to the specie to colonize new environment in the 
water (Fig. 1.2E). The planula rapidly develops into a juvenile polyp bearing 
four tentacles (Fig. 1.2F), 4 days after the fertilization of the egg. After 
roughly 60 days from now, the adult polyps are sexually mature and ready to 
reproduce (Fig. 1.2G). The mouth is only opening into the gastrovascular 
cavity [77].  

In contrast to the older phylum Porifera (Sponges), Nematostella 
forms true tissues with a relatively low number of morphological different 
cell types when compared to higher triploblastic organisms, which develop 
true organs from the mesoderm germ layer. Furthermore, the genome 
sequence analysis revealed that this animal possesses a complex genome 
with a gene-repertoire, intron-exon structure [78] and gene linkage (many 
orthologous genes) more similar to the human genome than to other model 
organisms like flies and worms [73]. This suggests that the common 
eumetazoan ancestor was similarly complex from a genomic point of view. 
Therefore, all these traits render Nematostella vectensis to be especially 
useful for developmental studies in an evolutionary context.  
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Fig. 1.2. Nematostella vectensis life cycle. A) The fertilization of the egg (170-200 
µm diameter) is external and it occurs at the animal pole. B) The cleavage stage 
starts approximately 2 hrs after fertilization at 16°C, and continues for 11 
synchronous divisions. C) Blastula stage, generated by the reorganization of the 
cells, in an “empty ball” (24 hrs, 16° C). D) The Gastrula stage starts 36 hrs after 
fertilization at the same temperature, with the invagination of the tissues at the 
blastopore (red star), the future mouth. This process gives rise to endoderm (purple), 
inside the blastocoel and the ectoderm (white), as external layer. E) Planula (72 hrs 
post fertilization, 16° C), able to swim due to the long cilia tail at the apical tuft. F) 
lateral view of a juvenile polyp obtained at least 6 days after fertilization (16° C), 
with four tentacles around the mouth. G) Adult polyp, showing many more tentacles 
around the mouth, usually 2-3 cm long. Adapted from Lee 2007 [77]. 
 
 
Conservation of the gastrulation genes in Nematostella vectensis 
As previously mentioned, the genome sequence analysis showed that 
Nematostella genome looks very similar to the vertebrate genome, 
specifically all the gastrulation genes proposed in the previous sections and 
responsible for morphogenetic movements are present in this animal. The 
Nematostella homologs of these genes have been identified through protein 
BLAST analysis aimed at finding homolog domains among potential 
ortholog proteins. Subsequently, the gene transcripts were analyzed by in 
situ hybridization to find their expression domain during different 
developmental stage of Nematostella vectensis. Thus NvGATA appears to be 
very similar to the GATA1, 2, 3 from human as well as the gene grain from 
flies. During the embryogenesis of Nematostella the transcript of this gene is 
first detected in individual cells during the blastula stage, marking the 
endodermal cells entering the blastocoel later on during development. 
During the early planula stage it is still expressed in the coelenteron (the 
cnidarian gastric cavity) as well as in the polyp stage with particular 
concentration in the region next to the oral pole [40]. The Nematostella 
transcription factor Forkhead is 90% similar to the human protein FOXA 
and the flies forkhead. During embryogenesis this gene is expressed at the 
blastopore lips of the blastula stage of Nematsotella vectensis in the 
ectoderm surrounding the endoderm. Later on, in the planula and polyp 
stage, this gene is expressed in ectodermal cells of the pharynx [27, 40]. 
Concerning the NvBrachyury gene it is still difficult to establish a clear 
homology. In fact, the sequence analysis reveals that the codified protein of 
this gene shares a strong homology with frog Brachyury, but this homology 
doesn’t involve the activation domain. During the Nematostella 
embryogenesis Brachyury shares the same expression pattern of Forkhead, 
being expressed at the blastopore lip at the blastula stage. In the polyp 
Nembra1 is expressed at the endodermal part of the mouth, specifically in 
the growing mesenteries [79]. BLAST analysis shows that NvTWIST is very 
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similar to the human TWIST1 and the flies TWIST. NvTwist expression is 
first detectable after gastrulation started in a ring of endodermal cells 
surrounding the mouth. Later on during development the expression of this 
gene remains confined into the endoderm side of the pharynx and in a small 
group of cells between the tentacles around the mouth [40]. The ortholog of 
SNAIL in Nematsotella vectensis is present in the genome as two genes: 
NvSnailA and B. BLAST analysis revealed that the proteins coded by these 
two genes are very similar to each other as well as they look quite similar to 
the human SNAIL1 and 2. During Nematostella embryogenesis both 
transcripts of SnailA and B show the same expression pattern, being 
expressed at the blastopore (Fig. 1.3A-B) during the blastula stage and 
marking the cells that enter the blastocoel during gastrulation and constitute 
the future endoderm (Fig. 1.3C-F) [27, 40]. Previous studies showed that the 
expression domain of NvSnail in this stage is complementary to the one of 
NvForkhead [43]. After gastrulation the expression of this gene persists on 
the gastrodermal derivatives and pharynx including pharyngeal mesenteries 
[40]. 

Despite a detailed expression analysis, the role of these genes is still 
far from understood even though several attempts have been made. Among 
all of these genes, probably the most interesting one is Snail because, as 
stated before, it is the major promoter of complex morphogenetic 
movements in higher metazoans: Epithelial to Mesenchymal Transitions 
(EMT). This biological process has not just a role in development for the 
specification of the mesoderm in triploblastic animals, but it is also very 
important during cancer metastasis, since cells acquiring mesenchymal 
properties are able to migrate and form metastasis from localized carcinoma 
in other body areas [38]. In this context, Nematostella vectensis doesn’t 
show indeed proper EMT, as well as it has not mesoderm and it is not able 
to form tumors, but surprisingly this gene is present in the genome. The next 
paragraphs will be therefore reviewing the role of EMT either during 
development and cancer with respect of SNAIL transcriptional factor.  
 
Epithelial to Mesenchymal Transitions  
In 1980s Elizabeth Hay observed for the first time that epithelial cells from 
the chicken’s embryo primitive streak were able to down regulate their 
epithelial markers and acquire mesenchymal properties (Fig. 1.4A). In 1995 
this process was first described in a model of chick primitive streak 
formation and it was generally believed irreversible, therefore called 
‘epithelial to mesenchymal transformation’ [80]. After subsequent studies it 
is now widely accepted as Epithelial to Mesenchymal Transition (EMT) to 
emphasize its transient nature since a reversible process: mesenchymal-
epithelial transition (MET) can also occur in the same cells. Today, we 
define an epithelial-to-mesenchymal transition (EMT) as a biological 
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process that allows polarized epithelial cells, able to interact with the 
basement membrane via its basal surface, to undergo multiple biochemical 
changes, including the loss of eptithelial junctions and apical–basal polarity, 
reorganization of their cytoskeleton, changes in the signaling programs that 
define cell shape and reprogram gene expression [81]. This increases the 
motility of the same cells and enables the development of an invasive 
phenotype. In this way, cells residing in the future ectoderm (Fig. 1.4A, 
epiblast), as it occurs in the chicken’s primitive streak, during early 
embryogenesis, lose their adhesion properties (adherens and tight junctions, 
for instance), become free to move and migrate in order to be part of the 
future mesoderm. From thereon, some cells reacquiring adhesion properties 
through MET, can also fall to be permanently part of the hypoblast, the 
future endoderm (Fig. 1.4A) [82]. EMT is a fundamental process during 
embryogenesis. Furthermore all the events occurring during this process are 
reactivated during wound healing, fibrosis and cancer metastasis,[83] as it 
will further discussed later. EMT and MET are also primarily responsible for 
mesoderm and endoderm differentiation, but also stem cells differentiation 
[84]. Epithelial cells in single or multilayer tissues show apical–basal 
polarity, specific intercellular junctions and are positioned on a basement 
membrane. In this way they constitute a permeability barrier for tissues and 
organs for example, through the interaction of basement membrane proteins 
with integrins [81]. The transition of epithelial cells into mesenchymal cells, 
either in development and disease, involves a highly conserved program 
with specific hallmarks, even though it can show variation on the theme 
according to the cell type and or tissue kind involved. In any case, the 
process of EMT involves key events such as the loss of cell-cell junctions, 
loss of apical-basal polarity, acquisition of front-posterior polarity, 
reorganization of cytoskeleton, changes in cell shape, repression of epithelial 
markers, expression of mesenchymal markers [85]. Next paragraphs will 
review the mentioned changes in more details. 
 
Molecular and cellular changes during EMT 
Vertebrate cells, in an epithelial tissue, are connected by different types of 
cellular junctions. Among them we can find  tight junctions, adherens 
junctions, desmosomes and gap junctions, which appear to cover the whole 
cell surface. The dissolution of these complexes requires the repression of 
different proteins. For instance, the loss of tight junctions is accompanied by 
the repression of both OCCLUDIN and CLAUDIN, while the dissolution of 
adherens junctions depends on the degradation of epithelial-chadherins (E-
cadherins) [86]. The initiation of EMT also involves the disruption of 
desmosomes and gap junctions, the last one obtained by decreased levels of 
CONNEXIN [87]. The loss of epithelial junctions is also intimately 
connected to the apical-basal polarity [44]. 
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Fig. 1.3. SnailA labels invaginating cells during the embryogenesis of 
Nematostella vectensis. Single color in situ hybridization of gastrulating embryo, 
labeling SnailA RNA expression (purple). A) Blastula embryo (lateral view), shows 
that NvSnailA is expressed at the blastopore lips (inset, oral view). B-C) The 
invagination starts at the site of NvSnailA expression (red star) and the labeled cells 
start enter the embryo. D) Mid-gastrula embryo, showing the ingression of NvSnailA 
labeled cells is quite pronounced. E) Late-gastrula embryo, showing that the embryo 
is almost filled with NvSnailA labeled endodermal cells. F) At the end of 
gastrulation all the NvSnailA cells moved into the blastocoel. Scale bar 35 µm. 
 
 
In fact, many complexes that define it are physically and functionally 
integrated with epithelial junctions. Thus, for instance, protein complexes, 
which define the apical compartment of the cell, are associated with tight 
junctions. Therefore the dissolution of epithelial junctions during EMT 
automatically confers a loss of apical–basal polarity. Furthermore loss of 
epithelial junctions and apical-basal polarity is connected to an increase in 
cell motility, as it will be discussed in the next section.  

In order to be able to move and leave the epithelial tissue during 
EMT, cells undergo profound reorganization of their cytoskeleton under the 
control of GTPases belonging to the RHO family. This class of proteins is 
regulated by a system of three components: guanine nucleotide exchange 
(GEFs), GTPase-activating proteins (GAPs) and guanine nucleotide 
dissociation inhibitors (GDIs). In this system, GEFs activate RHO proteins 
by catalyzing the exchange of GDP for GTP. GAPs control the ability of the 
GTPase to hydrolyze GTP to GDP, regulating the switching on-off of these 
proteins; finally, GDIs bind RHO proteins to prevent their association with 
the membrane and into the cytosol, acting as anchor for the spatial control of 
these proteins. Thus, the cortical actin forms new membrane projections, 
such as lamellipodia and filopodia, through the action of RAC1 and CDC42 
to facilitate movements and act as sensory extension of the cytoskeleton 
[88]. Actin also becomes more contractile and new stress actin-fibres are 
formed under RHOA promotion [89]. During this process the RHO 
associated kinase (ROCK) is involved in either actin polymerization as well 
as acto-myosin contraction, which allows the cell spreading and motility 
[90]. RHO GTPases are also linked to both epithelial-junctions and apical-
basal polarity. In fact, the degradation of E-Cadherins from adherens 
junctions determines higher level of cytoplasmic p120 catenin (a 
transcriptional factor), which represses RHO activity, which in turn can’t 
anymore regulate and stabilize cell-cell junctions [91]. Instead, the loss of 
apical-basal polarity and the subsequent acquisition of front-posterior 
polarity require the interplay between RHO GTPases and those proteins that 
define apical-basal polarity. Thus, those apical and baso-lateral complexes 
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relocalize to the leading edge of the cell, where the GTPases RAC1 and 
CDC42 activate protrusion formation. On the other hand, RHOA localizes at 
the posterior side of the cell promoting the dissolution of adhesion 
complexes and cell retraction. Specifically, in this way the cell is able to 
acquire directional polarity, which is maintained by the same polarity 
proteins and small GTPases [92, 93]. Such drastic molecular changes are 
due to a series of dramatic variations in gene expression, afforded in the next 
paragraph. 
 
Gene expression changes during EMT 
The cellular variations observed in cells undergoing EMT is the result of 
complex changes in genetic regulation. Probably the down-regulation of E-
cadherins in order to reinforce the destabilization of adherens junctions is 
the most powerful hallmark [38]. Therefore, those genes that encode these 
and other junctions-proteins must be repressed. Together with this, the 
activation of mesenchymal markers must be initiated. Thus, for instance, the 
down-regulation of E-cadherins needs to be balanced by the up-regulation of 
neural-cadherins (N-cadherins), which increase the affinity of the “ex”-
epithelial cell to new mesenchymal cells in order to facilitate cell migration 
and invasion [94]. Other up-regulated genes during this process are the ones 
encoding for the neural cell adhesion molecules (NCAM), promoting the 
assembly of fochal adhesion for the acquired cell-motility [95]. Master 
regulators such as SNAIL, TWIST and zinc-finger E-box-binding (ZEB) 
transcription factors are primarily involved in such cellular variations [68, 
69, 87]. The expression of the mentioned genes starts early during EMT, and 
they thus have central roles in development, fibrosis and cancer. The 
proteins encoded by these genes mutually interact and regulate the 
expression of each other. Other transcriptional factors are also recently 
coming out as possible EMT regulators: Forkhead, GATA and SOX 
transcriptional factors, which seem required for strengthening SNAIL1 or 2 
action [96–98]. On top of them, a convoluted range of cellular signaling 
pathways can activate a differentiation response in epithelial cells that leads 
to EMT and indeed the up-regulation of EMT master regulators can be 
initiated by different pathways. In fact, it has been shown that Transforming 
Growth Factor β (TGFβ) family proteins regulate EMT during early 
development as well as they activate EMT during wound healing, fibrosis 
and cancer in the adult animals. TGFβ proteins (three TGFβs, two activins, 
several bone morphogenetic proteins (BMPs)) are ligands that act through 
binary combinations of transmembrane dual specificity kinase receptors, 
which can be tyrosine kinases as well as Serine/Threonine kinases [88]. 
Upon activation, these receptors can phosphorylate the C-terminal of 
intracellular signaling effectors (SMAD), which can form complexes and 
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translocate into the nucleus to act as transcriptional factors to activate the 
gene expression of EMT master regulators (SNAIL, TWIST, ZEB)  [99–
101]. In this way, TGFβ proteins can induce EMT during cell ingression to 
form mesoderm in mice and frogs. In cell culture, Epidermal Growth Factor 
(EGF) is also able to induce EMT, through the endocytosis of E-cadherin, as 
well as SNAIL1 or TWIST expression, which leads to a reduction in E-
cadherin levels [102, 103]. During the embryogenesis of birds, reptiles and 
mammals, the expression of the EGF is linked to primitive streak formation 
and endoderm and mesoderm specification [5, 104].  
 All the described events occurring during EMT are the result of an 
intrinsic and potential plasticity of epithelial cells. The process of MET, 
even though less characterized than EMT, well illustrates epithelial cells 
intrinsic plasticity properties. Initiation and progression of EMT involve 
many signaling pathways, involving in return coordination in the expression 
of a complex and thick net of genes for the acquisition of a migratory 
phenotype. As will be discussed in the next paragraph, EMT can be 
activated in the adult, causing disease.  
 
EMT during disease 
As previously mentioned, EMT is a process that not just occurs during 
development, but it is reactivated also during disease. In fact, there are 
different subtypes of EMT associated to disease. For instance, inflammatory 
cells and fibroblasts rerelease agents as well as extracellular matrix proteins 
such as collagens, fibronectins, tenascin and elastins. During illness, these 
cells can stimulate normal epithelial cells to undergo an EMT, called type 2 
EMT, leading extensive fibrosis of various organs and tissues including 
those of kidney, liver, lung and intestine. Also microvascular endothelial 
cells can induce fibrosis through a process called EndMT. Both of the 
process requires TGFβ or Fibroblast Growth Factors (FGFs) as inducers 
[88].  
 Another subtype of EMT, called oncogenic EMT or type 3 EMT, is 
linked to cancer and metastasis formation. Roughly the 90% of malignant 
tumors have an epithelial origin. As shown, epithelial cells are highly 
cohesive and this allows them to function as a barrier for tissues and organs 
in the adult animals. This requires the presence of adhesions molecules of 
which the most important are undoubtedly the E-cadherins, forming 
homophilic complexes and clusters in the adherens junctions residing at 
cell–cell interfaces.  Formation and stabilization of adherens junctions 
involves both β and α-catenin. The β-catenin binds the cytoplasmic tail of 
E-cadherin, and α-catenin, which in turn binds β-catenin. In addition, actin 
filaments (F-actin) stabilize and immobilize E-cadherin clusters at adherens 
junctions. In Fig. 1.4B a carcinoma process it’s illustrated [105]. It usually 
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begins with epithelial cells detaching the epithelial sheet after undergoing a 
drastic alteration. The same cells now, acquired migratory features are ready 
to invade other tissues and districts of the body. As stated before the loss of 
E-cadherins and the subsequent loss of cell polarity is considered pretty 
much the hallmark of all the EMT types, both in embryonic as well as in 
cancer progression [44]. Thus, during cancer progression E-cadherin 
expression can be either be functionally inactivated or silenced by different 
mechanisms, including epigenetic down-regulation, through promoter 
hypermethylation or histone deacetylation, and transcriptional repression. 
Many E-cadherins repressors have been characterized and they all seem to 
act through the binding of E-box regulatory regions resinf in proximity of E-
cadherins promoters. Probably the best characterize in this sense are the zinc 
finger transcriptional factors SNAIL1 and 2, which seem to have a primary 
role also during cancer metastasis [83, 106]. It has been proved that 
enhancement in Snail genes expression in primary tumors promotes cellular 
motility and the consequent acquisition of metastatic properties, while in 
non-transformed cells the enhancement in snail proteins expression induces 
fibrosis. Furthermore, studies demonstrated the down-regulation of Snail 
genes can reverse EMT. The expression of Snail genes during cancer can be 
activated at the transcriptional level by many signaling molecules, including 
FGF, Wnt and TGF, which collectively form the building blocks of the 
microenvironment that serves as a niche for EMT [39, 99]. In addition, it 
seems that EGF regulates the expression of SNAIL2, which is in turn related 
to invasiveness properties of the cells [102].  Being expressed both during 
development and disease the SNAIL family members of transcriptional 
factors result tremendously interesting to investigate as they can be seen as 
the a connection ring between these two biological event. 
 
Cellular and Molecular features of Snail proteins 
Being a transcription factor, SNAIL must be localized (or at least 
translocate) into the nucleus. Like all the transcriptional factors, also SNAIL 
family members are not able to passively diffuse through the nuclear 
membrane and require a carrier for their nuclear import or export [107]. 
Modulation of SNAIL expression causes alterations in SNAIL cellular 
localization and this consequently influence snail mediated-EMT. As 
mentioned early and discussed further in great details, SNAIL family 
members are zinc finger transcription factors, having a conserved Snail/Gfi 
(SNAG) domain at the N-terminal. Zinc finger domains are localized in the 
C-terminal of the proteins and many studies show that they can act as 
Nuclear Localization Signals (NLS) for nuclear translocation of SNAIL 
proteins. According to previous studies, specific regions of the zinc finger 
domains seem to interact with importins for nuclear import of SNAILs 
[107]. The nuclear export of SNAIL seem to be promoted by the recognition 
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of specific Leu-rich sequence (Nuclear Exportation Sequence, NES) by 
cytosolic proteins. Furthermore, the phosphorylation of a Ser-rich sequence 
residing next to the NES facilitate its export and the expression levels of 
snail phosphorylation regulators could serve as important regulators of the 
nuclear localization status of SNAILs [108]. Once in the nucleus, the 
activation of SNAIL proteins depends on its N-terminal, while the zinc 
finger domains bind the E-Box sequence of E-cadherins in order to repress 
their expression in mammalian cells. Morover SNAIL blocks epithelial 
markers such as CYTOKERATIN-18, MUC-1, DESMOPLAKIN together 
with E-cadherins, thereby increasing the expression of fibronectin and 
vimentin, mesenchymal markers [44].  Despite the role of this gene has been 
well investigated in higher metazoans, its function in early evolving animals 
is still far from understood [43], making it very challenging to functionally 
compare it across the animal kingdom. As mentioned above, Snail genes 
represent a concrete connection between embryogenesis and cancer but a 
basal animal such as Nematostella vectensis does not show either clear EMT 
nor develops tumors, so making it harder to solve the puzzle. Thus, more 
studies are needed in this direction in order to clarify the key evolutionary 
steps responsible for the splitting of the function of biological mechanisms 
such as EMT, initially emerged as a strategy able to bring an individual to 
life and later evolved as a mechanism responsible for cancer in adult 
animals. 
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Fig. 4. Scheme of the Epithelial to Mesenchymal Transition (EMT) during 
either embryogenesis and cancer. A) Primitive streak of chicken embryo, showing 
the transition of epithelial cells to mesenchymal cells. Epithelial cells organized into 
the epiblast (future ectoderm) have epithelial junctions, such as  tight and aherens 
junctions (red and green, respectively), as well as apico-basal polarity (basal 
membrane, black). Once the process of EMT has started, cells lose epithelial 
junctions, apico-basal polarity, while acquire mesenchymal markers and antero-
posterior polarity. Now free to move they can migrate to the future mesoderm. EMT 
is a reversible process and in this case is called Mesenchymal to Epithelial 
Transition (MET), so that cells from the mesoderm can reaquire adhesion properties 
and go to be part of the future endoderm. B) The same process, called now type 3 
EMT, is activated during cancer metastasis, so that few cells from localized 
carcinoma become more motile and migrate to invade other tissue. 
 
 
Thesis outline 
Throughout this thesis the importance of Nematostella vectensis as a model 
organism will be discussed, with the respect to obtained results. Specifically, 
the combination of key events occurring during embryogenesis, and shared 
across the animal kingdom, together with the position occupied by this 
animal in the phylogenetic tree inspired the work described in here. This 
thesis analyzes the embryogenesis of Nematostella vectensis from both the 
structural and the functional point of view in order to compare molecular 
mechanisms and proteins involved with higher metazoans. To do so we 
tailored confocal microscopy methods to their analysis and quantification. 
We thus identified a “molecular strategy” adopted during cell division stage 
of this early evolving animal, which look more similar to vertebrates than 
invertebrates. We also found a new cellular localization for NvSNAIL 
transcription factors, trying to address their role during the development of 
this animal.  

Chapter 1 introduces the development, defined as the set of 
different events occurring during the life span of an individual, with 
particular focus on embryogenesis. Thus, all stages of embryogenesis are 
taken into consideration, carefully analyzing all morphological movements 
occurring during the gastrulation stage. Gastrulation is quite an interesting 
stage during embryogenesis because it is linked to the origin of metazoans. 
In fact, during this stage the embryonic layers are formed, making it the key 
event for the splitting of triploblastic and diploblastic animals. In this 
context the phylum Cnidaria (corals, sea anemones and jellyfish) provides a 
valuable group of diploblastic animals instrumental for the understanding 
not just of the evolution of early stages of embryogenesis (and therefore of 
gastrulation) but also of the mesoderm, the third germ layer. Specifically, the 
small translucent sea anemone Nematostella vectensis is the first cnidarian 
of which the genome has been completely sequenced. The analysis of it 
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revealed the presence of many genes, such as snail, involved in important 
morphogenetic movements (such as the EMT) proper of the embryogenesis 
of higher organisms, which are also crucial for mesoderm formation in 
triploblastic animals. 

In Chapter 2 we show how the use of fluorescent probes expressed 
in vivo can be applied for the investigation of Nematostella embryogenesis 
on a cellular level. For this purpose we used cellular markers such as 
Lifeact, able to bind filamentous actin with low affinity, and End Binding 
protein 1 (EB1), a microtubule plus-end-tracking protein. The same markers 
were then coupled to fluorescent proteins and their RNA injected into 
embryos in order to visualize the development through in vivo cellular 
analysis. This allowed us to identify the breakdown of the nucleus just prior 
to cytokinesis in embryonic cells at cleavage stage, in a mechanism similar 
to the nuclear envelope breakdown, found in higher organism. 

With Chapter 3 we start to analyze Nematostella embryogenesis 
from a functional point of view taking in consideration SNAIL 
transcriptional factors in a comparative study between Nematostella and 
human SNAILs. In this chapter the protein structure of both NvSNAILA and 
B will be phylogenetically analyzed across the animal kingdom in order to 
clarify homology relations among the members of SNAIL family with the 
respect of Nematostella representative-ones. Following, we conducted a 
detailed cellular localization analysis elucidating the involvement of specific 
domains for a correct localization. In order to do so, several mutants were 
created. Thus, we found that, differently from other SNAIL proteins, 
NvSNAILA localizes into nucleoli of both mammalian cells and 
Nematostella embryos and that this localization is due to the zinc finger 
domains of this protein. Furthermore, our findings suggest a functional role 
of NvSNAILA in the nucleolar compartment of mammalian cells.  

Chapter 4 puts the findings of chapter 3 in the context of dynamics, 
focusing on analyzing each mutant made by Fluorescence Correlation 
Spectroscopy (FCS) and Fluorescence Recovery After Photobleaching 
(FRAP), to determine their capability to move in and between different 
compartments of the cell. In this way, we found that the zinc finger domains 
largely determine mobility of both NvSNAILA and B proteins in the cell. 

In Chapter 5 we try to address the role of SNAIL in Nematostella 
embryos. A first attempt has been made in this direction years ago, through 
the application of SPLICE knock-down strategy in developing embryos. 
Unfortunately, this method wasn’t successful in giving the community 
significant information about the role of these proteins during Nematostella 
embryogenesis. Thus, we propose a different approach based on the research 
of interaction partners and the use of mammalian cells in combination of 
Nematostella embryos. In higher organisms, in fact, SNAIL acts in 
combination with a co-factor, which is Four and Half Lim protein 2 (FHL2) 
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for the promotion of EMT. Thus, we were able to find and clone the 
Nematostella homolog of this protein and started to verify if such interaction 
was conserved also in this basal metazoan. For this purpose a combination 
of techniques, involving the advantage of advance microscopy, were 
applied, finding that an interaction between the proteins considered occurs 
under specific conditions. In parallel, dominant negative experiments, 
involving the NvSNAILA mutants created, were performed on Nematostella 
embryos suggesting a possible role in endoderm organization for this 
protein.  

Chapter 6, finally, aims at summarizing our findings by distilling 5 
main concepts from the new discoveries and the notions learned from the 
research. Furthermore, future research directions based on this work are 
suggested. 
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Abstract 
Cnidarians are the closest living relatives to bilaterians and have been 
instrumental to studying the evolution of bilaterian properties. The cnidarian 
model, Nematostella vectensis, is a unique system in which embryology and 
regeneration are both studied, making it an ideal candidate to develop in vivo 
imaging techniques. Live imaging is the most direct way for quantitative and 
qualitative assessment of biological phenomena. Actin and tubulin are 
cytoskeletal proteins universally important for regulating many 
embryological processes but so far studies in Nematostella primarily focused 
on the localization of these proteins in fixed embryos. In this context, we 
used fluorescent probes expressed in vivo to investigate the dynamics of 
Nematostella development. Lifeact-mTurquoise2, a fluorescent cyan F-actin 
probe, can be visualized within microvilli along the cellular surface 
throughout embryonic development and is stable for two months after 
injection. Co-expression of Lifeact-mTurquoise2 with End-Binding protein1 
(EB1) fused to mVenus or tdTomato-NLS allows for the visualization of 
cell-cycle properties in real time. Utilizing fluorescent probes in vivo helped 
to identify a concentrated ‘flash’ of Lifeact-mTurquoise2 around the 
nucleus, immediately prior to cytokinesis in developing embryos. Moreover, 
Lifeact-mTurquoise2 expression in adult animals allowed the identification 
of various cell types as well as cellular boundaries.  

The methods developed in this manuscript provide an alternative 
protocol to investigate Nematostella development through in vivo cellular 
analysis. This study is the first to utilize the highly photo-stable fluorescent 
protein mTurquoise2 as a marker for live imaging. Finally, we present a 
clear methodology for the visualization of minute temporal events during 
cnidarian development. 

Keywords 
Nematostella vectensis, Lifeact, mTurquoise2, EB1, Cytoskeleton, 
Microvilli, Nuclear envelope, Mitosis
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Cnidarians and fluorescent proteins have been interconnected since the 
discovery of green fluorescent protein (GFP) in the jellyfish Aequorea [1]. 
Today fluorescent proteins (FP) are utilized in numerous biological 
processes and systems, while cnidarians have reemerged as a tool for 
comparative evolutionary developmental biology [2-4]. Cnidarians are the 
sister taxa to bilaterians (Fig. 2.1A) and exhibit a diploblastic level of tissue 
organization consisting of an outer ectodermal layer and an internal endo-
mesodermal layer [4]. Anthozoan cnidarians (corals, anemones and 
zoanthids) have a biphasic life cycle consisting of a swimming planula 
“larva” followed by a benthic adult polyp (Fig. 2.1B). From the time of first 
cleavage, anthozoan embryos exhibit animal-vegetal polarity, where the 
animal pole will be the future site of gastrulation and will go on to form the 
mouth (Fig. 2.1B). The uncleaved embryo is amenable to genetic tools such 
as transgenes [5], gene-knockdown and mis-expression [6,7] through 
microinjection (Fig. 2.1B). Nematostella vectensis embryonic and 
larval/adult cell morphology have mainly been studied using Electron 
Microscopy (EM) or classic labeling techniques such as in situ hybridization 
or immunohistochemistry. While these traditional techniques have revealed 
many important aspects about the cell biology of these animals, they rely on 
fixed specimens and developmental processes must be inferred by imaging 
many embryos at specific time points of interest. Imaging using probes fused 
to fluorescent proteins during developmental processes is a robust technique 
to visualize dynamic processes in living cells and multicellular structures, 
with minimal introduction of artifacts created by fixation techniques [8,9]. 
The use of probes fused to fluorescent proteins makes it feasible to follow 
development in real time over a high temporal resolution and can reduce the 
potential artifacts that may be associated with fixation techniques. 

Actin and tubulin proteins are essential for a wide range of 
physiological functions in many organisms, including plants and 
multicellular animals  [11,12]. Actin is one of the most abundant proteins 
present within a cell, found throughout cell structures such as filopodia, 
lamellipodia, muscle fibrils, cell adhesion complexes, microvilli, and in the 
outer nuclear membrane. Actin in the nuclear membrane is associated with 
the nucleoskeleton and is linked to the cytoskeleton via nesprins that are part 
of the linker of nucleoskeleton and cytoskeleton (LINC) complexes [13]. 
Another abundant cytoskeletal protein is tubulin, which is present as 
microtubules in cilia, flagella, neuronal axons and in the mitotic spindle 
complex. In general both proteins play important roles during cell motility, 
intracellular transport, cell shape maintenance and mitosis [14-16]. 
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Fig. 2.1. Phylogenetic position and life-cycle of Nematostella vectensis. A) 
Cnidarians are one of four early-evolved animal phyla that have recently been 
placed as the sister taxa to Bilaterians. (Phylogeny based on Hejnol [10]). B) The 
biphasic life cycle of anthozoan cnidarians like Nematostella vectensis begins with 
an early cleavage program that leads to a hollow blastula. At this stage, cells colored 
yellow mark the future site of gastrulation and where the mouth will eventually form 
(red star). During invagination the endo-mesoderm is formed, resulting in a 
diploblastic animal. In the ectoderm (blue) at the aboral pole of the planula larva a 
sensory structure called the apical organ (AO) or apical tuft forms. Once the animal 
undergoes metamorphosis, the animal possesses tentacles (T) used for feeding and 
can produce gametes for microinjection. 
  



 

39 
 

 In vivo imaging of Nematostella vectensis embryogenesis 

In principal, the broad role of actin and tubulin in a variety of biological 
processes make them interesting candidates for in vivo visualization studies 
[17-19]. However, the over-expression of these proteins fused to fluorescent 
proteins may disrupt the normal protein function due to the size of the added 
fluorescent protein [18, 20, 21] and/or competition with endogenous proteins 
[22,23]. Given these limitations, probes such as Lifeact and End-binding1 
(EB1) have been used for the visualization of F-actin and microtubules 
respectively in a number of different systems such as plants, fungi and 
vertebrate cells [18, 23-27]. 

Lifeact is a 17 amino acid peptide, originally isolated from yeast, 
which binds with low affinity to filamentous actin (F-actin), associating with 
a number of actin rich cell structures such as lamellipodia, cilia and flagella 
[28]. Furthermore, it has been shown in vivo that Lifeact does not inhibit the 
normal function of actin or associated cellular processes [18]. End Binding 
protein 1 (EB1) is a plus-end-tracking protein found to act as a regulator of 
nucleation as well as growth of microtubules, observed in catastrophes and 
rescue events [29] and has been used to study microtubules dynamics 
[30,31]. 

In the following study, we used targeted probes against F-actin 
(Lifeact-mTurquoise2), microtubules (EB1-venus), the nucleus (tdTomato-
NLS) in comparison to classical histological staining techniques to 
determine their versatility as structural markers for in vivo studies. 

 
EXPERIMENTAL PROCEDURES 
 
Plasmids 
Coding DNA for Lifeact-mTurquoise2 was PCR-amplified from the plasmid 
pLifeact-mTurquoise2 N1, which was a kind gift from Joachim Goedhart. 
The PCR product was then cloned in pSPE3-mVenus using the Gateway 
system [32]. We developed two additional constructs for comparative 
cellular markers of the nucleus and of tubulin dynamics. A Gateway plasmid 
pSPE3-tdTomato (from Martindale lab) containing Nuclear Localization 
Signals (NLS) at the C-terminal of the fluorescent protein was utilized to 
identify the nucleus. A second construct was developed containing the 
coding region of a Nematostella vectensis homologue of the End-binding 1 
(EB1) gene (NCBI accession #XP_001641989.1) (cloned using the forward 
primer – CACCATGGCCGTAA-ACGTATTTTCCACA and reverse primer 
- GTATTCTTCTTGTTCGAAGTCCCCG). The coding region was then 
sub-cloned into pSPE3-mVenus, providing the fluorescent tag at the C-
terminal of the protein, using the Gateway system [32]. Finally, a Gateway 
plasmid pSPE3-mVenus (from Rottinger lab) was used to encode free 
unbound FP in the cell. Each of the four constructs was linearized and sense 
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RNA was synthesized using the T3 Megascript kit (Ambion product 
#AM1338) as previously described [6]. 
 
Microinjections 
mRNA encoding the fusion protein of interest was injected into unfertilized 
eggs prior to fertilization as previously described [6] with the mRNA 
encoding Lifeact-mTurquoise2 alone and or together with either the mRNA 
encoding tdTomato-NLS or EB1-mVenus at the final concentration of 400 
ng/µl. Live embryos were visualized approximately three to four hours after 
injection, when the RNA of the FP was translated into protein. Embryos 
were kept at room temperature (~25°C) for the first four hours of 
development, then transferred to an incubator set at 16°C. During imaging, 
embryos were at room temperature. 
 
Staining of fixed embryos 
Cleavage stage embryos were fixed approximately 3 h post fertilization at 
room temperature in fresh 3.4% paraformaldehyde, HEPES 0.1 M (pH 6.9), 
EGTA 0.05 M (pH 8–9), MgSO4 0.005 M, Dextrose 0.4 M, Triton x-100 
0.2%, PBS 1× and distilled water for 1 hour at room temperature. Fixed 
embryos were rinsed 5x in PBT (PBS buffer plus 0.1% triton X-100). To 
visualize F-actin, embryos were incubated in Bodipy-FL phallacidin (Life 
Technologies, USA; Cat.# B-607) diluted 1:200 in PBT. Nuclei were 
visualized by incubation in Hoechst (Life Technologies, USA; Cat.# H3570) 
diluted 1:100 in PBT. Tubulin was visualized by incubation in anti-alpha 
tubulin (Sigma T6793) in 5% normal goat serum (in PBT). After incubation 
of the primary alpha tubulin antibody, animals were washed with PBT (5×) 
for ten minutes each wash. A secondary antibody (Alexa 594-conjugated α-
mouse, Molecular Probes; Cat.# A-11005) was used at 1:500 to allow for 
visualization. All incubations were conducted over night at 4°C. In 
experiments where all three probes were visualized, animals were first 
incubated with the tubulin antibody, washed and incubated with phallacidin, 
Hoechst and Alexa 594 at the same time. Stained embryos were rinsed again 
in PBS (5×) and then dehydrated into isopropanol gradient 50%, 75%, 90% 
and 100% and mounted in Murray’s Mounting Media (MMM; 1:2 benzyl 
benzoate: benzyl alcohol), for visualization. 
 
Live imaging of Nematostella vectensis embryos 
Images of embryos injected with Lifeact-mTurquoise2 mRNA were taken 
using a confocal Zeiss LSM 510 microscope using a Zeiss Plan-Neofluor, 
100× oil immersion objective (N.A. 1.30). The samples were excited at 458 
nm for mTurquoise2. Light was guided via D458/514 dichroic mirror to the 
sample. Fluorescence passed through a ~30 µm pinhole and a 475-505-nm 
band-pass filter for detection. 



 

41 
 

 In vivo imaging of Nematostella vectensis embryogenesis 

Images of embryos injected with Lifeact-mTurquoise2 and 
tdTomatoNLS mRNA were obtained using a confocal Zeiss 700 microscope 
using a Zeiss Plan-Apochromat, 63× oil immersion DIC objective (N.A. 
1.40). The samples were excited at 458 nm for mTurquoise2 and 543 nm for 
tdTomato. Light was guided via D 405/488/555/639 dichroic mirror to the 
sample. Fluorescence passed through a ~30 µm pinhole and a 475-525-nm 
band-pass filter for mTurquoise2 detection and a 585-nm long-pass filter for 
tdTomato detection, in sequential mode. 

Images of embryos injected with Lifeact-mTurquoise2 and EB1-
mVenus or mVenus (untagged) mRNA were obtained using a confocal Zeiss 
700 microscope using a Zeiss Plan-Apochromat, 63× oil immersion 
objective DIC (N.A. 1.40). The samples were excited at 458 nm for 
mTurquoise2 and 514 nm for mVenus. Light was guided via D458/514 
dichroic mirror to the sample. Fluorescence passed through a ~30 µm 
pinhole and a 475-505-nm band-pass filter for mTurquoise2 detection and a 
520-555-nm band-pass filter for mVenus detection in sequential mode. 

Images of stained embryos were taken using a confocal Zeiss LSM 
510 microscope equipped with a Zeiss Plan-Neofluar, 100× oil immersion 
objective (N.A. 1.30). The samples were excited at 561 nm for Alexa 594, 
514.5 nm for phallacidin and 351 nm for Hoechst. Light was guided via a D 
UV/488/543/633 dichroic mirror (Chroma). Fluorescence passed through a 
~30 µm pinhole and a 585-nm long-pass filter for Alexa-594 detection and a 
520-555-nm band-pass filter for phallacidin detection and 385–470 band-
pass filter for Hoechst detection in sequential mode. 
 
Electron microscopy (EM) in Nematostella vectensis 
For scanning EM, embryos or juvenile polyps were relaxed in 7.5% MgCl2 
before being pipetted directly onto a pre-wetted 0.2um GTTP filter (GTTP 
01300, Millipore, USA) mounted in a Swinnex filter holder (Millipore, 
USA). MgCl2 solution was then replaced with standard EM fixative (4% 
gluteraldehyde in 0.1 M Na cacodylate buffer with 0.25 M sucrose and 
0.002 M CaCl2, pH 7.5) and samples were fixed overnight at 4°C. Fixative 
was removed with three washes in 0.1 M Cacodylate buffer (with 15% 
sucrose) and samples were post-fixed for 1 h at 25°C in 2% Osmium 
tetraoxide (in 0.2 M cacodylate buffer) and dehydrated through a graded 
ethanol series. Filters were then dried in a Samdri critical point dryer 
(Tousimis, USA) following the manufacturer’s protocol. Dried filters were 
mounted on stubs using carbon tape and stored under desiccant prior to 
imaging with a Hitachi S-4800-I field-emission scanning electron 
microscope at the University of Hawaii’s Biological Electron Microscopy 
Facility (UH BEMF). For transmission EM, samples were collected in 1.5 
ml sterile microcentrifuge tubes and were otherwise fixed as described 
above. Following the ethanol dehydration series, samples were washed three 
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times (30 mins each) in propylene oxide and infiltrated in a 50:50 mix of 
propylene oxide and Lx-112 resin (Ladd Research Industries/Fisher 
Scientific, USA) overnight at 25°C, following the manufacturer’s protocol. 
Polypropylene/resin mix was then replaced with a fresh sample of resin 
three times the following day (at approximately 6 h intervals) before 
samples were transferred to silicone molds and polymerized at 60°C for 
approximately 72 h. Thin sections (~60 nm) were cut using a 
PowerTomeXL ultramicrotome (RMC Products, USA) and mounted on 
formvar-coated copper slot grids. For visualization, grids were counter-
stained in 5% uranyl acetate and 0.3% lead citrate using standard procedures 
and imaged on a Hitachi HT7700 (UH BEMF). 

RESULTS 
 
Cellular distribution of Lifeact-mTurquoise2, EB1-mVenus, tdTomato-
NLS and mVenus in early cleavage embryos 
To image early cleavage stage cellular dynamics in vivo, we co-injected 
different combinations of three chimeric constructs (Lifeact-mTurquoise2, 
EB1-mVenus and tdTomato-NLS; Fig. 2.2A) (see Materials and Methods 
and Fig. 2.1B). Fluorescence from all three translated proteins was first 
detectable approximately 2–3 hours after fertilization. Expression of Lifeact-
mTurquoise2 is visible throughout the cytoplasm during early 
embryogenesis, but exhibits increased fluorescence at cell boundaries, 
consistent with the cortical F-actin (Fig. 2.2B, white arrowhead). The 
cytoplasm also exhibits distinct dark areas that lack fluorescence, which are 
likely to be platelets of yolk abundantly present in early stage N. vectensis 
embryos. tdTomato-NLS predominately localizes to nuclei apart from a 
narrow band at the nuclear edge that completely overlaps with nuclear 
Lifeact-mTurquoise2 (Fig. 2.2C-D). In a subset of cells, potentially at a 
different stage of cellular division, (Fig. 2.2E, white arrowhead) Lifeact-
mTurquoise2 is visible as a ring around the nucleus. These embryos were 
co-injected with EB1-mVenus, which localizes to both centrosomes and 
spindle fibers (Fig. 2.2F-G). The cells that exhibited increased levels of 
Lifeact-mTurquoise2 around the nucleus (Fig. 2.2F-G, arrowheads) have yet 
to completely form spindle fibers (visualized by EB1-mVenus). In control 
samples (Fig. 2.2H-K) that were injected with Lifeact-mTurquoise2 and 
mVenus, cells exhibiting heighted nuclear mTurquoise2 also have 
ubiquitously expressed mVenus (Fig. 2.2H-I). One common result that was 
observed with each cytoplasmic present FP, is the localization of 
fluorescence in and/or around the spindle fibers (Fig. 2.2E-F, 2J-K, white 
arrow). It is our understanding that this signal, or faint localization, is a non-
specific localization (see discussion for details). 
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We quantified the fluorescence intensity throughout a cell (Fig. 
2.2D, white line) and found that Lifeact-mTurquoise2 fluorescence around 
the nucleus is significantly higher than the fluorescence in the cytoplasm 
(Fig. 2.2L), however the localization of fluorescence in the nucleoplasm is 
likely non-specific because it is also found in the control using mVenus (Fig. 
2.2M). The quantification of tdTomato-NLS in the same cell shows that 
signal is directly overlaps the expression of nuclear Lifeact-mTurquoise2 
(Fig. 2.2L). Quantification of nuclear fluorescence intensity in control 
embryos expressing Lifeact_mTq2 and mVenus indicates that Lifeact_mTq2 
is enriched around the nuclear boundary, where mVenus exhibits little 
change along the same measurement (Fig. 2.2H-I, M). 
 
During embryonic cleavage a distinct accumulation of lifeact-
mTurquoise2 localizes to the nuclear boundary 
During early development in Nematostella vectensis, the embryo undergoes 
approximately eleven cleavage cycles to reach blastula stage [28], which can 
be visualized in embryos injected with Lifeact-mTurquoise2 and EB1-
mVenus (see http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4264334/, 
Additional files: Video S1, Video S2 for a time series of this process, 
revealing all the events occurring during cell division in N. vectensis 
embryos in real time). 

To better characterize cellular dynamics of Lifeact-mTurquoise2 
during a cleavage event, we concentrated on visualizing individual cells with 
sufficient zoom and time resolution (Fig. 2.3, 
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4264334/, Additional file: 
Video S3a, b). In this time series (images were captured approximately 
every 30–40 seconds) we were able to observe several distinct phases of the 
N. vectensis cell cycle. Fig. 2.3A shows an image sequence of one typical 
cell prior to (Fig. 2.3A, 0:00) and during division (Fig. 2.3A, 20:13 arrows 
indicate axis of division). At 2:35, we first observe an accumulation of 
Lifeact at the nuclear boundary and at the same time, centrosomes become 
visible as regions of increased cytoplasmic Lifeact-mTurquoise2 which form 
adjacent to the nucleus (Fig. 2.3A, 3:55 arrow). As we previously stated, the 
non-specific labeling of spindle fibers and centrosomes appearing in FP 
injections, can be used to identify these structures. The accumulation of 
Lifeact-mTurquoise2 in a ring around the nucleus continues over a time 
course of about 4 minutes. After this phase (reminiscent of prophase), we 
observe a distinct deformation of the circular structure around the nucleus 
(Fig. 2.3A, 8:48 arrows), which starts at the position of the presumptive 
centrosomes and often results in a donut shaped nucleus. (also see 
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4264334/, Additional files: 
Video S1A, Video S3a). During this phase, we observe that the centrosomes 
move further away from the nucleus and that in the time course of about two 
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minutes the nucleus disassembles, during which the nucleus elongates and a 
fibrous network of Lifeact is visible (Fig. 2.3A 13:22).  
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Fig. 2.2. Localization of Lifeact-mTurquoise2, tdTomato-NLS and EB1-
mVenus in early cleavage embryos. A) Messenger RNA for three different 
fluorescent probes was injected in pairs into embryos of Nematostella vectensis. B-
D) In the same embryo Lifeact-mTurquoise2 is localized to cell boundaries and 
overlaps with tdTomato-NLS around the nucleus. E-G) In dividing cells EB1-
mVenus is clearly localized at mitotic spindle fibers and centrosomes. Interestingly 
Lifeact-mTurquoise2 (E) exhibits a brighter fluorescent ring around the nucleus in a 
subset of cells (white arrowhead) that start to form centrosomes adjacent to the 
nucleus (G). Lifeact-mTurquoise2 is also visible as striations corresponding to the 
location of spindle fibers labeled with EB1-mVenus (white arrows in E and F). H-I) 
Double expression of Lifeact-mTurquoise2 and mVenus in Nematostella embryos 
shows high concentration of Lifeact-mTurquoise2 around the nucleus (H) compared 
to mVenus used as a control (I) (white arrowheads). J-K) Both Lifeact-
mTurquoise2 and mVenus appear as striations with the same morphology as spindle 
fibers (white arrows). L) Quantification of fluorescent i3ntensity of Lifeact-
mTurquoise2 and tdTomato-NLS in nuclei of early cleavage stage embryos (the x-
axis is represented as a white line in D). M) Quantification of fluorescent intensity 
of Lifeact-mTurquoise2 and untagged mVenus in nuclei of early cleavage stage 
embryos (the x-axis is represented as a white line in H and I). See main text for a 
more detailed description. (Scale bar =10 µm in each image).  
 

After complete disassembly, Lifeact-mTurquoise2 is visible as striations in 
the cytoplasm (Fig. 3A 13:22, arrow) as previously discussed in Fig. 2.2. 
The cell gradually assumes a spherical shape during metaphase and 
anaphase (Fig. 2.3A 10:43–17:57), which is often associated with an 
increase in Lifeact-mTurqoise2 fluorescence at the plasma membrane (Fig. 
2.3A 10:43–19:32), which is not observed in mVenus control injections 
(Fig. 2.4B). This phenomenon was observed in many cells and in different 
embryos over time (Fig. 2.4A). The quantified increase of Lifeact-
mTurqoise2 fluorescence at the plasma membrane is shown in Fig. 2.3B, 
where peak normalized average profiles across the plasma membrane are 
shown for the region depicted in Fig. 2.3A, 10:43 (yellow line). Based on 12 
cells from different embryos we find that this increase is variable with an 
average of 1.6 fold and 95% confidence interval [1.3, 1.9] (Fig. 2.4C). The 
centrosomes move in opposite directions close to the plasma membrane 
(Fig. 2.3A19:32); at the same time, the cleavage furrow starts to form and 
becomes visible (Fig. 2.3A, 20:13 arrows). The cells are fully cleaved within 
2 minutes thereafter. The nuclei in the daughter cells are then reassembled 
and are fully visible again after about 8 minutes (Fig. 2.3A, 34:07 arrows). A 
complete cleavage event, starting from the increase of nuclear Lifeact-
mTurquoise2 to reappearance of the nuclear Lifeact-mTurquoise2 in the 
daughter cells takes approximately 32 minutes (Fig. 2.3A, 2:35–34:07). 
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Fig. 2.3. Lifeact-mTurquoise2 localizes to the nuclear boundary and exhibits a 
‘flash’ of Lifeact during nuclear disassembly. A) Time series of a living cell 
undergoing cell division. Just prior to nuclear disassembly, accumulation of Lifeact 
is apparent (A2.35-6.04) and during prometaphase disappears with a ‘flash’ (A6.04-
7.46). See main text for a more detailed description of the full cleavage cycle. Scale 
bar 10 µm. B) When the cell rounds up during metaphase-anaphase Lifeact-
mTurquoise2 fluorescence appears to increase at the cell boundary through time 
(different time points are indicated by colored lines). The average profiles 
perpendicular to the plasma membrane region going from the intracellular space 
(left) to the extracellular space (right) from the region depicted in A10.43 (yellow 
line) are normalized to the peak value of the profile at A10.43, show for this cell an 
increase of about 2.5 fold. C) Quantification of the Lifeact fluorescence at the 
nuclear boundary from 0.0-6.0 min. The profiles show the averaged normalized 
fluorescence perpendicular to the nuclear boundary going from nucleoplasm (left) to 
the cytoplasm (right). 
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To further quantify the transient increase of the Lifeact (‘flash’) near the 
nuclear boundary, we constructed a contour around the nuclear edge for each 
time point. The average intensity profile perpendicular to the nuclear 
boundary, normalized with respect to the nucleoplasm intensity was then 
calculated. The profiles from the cell shown in Fig. 2.3A reveal that Lifeact-
mTurquoise2 undergoes an approximate two-fold increase in fluorescence 
that commences about 4 minutes before deformation and disassembly of the 
nucleus (Fig. 2.3C). Based on 16 cells from 3 different embryos we found an 
average increase of 2.1 fold, with 95% confidence interval of [1.9, 2.2] (Fig. 
2.4D). Analysis of the time series suggests that the accumulation of Lifeact-
mTurquoise2 localizes around the outer surface of the nucleus in a greater 
quantity that what is found in the nucleoplasm 
(http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4264334/, Additional files: 
Video S3a, Video S4). Throughout early development, virtually all cells 
exhibited a Lifeact ‘flash’ if imaging was conducted at the correct time 
during division. 

The ‘flash’ of Lifeact at the nuclear boundary doubles in intensity 
with respect to background fluorescence in the nucleoplasm and is distinctly 
visible during a relatively short time window of approximately two minutes. 
To further validate and corroborate the results found with Lifeact-
mTurqoise2 we used classical staining techniques in preserved embryos. 
Similar to Lifeact-mTurquoise2 labeled embryos, phallacidin staining labels 
F-actin near the nuclear boundary (Fig. 2.5A-B, white arrows). Co-labeling 
with anti-tubulin reveals that it is in the cells in which centrosomes are 
beginning to form that the nuclear boundary exhibits F-actin staining (Fig. 
2.5B-C, white arrows). In these cells, centrosomes with tubulin containing 
spindle fibers are forming on either side of the nucleus (Fig. 2.5D, E) at a 
time when the DNA of the nucleus is still compartmentalized (Fig. 2.5D). In 
cells where spindle fibers have formed, F-actin appears brightest along the 
cellular boundaries (Fig. 2.5F). These results corroborate the observations 
obtained from Lifeact-mTurqoise2 imaging, and suggest that the 
accumulation of Lifeact-mTurqoise2 at the nuclear boundary occurs prior to 
the onset of nucleus deformation and breakdown at prometapahase.  
 
Lifeact-mTurquoise2 a suitable marker for monitoring cell shapes in 
multicellular embryos  
F-actin can be detected in microvilli, protrusions of the cellular membrane 
[34,35]. In N. vectensis, these structures can be visualized by scanning 
electron microscopy during early embryonic development (Fig. 2.6A, B). A 
similar structure is visible by confocal microscopy of early embryos labeled 
with the F-actin binding molecule, phallacidin (Fig. 2.6C). Phallacidin 
labeled embryos during gastrulation highlight the separation of ectodermal 
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and endodermal tissue (Fig. 2.6D) and distinguishes cell boundaries along 
the ectodermal surface (Fig. 2.6E). 
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Fig. 2.4. Different cells show Lifeact-mTurquoise2 flash at the nuclear 
boundary and increase at the plasma membrane during metaphase-anaphase. 
A) Variation among nuclear envelope folding in dividing cells Eight different image 
stacks showing variation among the sequence of events immediately before and 
after nuclear envelop disassembly in eight different cells. The stages are about 30 
seconds apart. B) Time series of control embryos during cellular cleavage using 
Lifeact-mTurquoise2 and mVenus. This control experiment shows specific 
localization of Lifeact at the cell boundary and is significantly lower for mVenus. 
C) Relative fluorescence increase of lifeact-mTurquoise2 at the cell cortex of 
dividing cells. Average line scan profiles perpendicular to the plasma membrane 
were measured at nuclear disassembly (red) and just prior to cleavage (blue and grey 
lines), individual profiles were subsequently normalized with the peak value of the 
profile from the earlier reference time point (grey, n =12). Only cell boundary 
regions were quantified that did not have an adjacent cell that was dividing. 
Although variable, the profiles just prior to cleavage on average (blue) show an 
increased fluorescence level with respect to the average profile measured at the time 
of nuclear disassembly (red). The light-colored lines represent the 95% confident 
intervals, which were obtained using bootstrapping based on 1000 bootstrap samples 
using sampling with replacement. D) Lifeact-mTurquoise2 ‘flash’ at the nuclear 
boundary. The grey profiles represent the normalized fluorescence perpendicular to 
the nuclear boundary going from nucleoplasm (left) to the cytoplasm (right). The 
profiles were measured just prior to nuclear disassembly and subsequently 
normalized with respect to the fluorescence in the nucleoplasm (n =16 cells and 3 
different embryos). The green profile representing the average profile shows a 2-
fold fluorescence increase. The light-colored lines represent the 95% confident 
intervals, which were obtained using bootstrapping based on 1000 bootstrap samples 
using sampling with replacement.  
 
 
During early embryogenesis, Lifeact-mTurquoise2 localizes to microvilli 
along the cell surface, and highlights cellular boundaries providing a three 
dimensional shape when confocal images are stacked from images taken 
along the z-axis (Fig. 2.6F). During early development Lifeact-mTurquoise2 
can be used to visualize microvillar actin bundles along the cellular surface, 
which exhibit erratic swirling behavior along the cellular boundary 
(http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4264334/, Additional files: 
Video S5). Immediately prior to cleavage events, we found that embryos 
become more spherical in shape up to the point of cleavage at which the 
cells lose their round shape and appear to increase adjacent cell-cell contact 
(Fig. 2.6, F vs. G, H vs. I). Embryos in Fig. 2.6F-G or H- I were taken from 
a time series of cleavage events, from very early development 
(approximately 32–64 cell stage). Embryos in F and H were taken after 
embryos that had recently divided, while G and I are what the embryo looks 
like before undergoing division. Generally, prior to division, the embryo as a 
whole exhibits a more compact or round shape with increased surface 
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contact between neighboring cells than earlier stages with roughly equal 
numbers of cells (F and H, respectively). Although cell counts were not 
performed, during this phase of development, it has been reported that cell 
division occurs in a highly synchronous fashion [33]. 

We found that Lifeact-mTurquoise2 allows for visualization of 
cellular shape changes in multicellular embryos through the visualization of 
the F-actin enriched microvilli and at the cell-cell interfaces during 
embryogenesis. We were able to clearly visualize cellular boundaries during 
cleavage stages and gastrulation (Fig. 2.6J-L), where the endodermal plate 
(Fig. 2.6J) moved inside the blastopore (Fig. 2.6K). Fig. 2.6M shows an 
early stage embryo that forms a compacted ball from a loosely packed 
cluster of cells over a time course of about 12 minutes. 
(http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4264334/, Additional files:  
Video S6). The cells appear to increase cell surface contact and are pulled 
into the ball, similar to a process where cell-cell adhesion increases. These 
data show that Lifeact-mTurquoise2 can be used as a cell surface and 
boundary marker to follow developmental processes. 
 
Lifeact-mTurquoise2 reveals a broad range of adult Nematostella 
vectensis specific cell-types and cell structures  
F-actin is a core component of a variety of different cellular structures and 
therefore is broadly distributed throughout an animal. We used the adult 
polyp stage (Fig. 2.7A), which exhibits many differentiated cell-types, to 
determine what structures are enriched with F-actin and can be reliably 
visualized in vivo using Lifeact-mTurquoise2. The outer surface of the polyp 
is covered with ciliated cells, including the oral region (Fig. 2.7B) and these 
cells contain microtubule fibers detectable with tubulin antibody staining 
(Fig. 2.7C). A closer look at the structure of the cilia reveals that each long 
cilium is surrounded by a ring of microvilli (Fig. 2.7D), forming a ciliary 
cone structure. A transmission electron micrograph through a single cilium 
reveals the dense structure of the cilium, containing two microtubule fibers 
at the center and nine surrounding doublets that originate from the centriole; 
the cilium is surrounded by nine microvilli (Fig. 2.7E). An adult injected 
with Lifeact-mTurquoise2 reveals that Lifeact is enriched at surface 
microvilli and distinctly at ciliated cells that exhibit a pattern associated with 
the nine microvilli that accompany each cilium (Fig. 2.7F), similar to Fig. 
2.7D-E. 

The muscular system (Fig. 2.7G) as well as cell boundaries (Fig. 
2.7H) are rich with F-actin and can be visualized using Phallacidin. As an 
adult, animals move through ciliary action and peristaltic movements 
(http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4264334/, Additional files: 
Video S7). These movements are a result of muscular contraction and are 
accompanied by an increase in Lifeact-mTurquoise2 fluorescence around the 
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region of constriction (Fig. 2.7I). Similar to Phallacidin stained animals, the 
cell boundaries are clearly visible in animals injected with Lifeact-
mTurquoise2 (Fig. 2.7J). 

Cnidocytes are a cnidarian specific cell-type and are thought to be 
derived from neural stem cells [7,36]. A transmission electron micrograph 
through a cnidocyte at the ectodermal surface shows filamentous structures 
reminiscent of F-actin around the apex of the unfired cnidocyte capsule (Fig. 
2.7K). An adult, that was injected with Lifeact-mTurquoise2 as an embryo, 
reveals that Lifeact also exhibits polarized fluorescence at the apex of the 
cnidocyte (Fig. 2.7L) confirming these regions are enriched with F-actin. 
 
Fluorescent properties of mTurquoise2 allow for prolonged in vivo 
visualization with minimal toxicity  
The fluorescent protein mTurquoise2 exhibits one of the highest quantum 
yields and is relatively photo-stable making it bright and resistant to photo-
bleaching [37]. To determine the versatility of this fluorescent protein as a 
structural marker during development (without toxicity or bleaching), we 
took z-stack time-lapse images for six hours, at six different focal planes and 
for every ten minutes (Fig. 2.8A). A total of 144 scans per embryo (N = 5) 
were obtained to determine to what extent long-term visualization would 
have an effect on normal development of the animal (Fig. 2.8B). All animals 
were kept after each imaging session and developed to the polyp stage (data 
not shown). Overall, long-term exposure analysis of Lifeact-mTurquoise2 
during embryonic development did not appear to result in noticeable 
developmental defects. Lifeact imaged embryos did not appear to lose 
fluorescent intensity over the long visualization period, where visualization 
of tdTomato or mVenus exhibited rapid bleaching over time (data not 
shown). Lifeact was still visible two months after injection of Lifeact-mTq2 
mRNA into uncleaved eggs, long into the juvenile phase. Summarizing, and 
maintains a similar cellular localization as in early juveniles (Fig. 2.7I-J, L). 
mTurquoise2 is an excellent fluorescent protein for imaging embryogenesis, 
allowing rapid and dynamic cellular processes (e.g. cleavage division) to be 
captured, while at the same time enabling long imaging sessions, with low 
photo-bleaching and limited photo toxicity. 
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Fig. 2.5 Labeling of F-actin, DNA and tubulin in fixed embryos. A-B) Preserved 
cells labeled with the F-actin stain, phallicidin-FL (green) exhibit F-actin at the 
nuclear boundary of cells that are at an early phase of cell division. C) Alpha-
tubulin staining (red) shows the formation of centrosomes adjacent to the nucleus. 
D) DNA staining with Hoechst (blue) show that the nuclear structures are still 
intact. E) Overlay of all three channels from B-D shows the relative position of all 
markers. F) Several cells at metaphase stained with the same labels show the fully 
formed mitotic spindles and the chromosomes that are lined up along the metaphase 
plate. F-actin associated with the nuclear boundary is no longer present, but is 
faintly visible in the cytoplasm and clearly at the plasma membrane. 
 
 
DISCUSSION 
 
In this study, we used transient expression of Lifeact-mTurquoise2 in 
conjunction with other fluorescent probes and cellular markers for the 
visualization of developmental phenomenon of the cnidarian Nematostella 
vectensis. These methods allow for imaging of cellular boundaries, 
microtubule dynamics and individual cell-type identification during 
development. The use of fluorescent probes such as the Lifeact- 
mTurquoise2 and EB1-mVenus used here enhances in vivo research of 
biological processes and can aid in phenotypic studies of gene knock-down. 
More specifically dynamic aspects of cell cleavage, early gastrulation as 
well as wound healing could be studied in much more detail. 
 
mTurquoise2 tagged probes, a bright way to follow development in 
Nematostella vectensis  
During early stages of development in N. vectensis, yolk is present 
throughout the cytoplasm, which limits imaging of fluorescent proteins deep 
into the embryo. High laser power can be used to obtain sufficient signal but 
this also leads to increased photo-bleaching. We observe that fusion of 
probes to mTurquoise2 indeed allowed for imaging (~2 hr, 1–2 fpm), with 
little photo-bleaching (<10 %) and without any detectable photo-toxicity. 
We attempted similar long-exposure studies with tdTomato-NLS and Eb1-
mVenus but bleaching of the fluorescence protein limited the length of time 
over which data could be collected (~50% bleaching of mVenus in 2 hour, 
for example see http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4264334/, 
Additional file: Video S1, Video S2). This study has shown that 
mTurquoise2 greatly improves live imaging in Nematostella vectensis. 
 



 

54 
 

 Chapter 2 

 



 

55 
 

 In vivo imaging of Nematostella vectensis embryogenesis 

Fig. 2.6. Localization of Lifeact-mTurquoise2 in microvilli and cell boundaries. 
A-B) Preserved embryos at early cleavage stages visualized using scanning electron 
microscopy, show microvilli on the cell surface. C) Similar stage preserved embryos 
stained using phallacidin to highlight filamentous-actin containing microvilli at the 
cells surface, Hoechst (blue) labels the nuclei. D-E) During gastrulation, phallacidin 
can be used to visualize cellular boundaries along the outer surface of the gastrula. 
E) Zoomed in region of the ectoderm showing cellular boundaries. F-I) Cleavage 
stage embryos injected with the mRNA of Lifeact-mTurquoise2. F-G) Embryo 
approximately at the 32-cell stage, exhibits an increase in surface area contact 
between neighboring after cell cleavage. H-I) Embryo approximately at the 64-cell 
stage exhibits an increase in surface area contact between neighboring cells after cell 
cleavage. J-L) Gastrula stage embryos labeled through injection of Lifeact-
mTurquoise2 RNA. J) Early gastrula where the endodermal plate is clearly visible 
by Lifeact-mTurquoise2 protein (red asterisk). K) Late gastrula where the 
endodermal plate has invaginated inward out of view (red asterisk – site of 
gastrulation). L) Magnification of cell boundaries clearly labeled with Lifeact-
mTurquoise2 from late gastrulation stage embryo shown in K. M) Time series of an 
early embryo with a loose aggregate of cells with a flattened configuration that 
develops into a compact ball-shaped embryo, thereby increasing cell-cell contact 
(0.0-12.0 min, http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4264334/, Additional 
files: Video S6). 
 
 
Visualization of F-actin and tubulin dynamics during Nematostella 
vectensis cell division  
By using a combination of Lifeact and EB1 we were able to observe 
cleavage events in real time. It is our current hypothesis that the process of 
cell division in Nematostella vectensis occurs through open mitosis, also 
found in many bilaterian taxa [13]. During open mitosis, the Nuclear 
Envelope breaks down, releasing the DNA for segregation into daughter 
cells. Prior to spindle fibre formation in Nematostella, the nuclear outer 
surface, comparable with the Nuclear Envelope (NE), expresses detectable 
levels of F-actin labeled with Lifeact-mTurquoise2. While the centrosomes 
form and position themselves adjacent to the nucleus a distinct and robust F-
actin “flash” occurs and then the presumptive NE begins to deform and 
break down. When the spindle fibres connect between the two asters, the 
nuclear boundary is no longer visible by Lifeact-mTurquoise2 or 
phallacidin, suggesting it has been dissembled. As the two daughter cells 
form, F-actin is localized to the cell boundaries of each cell and F-actin 
returns to the nuclear boundary after the two cells separate. 

Lifeact-mTurqoise2 as well as the untagged mVenus used as a 
control appears to be associated with the cytoplasmic position of 
centrosomes and mitotic spindles, however this phenomenon was not 
observed when using phallacidin. Although the levels of free cytosolic 
Lifeact-mtq2 and/or untagged mVenus are expected to be uniformly 
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distributed in the cytoplasm, one potential explanation could be that the 
presence of yolk platelets reduces the effective volume for proteins. This 
effect will occur both for transparent and opaque yolk particles. When 
formation of tubulin fibres locally pushes yolk platelets away the effective 
volume that is accessible for fluorescent probes increases, and hence locally 
increases fluorescence that comes from free Lifeact-mTurqoise2 or free FP 
(untagged mVenus). 
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Fig. 2.7. Lifeact-mTurquoise2 protein can be used to identify many different 
structures in adult Nematostella vectensis. A) DIC image of a juvenile polyp 
approximately two weeks after fertilization. B) SEM image of the oral portion of the 
animal showing the ciliated cells at the surface. C) Laser confocal microscopy stack 
image of the aboral end of the polyp labeled with anti-alpha tubulin (secondarily 
labeled with Alexa 594) showing the tubulin that is present in ciliated cells. D) SEM 
image of the body wall of a polyp showing long cilia (white arrow) surrounded by 
ciliary cones. E) TEM image of a single central cilium with typical 9 + 2 
arrangement of microtubules and nine stereocilia surrounding it. F) Body wall of a 
polyp originally injected during embryogenesis with Lifeact-mTurquoise2. Lifeact-
mTurquoise2 highlights the stereocilia structures (white arrow) identified in D,E. G-
H) Phallacidin labeled fixed polyp showing the intricate network of F-actin in the 
muscular tissue within the body (G) as well as cellular boundaries (H, white arrow). 
I) Single image from a time series of a moving polyp exhibiting an increased level 
of Lifeact-mTurquoise2 at the site of contraction (white arrows, also see 
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4264334/, Additional files: Video 
S7.) (J) Lifeact-mTurquoise2 also binds to the actin found in cell boundaries in 
polyps, similar to phallacidin (H). K) TEM image of cnidocyte (cn) with a curved 
nucleus at the basal pole (nu) showing filamentous actin-like fibers around the apex 
of cnidocyte capsule (inset). L) Prominent Lifeact-mTurquoise2 fluorescence is 
present around the apical and lateral regions of the cnidocytes, suggesting F-actin is 
present around the perimeter (white arrows).  
 
 
Compartmentalized F-actin along the nuclear boundary is not always clearly 
detectable by actin staining using common fixation methods. With the 
methods developed here, the rapid accumulation of F-actin prior to nuclear 
disassembly could be clearly and robustly observed. To date, this 
phenomena has been described in the sand dollar (Echinodermata) [38] and 
polychaete worms (Annelida) embryos, where it has been proposed that 
actin plays a role in accelerating nuclear envelope breakdown to facilitate 
faster cell cleavage [39]. The presence of NE breakdown in higher organism 
is still matter of debate, and is thought to have evolved as an extreme 
strategy to solve the problem of an increasing genome size, which is 
reflected by chromosome dimensions and number [40,41]. Semi-closed 
mitosis in which the NE remains almost intact has been observed in Bilateria 
such as Caernorhabditis elegans and Drosophila melanogaster which have 
genome size of respectively 100 and 180 Mb [42], considerably smaller than 
N. vectensis (450 Mb) [43]. If open mitosis is a result of chromosomal 
dimension and genome size, then our observations using N. vectensis may 
support this hypothesis. 
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Fig. 2.8. Prolonged time-lapse microscopy causes minimal bleaching and 
toxicity. A) Z-stack confocal image series of a Lifeact-mTurquoise2 injected 
embryo showing optical sections from the outer surface to approximately half way 
(75 microns) into the embryo. B) Surface image of a developing Lifeact-
mTurquoise2 injected embryo over a four hour period of time. Six different z-plane 
scans per time-point (every 10 minutes) were recorded totaling to 144 scans with 
little bleaching or toxicity.  
 
 
Lifeact-mTurquoise2 a marker for cell morphology and specific cell types 
during development  
Beyond the advantages of using Lifeact-mTurquoise2 to study in vivo cell 
cleavage in embryos, this technique also allows for visualization of F-actin 
throughout all stages of development. We observed F-actin in specific 
cellular structures such as microvilli, cnidocytes, ciliary cones in ciliated 
cells, and the plasma membrane. Furthermore, lifeact-mTurqoise2 allows for 
observation of real-time cell boundary dynamics and muscular contractions 
during animal movements in the adult polyps. Having the ability to trace 
cells in vivo will help validate modeling studies of cell mechanics [44]. 
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CONCLUSIONS 
 
Methods developed in this manuscript provide an in vivo technique to follow 
cell cleavage during embryogenesis in Nematostella vectensis. The 
fluorescent probe, Lifeact-mTurquoise2, utilized in this manuscript provide 
a means to visualize specific cell types and structures that contain F-actin 
during development. One striking observation present during cellular 
cleavage was a ‘flash’ of Lifeact prior to nuclear disassembly. The presence 
of nuclear disassembly suggests that cell division in Nematostella vectensis 
goes through open mitosis, similar to many bilaterian taxa. The techniques 
developed in this study make Nematostella a more attractive model system 
for comparative developmental and cellular biology. 
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Part I: Phylogeny and sequence analysis of 
Nematsotella vectensis transcriptional factors 
SNAILA and B 
 
Abstract 
SNAIL transcriptional factors are master regulators of complex 
morphogenetic movements called Epithelial to Mesenchymal Transitions 
(EMT), crucial either during development and disease. SNAIL proteins 
belong to the SNAIL superfamily. They usually have a SNAG domain at the 
N-terminal used for interaction with a co-factor and zinc-fingers at the C-
terminal to bind the DNA. These domains are well characterized in the 
SNAIL representative members of higher organism such as flies, frogs and 
humans, while very little is known about SNAIL transcriptional factors from 
other species, making it challenging to compare these proteins within an 
evolutionary context. Our analysis proposes a comparison of structures and 
sequences of snail orthologs from the animal kingdom, revealing several 
scenarios for the evolution of Nematostella vectensis SNAIL proteins. 
 
Keywords 
SNAIL, Nematostella vectensis, phylogeny, SNAG, zinc-finger domains 
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INTRODUCTION 
 
The Snail gene family encodes zinc-finger transcription factors probably 
best known for inducing changes in cell shape and morphology during cell 
migration [1]. Specifically, they are the master regulators of complex 
morphogenetic movements called Epithelial to Mesenchymal Transitions 
(EMT). EMT allow for the migration of cells, which is responsible for 
formation of new tissues during embryogenesis or formation of metastasis 
during cancer [2]. In this context, SNAIL transcriptional factors act as 
repressors of E-cadherins, important hallmark of EMT in many organisms 
[3, 4]. SNAIL proteins belong to the Snail superfamily, which includes also 
Scratch and Slug proteins. More than 150 Snail genes, including Scratch and 
Slug, have been identified in various taxa, such as   vertebrates, non-
vertebrate chordates, insects, nematodes, cnidarians and placozoans [5, 6]. 
The encoded proteins usually are (with few exceptions) about 270 amino 
acids long; their N-terminus (generally the first 20 amino acids) exhibits 
high variability across species. It usually comprises the N-terminal SNAG 
domain, represented by a short sequence of nine amino acids (amino acids 1-
9) and also several positively charged residues reported to be involved in 
nuclear localisation [7, 8]. The SNAG domain has been reported to be 
involved in interactions with cofactors, specifically the arginine in 3rd 
position and the serine in 4th seem to be specifically involved in 
transcriptional activity through interaction with cofactors whereas arginine 
and lysine at the 8th and 9th position have been reported also to act as a 
nuclear localisation signal (NLS) [7–13]. SNAIL family members all 
possess at least four zinc-finger domains (Znf II-V), and often a fifth zinc-
finger domain (Znf I) is found N-terminally to Znf II. The four zinc-finger 
domains at the C-terminus are reported as essential for DNA binding and 
also comprise a nuclear localisation signal [8, 14]. Both SNAG and zinc-
finger domains are well have been well characterized for human, mouse, 
flies and frogs-SNAIL transcription factors, but very little is known about 
SNAIL family members from other species, making it challenging to 
compare these proteins within an evolutionary context.  
 
EXPERIMENTAL PROCEDURES 
 
Phylogenetic analysis 
C2H2 zinc-finger domains where predicted using the Simple Modular 
Architecture Research [13, 14] ; Multiple sequence alignment was 
performed with Muscle 3.8.31 software [17] and were subsequently 
manually improved (in MacVector 11.0.2). Handling of the multiple 
sequence alignment was done using jalview 2.7 software [18]. Tree 
reconstruction was performed with MR.BAYES3 [19], the consensus tree 
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shown was based on 2,000,000 generations. Trichoplax adhaerens (Ta) 
SNAIL (XP_002108251) has been raced out from Trichoplax adhaerens 
coding DNA for this study (see primer sequences in supplementary 
information). 
 
RESULTS 
 
Sequence and domain analysis of Nematostella vectensis SNAIL 
To be able to characterize the cellular behaviour of SNAILA and, B, we first 
made a detailed comparison of structures and sequences of SNAIL orthologs 
from the animal kingdom. The alignment shown in Figure 3.1 (Fig. 3.1B) 
specifically shows the high conservation in the SNAG domain between 
cnidarians and vertebrates. Both NvSNAILA and NvSNAILB comprise a 
conserved SNAG domain and also several positively charged residues at the 
N-terminal. Furthermore, all proteins consist of one or more short sequences 
of positively charged lysine (K) or arginine (R), which may act as a putative 
NLS. For vertebrates such as humans, mice and amphibians some of these 
overlap with the SNAG domain (R3, K/R8K9 in orange) and others are 
located in position 15 and 16 of the N-terminal of snail proteins (KK or RK 
shown in pink) [7, 8]. Also the cnidarian representatives still have the same 
putative NLS sequence but they are found at different positions, for instance 
K13-14 for NvSNAILA and K10- R13 for NvSNAILB instead of being 
located at residue 15-16. Due to the high variability of the N-terminal 
domain, it is often excluded from phylogenetic analysis [6], and rather the 
C-terminal of the protein comprising the zinc-finger domains (generally 
starting from amino acid 120) is more suitable. In order to carefully group 
snail family proteins, we constructed a tree based on 69 snail super-family 
proteins (49 snail and 20 scratch proteins) (see supplementary information 
for accession numbers and sequence alignment) using the alignment of the 
region that covers five zinc–finger domains, see supplementary information 
link paper SR for E-values prediction for C2H2 zinc-fingers [15, 16] (Fig. 
3.2); the SCRATCH proteins were used as an out-group. From the data 
obtained, cnidarians are the first animals to have duplicated snail isoforms 
and interestingly, the sea anemone Nematostella vectensis has two snail 
proteins previously stated as having both five zinc-finger domains: SNAILA 
and SNAILB (Znf I-V) [6, 20]. Finally, vertebrates have at least three 
SNAIL representatives. In this phylum, among the snail proteins, fish, mice, 
frogs and humans have one snail representative containing four zinc-finger 
domains (Znf II-V). Similarly to what has been previously shown [6], these 
results show that animals usually have (at minimum) a single snail gene with 
four zinc-finger domains and a second gene with five zinc-finger domains. It 
is likely that the loss of the first zinc-finger domain occurred in several 
lineages over time. Both NvSNAILA and B have been previously described 
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as SNAIL proteins containing five zinc fingers. However, since loss of the 
first zinc seems to be occurred several times across the evolution we decided 
to look more carefully at the sequences of NvSNAILA, B compared to 
vertebrates SNAILs respectively possessing 4 and 5 zinc finger. As shown in 
the alignment (Fig. 3.1C), the first zinc-finger domain of NvSNAILB is 
different compared to NvSNAILA and HsSNAIL 1 and 2 used as vertebrate 
representatives with 4 and 5 zinc fingers, respectively, and appears to be 
partial as the second histidine is lacking. Together these results indicate that 
NvSNAILA and B show high conservation of the SNAG, putative NLS and 
zinc finger domains compared to vertebrates, however despite being often 
characterized as a five zinc-finger domains SNAIL, NvSNAILB might 
actually have lost the first finger. 
 

 
 
Figure 3.1. SNAIL domain analysis. A) General SNAIL structure. B) The amino 
acid residues shown in orange, included in the SNAG domain, are primarily 
involved transcriptional activation, through interactions with various cofactors, and 
also in nuclear localization. The subsequent amino acid sequence (10-20) contains 
many charged residues (pink) that may act as a Nuclear Localization Signal (NLS), 
which are less well conserved between higher and lower animals. The proteins 
shown in the rectangular box are included in this study. C) Alignment of the zinc-
fingers of NvSNAILA, B and HsSNAIL1, 2 shows that NvSNAILB first zinc-finger 
structure is not fully conserved (see main text). Colour codes shows the 
conservation of amino acids; the asterisk (*) indicates amino acids previously shown 
to be involved in nuclear localization [14]. 
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Figure 3.2. Phylogenetic tree of related SCRATCH and SNAIL zinc-finger 
proteins. This tree was based on the alignment of the sequence region that 
comprised the five zinc-finger domains (see material and methods). C2H2 motif 
prediction was performed on all sequences using SMART and the proteins were 
colour coded based on the predicted first zinc-finger domain. Proteins in black are 
predicted to have the first zinc-finger domain, comprising a total of five zinc-finger 
domains. Proteins in red are predicted to have only four zinc-finger domains, hence 
missing the first zinc-finger domain. The first zinc-finger of NvSNAILB (orange) is 
weakly recognized (E-value 0.25;see supplementary information for SMART 
predictions). This analysis shows that the number of zinc fingers among snail 
proteins is variable across species and indicates multiple duplication events, zinc-
finger domain loss and gene loss.  
 
 
DISCUSSION 
 
SNAIL domain analysis reveals several scenarios for the evolution of 
NvSNAIL proteins.  
Results obtained from domain analysis (Fig. 3.1) suggest that despite 
NvSNAILB often  being identified as a 5 zinc-finger transcriptional factor 
[6, 20], it actually might have lost the functionality in one zinc-finger 
domain. Thus, at least two scenarios concerning the evolution of NvSNAIL 
protein can be proposed (Fig. 3.3). Among cnidarians Nematostella vectensis 
is the only species that doesn’t possess a clear four zinc-finger SNAIL 
factor, so in a first scenario Nematostella might once have had three Snail 
genes (one additional with just four zinc-fingers) and subsequently lost one 
later on during evolution. On the other hand loss of the first zinc finger in 
one of the SNAIL transcription factors seems to be an event occurred several 
times during evolution and it might most likely have started with 
Nematostella vectensis within the cnidarians, where the structure of the first 
zinc-finger domain of NvSNAILB is not fully conserved (Fig. 3.1C). 
Interestingly the placozoan Snail gene groups closely with the other four 
zinc-finger Snail genes of invertebrates (Fig. 3.2), suggesting those could be 
direct descendants.  
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Fig. 3.3. Proposed evolutionary history of SNAIL. A proto SNAIL/SCRATCH 
gene was duplicated early during evolution (Placozoan-cnidarian-bilaterian) 
ancestor, giving rise to two genes, of which one evolved into the SCRATCH family 
and the other into the SNAIL family. A subsequent duplication event gave rise to 
two Snail genes, of which one lost the first zinc-finger domain and the second 
retained the first zinc-finger domain. Nematostella vectensis comprises two Snail 
genes, SNAILA and SNAILB, of which the latter still has a partial first zinc-finger 
domain but was not completely lost. This can indicate that Nematostella vectensis 
lost the gene with only four zinc-finger domains and underwent another duplication 
event to yeld the five zinc-finger domains SNAIL or that the first zinc-finger 
domain of NvSNAILB more slowly evolved compared to other species.  
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Part II: Domain analysis of the cnidarian SNAIL 
orthologs reveals unique nucleolar localization that 
depends on the zinc-finger domains 
 
Abstract 
 
SNAIL transcriptional factors are key regulators during development and 
disease. They arose early during evolution, and in cnidarians such as 
Nematostella vectensis, NvSNAILA/B are detected in invaginating tissues 
during gastrulation. The function of SNAIL proteins is well established in 
bilaterians but their roles in cnidarians remain unknown. The structure of 
NvSNAILA and B is similar to the human SNAIL1 and 2, including SNAG 
and zinc-finger domains. Here, we performed a molecular analysis on 
localization of NvSNAILA/B using mammalian cells and Nematostella 
embryos. NvSNAILA/B display nuclear localization similar to HsSNAIL1/2. 
Strikingly, NvSNAILA is highly enriched in the nucleoli. Truncation of the 
N-terminal SNAG domain, reported to contain Nuclear Localization Signals, 
markedly reduces nucleolar levels, without effecting nuclear localization. 
Truncation of the C-terminal zinc-fingers, involved in DNA binding in 
higher organisms, significantly affects subcellular localization. Specifically, 
the zinc-finger domains are required for nucleolar enrichment of 
NvSNAILA. Differently from SNAIL transcriptional factors described 
before, NvSNAILA is specifically enriched in the nucleoli co-localizing with 
nucleolar markers even after nucleolar disruption. Our findings implicate 
additional roles for SNAG and zinc-finger domains, suggesting a role for 
NvSNAILA in the nucleolus.  
 
Keywords 
SNAIL, Nematostella vectensis, localization, nucleolus, nucleolar disruption 
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INTRODUCTION 
 
The Snail gene family, first identified in flies [1], encodes zinc-finger 
transcription factors probably best known for inducing changes in cell shape 
and morphology during cell migration [2]. Specifically, they are required for 
acquisition of cell motility through loss of adhesion in several organisms, 
including mammals [3]. The role of promoting cell migration is essential for 
the Epithelial- to- Mesenchymal Transition (EMT), a process that occurs 
during embryogenesis, where epithelial cells acquire fibroblast-like 
properties through down-regulation of epithelial genes and up-regulation of 
mesenchymal genes. Snail genes are directly involved in the transcriptional 
repression of E-cadherin, which is an important hallmark of EMT in many 
organisms [4, 5]. This causes reduced intercellular adhesion and increased 
motility, such that cells are able to detach from the epithelial layer and 
become part of the mesenchyme [6]. It has also been shown that EMT is 
involved in other cellular processes including wound healing, chronic 
inflammation, fibrosis and malignant epithelial tumour progression [7, 8]. 
Snail genes are also activated during other important cellular and 
developmental processes, such as dorsal- ventral pattering [9], cell fate 
decision and right-left asymmetry [10].  

These transcription factors all share the same highly conserved C-
terminal domain comprising at least four zinc fingers, either C2H2 motifs 
alone or C2H2 coupled with the C2HC variant. These zinc fingers can bind to 
the double-helix of DNA, recognizing specific motifs for regulation activity 
[11]. Apart from these four conserved zinc-fingers, SNAIL proteins can also 
contain one or two extra zinc-fingers. In contrast, the N-terminal domain is 
highly divergent and is thought to be involved in transcriptional regulation 
of E-cadherin expression in Bilateria via cofactor interaction [11, 12].   

SNAIL family members are considered as important mesodermal 
determinants in triploblastic animals, which all possess three germ layers: 
ectoderm, endoderm and mesoderm. Surprisingly, they have also been 
discovered in diploblastic animals, such as cnidarians, which only possess an 
ectoderm and endoderm, and no true mesoderm. In these organisms, Snail is 
predominantly expressed in the endoderm [13, 14]. During cnidarian 
embryogenesis, Snail is expressed at the site of invagination in the 
presumptive endoderm prior to the onset of gastrulation. Comparatively, 
cnidarian Snail expression and the accompanying cellular movement is very 
similar to the one driving the formation of mesoderm in Bilateria during late 
gastrulation [3, 15].  

Cnidarians are a sister group of the bilateria and therefore can 
provide insights into the evolution of gene families. They are a large and 
successful phylum of animals that diverged from the bilateria 600-800 
million years ago [13]. Despite often being considered as simple or 
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primitive, studies on different members of this phylum have revealed high 
molecular [16] and morphological complexity [17]. Nematostella vectensis, 
like all cnidarians, lacks a true mesoderm layer, yet it exhibits a gene 
repertoire encoding many transcription factors involved in bilaterian 
development and mesoderm formation [13, 18]. Intriguingly, so far no 
evidence has been found that cnidarians possess real EMT or have the ability 
to develop (metastatic) tumours. Although the role of SNAIL during 
endomesoderm formation in higher metazoans is well established [19], the 
only study reported to date did not find any obvious role for SNAILA and B 
during Nematostella vectensis gastrulation.  
 
EXPERIMENTAL PROCEDURES 
 
Plasmids used for HeLa cells analysis 
cDNA for Nematostella vectensis SNAILA and B as well as the respective 
truncated variants were RT-PCR- amplified from Nematostella vectensis and 
cloned in pmTurquoise2 and pmCherry (clontech-like) vectors providing a 
C-terminal mTurquoise2 [20] and mCherry tag. cDNA for human (Hs) 
SNAIL1 and 2 were RT-PCR- amplified from HeLa cells and cloned in 
pmTurquoise2 N1 (clontech-like) vectors providing a C-terminal 
mTurquoise2 tag. Coding DNA for human FIBRILLARIN (HsFIB) was 
PCR- amplified from HeLa cells cDNA and cloned in psYFP2 C1 (clontech-
like) vector providing an N-terminal sYFP2 tag. See supplementary 
information for all primer sequences. 

A plasmid pmCherry (clontech-like) vector was used for 
quantification analysis. Hybrid genes were obtained by PCR-driven overlap 
extension as previously described [21], and cloned in pmTurquoise2 N1 
(clontech-like) vector providing an C-terminal mTurquoise2 tag. Plasmids 
encoding both Nucleolin  (HsNCL) (#28176) and sentrin-specific peptidase 
3 (HsSENP3) (#34554 )  fused to the GFP at their N-terminal in a C1 
(clontech-like) vector were obtained from Addgene. Nucleophosmin 
(HsB23) was obtained from B23-pCMV-DsRed-Express (Addgene, # 
34553) and cloned into pmTurquoise2 N1 (clontech-like) vector. See 
supplementary material for the primers used for each cloning step.  
HeLa cervical cancer cells (ccl-2) were cultured and transfected as 
previously described [22]. 
 
Point mutation constructs 

To generate point mutations, forward and reverse primers were 
designed (Table 1). With this PCR mutagenesis technique, the entire vector 
with the construct of interest was amplified. The forward and reverse 
primers were designed at (triplet code of) the site of the required mutation. 
Before and after this triplet code, 12 nucleotides (coding for three amino 
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acids) were added to the primers for annealing and specificity. DNA was 
amplified by PCR, as previously described. As a control, a similar reaction 
without the addition of Pfu polymerase was made. After amplification, 
template DNA was cut with 0.2 U/µl DpnI (Thermo Scientific) for 1-2 h at 
37°C. This enzyme cuts the methylated DNA (the template), while the new 
amplified DNA remains unmethylated and therefore intact after digestion 
with DpnI. To inactivate DpnI, the samples were incubated at 80°C for 20 
min. The samples and control (5 µl) were checked by gel electrophoresis. 
Subsequently, the DNA was transformed into E.cloni competent cells, single 
colonies were inoculated and plasmid DNA was isolated.  

 
Plasmids used for Nematostella vectensis embryos injections 
The cDNA for Nematostella vectensis SNAILA as well as the respective 
truncated variants were subcloned into a vector suitable for in vitro 
transcription.  We used the Gateway pSPE3-mCherry (for NvSNAILA, B 
full length) and pSPE3-mVenus (for NvSNAILA truncated variants: 
NvSNAILA-Δ5SNAG, Δ20pNLS, ΔZnf and NvSNAILB-ΔZnf) system [23] 
for in vitro transcription vectors.  

RNA synthesis and microinjections 
Linearization and RNA synthesis were carried out as previously described 
[24]. Uncleaved embryos were individually injected as previously described 
[24] with the RNA of NvSNAILA, B and the respective truncated variants at 
a final concentration of 300 ng/µl. After 10 hours at 25 °C the injected 
embryos from late cleavage stage were visualized by live microscopy.  

Hoechst staining 
Embryos from late cleavage stages (10 hrs. post fertilization at room 
temperature) were fixed as previously described [25]. Embryos were then 
incubated in Hoechst (100 mg/ml in DMSO stock solution, Life 
Technologies) diluited 1:5000, in 1 ml PTw for 1 h at room temperature. 
Embryos were then cleared 2x with 50% glycerol in PBS and 2x 80% 
glycerol in PBS and mounted for visualization. 
 
Confocal microscopy and quantification in HeLa cells 
Experiments were performed as previously described [22]. See 
supplementary material for the microscope settings (Table S3.1). Based on 
three confocal microscopy images of the nucleolar marker HsFIB (fused to 
sYFP2) and free mCherry and the construct of interest (fused to 
mTurquoise2) transfected in HeLa cells (Fig. S3.1), we extracted the 
cytoplasm/nucleoplasm and nucleolus/nucleoplasm ratio. The 
cytoplasm/nucleoplasm ratio was calculated by dividing the median 
fluorescence value of cytoplasm by the median fluorescence value of the 
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nucleoplasm, which was obtained using masks (see supplementary Fig. 3.4). 
We subsequently divided the ratio obtained for HsFIB and the construct of 
interest by the cytoplasm/nucleoplasm ratio of mCherry in order to reduce 
variability due to cell geometry or cytoplasmic organelles. The ratios are 
therefore presented relative to mCherry, which can passively move into and 
out of the nucleus and is both present in the nucleoplasm as well as the 
cytoplasm, a value close to one means that the ratio is similar to mCherry.  

We calculated the raw nucleolus/nucleoplasm ratio for each 
nucleolus by averaging the normalized pixel values for HsFIB and the 
construct of interest in each nucleolar region using a nucleolar mask (see 
supplementary Fig. 3.4), and then calculated a weighted mean for each cell. 
Nucleoli are very dense structures and we assume that mCherry does not 
specifically bind there. Although mCherry was largely excluded from the 
nucleoli, we still measured about 50% residual fluorescence at the nucleolus 
(Fig. 3.4I, J), which represents the fraction (f) of non-specific localization 
and can be partly explained by fluorescence originating from the 
nucleoplasm. We therefore also calculated an adjusted 
nucleolus/nucleoplasm ratio [26] by removing the fluorescence that comes 
from non-specific nucleolar localization. The adjusted 
nucleolus/nucleoplasm ratio can be calculated for each pixel using the 
following equation: . Here 1 - fi represents the 

inaccessible volume fraction that is obtained from the normalized mCherry 
image Rraw represents the raw nucleolus/nucleoplasm ratio. Because of the 
noisy signals we calculate the average adjusted ratio using the least squares 
solution:   

 Eq. 1  

Where  denotes the raw ratio for pixel i and fi denotes the normalized 
mCherry fluorescence, which represents the freely accessible volume 
fraction, measured in the confocal volume. Adjusted ratios close to one 
represent a distribution similar to mCherry. See supplementary information 
for further details and Fig. 3.4. 
 
DRB- Assay  
Transfected HeLa cells were incubated at 37° C and 5% CO2 with DRB 
(Sigma-Aldrich) added to the culture medium to the final concentration of 
60 µM as previously described [27]. After 5h the drug was washed away and 
cells were kept in standard medium for 20 and 60 min. 
Confocal microscopy in Nematostella embryos  
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See supplementary material (Table S3.1) for the microscope settings used. 
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Figure 3.4. The quantification of localization is based on three confocal microscopy 
images with different colors. Based on three confocal microscopy images of the 
nucleolar marker HsFIB (A, E fused to sYFP2), free mCherry (B, F) and the 
construct of interest (C, G fused to mTurquoise2) transfected in HeLa cells we 
extracted the cytoplasm/nucleoplasm ratio and nucleolus/nucleoplasm ratio. A 
background ROI was manually drawn in a region that was void of cells in all three 
channels, and each channel was background subtracted using the mean background 
fluorescence calculated from the background ROI. Subsequently a region of interest 
was manually drawn in the cytoplasm, and the median fluorescence value was 
calculated for all channels. Another region of interest was manually drawn in the 
nucleus, such that it encompassed the nucleoli that were visible in the HsFIB image 
(D1, H1); care was taken not to include any cytoplasm. The mode in the nuclear 
ROI was calculated for both HsFIB and mCherry and used to normalize the 
fluorescence of both channels and the initial estimate of the nucleolar mask was 
obtained by thresholding the mode normalized ratio image of HsFIB/mCherry (at 
ratio level 2). An initial nucleoplasm mask was obtained by subtracting the initial 
nucleolar mask from the nucleus mask. Based on the pixels in the initial 
nucleoplasm mask a mean spatial profile (column profile, vertical direction of 
confocal scanning) was calculated and smoothed using boxcar averaging (11 pixels). 
The nucleus fluorescence (both nucleoplasm and nucleoli) for all the channels was 
subsequently normalized with their respective profiles, such that the nucleoplasm 
fluorescence was normalized to unity. The final nucleolar mask was then obtained 
by thresholding the normalized HsFIB image using a value of 1.4 (D2, H2). The 
final nucleoplasm mask was obtained by subtracting the final nucleolar mask from 
the nucleus mask (D3, H3). Nucleoli were manually selected from the nucleolar 
mask and for each selected nucleolus the full width half minimum was determined 
from a smoothed normalized mCherry image (7x7 pixels Gaussian filter with a 
sigma of 200 nm). A refined nucleolar mask was then obtained by thresholding each 
nucleolar region using the full width half minimum of each nucleolar region (D4, 
H4). I, J) Line scan profiles of the normalized fluorescence level in each image (A-
C and E-G).  
 
 
RESULTS 
 
Cellular localization of NvSNAILA, NvSNAILB, HsSNAIL1 and 
HsSNAIL2 in HeLa cells 
In order to study the localization properties of Nematostella vectenis SNAIL 
proteins in comparison with human homologues, we transfected plasmids 
encoding NvSNAILA, NvSNAILB, HsSNAIL1 and HsSNAIL2 fused to 
mTurquoise2 (43) at the C-terminus in HeLa cells. This cell type was used 
as a heterologous model system for our comparison studies because many 
experimental cycles can be performed easily (transfection and advanced 
microscopy), constituting a convenient and powerful tool for protein 
analysis to combine with Nematostella vectenis embryological experiments. 
Previous studies have shown that the concentration levels of transcription 
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factors in animal cells are found in a range of 10-300 nM [28].  These values 
are comparable with the ones found from FCS experiments (see 
experimental procedures). The subcellular distribution was then determined 
by scanning laser confocal microscopy where the concentration values found 
with FCS generally are 5 fold higher. All over-expressed full-length SNAIL 
constructs exhibit strong nuclear localization compared to mCherry (Fig. 
3.5, Table 3.1, Fig. 3.4, Fig. 3.6). Furthermore, HsSNAIL1 and 2 show the 
same nuclear localization as previously described [29, 30]. Because the 
protein levels in the nucleolus varied for the different SNAIL constructs 
(Fig. 3.5A-H) we quantified the ratios of nucleolus (nu) and nucleoplasm 
(np) (see experimental procedures, Fig. 3.4, Table 3.1, Fig. 3.5V). With the 
aid of the nucleolar marker HsFIB fused to the sYFP2 [31, 32] and mCherry 
alone we extracted the nucleolus/nucleoplasm ratios of the constructs of 
interest. The quantitative analysis (see experimental procedures, Fig. 3.5V, 
Table 3.1, Fig. 3.4) reveals that NvSNAILA (Fig. 3.5E-F) is significantly 
enriched in the nucleoli (Fig. 3.5V), Rnu-np = 2.46 ± 0.25 (n = 27). This was 
also observed in other human cell lines such as HEK293 and U2OS (data not 
shown). We found that the N-terminal fusion construct, mTurquoise2-
NvSNAILA exhibited a similar enrichment level in the nucleoli (data not 
shown) suggesting that the FP tag is not interfering with the sub-cellular 
localisation mechanism. HsSNAIL1 (Fig. 3.5A-B) exhibits significantly 
lower levels Rnu-np = 0.27 ± 0.09 (n = 31). NvSNAILB (Fig. 3.5J-L) and 
HsSNAIL2 (Fig. 3.5C-D) exhibit intermediate levels with ratios Rnu-np = 0.90 
± 0.15 (n = 14) and Rnu-np = 0.52 ± 0.09 (n = 32) respectively. Summarizing, 
NvSNAILA displays strong nucleolar localization compared to the other 
constructs, while NvSNAILB as well as HsSNAIL1 and 2 are detected at 
much lower levels in this sub-nuclear structure and in fact are relatively 
excluded.  
 
NvSNAILA specifically localizes at the Granular Component of HeLa 
cells nucleoli  
In nucleoli from higher eukaryotes three different compartments or regions 
have been identified by electron microscopy [33]: Fibrillar Centres (FCs) 
containing the ribosomal DNA for 18S, 5.8S and 28S rRNA, Dense Fibrillar 
Component (DFC) and the Granular Component (GC) that surrounds FC and 
DFC  (Fig. 3.7A). In an active nucleolus, transcription of the ribosomal 
genes occurs at the interface between FC and DFC, where also important 
modifications of the rRNAs take place [34, 35]. The GC is associated with 
assembly of the complex ribosome machinery at late steps of rRNA 
processing [36].  

In order to determine the specific nucleolar regions at which 
NvSNAILA localizes, we analysed the co-expression of NvSNAILA with the 
human nucleolar markers HsFIB, HsNCL, HsB23 and HsSENP3 in HeLa 
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cells (Fig. 3.7, 3.8). When co-expresing HsFIB-sYFP2, HsB23-mTq2 and 
NvSNAILA-mCherry, we observed that HsFIB, a DFC marker, is highly 
enriched in the DFC, but also present in the GC and not in the FC (Fig. 
3.7B). For HsB23, a marker for the GC [27, 37], we observed that it is 
indeed more localized at the GC and does not show enrichment at the DFC 
nor the FC (Fig. 3.7C). NvSNAILA exhibits a highly similar distribution 
compared to HsB23, and is predominantly localized at the GC and not the 
DFC nor the FC (Fig. 3.7D). To further investigate this observation we plot 
the pixel intensity obtained from a region defined by a line (Fig. 3.7B) both 
for the pair HsFIB-NvSNAILA and for the pair HsB23-NvSNAILA (Fig 
3.7E-F). The scatter plot obtained from the nucleolar regions shows that 
HsFIB-NvSNAILA do not show a pure linear relationship meaning that they 
do not co-localize in every region of the nucleolus (Fig. 3.7E), while for the 
couple HsB23-NvSNAILA a linear correspondence was found (Fig. 3.7E), 
meaning that they highly co-localize. This observation is further 
corroborated by comparing the normalized intensity profiles obtained for the 
three proteins in individual nucleoli (Fig. 3.7G); the intensity profile for the 
cell in Fig. 3.7B-D shows that HsB23 and NvSNAILA show a high degree 
of overlap, in contrast to HsFIB, which exhibits higher intensities in the 
region with lower NvSNAILA and HsB23 intensities. Similar patterns were 
found for all the analysed cells (n = 20 cells). A similar result was found 
when NvSNAILA was co-expressed with HsSENP3 (n = 10 cells), another 
nucleolar marker for the GC [37, 38] (Fig. 3.8A-D). We finally investigated 
the co-localization between NvSNAILA and HsNCL, a nucleolar marker for 
both the GC and the DFC. In this case (n = 10 cells) we found that co-
localization was similar to NvSNAILA-HsFIB (Fig. 3.8I-L) These results 
suggest that NvSNAILA localizes at the Granular Component of nucleoli in 
HeLa cells together with the GC markers HsB23 and HsSENP3 and does not 
exhibit pronounced enrichment at the DFC or FC.   



 

82 
 

Chapter 3 

  



 

83 
 

 Nematostella vectensis SNAILA and B localisation 

Figure 3.5. Cellular localisation of NvSNAILA and B constructs and their 
truncated variants in HeLa cells. A-H) Cellular localisation by confocal imaging 
of the full length (FL) constructs of NvSNAILA, B and HsSNAIL1, 2 fused to 
mTurquoise2 at the C-terminus in HeLa cells together with the nucleolar marker 
sYFP2-HsFIB, white arrows indicate position of nucleoli. I) Constructs analysed for 
both NvSNAILA and NvSNAILB by truncation of respectively the first 5 amino 
acids of the SNAG domain alone (NvSNAILA/B-Δ5SNAG), SNAG domain 
together with the predicted NLS (NvSNAILA/B-Δ20p.NLS) and of the entire zinc-
finger domain (NvSNAILA/B-ΔZnf). J-U) Confocal imaging of the truncated 
proteins transfected in HeLa cells fused to mTurquoise2 at the C-terminus together 
with the nucleolar marker sYFP2-HsFIB, white arrows indicate position of nucleoli 
J-M and P-S and cytoplasm N-O and T-U. V) Quantification of nucleolar 
localisation expressed as the ratio of the fluorescence intensity in the nucleolus over 
nucleoplasm. Error bars are confidence intervals at 95% confidence level. Scale bar 
10 µm.  
 
 
NvSNAILA co-localizes with HsB23 and SENP3 after DRB-induced 
nucleolar disruption 
To further investigate the sub-nucleolar localisation of NvSNAILA and 
human nucleolar markers we induced nucleolar disruption using DRB, a 
casein kinase II (CK2) inhibitor that causes disconnection between the DFC 
and the GC [27]. In HeLa cells co-expressing HsFIB, HsB23 and 
NvSNAILA incubated for 5h with DRB we clearly observed disruption of 
the nucleoli (Fig. 3.7H-J). The nucleolus loses its organized architecture and 
the nucleolar marker proteins all exhibit a less well defined localization in 
the nucleus. In DRB treated cells (n = 15) we observed that NvSNAILA 
becomes notably more uniformly distributed throughout the nucleoplasm 
compared to HsB23 and HsFIB, but 73% of the cells still showed residual 
enriched structures that strongly co-localize with HsB23. HsFIB exhibits 
two pools, one weakly co-localising and one pool that was not co-localising 
with HsB23 and NvSNAILA, the former is associated with remnants of the 
GC and the latter with remnants of the DFC (Fig. 3.7H-J, white arrows). 
This observation was also confirmed by both the scatter-plot (Fig. 3.7K-L) 
and the intensity profile (Fig. 3.7M). In the first case, the relation 
NvSNAILA-HsFIB clearly appears to be non-linear compared to the relation 
NvSNAILA-HsB23 as well as the intensity profiles show a high degree of 
co-localisation between NvSNAILA and HsB23 compared to HsFIB. In cells 
co-transfected with the other nucleolar markers, HsNCL and HsSENP3, we 
observed similar effects on NvSNAILA distribution and co-localisation (Fig. 
3.8). NvSNAILA exhibited enriched residual regions in 60% of the cells (n = 
10), which co-localised with HsSENP3 (Fig. 3.8E-F). Cells co-expressing 
NvSNAILA and HsNCL exhibited two pools similar to HsFIB, with a 
similar co-localisation pattern (Fig. 3.8M-N). All observations were further 
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confirmed by the calculation of scatter-plots and intensity profiles (Fig. 
3.8G-H and O-P). Nucleolar disruption by DRB was completely reversed 
within 20-60 min after washing away DRB, restoring the co-localisation 
patterns observed in untreated cells (data not shown). These observations 
indicate that NvSNAILA co-localises with both HsB23 and HsSENP3 in the 
GC. 
 
Putative NLS does not affect nuclear localization of both NvSNAILA 
and B while the SNAG domain contributes to their nucleolar 
localization 
In order to investigate whether the N-terminal domain of NvSNAILA, B is 
involved in sub-cellular/sub-nuclear localisation, two truncated versions 
fused to mTurquoise2 were analysed. The first truncation comprised the first 
five amino acids (5SNAG), thereby removing the R in the third position of 
the SNAG domain (Fig. 3.5I). The second truncation comprised the first 
twenty amino acids (Δ20pNLS), thereby removing the complete sequence of 
the putative NLS and SNAG domain (Fig. 3.5I). The constructs were 
transfected in HeLa cells and their cellular localisation was analysed by 
confocal microscopy (Fig. 3.5J-M and 3.5P-S). Both Δ5SNAG and 
Δ20pNLS versions of NvSNAILA and NvSNAILB are still localized in the 
nucleus similar to the full length proteins (see, Table 3.1, Fig. 3.4, Fig. 3.6). 
However, the truncated versions of NvSNAILA exhibit reduced levels in the 
nucleoli (Fig. 3.5J-M, 3.5P-S and 3.5V), with NvSNAILA-Δ5SNAG, Rnu-np = 
0.45 ± 0.09 (n = 12) and NvSNAILA-Δ20pNLS, Rnu-np = 0.44 ± 0.09 (n = 14) 
showing a pronounced reduction compared to the full length protein (see 
experimental procedures, Fig. 3.5V, Table 3.1, Fig. 3.4). Interestingly, the 
nucleolar localisation of NvSNAILB-Δ5SNAG, Rnu-np = 0.63 ± 0.10 (n = 14) 
and NvSNAILB-Δ20pNLS, Rnu-np = 0.59 ± 0.08 (n = 14) was also slightly 
but significantly reduced compared to the full length protein (see 
experimental procedures, Fig 3.5V, Table 3.1, Fig. 3.4). These results 
indicate that the first 5 aminoacids of the N-terminal domain are involved in 
nucleolar enrichment of NvSNAILA and, albeit it at much lower levels, 
NvSNAILB.  
 
Truncation of the five zinc-finger domains of both NvSNAILA and 
NvSNAILB increases cytoplasmic levels and reduces nucleolar levels  
As previously mentioned in Part I of this chapter, both NvSNAILA and 
NvSNAILB contain four highly conserved zinc-finger domains (Znf II-V, 
Fig. 3.1C) and one zinc-finger (Znf I) which is less well conserved. For 
other species it has been reported that the last four zinc-finger domains are 
directly involved in DNA binding and also comprise residues that are 
involved in nuclear localisation [39, 29]. 
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In order to investigate if these domains have similar localization properties 
in Nematostella vectensis SNAILA and B, all C-terminal amino acids 
starting at position 123 were truncated, thereby removing the five zinc-
finger domains (FIG. 3.5I), and the remaining protein was fused to 
mTurquoise2. Images were taken using confocal microscopy. Compared to 
their full-length versions, both NvSNAILA-ΔZnf and NvSNAILB-ΔZnf 
exhibit a marked increase in cytoplasmic levels (Fig. 3.5N-O, 2T-U, Table 
3.1, Fig. 3.4, Fig. 3.6). Apart from losing specific nuclear localisation, both 
constructs also show a marked reduction in nucleolar levels with ratios of 
NvSNAILA-ΔZnf, Rnu-np = 0.32 ± 0.04 (n = 13) and NvSNAILB-ΔZnf, Rnu-np 
= 0.29 ± 0.03 (n = 16), similar to mCherry alone (Fig. 3.5V, Table 3.1, Fig. 
3.4). Truncation of only the last four zinc-finger domains in NvSNAIL 
(NvSNAILA-ΔZnfII-V) resulted in a cellular distribution similar to 
NvSNAILA-ΔZnf, (data not shown). Thus, we observed that both the five 
Zn-finger domains, and the SNAG domain, play crucial roles in nucleolar 
enrichment of NvSNAILA. 
 
Cellular localization of NvSNAILA and NvSNAILB in Nematostella 
vectensis embryos  
To determine whether the cellular localisation observed in HeLa cells of 
NvSNAIL mutants is conserved in Nematostella vectensis embryos, eggs 
were injected prior to fertilization with the RNA of each construct 
NvSNAILA and, B and their respective truncated versions NvSNAILA,B-
ΔZnf. Once fluorescence was apparent in the fertilized embryos live images 
were taken. As shown in Figure 4, the full length NvSNAILA fused to the 
fluorescent protein mCherry specifically localizes into the nucleus and 
exhibits enrichment in regions with a similar size and shape that are 
excluded in embryos stained with Hoechst, a DNA marker that is excluded 
from nucleoli [40] (Fig. 3.9A, inset). NvSNAILB fused to the fluorescent 
protein mCherry also specifically localizes to the nucleus, but with reduced 
levels in nucleoli-like regions compared to NvSNAILA (Fig. 3.9B). The 
cellular distribution of NvSNAILA-ΔZnf, NvSNAILB-ΔZnf fused to 
mVenus was also similar as observed in HeLa cells, exhibiting a marked 
increase in cytoplasmic levels as well as a marked reduction in nucleoli (Fig. 
3.9C-D).  We also injected NvSNAILA-Δ5SNAG and Δ20pNLS mutants 
fused to mVenus, which also specifically localized into the nucleus and in a 
subset of nuclei exhibited reduced but more variable fluorescence 
distribution with respect to the nucleoli (data not shown).  
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Construct/ratio adj. Rnu-np raw Rnu-np Rcp-np 
HsFIB 11.06 ± 1.41 (152) 5.21 ± 0.62 (152)   
HsSNAIL1  0.27 ± 0.09 (31) 0.72 ± 0.03 (31) 0.17 ± 0.04 (31) 
HsSNAIL2 0.52 ± 0.09 (32) 0.82 ± 0.03 (32) 0.22 ± 0.05 (31) 
NvSNAILA 2.46 ± 0.25 (27) 1.59 ± 0.10 (27) 0.13 ± 0.05 (27) 
NvSNAILA-
Δ5SNAG 0.45 ± 0.09 (12) 0.77 ± 0.04 (12) 0.25 ± 0.12 (12) 
NvSNAILA-
Δ20pNLS 0.44 ± 0.09 (14) 0.77 ± 0.04 (14) 0.08 ± 0.03 (14) 
NvSNAILA-ΔZnf 0.32 ± 0.04 (13) 0.72 ± 0.02 (13) 0.96 ± 0.04 (13) 
NvSNAILB 0.90 ± 0.15 (14) 0.96 ± 0.07 (14) 0.07 ± 0.03 (14) 
NvSNAILB-
Δ5SNAG 0.63 ± 0.10 (14) 0.83 ± 0.05 (14) 0.05 ± 0.02 (14) 
NvSNAILB-
Δ20pNLS 0.59 ± 0.08 (14) 0.83 ± 0.03 (14) 0.16 ± 0.12 (14) 
NvSNAILB-ΔZnf 0.29 ± 0.03 (16) 0.68 ± 0.03 (16) 1.00 ± 0.04 (16) 
NvSNAILBNt-
NvSNAILAZnf 0.92 ± 0.12 (15) 0.97 ± 0.05 (15) 0.04 ± 0.02 (15) 
NvSNAILANt-
NvSNAILBZnf 2.53 ± 0.25 (14) 1.65 ± 0.10 (14) 0.07 ± 0.03 (14) 
NvSNAILA-ΔZnf 
II-V 0.40 ± 0.04 (14) 0.75 ± 0.02 (14) 0.85 ± 0.04 (14) 
NvSNAILA-ΔZnf 
III-V 0.81 ± 0.46 (19) 0.92 ± 0.18 (14) 0.79 ± 0.05 (14) 
NvSNAILA-ΔZnf 
IV-V 1.87 ± 0.13 (16) 1.35 ± 0.06 (16) 0.07 ± 0.01 (16) 
NvSNAILA-ΔZnf 
V 1.88 ± 0.54 (14) 

1.28 ± 0.18 (14) 0.10 ± 0.02 (14) 

NvSNAILA-ΔN-
terminal 3.70 ± 0.21 (16) 

1.95 ± 0.05 (16) 0.07 ± 0.02 (16) 

NvSNAILB-ΔN-
terminal 2.00 ± 0.26 (15) 

1.33 ± 0.08 (15) 0.06 ± 0.03 (15) 

NvSNAILAP2A 3.08 ± 0.03 (14) 1.76 ± 0.14 (14) 0.12 ± 0.06 (14) 
NvSNAILAR3A 2.86 ± 0.60 (11) 1.61 ± 0.19 (11) 0.14 ± 0.06 (11) 
NvSNAILAS4A 3.07 ± 0.44 (15) 1.74 ± 0.17 (15) 0.14 ± 0.06 (15) 
NvSNAILAAP2A
R3A 1.86 ± 0.32 (10) 

1.33 ± 0.12 (10) 0.30 ± 0.44 (10) 

NvSNAILAR3A 
S4A 1.08 ± 0.21 (13) 

1.04 ± 0.08 (13) 0.64 ± 0.10 (13) 

 
Table 3.1. Adjusted and raw ratio of nucleolus fluorescence intensity over 
nucleoplasm fluorescence intensity (nu/np) and cytoplasm fluorescence intensity 
over nucleoplasm fluorescence intensity (cp/np) in HeLA cells for different 
constructs fused to mTq2. Errors represent 95% confidence intervals. 
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Figure 3.6. Histogram of cytoplasm/nucleoplasm fluorescence ratios for different 
SNAIL constructs. All ratios are normalised with the ratio of mCherry, in this way 
any variation coming from geometrical differences or organelle distribution are 
removed from the ratio. If the ratio is equal to one, then the cytoplasm/nucleoplasm 
ratio is indistinguishable from mCherry.  Error bars represent 95% confidence 
intervals. 
 
 
The zinc-finger domain region of NvSNAILA is required for nucleolar 
enrichment 
As shown in Figure 3.5 and 3.9, NvSNAILB exhibits moderate nucleolar 
levels compared to NvSNAILA, while having the same first five N-terminal 
amino acids (Fig. 3.1A, 3.5) and truncation of the first five and twenty 
amino acids of the SNAG domain as well as the zinc-finger domains results 
in marked nucleolar reduction of both NvSNAILA and B in HeLa cells (Fig. 
3.5). The last four zinc-finger domains are highly conserved between the 
different SNAIL proteins but the region between the SNAG domain and the 
first zinc-finger domains exhibits high sequence variability. Furthermore, the 
first zinc-finger domain of NvSNAILB is different compared to NvSNAILA, 
and appears to be partial as the second histidine is lacking (Fig. 3.1C).   
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Figure 3.7. Localisation analysis of NvSNAILA in combination with several 
nucleolar markers after DRB-induced nucleolar disruption. A) Diagram of the 
nucleolar structure. B-D) Control HeLa cells showing the specific nucleolar 
localization of HsFIB, HsB23 and NvSNAILA. E-F) Smoothed scatter-plot of pixel 
intensities in the nucleoli for the pair NvSNAILA-HsFIB and NvSNAILA-HsB23. 
The pixel intensities in the nucleoli were normalized with respect to the 
nucleoplasm intensity.  G). Fluorescence intensity profile of the three proteins 
across a region containing a nucleolus (white line in B). H-J) Separation of the DFC 
from the GC due to 5h DRB treatment. K-L) Smoothed scatter-plot of NvSNAILA-
HsFIB and NvSNAILA-HsB23. Only pixels that have higher intensity than the 
nucleoplasm were used, M). Plot of the fluorescence intensity profile of the three 
proteins in a region containing reminiscent nucleolar proteins (white line in H). 
Scale bar 10 µm.  
 
 
In order to further investigate the role of the N-terminal (SNAG up to first 
zinc-finger) and the C-terminal domain (all five zinc-finger domains) 
NvSNAILA/NvSNAILB hybrids were created. In one case, the N-terminal of 
NvSNAILA and the zinc-finger domains of NvSNAILB were combined 
(NvSNAILANt- NvSNAILBZnf) and vice versa, the N-terminal of 
NvSNAILB and the zinc-finger domains of NvSNAILA were combined 
(NvSNAILBNt-NvSNAILAZnf) (Fig. 3.10A). Both were fused to the 
fluorescent protein mTurquoise2 and their localisation was studied by 
confocal microscopy in HeLa cells. The localization of the hybrid constructs 
was compared with their wild type versions. As shown in Figure 3.10B-C, F 
and 3.6, the hybrid NvSNAILANt-NvSNAILBZnf containing the zinc-finger 
domains of NvSNAILB exhibits a similar distribution as full length 
NvSNAILB.  The hybrid NvSNAILBNt-NvSNAILAZnf with the zinc-finger 
domains of NvSNAILA exhibits a similar distribution as full length 
NvSNAILA (Fig. 3.10D-E, F and 3.6), clearly showing that the zinc-finger 
domain region of NvSNAILA contains information that drives nucleolar 
enrichment of the hybrid protein.  
 
The first three zinc finger domains are found to be sufficient for proper 
nuclear/nucleolar localization of NvSNAILA 
As sown in Figure 3.10 the zinc finger of NvSNAILA seem to be crucial for 
localization of NvSNAIL proteins into the nucleus and nucleolus. In order to 
understand which zinc finger (or fingers) is (are) specifically responsible for 
such peculiar localization, several truncated versions of NvSNAILA fused to 
mTurquoise2 were generated. These mutants were obtained by sequential 
removal of each zinc finger from the c-terminal of the protein (Fig. 3.11A). 
Thus, NvSNAILA-ΔZnf II-V is a mutant that has the first zinc-finger, 
lacking of the last four; NvSNAILA-ΔZnf III-V incorporates just the first 
two zinc fingers, NvSNAILA-ΔZnf IV-V misses last two zinc fingers while 
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Figure 3.8. Localisation analysis of NvSNAILA in combination with HsSENP3 
and HsNCL nucleolar markers after DRB-induced nucleolar disruption. A-B) 
Control HeLa cells showing the specific nucleolar localization of HsSENP3 and 
NvSNAILA. C) Smooth Scatter-Plot for the couple NvSNAILA- HsSENP3 obtained 
by plotting the pixel intensity of each point from both channel in a region defined by 
a line in A. D). Plot of the fluorescence intensity of the two proteins considered in a 
nucleolar sub-region (white line in A). E-F) Separation of the DFC from the GC due 
to 5h DRB treatment. G) Smooth Scatter-Plot for the couple NvSNAILA- HsSENP3 
obtained by plotting the pixel intensity of each point from both channels in a region 
defined by a line in E. H). Plot of the fluorescence intensity of the three proteins 
considered in a nucleolar sub-region (white line in E). I-J) Control HeLa cells 
showing the specific nucleolar localization of HsNCL and NvSNAILA. K) Smooth 
Scatter-Plot for the couple NvSNAILA- HsNCL obtained by plotting the pixel 
intensity of each point from both channels in a region defined by a line  in I. L). Plot 
of the fluorescence intensity of the two proteins considered obtained in a nucleolar 
sub-region (white line in I). M-N) Separation of the DFC from the GC due to 5h 
DRB treatment. O) Smooth Scatter-Plot for the couple NvSNAILA- HsNCL 
obtained by plotting the pixel intensity of each point from both channel in a region 
defined by a line in M. H). Plot of the fluorescence intensity of the three proteins 
considered in a nucleolar sub-region (white line in M). Scale bar 10 µm.  
 
 
the mutant NvSNAILA-ΔZnf V misses the last one. The new constructs were 
again transfected in HeLa cells so that their localization could be analyzed 
by confocal microscopy and compared to the wild type NvSNAILA (Fig. 
3.11B-R). According to our observation, NvSNAILA-ΔZnf II-V and 
NvSNAILA-ΔZnf III-V exhibit both a significant reduction in nucleolar 
(0.39 ± 0.05, n=14 and 0.60 ± 0.58, n=19) and nuclear levels (0.85 ± 0.05, 
n=14 and 0.78 ± 0.06, n=19) compared to wild type (Fig. 3.11B, C-D and E-
H, Table 3.1), similarly to the nucleolar (0.30 ± 0.05, n=13) and nuclear 
localization (0.94 ± 0.05, n=13) of NvSNAILA-ΔZnf (Fig. 3.5N-O and V, 
Table 3.1). The mutant NvSNAILA-ΔZnf IV-V, carrying just the first three 
zinc fingers, shows instead a marked increased nucleolar (1.83 ± 0.16, n=16) 
and nuclear levels (0.07 ± 0.01, n=16) (Fig.3.11B and I-J, Table 3.1.). This 
has been verified also for the mutant NvSNAILA-ΔZnf V, which lacks the 
last zinc finger, showing nucleolar level of 1.87 ± 0.68, n=15, also 
exclusively located in the nucleus (0.10 ± 0.03, n=15) (Fig. 3.11B and K-L, 
Table 3.1). In these last two cases, the localization patterns of the mutants 
were comparable to wild type NvSNAILA (Fig. 3.11B and C-D).  

To ensure that the localization patterns were caused by the zinc 
finger domains and not by the SNAG domain, mutant constructs of both 
NvSNAILA and B depleted of their N-terminal were generated: NvSNAILA 
and B-ΔN-terminal, possessing exclusively the zinc finger domains (Fig. 
3.11A) fused to mTurquoise2. Remarkably, similar wild type patterns were 
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observed with both these mutants (Fig. 3.11). However, compared to FL 
NvSNAILA and B (2.31 ± 031, n=27 and 0.80 ± 0.19, n=14) (Fig. 3.11B, C-
D and O-P, Table 3.1) a higher level in the nucleoli was observed either for 
NvSNAILA and B-ΔN-terminal  (3.57 ± 0.26, n=16 and 2.01 ± 0.33, n=15), 
(Fig. 3.11B, M-N and Q-R, Table 3.1). Taken together, our results indicate 
that the first three zinc fingers are sufficient for proper nucleolar and nuclear 
localization of NvSNAILA. Furthermore, expression of truncations carrying 
just the zinc finger domains resulted in an increased nucleolar localization, 
as compared to wild type NvSNAILA and B. 
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Figure 3.9. Cellular localisation of NvSNAILA and B constructs in Nematostella 
vectensis embryos. A) Wild-type NvSNAILA fused to mCherry specifically 
localizes into the nucleus and exhibits enrichment in nuclear regions that have 
similar size and shape as regions that are excluded for Hoechst (inset), a DNA 
marker that is not present in nucleoli (white arrows). B) Wild-type NvSNAILB 
fused to mCherry specifically localizes into the nucleus exhibiting reduced levels in 
nucleoli-like regions compared to NvSNAILA (white arrows). C-D) Mutant version 
of NvSNAILA and B fused to mVenus lacking all the zinc-finger domains no longer 
specifically localize into the nucleus and is increased in the cytoplasm but is 
strongly reduced in nuclear regions similar to nucleoli. 
 
 
Proline, Arginine and Serine are important in NvSNAILA cellular 
localization  
We previously showed that the deletion of the first 5 amino acids of the 
SNAG domain is responsible for both NvSNAILA and B of a marked 
reduction in nucleolar localization (Fig. 3.5). Furthermore we demonstrated 
that the zinc finger domains, especially the first three of NvSNAILA, are 
crucial for localization into the nucleoli (Fig. 3.10, 3.11) in both proteins.  In 
order to clarify the role of the SNAG domain in the NvSNAILA localization, 
we generated NvSNAILA constructs having different point mutations in the 
first 5 amino acids of the SNAG domain to check if the substitution of 
specific amino acids in this region was able to change the localization 
pattern observed in the wild type (Fig. 3.12). The first variants generated 
were carrying just a single point mutation: NvSNAILA P2A, R3A and S4A 
(Fig. 3.12A). Each of these mutants was fused to mTurquoise2 and then 
transfected in HeLa cells in order to analyze their cellular localization, 
compared to the wild type NvSNAILA (Fig. 3.12B-J); from our results, these 
mutants show a nuclear localization profile similar to NvSNAILA. In fact, 
these constructs were almost exclusively localized in the nucleus, as 
compared to the cytoplasm (Fig. 3.12B-J, Table 3.1). A small significant 
increase in nucleolar localization was observed for NvSNAILA P2A (3.13 ± 
0.44, n=14), in comparison to wild type NvSNAILA (2.31 ± 0.31, n=27) 
(Fig. 3.12B). Concerning the mutant NvSNAILA R3A, no significant change 
in nucleolar localization was observed (2.45 ± 0.74, n=11), but it was seen 
that the nucleolar localization of this mutant was lower in a subset of cells 
(approximately 25%). It was unclear if this effect was caused by the point 
mutant or by other factors, e.g. cell division or heterogeneity of the cells. 
Since alterations of single amino acids in the SNAG domain were not 
sufficient to cause variations in either nuclear or nucleolar localization, 
double point mutants of the SNAG domain were generated in constructs 
fused to mTurquoise2: NvSNAILA P2AR3A and NvSNAILA R3AS4A. 
Interestingly, both of these constructs show reduced nucleolar localization 
(Fig. 3.12B, K-N, Table 3.1). A more pronounced reduction was found with 
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NvSNAILA R3AS4A (1.20 ± 0.26, n=13), as compared to the NvSNAILA 
P2AR3A (1.82 ± 0.40, n=10) (Figure 3.12B, Table 3.1). In addition, the 
nuclear localization of NvSNAILA P2AR3A (0.31 ± 0.12, n=10) and 
NvSNAILA R3AS4A (0.66 ± 0.13, n=13) was reduced of four-fold and 
eight-fold respectively, once compared to wild type NvSNAILA (0.08 ± 
0.06, n=27) (Fig. 3.12K-N, Table 3.1).  
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Figure 3.10. Localisation analysis of NvSNAILA and NvSNAILB hybrid 
constructs. A) The N-terminal domain and zinc-finger domains of NvSNAILA and 
NvSNAILB were swapped, thereby creating two hybrid versions. B-E) Hybrid 
constructs were transfected in HeLa cells and imaged by confocal microscopy, 
white arrows indicate position of a nucleolus. F) Quantification of nucleolar 
localisation expressed as the ratio of the fluorescence intensity in the nucleolus over 
nucleoplasm. Error bars are confidence intervals at 95% confidence level, scale bar 
10 µm.  
 
 
Thus, our results suggest that proline, arginine and serine residues of the 
SNAG domain are required in specific combinations for proper nuclear and 
nucleolar localization of NvSNAILA. 
 
DISCUSSION 
 
EMT is a crucial process occurring during both embryonic development and 
disease, such as tumour cell invasion. Snail family transcription factors have 
been found to play a key role in this context by down-regulating epithelial 
cadherins, which is an important hallmark of EMT. As any other 
transcriptional factor, its activity is regulated not just by potential cofactors, 
which might influence their binding to the DNA, but also by the 
presence/absence and specific sublocalization of the protein itself in the 
nucleus. The existence of specific signals such as the NLS allows the 
cellular system to regulate cellular levels of key proteins, by distributing 
those in specific cellular compartments corresponding to their function. In 
this study we have performed a detailed characterization of Nematostella 
vectensis transcription factors SNAILA and SNAILB using both mammalian 
cells and developing Nematostella embryos. We show differences in sub-
nuclear distribution and mobility and compared these with their human 
homologues. NvSNAILA is enriched at the Granular Component of human 
nucleoli and co-localises with GC markers after nucleolar disruption.  
Furthermore, nuclear localization, sub-nuclear distribution of both 
NvSNAILA and NvSNAILB seem to be dependent on the SNAG domain 
and the zinc-finger domains while dynamics of both NvSNAILA and B 
specifically is affected by the zinc-finger domains.  
 
Zinc fingers as determinants of nucleolar localization of NvSNAILA  
We observed that substitution of the zinc-finger domains from NvSNAILA 
with the NvSNAILB zinc-finger domains leads to a marked reduction of 
nucleolar levels (Fig. 3.10), suggesting that fully conserved zinc-finger 
domains of NvSNAILA are involved in nucleolar localisation as it has been 
proposed at least once in literature for other zinc finger transcriptional 



 

96 
 

Chapter 3 

factors [41].  This is further corroborated by the following observations: i) 
substitution of the NvSNAILB zinc-finger domains with the NvSNAILA 
zinc-finger domains leads to a marked increase in nucleolar levels similar to 
the full length NvSNAILA (Fig. 3.10); ii) NvSNAILA zinc-finger domains 
are responsible alone of a massive nuclear/nucleolar localization compared 
to the full length NvSNAILA (Fig. 3.11). 
Specifically, according to our results the first three zinc fingers are irequired 
for nucleolar localization of NvSNAILA. Previous studies suggested that 
NLS signals in SNAIL proteins are located in the second, third and fourth 
zinc-finger domains (corresponding to the first, second and third zinc finger 
for human SNAIL1). Our results show that in NvSNAILA they are located 
between the first and third zinc finger.  
Furthermore, they need to act in combination to ensure proper 
nuclear/nucleolar localization of the same protein. Since NvSNAILB lacks a 
fully conserved structure of the first zinc-finger domain at the C-terminus 
compared to NvSNAILA while the SNAG domain at the N-terminus is 
highly conserved, it might be possible that the the first zinc finger has a role 
during nucleolar localization of NvSNAILA. In fact, DNA binding is linked 
to the last 4 zinc-finger domains in SNAIL proteins having more than 4 
zinc-finger domains, while the absence of the first zinc-finger domain seems 
to not affect neither localization nor DNA binding [29, 39]. Thus, the first 
zinc-finger domain present in NvSNAILA might have a role in protein-
protein interactions, stabilizing the protein either in a specific protein fold 
which involves also the zinc fingers II and III. Alternatively, it might 
interact with another cofactor, which may be linked to nucleolar localisation. 
Interestingly, we observed that the first 20 amino acids previously described 
as having a role in nuclear localization [30, 39] are not essential for nuclear 
localisation of NvSNAILA and NvSNAILB factors, despite the presence of 
many charged residues at the N-terminus (Fig. 3.5). Instead, this region 
appears to represent a non canonical nucleolar localization signal (NoLS) 
acting in combination with the zinc-finger during nucleolar localization, 
differently from what has been reported so far [26, 42]. From our results this 
region is not essential for nucleolar localization of NvSNAILA, but it can 
interfere directly or indirectly with it (Fig. 3.5 and 3.12). Indeed, truncation 
of the SNAG domain and the putative NLS do not affect nuclear 
localization, confirming the presence of a non-classical NLS within or 
around the zinc-finger domains as previously reported for higher organisms 
[43].   
Interestingly, the same amino acids crucial for nuclear localization identified 
in the zinc fingers of vertebrate SNAILs are also conserved in Nematostella 
vectensis SNAILs (Fig. 3.1C). Specifically, mutation of the Arginine in 
position 220 and 224 of the fourth zinc finger of HsSNAIL1 gives a 
localization profile [29] very similar to the one observed for  NvSNAILA  
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Figure 3.11. Cellular localisation of NvSNAILA and B zing finger domains 
mutants in HeLa cells. A) Constructs analysed for NvSNAILA by sequential 
truncation of each zinc finger domain (NvSNAILA-ΔZnf II-V; NvSNAILA-ΔZnf 
III-V; NvSNAILA-ΔZnf IV-V; NvSNAILA-ΔZnf V) and the removal for both 
NvSNAILA and B of the entire N-terminal (NvSNAILA and B-ΔN-terminal). B) 
Quantification of nucleolar localisation expressed as the ratio of the fluorescence 
intensity in the nucleolus over nucleoplasm. Error bars are confidence intervals at 
95% confidence level. Scale bar 10 µm. C-R) Confocal imaging of the truncated 
proteins transfected in HeLa cells fused to mTurquoise2 at the C-terminus together 
with the nucleolar marker sYFP2-HsFIB, white arrows indicate position of nucleoli 
C-R and cytoplasm E-G.  
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and B truncated of all (or just the last four) zinc-finger domains (Fig. 3.5), 
suggesting a conserved role for the same key amino acids between 
Nematsotella and human SNAILs for nuclear localisation. 
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Figure 3.12. Cellular localisation of NvSNAILA and B SNAG mutants in HeLa 
cells. A) Constructs analyzed for NvSNAILA by sequential point mutation of the 
SNAG domain (NvSNAILAP2A; NvSNAILAR3A; NvSNAILAS4A; 
NvSNAILAP2AR3A; NvSNAILAR3AS4A). B) Quantification of nucleolar 
localization expressed as the ratio of the fluorescence intensity in the nucleolus over 
nucleoplasm. Error bars are confidence intervals at 95% confidence level. Scale bar 
10 µm. C-R) Confocal imaging of the point-mutated protein proteins transfected in 
HeLa cells fused to mTurquoise2 at the C-terminus together with the nucleolar 
marker sYFP2-HsFIB, white arrows indicate position of nucleoli.  
 
 

Moreover, this indicates an ancestral and convenient strategy by 
which the cellular system used to distribute into the nucleus specific proteins 
possessing DNA binding domains, maybe through the interaction with a 
cellular transporter [29, 44, 45]. Intriguingly HsSNAIL2 which possesses 
both the SNAG domain and all five zinc-finger domains does not localize 
into the nucleoli of HeLa cells with the same high specificity as NvSNAILA, 
but exhibits levels more similar to NvSNAILB, which lacks a fully 
conserved first zinc-finger domain. This might be due to the evolution of 
additional motifs as the ones included in the SLUG domain placed right 
before the zinc fingers and probably inhibiting folding/interaction required 
for nucleolar localisation. 
 
NvSNAILA and B cellular distribution in both HeLa cells and 
Nematostella vectensis embryos suggests strong conservation between the 
two organisms 
The same specific nuclear localization was observed after expression of 
NvSNAILA and B and their truncated variants in both HeLa cells and 
Nematostella vectensis embryos (Figs. 3.5, 3.9). Thus, HeLa cells might 
represent a complementary convenient model system to study the cellular 
behaviour of these proteins. Also the dynamics of the wild-type proteins 
studied is comparable since all of them exhibit similar values of apparent 
diffusion coefficients. Therefore, based on the zinc-finger homology 
relation, our data suggest that NvSNAILA and NvSNAILB could possibly 
bind DNA sequences, acting as transcriptional factors in HeLa cells in a 
similar way as HsSNAIL1 and HsSNAIL2. Further functional studies in 
Nematostella or mammalian cells concerning the mutant constructs 
presented in this work will be crucial for understanding the role of Snail 
transcriptional factors in this basal metazoan. 
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SUPPLEMENTARY INFORMATION: 
 
Primer sequences 
Constructs used in this study 

Construct Forward Reverse 

NvSnailA ATGCCCCGCTCG
TTTCT 

TCCTTGTGACGGGCA
GCCCG 

NvSnailA-Δ5SNAG ATGCTAGTCAAG
AAAAC 

TCCTTGTGACGGGCA
GCCCG 

NvSnailA-Δ20pNLS ATGGGGCCGGTA
ATGAC 

TCCTTGTGACGGGCA
GCCCG 

NvSnailA-ΔZnf ATGCCCCGCTCG
TTTCT 

TCGCGATTCCTCCGC
GGTTA 

NvSnailB ATGCCGAGGTCC
TTCCT 

CCGCAGAGATTTTGC
CGACACA 

NvSnailB-Δ5SNAG ATGCTGGTGAAG
ACTAAG 

CCGCAGAGATTTTGC
CGACACA 

NvSnailB-Δ20pNLS ATGATAATCCCTT
CAAGA 

CCGCAGAGATTTTGC
CGACACA 

NvSnailB-ΔZnf ATGCCGAGGTCC
TTCCT  

CCGGCAGGTGCTTCG
CTCGTTA 

HsSNAIL1 ATGCCGCGCTCTT
TCCT 

GCGGGGACATCCTGA
GCAGC 

HsSNAIL2 ATGCCGCGCTCC
TTCCTGGTC 

GTGTGCTACACAGCA
GCCAGA 

HsFIB ATGAAGCCAGGA
TTCAGT 

TCAGTTCTTCACCTTG
GGGGGTG 

NvSnailA-ΔZnfII-V ATGCCGAGGTCC
TTCCT 

GTGGAATTGTTGATG
TTT 

NvSnailA-ΔZnf III-V ATGCCCCGCTCG
TTTCT 

TCCGAACGATTTCTT
GCGGTGCGT 

NvSnailA-ΔZnf IV-V ATGCCCCGCTCG
TTTCT 

TCCGTGAGTCCTTAT
ATGTCCCTG 

NvSnailA-ΔZnf V ATGCCCCGCTCG
TTTCT 

GTGAGTCTGCATGTG
AGCGCGCAG 

NvSnailA-ΔN-terminal ATGCCCCGCTCG
TTTCT 

TCCTTGTGACGGGCA
GCCCG  

NvSnailB-ΔN-terminal ATGCTCCAGTGC
CCAAAT 

CCGCAGAGATTTTGC
CGACACA  
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Point mutation constructs were obtained using the following primer pairs 
Construct Forward Reverse 

NvSnailAP2A ATGGCTCGCTC 
GTTTCTAGTCA 

TCCTTGTGACGGGC 
AGCCCG 

NvSnailAR3A ATGCCCGCTTC 
GTTTCTAGTCA 

TCCTTGTGACGGGC 
AGCCCG 

NvSnailAS4A ATGCCCCGCGC 
GTTTCTAGTC 

TCCTTGTGACGGGC 
AGCCCG 

NvSnailAP2AR3A CGAGCCACCAT 
GGCCGCTTCGT 
TTCTA 

TAGAAACGAAGCG 
GCCATGGTGGCTCG 

NvSnailAR3AS4A GCCACCATGCC 
CGCTGCGTTTC 
TAGTCAAG 

CTTGACTAGAAACG 
CAGCGGGCATGGTG 
GC 

 
Hybrids were obtained using the following primer pairs named a, b, c, d as 
indicated in the paper [21] 

 NvSNAILANt-NvSNAILBZnf NvSNAILBNt-NvSNAILAZnf 
a ATGCCCCGCTCGTTTCTA 

GTC 
ATGCCGAGGTCCTTCCT 

b TGGGCACTGGTGTTTGG 
GTC 

ATGGCATTGGAGTTTGGCAG 

c GACCCAAACACCAGTGC 
CCA 

CTGCCAAACTCCAATGCCAT 

d CCGCAGAGATTTTGCCG 
ACACA 

TCCTTGTGACGGGCAGCCCG 

 
Primers for race PCR of Trichoplax SNAIL 
 

 Forward Reverse 
TaSNAILA-1 CGGTAAAGCGTTC 

AGTCGGC 
CGCATCCAAATGGTTTT 
TCTCCAG 

TaSNAILA-2 CTGGAGAAAAACC 
ATTTGGATGCG 

CCGACTGAACGCTTTAC 
CGC 
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 Table S3.1. Confocal microscope settings. 
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requires the zinc-finger 
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Abstract 
In the previous chapter we performed a molecular analysis on localization of 
NvSNAILA/B in mammalian cells and Nematostella vectensis embryos, 
showing that both NvSNAILA and B display nuclear localization similar to 
HsSNAIL1 and 2, with NvSNAILA highly enriched in the nucleoli co-
localizing with nucleolar markers even after nucleolar disruption. 
Furthermore we demonstrated that both nuclear and nucleolar localization 
strictly depend on the zinc fingers domains. In here we carried out a detailed 
mobility analysis of all the SNAIL factors presented in the previous chapters 
in HeLa cells. Specifically, we show that NvSNAILA moves slowly into the 
nucleolar compartment and it is able to shuttle between nucleoli and 
nucleoplasm. Truncation of the N-terminal SNAG domain does not affect 
mobility. Instead, truncation of the zinc-fingers, which are involved in DNA 
binding in higher organisms, significantly affects mobility as well as 
subcellular localization, as already showed. For the first time we offer a 
detailed mobility analysis for the transcriptional factors SNAIL, showing 
that NvSNAILA and B in the nucleoplasm exhibit a similar mobility as 
compared to HsSNAIL1 and 2, of which it is known that they are 
transcriptional factors. Our findings implicate additional roles for the SNAG 
and the zinc-finger domains also from a mobility point of view, which 
strengthens the hypothesis of a functional role for NvSNAILA in the 
nucleolar compartment. 
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INTRODUCTION 
 
The progressive understanding of the role of a protein in a cell requires 
different levels of information, including dynamics. Transcriptional factors, 
for instance, need to interact with DNA inside the cell-nucleus and this is 
based on their ability to dynamically bind and unbind DNA sequences on the 
genome [1]. In this context, Fluorescence Correlation Spectroscopy (FCS) is 
a technique that can be of great help. This analytical method, in fact, allows 
for the determination of the concentration and diffusion coefficient of 
fluorescent molecules in solution in the considered volume [2]. Since its first 
application, about 40 years ago [3], this technique is now used for 
measurements of protein dynamics at sub-micrometer scales [4]. FCS can be 
applied to characterize the diffusion of molecules either in solution or in a 
cellular or extra-cellular environment. Generally, the procedure presents two 
main advantages: i) measurements are quick and ii) there is no need for 
radioactive labeling [5]. However, like most technologies based on 
fluorescence imaging, high-power illumination frequently causes 
photobleaching of fluorescent molecules present in the sample. This 
phenomenon not is just responsible of toxic chemical species and artifacts in 
the measurements, but it has been also the reason why studies of protein 
diffusion in cells became popular in the last two decades [6].  Luckily, we 
now know that photobleaching can be minimized in culture conditions by 
selecting transfected cells that express minimal levels of labelled proteins. 
Indeed, analyses can be carried out at a concentration of 4 nM in a 20-µl 
volume during a time range of 30-120 s [5]. Diffusion of (fluorescent) 
molecules in and out an open small confocal volume generates fluctuation in 
fluorescence intensity, which can be analyzed by autocorrelation function 
that can be fitted to diffusion models [7]. Thus, this method allows for the 
quantitative analysis of molecular interactions and binding kinetics. In this 
way different cellular processes can be monitored by changes in the 
diffusion time of the fluorescent-molecules analyzed. Some of the 
application of FCS might concern DNA–protein binding, as specified above, 
and protein-protein interaction, but the method itself can be also used to 
establish the compartment identity of a specific protein as well as specific 
domains that are responsible for the stability of a protein [8]. In this chapter 
we take the advantage of both FCS and Fluorescence Recovery After 
Photobleaching (FRAP) to further investigate the dynamic behavior of both 
NvSNAILA and B in HeLa cells. From the previous chapter we know that 
NvSNAILA, differently from other SNAIL proteins, localizes into the 
nucleoli of both HeLa cells and Nematostella embryos. Furthermore, our 
results indicate that such localization is strictly depending on its zinc fingers 
(specially the first three). In here we try to address if the localization of this 
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protein into the nucleoli is fortuitous and secondly we try to establish which 
domains of the same proteins are responsible for its stability in the cell.  
 
EXPERIMENTAL PROCEDURES 
 
Plasmids used for HeLa cells analysis 
cDNA for Nematostella vectensis SNAILA and B as well as the respective 
truncated variants were RT-PCR- amplified from Nematostella vectensis and 
cloned in pmTurquoise2, psYFP2, (clontech-like) vectors providing a C-
terminal mTurquoise2 [9] and sYFP2 [10] tag. cDNA for human (Hs) 
SNAIL1 and 2 were RT-PCR- amplified from HeLa cells and cloned in 
pmTurquoise2 N1 (clontech-like) vectors providing a C-terminal 
mTurquoise2 tag. See supplementary information for all primer sequences. 
HeLa cervical cancer cells (ccl-2) were cultured and transfected as 
previously described [11]. 
 
Fluorescence Correlation Spectroscopy (FCS) 
FCS experiments were conducted approximately 12 hours after transfection. 
Measurements were performed on an inverted Fluoview 1000 laser scanning 
microscope (Olympus). The excitation light of a 440 nm 20 MHz pulsing 
laser diode (Picoquant), as controlled by a SepiaII laser driver unit 
(Picoquant), was attenuated 10 times by a neutral density filter. The light 
was guided via a D440/514/594 primary dichroic mirror (Chroma) through a 
water immersed 60x UPlanS-Apo objective (NA 1.2) into the sample. 
Cellular samples were grown on 24 mm round coverslips (Thermo scientific, 
Menzel-glaser) and fixed in AttoFluor sample holders (Invitrogen). The 
emission light was guided via a size-adjustable pinhole, set at 120 µm, 
through the Olympus detection box to the fibre output channel. The optical 
fibre was coupled to a custom-made detection box (Picoquant) containing 
PDM avalanche photodiodes (MPD). The light was guided into one of the 
MPDs where the light was filtered by a 475/45 emission filter (Chroma). 
The photon arrival times were recorded by a Picoharp 300 time-correlated 
single-photon counting system (Picoquant).  
Samples were measured at room temperature (21°C). The photon arrival 
times were recorded during 120 seconds by the SymPhoTime 5.23 
(Picoquant) software. The size and shape of the observation volume was 
determined from FCS calibration measurements using purified mTurquoise2 
in PBS as previously outlined [12], and the estimated volume structure 
parameter was 8. 
The diffusion time of the fusion proteins was analysed in FFS Data 
Processor 2.3 software (SSTC). Sections of raw data, lacking significant 
photobleaching and aggregation spikes, were autocorrelated and analysed 
using a one-component 3D diffusion model with correction for 
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triplet/blinking kinetics [12]. The autocorrelation function was fitted to the 
following equation [13]: 
 

    Eq. 2 
 

Where T denotes the fraction of molecules in the dark state, τTrip the dark 
state relaxation time, N the number of molecules in the detection volume, τDif 
the diffusion time constant and a the volume structure parameter. To 
improve fitting speed and quality, the lower bound of the diffusion time 
constant, τDif was constrained to 200 µs the upper bound for the dark-state 
time constant, τTrip was constrained to 150 µs. Protein concentrations were 
determined using to the following equation: 
 

                 Eq. 3 

Where M represents the concentration,  denotes Avogadro’s number and 
the volume, V can be calculated using: 
 

                Eq. 4 
 
Where D denotes the diffusion coefficient found for a free diffusing FP and 
is equal to 90 µm2/s [14]. The estimated concentration range under FCS 
conditions was 200-500 nM. 
 
Fluorescence recovery after photobleaching (FRAP)  
Measurements were performed using the Olympus microscope as described 
for FCS. The 514 nm excitation line of an Argon laser (Omnichroma) was 
guided via a D458/515 primary dichroic mirror (Chroma). The emission 
light was guided to the internal PMT detector preceded by a 475/45 emission 
filter. 
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The cells transfected with constructs fused to the sYFP2 were imaged 
(128x128 pixels with xy dimensions of 207 nm) at a scan speed of 10 
µs/pixel (0.331 s/frame).  A circular region with a 6 pixel radius (1.242 µm) 
was bleached at 20% laser-power (approximately 100 µW) in tornado-
scanning mode (bleaching from the centre outwards) for a bleach duration of 
1 s. In total, 210 images were collected including 30 pre-bleach frames.  
We determined the average fluorescence in the region of interest that was 
bleached and subtracted background fluorescence for each frame. We 
subsequently determined the fluorescence in the nucleus or the whole cell 
and fitted a double exponential with a step function to determine 
fluorescence bleaching due to scanning. The step was incorporated to 
account for loss of fluorescence in the confined nucleus or cell. In order to 
correct for scan bleaching the raw fluorescence profiles (bleach region and 
whole nucleus/cell) were subsequently normalized with the fitted double 
exponential without the step (see supplementary information Fig. 4.1A-D). 
Radial profiles were determined by calculating the average fluorescence in 
concentric rings, were each ring had a thickness of 207 nm. Regions outside 
the nucleus or cell were omitted in this calculation by using a mask. 
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Figure 4.1. Normalization used in FRAP analysis. A) Raw trace of the mean 
fluorescence in the circular region that bleached a nucleolus. B) Raw trace of the 
mean fluorescence in the region that encompasses the whole nucleus. Because the 
nucleus is a confined region, loss of total fluorescence is apparent as a step (FLIP). 
A double exponential with a step was fitted (solid black line) to this trace and by 
removing the step after the fit an estimate was obtained for scan bleaching (solid 
grey line). C-D) In order to correct for scan bleaching, the raw traces of the circular 
region and the nucleus region were divided by the estimated scan bleaching curve 
and were subsequently normalized to unity using the mean pre-bleach values.  
 
 
RESULTS 
 
Mobility of NvSNAILA, NvSNAILB, HsSNAIL1 and HsSNAIL2 in sub-
cellular compartments.  
Having identified different nuclear/sub-nuclear localization localization 
patterns of NvSNAILA, B and HsSNAIL1, 2 we decided to compare the 
same proteins analyzing their mobility in the nuclear compartment by using 
Fluorescence Correlation Spectroscopy (FCS) (see Experimental 
procedures). Diffusion times were extracted from the auto-correlation curves 
and converted to apparent diffusion coefficients by using mTurquoise2 in 
PBS buffer as calibration (τT = 0.14 ms; D = 90 µm²/s, see Experimental 
procedures). The apparent diffusion coefficients were measured in different 
regions of the cell, including the nucleoplasm and nucleolus and represent a 
mix between free diffusion and transient binding (Fig. 4.2, Table 4.1).  

For all full-length SNAIL constructs, an apparent diffusion 
coefficient ranging from 1-2 µm²/s was found in the nucleoplasm, which is 
significantly lower than mTurquoise2 in the nucleoplasm alone (D = 23 ± 6  
µm²/s). These results indicate a similar mobility for the full-length proteins 
analysed in the nucleoplasm and more importantly they move slower than a 
free unbound protein in the same compartment. 
 
Mobility of the NvSNAILA, B truncation mutants 
In order to examine the role of SNAG domain, putative NLS and zinc-finger 
domains in protein mobility, we decided to measure the apparent diffusion 
coefficient for all the truncation mutants created. We found that truncation 
of the SNAG domain or putative NLS do not significantly affect the 
mobility as NvSNAILA/B-Δ5SNAG and NvSNAILA/B-Δ20pNLS exhibited 
a similar mobility as the full length NvSNAILA and NvSNAILB (Fig.4.2, 
Table 4.1). Truncation of the zinc-finger domains does affect the mobility as 
both NvSNAILA-ΔZnf and NvSNAILB-ΔZnf have an apparent diffusion 
coefficient ranging from 3-5 µm²/s, which is about twice as mobile as the 
full length proteins. As expected, The progressive addition of each zinc 
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finger leads to a gradual decrease in mobility of NvSNAILA in the 
nucleoplasm (Figure 4.2, Table 4.1). Specifically, we found that the 
diffusion coefficients for NvSNAILA ΔZnf II-V (1.57 ± 0.49 µm2/s, n=10) 
and NvSNAILA ΔZnf III-V (1.11 ± 0.79 µm2/s, n=9) were higher than 
NvSNAILA ΔZnf IV-V (0.86 ± 0.34 µm2/s, n=27) and NvSNAILA ΔZnf V 
(0.99 ± 0.23 µm2/s, n=17) in the nucleoplasm. The speed of NvSNAILA 
ΔZnf IV-V and NvSNAILA ΔZnf V was comparable to full lenght 
NvSNAILA (1.40 ± 0.21 µm2/s, n=12). Markedly, it seemed that the 
mobility of NvSNAILA ΔN-terminal (1.82 ± 1.34 µm2/s, n=7) was 
comparable to NvSNAILA full length. 
 
Characterization of the mobility in the nucleolus 
To further characterize the mobility of NvSNAILA and B, the apparent 
diffusion coefficient of the full length and respective mutant versions was 
measured also in the nucleolus. The mobility of the full length NvSNAILA 
and NvSNAILB constructs in the nucleolus showed a marked reduction 
compared to the nucleoplasm, with an apparent diffusion coefficient of 
about 0.3-0.4 µm²/s, which is about four fold lower (Fig.4.2, Table 4.1). 
NvSNAILA/B-Δ5SNAG and NvSNAILA/B-Δ20pNLS exhibited a similar 
reduction in mobility in the nucleolus, suggesting that truncation of the 
SNAG domain, while it does reduce nucleolar levels of NvSNAILA (Fig. 
3.2) in the nucleolus, does not affect its mobility. However, truncation of the 
zinc-finger domains had a marked effect on the mobility in the nucleolus, for 
both NvSNAILA-ΔZnf and NvSNAILB-ΔZnf the apparent diffusion 
coefficient was about 2.5-3.5 µm²/s, which is about 10 fold higher than the 
full length constructs and only about 1.5 fold lower than in the nucleoplasm 
(Fig.4.2, Table 4.1). For mTurquoise2 a similar reduction in mobility was 
found in the nucleolus compared to the cytoplasm, indicating that the bleach 
profile of these last two constructs and mTurquoise2 are comparable. The 
mobility of NvSNAILA ΔZnf II-V (1.56 ± 0.32 µm./s, n=10) and 
NvSNAILA ΔZnf III-V (1.60 ± 0.71 µm./s, n=9) was comparable to 
NvSNAILA ΔZnf. Strikingly, the mobility NvSNAILA ΔZnf IV-V (0.47 ± 
0.10 µm./s, n=26), NvSNAILA ΔZnf V (0.38 ± 0.15 µm./s, n=17) and 
NvSNAILA ΔN-terminal (0.36 ± 0.13 µm./s, n=8) was found to be similar to 
wild type NvSNAILA. Mobility of HsSNAIL1 and 2 was also measured into 
the nucleoli, finding them having a comparable mobility of NvSNAILA 
(Table 4.1) in the same cellular compartment.  
Taken together, the results presented in the last two paragraphs show that the 
zinc finger domains were found to be important for the mobility of 
NvSNAILA. In the nucleoplasm as well as in the nucleoli, the progressive 
inclusion of each of the zinc fingers, starting from the NvSNAILA mutant 
lacking of the zinc finger domains, led to a gradual decrease in mobility. 
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From our results, the first three zinc fingers seem to be crucial in the 
acquisition of a mobility comparable to wild type NvSNAILA in the 
nucleoli. 
 
Construct  Nucleoplasm Nucleolus Cytoplasm 

mTq2 22.56 ± 5.68 (11) 8.92 ± 2.17 (12) 
17.66 ± 4.26 
(10) 

HsSNAIL1 1.82 ± 0.60 (9) 0.51 ± 0.14 (22) - 
HsSNAIL2 1.77 ± 0.59 (9) 0.40 ± 0.52 (20) - 
NvSNAILA 1.40 ± 0.21 (12) 0.31 ± 0.04 (19) - 
NvSNAILB 1.35 ± 0.35 (15) 0.39 ± 0.15 (7) - 
NvSNAILA-Δ5SNAG 1.38 ± 0.36 (10) 0.33 ± 0.13 (11) - 
NvSNAILB-Δ5SNAG 2.05 ± 0.39 (12) 0.26 ± 0.13 (10) - 
NvSNAILA-Δ20pNLS 1.35 ± 0.60 (11) 0.31 ± 0.12 (13) - 
NvSNAILB-Δ20pNLS 2.05 ± 0.21 (8) 0.24 ± 0.10 (11) - 
NvSNAILA-ΔZnf 3.48 ± 1.03 (9) 2.58 ± 0.30 (13) 4.48 ± 1.90 (9) 

NvSNAILB-ΔZnf 4.70 ± 1.90 (11) 3.20 ± 0.54 (11) 
6.50 ± 1.80 
(11) 

NvSNAILA-ΔZnf II-V 1.57 ± 0.50 (10) 1.56 ± 0.32 (10) - 
NvSNAILA-ΔZnf III-V 1.11 ± 0.80 (9) 1.60 ± 0.62 (9) - 
NvSNAILA-ΔZnf IV-V 1.86 ± 0.34 (27) 0.47 ± 0.10 (26) - 
NvSNAILA-ΔZnf V 0.99 ± 0.23 (17) 0.38 ± 0.15 (17) - 
NvSNAILA-ΔN-
terminal 1.82 ± 1.38 (9) 0.36 ± 0.14 (8) - 
Table 4.1 Apparent diffusion coefficients for the different constructs fused to mTq2 
measured in HeLa cells at different cellular locations with confidence intervals 
(95% confidence level). The diffusion coefficients were obtained by fitting FCS 
curves to a 3D Brownian diffusion model and calibrated with the measured 
diffusion time of mTq2 in PBS, which had an estimated diffusion coefficient of 90 
µm²/s.  
 
 
FRAP analysis reveals fast exchange of NvSNAILA between nucleolus 
and nucleoplasm 
The localisation analysis showed that NvSNAILA is significantly enriched 
in the nucleolus (Fig. 3.2, Table S3.2) and the FCS analysis indicated that it 
has a low apparent diffusion coefficient in the nucleolus compared to the 
nucleoplasm (Fig.4.2, Table 4.1). The FCS analysis gives information about 
movement in and out of the detection volume; however it does not necessary 
give information about transport into and out of the nucleolus [15]. In order 
to study this process, a FRAP analysis was performed. For this experiment, 
the full length NvSNAILA was fused to the yellow fluorescent protein 
sYFP2 (NvSNAILA-sYFP2), which can be bleached more efficiently than 
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mTurquoise2 [9, 10]. A circular region with a diameter of 2.484 µm was 
bleached for one second, after which recovery was monitored over a period 
of about forty seconds (see Experimental procedures). In Figure 4.3A 
nucleolar enrichment of NvSNAILA-sYFP2 is clearly visible in the averaged 
frame before bleaching (prebleach). 
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Figure 4.2. FCS Analysis of NvSNAILA and B, their relative truncated variants 
in comparison with HsSnail1 and 2. A) Apparent diffusion coefficients of the 
SNAIL constructs at different cellular locations, including the nucleoplasm, 
nucleolus as measured by FCS. The apparent diffusion coefficient of mTurquoise2 
in the nucleoplasm was D = 23 ± 6  µm²/s. See main text for more details. Error bars 
are confidence intervals at 95% confidence level. B) Example of FCS 
autocorrelation plots measured for NvSNAILA full length measured in the nucleolus 
and NvSNAILA-ΔZnf measured in the nucleoplasm. Color lines denote the raw 
data, while black lines denote the fit of the curve to a diffusion model including 
dark-states (see Eq. 2 EXPERIMENTAL PROCEDURES).  
 
 
Directly after bleaching the nucleolus is almost completely bleached 
(postbleach) and after a period of about forty seconds the cell shows 
virtually the same distribution (endframes and difference image endframes 
minus prebleach, supplementary video1). Because the nucleus is a confined 
compartment, the total fluorescence in the nucleus is reduced, which is 
apparent as a step change in the time trace of the nucleus region (Fig. 4.3B, 
blue trace); the part that is not recovered in the FRAP region (Fig. 4.3B, 
purple trace) can be completely explained by this loss of total nuclear 
fluorescence. If the total loss of nuclear fluorescence is removed from the 
FRAP region traces, residual traces can be obtained (Fig. 4.3C). These 
residual traces (n = 6 measurements) show that the nucleolus completely 
recovers and does not appear to have any significant immobile fraction and 
that the long term recovery in the nucleolus has a similar time course as 
recovery in the nucleoplasm. This suggests that exchange of NvSNAILA-
sYFP2 between the nucleolus and the nucleoplasm is relatively fast and that 
its long-term recovery is limited by diffusion from the nucleoplasm to the 
nucleolus and largely determined by the low diffusion coefficient in the 
nucleoplasm and the geometry of the nucleus. Further FRAP analysis was 
performed on NvSNAILA-Δ5SNAG, NvSNAILA-Δ20pNLS and 
NvSNAILA-ΔZnf both in the nucleoplasm as well as the cytoplasm. The 
steepness of the radial profiles around the centre of the bleached area just 
after the bleach was determined (Fig. 4.3F), representing an indication of the 
mobility of the different constructs, which shows that the FRAP results are 
in close agreement with the apparent diffusion coefficients that were 
obtained from the FCS analysis. 
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Figure 4.3. FRAP analysis of NvSNAILA-sYFP2 constructs in different regions 
of HeLA cells. A) A cell transfected with NvSNAILA-sYFP2 exhibits enriched 
nucleoli (prebleach) was bleached in a nucleolus (postbleach). After about 40 s the 
distribution of NvSNAILA-sYFP2 in the cell is almost completely recovered 
(endframes, endframes-prebleach). B) Time course of the region containing the 
nucleus (blue) and the bleached circular region (purple), see main text for details. C-
D) FRAP dynamics and radial profiles C) Removal of the FLIP effect from the 
recovery traces (n = 6 measurements) shows that fluorescence in the nucleolus and 
nucleoplasm is completely recovered within 40 s. The recovery curves were fitted 
with a double exponential, , yielding, a1 = 
0.46, τ1 = 1.98 s, a2 = 0.18 and τ2 = 11.12 s for the nucleolus and a1 = 0.31, τ1 = 1.31 
s, a2 = 0.23 and τ2 = 7.37 s for the nucleoplasm. The nucleoplasm recovery is 
slightly faster than recovery in the nucleolus. D) Initial radial profiles just after the 
bleach shows that the relative mobility of all constructs fused to sYFP2 in different 
regions of the cell is consistent with the FCS measurements. Hence, more shallow 
gradients indicate higher mobility. The radial profiles show that NvSNAILA in the 
nucleolus (nu) has a lower mobility than the mobility of NvSNAILA, NvSNAILA-
Δ5SNAG and NvSNAILA-Δ20pNLS in the nucleoplasm (np). The latter 
NvSNAILA-ΔZnf shows similar initial profiles but appear to have a higher mobility 
compared to the other constructs in the nucleoplasm and in turn it has a lower 
mobility than NvSNAILA-ΔZnf in the cytoplasm (cp).  
 
 
DISCUSSION 
 
Zinc fingers as determinants of mobility  
NvSNAILA, NvSNAILB, HsSNAIL1 and HsSNAIL2 show a mobility 
typical for transcriptional factors in the nucleoplasm [1, 16, 17]. Specifically 
and more importantly, in the nucleoplasm NvSNAILA and B show apparent 
diffusion coefficient values comparable to the ones obtained for HsSNAIL1 
and 2, known for being transcriptional factors and of which a mobility 
measurement has been reported here for the first time. Interestingly we noted 
that truncations of both the SNAG domain alone or together with the 
putative NLS seem not to have any marked effect on the mobility, while 
truncation of all the zinc-finger domains leads to an increase in mobility. 
From our data, indeed the first three zinc fingers seem to be determinant for 
the mobility of NvSNAILA and NvSNAILB (Fig. 4.2, 4.3C, Table 4.1). 
Previous studies suggest that Snail gene-regulation activity in higher 
organisms is regulated by a mutual interaction with cofactors such as FOUR 
and HALF LIM protein2 (FHL2), LYSINE SPECIFIC DEMETHYLASE 1 
(LSD1), p53 through the SNAIL Snag domain [18–24], while the last four 
zinc-finger domains are involved  in DNA binding. Therefore, given the 
high homology found in the zinc finger domains between human and 
Nematostella SNAILs the mobility analysis performed shows also that 
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NvSNAILA and B mobility are strictly dependent on their interaction with 
the DNA instead of the interaction with a putative co-factor, at least in HeLa 
cells. 
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Abstract 
SNAIL transcription factors directly repress adhesion molecules (E-
cadherins), having a pivotal role during EMT in higher organism. In this 
study, we used different approaches in order to address the role of 
NvSNAILA during the embryogenesis of Nematostella vectensis. Using a 
combination of bioinformatics tools and localization experiments involving 
both Nematostella embryos and mammalian cells, we found a putative 
NvSNAILA interaction with the Nematostella homolog of the human FHL2. 
This interaction is however observed under specific conditions, in cells 
where FHL2 is enriched in the nucleus. We were able to set up a new 
Chemical Induced Dimerization (CID) assay, rapamycin-induced, carried 
out in mammalian cells and potentially applicable for the detection of any 
nuclear protein-protein interactions. Finally, we also utilized a new approach 
based on dominant negative experiments in order to explore the role of 
NvSNAILA during embryogenesis, finding a possible function as an 
endoderm organizer during gastrulation.   
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INTRODUCTION 
 
In order to induce EMT, and therefore allow the cells to acquire migratory 
properties, SNAIL transcription factors need to down-regulate E-cadherins. 
The primary function of E-cadherins is the establishment of cell-cell 
adhesion, but they can be involved in cell-signaling during several events 
occurring during embryogenesis such as homeostasis and tissue 
morphogenesis [1]. The transcription factor SNAIL is able to downregulate 
E-cadherins in conjunction with cofactors [2]. Thus, cells residing, for 
instance, in an epithelium can lose their cell-cell adhesion and migrate to 
other sites of the body. The cell migration driven by SNAIL during 
development is involved in mesoderm [3] and neural crest formation [4], as 
highlighted in the previous chapters of this thesis. In several types of human 
cancer SNAIL1 is a marker for invasiveness and therefore an indication for 
bad prognosis [5]. Due to the key role played for cellular migratory 
movements either in development and disease, determination of an 
interaction partner for SNAIL results crucial to fully understand EMT. In the 
past years, many proteins have been shown to interact with SNAIL 
transcription factors in higher organisms. These putative SNAIL co-factors 
include: Histone deacetylase 1 (HDAC1) and 2 (HDAC2), Enhancer of 
Zeste Homologue 2 (EZH2), Lysine (K)-Specific Demethylase 1 (LSD1) 
and Four and Half Lim protein 2 (FHL2) [2, 6–8]. Together with SNAIL 
these proteins have been shown to be involved in Epigenetic modifications 
important for E-cadherins repression [2].  Below a short description of these 
proteins is provided. 
 
Histone deacetylase 1 (HDAC1) and 2 (HDAC2) 
HDACs are involved in processes such as cell cycle regulation, tissue 
development and cell differentiation [9]. They deacetylate histones, down-
regulating transcription [10]. Since they do not possess a DNA binding 
domain, they need to interact with partners in order to complete their 
fucntion. Their C-terminus domain is essential for the interaction with other 
proteins [11]. Specifically, this region contains two phosphorylation sites 
comprised of two serine residues, crucial for the interaction with other 
proteins and their catalytic function [10]. The domain that executes the 
enzymatic activity is the Deacetylase domain, located at the N-terminus of 
the protein [9]. The discovery of one the of HDAC functions is due to the 
use of inhibitors in human chronic lymphocytic leukemia cells, which 
resulted into an increase of E-cadherins  [12]. Furthermore, previous studies 
showed that SNAIL1 is able to interact with HDAC1 through its SNAG 
domain [13]. 
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Enhancer of Zeste Homologue 2 (EZH2) 
EZH2 belongs to the Polycomb-group (PcG) family, first described in 
Drosophila melanogaster [14]. Members of this family play a major role in 
gene silencing. PcG includes two main complexes: Polycomb repressive 
complex 1 (PRC1) and Polycomb repressive complex 2 (PRC2). EZH2 is 
part of PRC2, responsible for the methylation of the histone H3 on Lys27 
[15]. In this complex EZH2 constitutes the catalytic site of PRC2 [16]. 
While its N-terminus is involved in the interaction with PRC2, the SET 
domain at the C-terminus is involved in catalytic activity of the complex 
[17].. Because the over-expression of EZH2 in nasopharyngeal Carcinoma 
cell line was found to down-regulate E-cadherins, EZH2 was linked with 
SNAIL1. In addition, it seems to be involved in the formation of a complex 
together with SNAIL1, HDAC1 and HDAC2 [7].  
 
Lysine (K)-Specific Demethylase 1 (LSD1) 
LSD1 is in development and other process such as cell differentiation, 
activating genes and gene repression [18] and was the first histone 
demethylase to be discovered [19]. LSD1 inactivates genes by removing 
mono and double methylation groups from histone H3K4 [20].  
Demethylase-activity is activated by binding Flavin Adenine Dinucleotide 
(FAD), a known redox cofactor [21]. LSD1 possesses a SWIRM domain at 
the N-terminus, which is involved in DNA binding [22]. In addition, it has 
an amine oxidase domain at the C-terminus used to interact with other 
proteins. This domain contains an insertion known as the tower domain 
which binds CoREST, which in turn prevents degradation of LSD1 [19]. 
From literature, it is known that LSD1 plays a role in down-regulation of E-
cadherins. LSD1 seems to be up-regulated in colon cancer, where E-
cadherins were down-regulated [21, 23, 24]. As shown, LSD1 interacts with 
SNAIL1 through its amine oxidase domain, able to bind the SNAIL1-SNAG 
domain [21]. LSD1 forms a complex with SNAIL1, CoREST, HDAC1 and 
HDAC2, where CoREST, as specified above, prevents LSD1’s degradation 
[19]. 
 
Four and Half Lim protein 2 (FHL2) 
FHL2 belongs to the LIM proteins family, which in humans includes also 
FHL1, FHL3, FHL4 and ACT. These proteins are involved in several 
cellular processes from cell-motility to gene-regulation [25]. Furthermore, 
FHL2 is highly expressed in different cancer types [26, 27],  inducing EMT 
and thereby increasing invasiveness [8]. Specifically, FHL2 consists of four 
and a half LIM domains. Each LIM domain shows the following 
aminoacidic sequence: CX2CX16–23HX2CX2CX2CX16–21CX2(C/H/D) 
(X means any amino acid), including two zinc fingers [28]. This means that 
FHL2 has nine zinc finger domains. This protein was found to interact with 
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several proteins involved in cell-cycle functions.. In addition, it seems to 
have a role in epigenetic modifications [29]. It has been previously shown 
that FHL2 is able to negatively regulate transcription of E-cadherins through 
the interaction between all its LIM domains and the SNAG domain of 
SNAIL1 [8] (Fig. 5.1A). 

All of the SNAIL interaction partners proposed were studied in 
human and the individual interaction of each of these possible partners 
seems to be taking place either during development and cancer. Among the 
cofactors listed, the most interesting cofactor is FHL2 since the interaction 
SNAIL-LIM proteins seems to be conserved also in other species [8, 30]. 
Thus, in this context, the evidence of a conserved interaction between 
SNAILs and a homolog cofactor in Nematostella vectensis is in particular 
interesting in the understanding of the evolution of cellular migration and 
therefore of EMT. As already mentioned before, no evidence has been found 
that cnidarians possess real EMT or have the ability to develop (metastatic) 
tumors. Finally, the only study reported to date, which tried to address the 
role of SNAIL during gastrulation in Nematostella embryogenesis did not 
find any obvious function [31].  

In this chapter we investigate the role of NvSNAILA during the 
embryogenesis of this basal metazoan from different points of view, using a 
combination of bio-informatics tools and molecular strategies. We identified 
and cloned a putative homolog cofactor, NvFHL2, using the Nematostella 
genome database [32]. The identified co-factor was then tested for its ability 
to interact with NvSNAILA on different levels. Both NvSNAILA and 
NvFHL2 exhibit the same expression domains in Nematostella embryos 
during early stages and  are able to interact when over-expressed in 
mammalian cells. Specifically we set up a new assay to investigate 
interactions occurring between nuclear proteins. Our assay is based on 
chemical induced interaction (CID) that involves rapamycin to drive 
relocalization of proteins within specific cellular compartments. Finally, we 
utilized a new approach based on dominant negative experiments in order to 
explore the role of NvSNAILA during embryogenesis, finding a putative 
function as endoderm organizer during gastrulation.  
 
EXPERIMENTAL PROCEDURES 
 
Genome database 
Protein sequences used for BLAST were obtained from NCBI. See 
supplementary information for all the accession numbers. The research of 
homolog proteins was conducted on the Nematostella genome database: 
http://genome.jgi-psf.org/Nemve1/Nemve1.home.html; following BLAST 
was carried using the alignment program blastp: protein vs protein.   
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Plasmids used for Whole Amount In Situ Hybridization 
cDNA for Nematostella vectensis FHL2, SNAILA and B were RT-PCR- 
amplified from Nematostella vectensis and cloned in pGEMT-easy vector. 
See supplementary information for all primer sequences. 
 
Plasmids used for HeLa cells  
Plasmids encoding both pFRB-EYFP and pECFP-FRB in a C1 (clontech-
like) vector were present in the lab and subsequently cloned to obtain the 
final constructs both pFRB-CFP-LMB1 pFRB-ECFP-FRB-LMB1 in another 
C1 (clontech-like) vector. cDNA for Nematostella vectensis SNAILA was 
RT-PCR- amplified from Nematostella vectensis and cloned in psYFP1-
FKBP12 C1 (clontech-like) vector (already present in the lab), in order to 
obtain a final construct psYFP1-FKBP12-NvSNAILA providing a N-
terminal sYFP1-FKBP12 tag. See supplementary information for all primer 
sequences.  

cDNA for Nematostella vectensis FHL2 was RT-PCR- amplified 
from Nematostella vectensis and cloned in pmCherry (clontech-like) vectors 
providing a N-terminal mCherry tag. See supplementary information for all 
primer sequences. 

A plasmid pmCherry (clontech-like) vector was used as a control in 
the rapamycin assay.   

 
Plasmids used for Nematostella vectensis embryos injections 
The cDNA for Nematostella vectensis SNAILA as well as the respective 
truncated variants were subcloned into a vector suitable for in vitro 
transcription.  We used the Gateway pSPE3-mCherry (for NvSNAILA) and 
pSPE3-mVenus (for NvSNAILA truncated variants: NvSNAILA-Δ5SNAG, 
Δ20pNLS, ΔZnf and NvSNAILB-ΔZnf) system [33] for in vitro transcription 
vectors.  

RNA synthesis and microinjections 
RNA probes for in situ experiments waere obtained using the mMessage 
SP6 kit (Ambion #AM1330). Linearization and RNA synthesis for injections 
were carried out as previously described [34]. Uncleaved embryos were 
individually injected as previously described [34] with the RNA of 
NvSNAILA-truncated variants NvSNAILA-Δ5SNAG and NvSNAILA-ΔZnf 
fused to FP mVenus at a final concentration of 300 ng/µl. Scoring of 
fluorescent embryos were performed on a Zeiss Z1-Axio microscope, using 
a 500/20 bandpass filter. After 10 hours at 25 °C the injected embryos from 
late cleavage stage were visualized by confocal microscopy.  
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Figure 5.1. Role of HsFHL2 during E-Cadherins repression and conservation 
of the protein structure in Nematostella vectensis. A) General scheme for 
repression of E-Cadherins in humans. HsFHL2 requires all of its four and half LIM 
domains to interact with the SNAG domain of HsSNAIL1, in order to help the 
transcriptional factor to bind the E-box site of the regulatory region of the E-
Cadherin genes (adapted from literature). B) Comparison between the protein 
structures of HsFHL2 and NvFHL2-like. HsFHL2, shows four and a half LIM 
domains, while the structure of NvFHL2-like contains six LIM domains and a PET 
domain. Each LIM domain contains two zinc fingers that play a role in protein-
protein interactions.  
 
 
Whole Amount In Situ Hybridization 
Embryos from blastula and gastrula stages were fixed in fresh ice-cold 3.7% 
formaldehyde with 0.2% gluteraldehyde in 1/3x seawater for 90 seconds and 
then post-fixed in 3.7% formaldehyde in 1/3x seawater at 4°C for 1 hour. 
Fixed embryos were rinsed five times in Ptw (PBS buffer plus 0.1% Tween-
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20) and once in deionized water, and transferred to 100% methanol for 
storage at –20°C. Early embryos were removed from the jelly of the egg 
mass by treating with freshly made 2% cysteine in 1/3x seawater (pH 7.4-
7.6) for 10-15 minutes.  In situ hybridization using 1-2 kb digoxigenin-
labeled riboprobes were performed to determine the spatial and temporal 
distribution of transcripts as previously described [35]. Probe concentration 
ranged from 0.05-1.00 ng/ml and hybridizations were performed at 65°C for 
20-44 hours. Probe detection was achieved by incubation with an anti-
digoxigenin antibody conjugated to alkaline phosphatase (Roche). 
Subsequently, the presence of alkaline phosphatase was detected by a 
colorimetric detection reaction using the substrate NBT-BCIP. Specimens 
were photographed on a Zeiss Axioplan with a Nikon Coolpix 990 digital 
camera.  
 
Real time quantitative-PCR (rtq-PCR) 
Embryos from different time points were used for a total of three biological 
replicates for rtq-PCR. RNA extraction techniques and cDNA synthesis 
were the same as described in [36] and [37]. qPCR samples (NvSnailA and 
B, NvFhl2-Like) were standardized with NvGADPH. Primers for other genes 
were designed using MacVector [38] to amplify 75 to 150 base-pair 
fragments of the desired gene. These primers were then back-BLASTed 
against the Nematostella genome to make sure they only amplified a single 
region from the genome. We checked each primer’s efficiency with a 
dilution curve (10-1 to 10-5) to make sure their range was within the 
negligible value of 1.9 to 2.0. Relative fold-change values were calculated in 
Microsoft Excel and were standardized against our reference genes based on 
formulas from [39]. 
 
Confocal microscopy in mammalian cells  
Experiments were as previously described [40]. Images were taken using 
a confocal Nikon A1 microscope, where the excitation light was guided via 
a D457/514/561 dichroic mirror (Chroma) through an oil immersion 
objective 60x, VC Plan-Apo (N.A. 1.4) into the sample. The sample was 
excited at 457 nm for CFP, 514.5 nm for EYFP and 561 nm for mCherry. 
Fluorescence passed through a ~30 µm pinhole and a 482-35-nm bandpass 
filter for CFP detection, a 550-30-nm bandpass filter for EYFP and 585 nm 
longpass filter for mCherry detection using the sequential scanning mode.  
 
Rapamycin assay and quantification in HeLa cells  
Re-localization was induced by stimulation with 100 nM rapamycin (Life 
Technologies). Time series were taken with a total of 80 frames (interval 3.1 
seconds), in which rapamycin stimulation takes place at approximately 
frame 20. The selection of the region of interest (ROI) of the Nuclear 
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Envelope (NE) for time series was obtained by using a custom-made ImageJ 
macro. 
Re-localization was quantified in Excel using the following formula: 
PC= ! !(!) !"

! !(!) !"!! !(!) !" before  −
! !(!) !"

! !(!) !"!! !(!) !" after   (Eq.5). 

                                                                                             
Where PC represents the Percentual Change and M[f(t)] denotes the median 
fluorescence at time point t. Altogether, percentual change is expressed as 
the difference between median fluorescence at the Nuclear Envelope (NE) as 
a part of summed median fluorescence between the NE and Nucleoplasm 
(NP), so NE + NPL, before and after stimulation. Positive numbers after 
rapamycin stimulation indicate relative higher median fluorescence at the 
NE, compared to its unstimulated condition. Greatest advantage of this 
method relates to sudden changes in fluorescent signal, as axial drift could 
easily occur if one touches the stage or the mounting ring when stimulating 
the cells. Sudden changes in fluorescence can be outweighed if the same 
amount of change can be detected in the other region. For static images as 
well as for time-series, raw data inspection and inter-comparison confirmed 
that this calculation gives a good representation of visible (co)re-
localization.  
Percentual change on images taken before and after rapamycin stimulation is 
presented as boxplots that have been made in ‘R’ via 
http://boxplot.tyerslab.com/. Boxplots provide a simple, yet effective way to 
visualize sample distribution and allow quick comparison between different 
sample medians. The notches are defined as +/-1.58*IQR/sqrt(n) and 
represent the 95% confidence interval for each median. Non-overlapping 
notches give roughly 95% confidence that two medians actually differ. 
 
Phalloidin and Propidium Iodide (PI) staining 
Embryos from gastrula stage were fixed in fresh 4% paraformaldehyde with 
0.2% glutaraldehyde in 1/3x seawater for 90 s and then post-fixed in 4% 
paraformaldehyde in 1/3x seawater at 4 °C for 1 h. Fixed embryos were 
rinsed 5x in PTw. Embryos were then incubated in 10 µl Alexa 488-
conjugated phalloidin (200 U/ml; Molecular Probes) in 1 ml PTw O.N. at 4 
°C. Embryos were dehydrated into isopropanol (3 washes over 5 min) and 
mounted in Murray's Mounting Media (MMM; 1:2 benzyl benzoate: benzyl 
alcohol). The PI staining was done by incubating embryos in 1 µg/ml 
propidium iodide (Sigma) and 50 µg/ml RNase in PTw for 1 h, then washing 
5x in PTw. For phalloidin staining, this was done concurrently. To label 
embryos stained with antibodies, the propidium iodide treatment was done 
following the antibody treatment. Embryos were then visualized on a Zeiss 
LSM 510 confocal microscope. 
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RESULTS 
 
Human Four and Half Lim protein 2 (FHL2) is conserved in 
Nematostella genome 
The sequencing of Nematostella vectensis [41] genome allows for searching 
for homolog proteins in the database and this allows in turn for the 
characterization of new genes. Thus, the cofactors described above have 
been BLASTed in the Nematostella database (see Experimental procedures) 
in order to verify the conservation of those proteins. The BLAST generated 
a list of possible homologs with the strongest similarity to the human 
cofactors of SNAIL, briefly described here. The list included a protein 
having the same catalytic domain (Histone deacetylase domain) as 
HDAC1/2, suggesting the presence of a protein with similar function in the 
organism. Another protein was found containing the C-terminal SET 
domain, therefore similarly to EZH2 but missing the protein-binding domain 
at the N-terminus. The Nematostella homolog protein for LSD1, found in 
the database, contains a SWIRM domain and an amine oxidase domain. This 
protein may, thus, have the same function as in humans, since it possesses 
both domains. Furthermore, a NvFHL2-like protein was also found in the 
database showing the strongest similarity compared to the other cofactors, 
but also showing some differences in the structure.  The human FHL2 
consists of just four and a half LIM domains, while the predicted protein, 
NvFHL2-like, has six LIM domains and a PET domain (Fig 5.2B). All the 
LIM domains of HsFHL2 show strong similarity with the C-terminal four 
and a half LIM domains of NvFHL2-like. According to previous studies, 
either the PET domain and the LIM domains are involved in protein-protein 
interactions [42]. Furthermore, proteins containing PET domain have been 
described to have a role in cell movement (during gastrulation), cell polarity 
and binding to focal adhesion [43]. The genome analysis showed therefore 
that among the co-factors considered here NvFHL2-Like seems to be the 
most promising as a candidate for a putative interaction with NvSNAIL. 

NvFHL2-Like and NvSNAILA and B are expressed in overlapping 
domains in Nematostella vectensis embryos and seem to be maternal 
genes 
The conservation of the structure between human and the predicted 
Nematostella FHL2 is a good indication that both proteins may have a 
similar function. To test the conservation of this function, we should first 
verify that the DNA coding sequence associated to the predicted protein 
found in the database actually represents a gene. Second, we should then 
check if both NvFhl2-like and NvSnailA (and B) are expressed in the same 
region during the embryogenesis of Nematostella vectensis. In order to 
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interact proteins need to be located in the same area. To determine the 
genetic transcriptional localization, we cloned the cDNA for the predicted 
NvFHL2-like and we used the in situ hybridization technique (see 
experimental procedures) to analyze the expression domain of this gene in 
Nematostella embryos. To determine if its expression domain was 
comparable with the one from NvSnailA (and B).Nematostella embryos 
between blastula and gastrula stage were fixed and synthetized RNA probes 
for the genes NvSnailA (and B) and NvFhl2-Like were used to determine in 
which region of the embryo the RNAs for the mentioned genes were 
transcribed. In this way, we found that NvFhl2-Like expression was first 
detected in the blastula stage at the site of blastopore, similarly to NvSnailA 
(and B) (Fig. 5.2A). Throughout gastrulation the expression of NvFhl2-like 
follows the same pattern of NvSnailA, being expressed in the invaginating 
tissues to finally label the endoderm at the end of gastrulation (Fig. 5.2A).   

To further characterize the new gene, we decided to analyze its 
temporal expression during embryogenesis using rtq-PCR and compare it to 
the one of NvSnailA. Embryos from different time points (Fig. 5.2B) were 
selected and their RNA extracted to be used for this kind of analysis. We 
found that all of the genes are expressed during early development (0-12hpf) 
and that NvFhl2-Like might be maternal, similar to NvSnailA (and B) (see 
expression at time point 0). Compared to the in situ data, we can see that the 
highest amount of expression for both NvSnail genes is prior to blastula 
formation while for NvFhl2-Like this level is reached in the transition 
blastula-gastrula stage. In summary, our results indicates that i) the predicted 
NvFhl2-Like identified in the database might be actually a real gene, ii) both 
NvSnailA (and B) and NvFhl2-Like are expressed in the same domains in 
Nematostella embryos and iii) they show potential maternal expression.  
Taken together these results suggest that the gene NvFhl2-Like identified is a 
good candidate to encode a potential NvSNAILA/B interactor. 
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Figure 5.2. NvFhl2-Like and NvSnailA (and B) show same expression pattern in 
Nematostella embryos and seem to be both maternal genes. A) Blastula embryos, 
approximately 24h psf, (lateral view) show that both NvFhl2-Like and NvSnailA are 
expressed at the blastopore lips. In the early gastrula, about 36h psf, invagination 
starts at the site of NvSnailA and NvFhl2-Like expression (red star) and the labeled 
cells start entering the embryo. At the end of gastrulation, 48h psf, late gastrula 
embryos show that labeled cells in both cases totally filled embryos. B) rtq-PCR of 
NvSnail genes (SnailA, green line; SnailB, blue line), top, and NvFhl2-Like, bottom, 
showing that all these genes analyzed are already expressed in unfertilized eggs 
(time 0). Scale bar 35 µm. 
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Chemical induced dimerization to determine protein-protein 
interactions 
Chemical induced dimerization (CID) is a technique that recently emerged 
as a powerful tool to determine protein-protein interactions and can be 
defined as a biological mechanism in which two proteins bind only in the 
presence of a certain small molecule, enzyme or other dimerizing agent. By 
creating fusion proteins with the dimerizing protein it is possible to control 
protein localization, manipulate signalling pathways and induce protein 
activation [44]. One of the most common and successful applications of this 
method involves the use of FK506 binding protein (FKBP12) and the 
FKBP12-rapamycin binding domain of mTOR (FRB) [45]. The first protein 
is a chaperone for protein containing proline residues [46], while the second 
one is a serine/threonine protein kinase [47, 48]. These two proteins are able 
to quickly and irreversibly heterodimerize into a rigid structure upon 
stimulation of rapamycin (the dimerizing agent) [45]. In this way, a protein 
of interest (POI) fused, for instance, to FRB (or FKBP12) represents an 
anchor point to a specific cellular compartment (Fig. 5.3A), where another 
protein fused to the remaining FKBP12 (or FRB) can be driven to relocalize 
under the stimulus of rapamycin (Fig. 5.3A’). Such a method can be 
developed in a more complicated system for detection of interaction with a 
third protein. This kind of system uses three distinct components: anchor, 
bait and prey (Fig. 5.3B-B’) [49]. In this kind of assay FRB (or FKBP12) is 
fused to a fluorescently tagged anchor protein (i.e. stably bound to a static 
subcellular location, such as the cellular membrane) and a FKBP12 (or FRB) 
domain is fused to a fluorescently tagged soluble POI (bait) (Fig. 5.3B). By 
exposing the cells to rapamycin, relocalization of the bait to the anchor can 
be induced (Fig. 5.3B’). At this point if there is a third fuorescent tagged 
protein (prey) able to interact with the bait, the relocalization of the prey at 
the same location of the anchor is the result of direct or indirect prey-bait 
interaction (Fig. 5.3B’). Thus, this method represents an in vivo pull down 
assay and takes the advantage of fluorescence microscopy for quantification 
of the relocalization and therefore of the interaction between two specific 
proteins.  

In the study shown in the next paragraph, we again take the 
advantage of the exogenous expression of NvSNAILA and NvFHL2-Like in 
different mammalian cell lines (HeLa, HEK293 and U2OS) to set up a 
similar assay that not just proves an interaction between these two factors, 
but that can also generally be used as a tool to detect interaction between 
nuclear proteins.   
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Figure 5.2. Scheme for chemical induced dimerization for detection of protein-
protein interactions based on rapamycin stimulus. 
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LAMINB1 (LMB1) is a good candidate to represent the anchor point of 
a new CID assay to detect nuclear interacting proteins  
As explained above, a CID assay needs three different components: anchor, 
bait and prey [49]. In such system, the choice of a good anchor is crucial 
since it represents the arrival point of relocalized proteins.  Furthermore, 
NvSNAILA is a nuclear protein, as previously shown in this thesis and this 
means that if an interaction with NvFHL2-Like occurs, it must probably 
occur in the nucleus. Thus, the choice of our anchor protein cannot be a 
cellular membrane marker already used for assays involving cytoplasmic 
proteins [50], but instead a new NE marker for interactions involving 
nuclear proteins. In this context, the NE marker LAMINB1 (LMB1) appears 
to be a good candidate for this purpose. LMB1 is a 586 aa protein and a 
major constituent of the nuclear lamina, a fibrillar meshwork of intermediate 
filaments (IFs) and nuclear membrane associated proteins. As all the 
Lamins, also LAMINB1 contains a long central α-helic domain, called rod 
domain, flanked by two globular domains at the N (head) and C-terminal. 
Lamins proteins are found in all metazoans and, with the exception of 
mammalian and Drosophila melanogaster LaminC, all of them terminate in a 
CaaX motif (cysteine, aliphatic, aliphatic, any of several amino acids) [51]. 
This CaaX motif is crucial for post-translational modifications (PTMs), such 
as farnesylation, endoproteolysis and carboxymethylation responsible, for 
instance, for localization and stabilization of LMB1 to the NE [52, 53]. As 
LMB1 strictly localizes at the nuclear lamina, it provides a promising anchor 
for targeting proteins to the interior of the nuclear envelope. However, 
LaminB1 is a rather large protein and prior experiments have shown that its 
expression is relatively low (data not shown). However, in our experiments, 
some LMB1-transfected cells can show high expression of LAMINB1. The 
first step in establishing whether LMB1 can or cannot provide an anchor 
point for our new CID assay is to assess if FRB-fusion would influence 
localization of LAMINB1. Thus, a construct containing LMB1 fused to its 
N-terminal to the binomial FRB-CFP was created in the way to obtain the 
following construct FRB-CFP-LMB1 and its localization was tested in HeLa 
cells (Fig. 5.4A-C’). As shown, compared to the wildtype LMB1 fused to 
the mCherry (Fig. 5.4A), the addition of the FRB domain to the protein does 
not influence the localization at the nuclear envelope as well as it does not 
alter nuclear morphology and this was further corroborated by the 
substitution of the FP from CFP to YFP (Fig. 5.4B-C’).  
Secondly, robust relocalization of target proteins requires a relatively high 
number of possible sites for FRB-FKBP12 heterodimerization. Thus, for 
instance, robust relocalization of 100 FKBP12-tagged proteins can be 
achieved if at least 100 FRB-tagged anchor proteins are able to bind them 
upon rapamycin stimulation [45]. 
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Figure 5.4. Cellular localization of LMB1 coupled to FRB domain in Hela cells. 
A) Cellular localization by confocal imaging of the full length (FL) LMB1 fused to 
mCherry at the C-terminus in HeLa cells. B) Cellular localization by confocal 
imaging of the full length (FL) LMB1 fused to CFP and FRB at the C-terminus in 
the following order FRB-CFP-HsLMB1 in Hela cells. C-C’) Confocal imaging of 
the construct FRB-YFP-HsLMB1 transfected in HeLa cells fused to YFP and FRB 
at the C-terminus together with a construct carrying mCherry with three Nuclear 
Localization Signal (NLS), used as a control to show the effective localization at the 
nuclear lamina. Scale bar 10 µm.  
 
 
Thus, in order to induce a better FKBP12 relocalization, we decided to 
increase the number of FRB domain fused to LMB1 in a construct made as 
following: FRB-CFP-FRB-LMB1, and test all the LMB1 constructs for their 
capability to induce the relocalization on the NE of a construct containing 
FKBP12 fused to NvSNAILA. Thus, a new construct sYFP1-FKBP12-
NvSNAILA was made and used as a control for over-expression experiments 
in U2OS mammalian cells to control the quality of our CID assay (Fig. 5.5). 
In such a test, we compared the following constructs made: FRB-CFP-
LMB1, FRB-YFP-LMB1 and FRB-CFP-FRB-LMB1 for their capability to 
cause the translocation of sYFP1-FKBP12-NvSNAILA and or mTq2-
FKBP12-NvSNAILA to the nuclear membrane.  Furthermore, the cell line 
chosen was especially helpful for our purposes, since they possess a 
relatively large nucleus to allow for clear visualization of the relocalization 
process. From Figure 5.5 we can make several observations. First, the 
localization of LMB1 coupled to one or two FRB domain in U2OS cells is 
comparable to the one previously observed in HeLa cells (Fig. 5.4, 5.5A-B 
and G-I). Second, after rapamycin addition (see experimental procedures) 
relocalization of NvSNAILA on the NE occurs (Fig. 5.5D-F, J-L). In our 
experiments relocalization was measured as the percentual changes of 
fluorescent signal at the NE, expressed as the difference in FKBP12-
NvSNAILA median fluorescence at the NE, as a part of the summed median 
fluorescence of the NE and nucleoplasm before and after rapamycin 
stimulation (Fig. 5.5M, see experimental procedures). In the box plot shown, 
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the error bars represent the 95% confidence interval of the median, allowing 
for a quicker and easier comparison of group of medians. From our analysis, 
we see that both of the constructs FRB-CFP-LMB1 and FRB-YFP-LMB1 
are  capable of inducing FKBP12-NvSNAILA translocation (median 
percentual change respectively of 14 and 9%), while the translocation of the 
same construct in presence of FRB-CFP-FRB-LMB1, containing a further 
FRB domain, occurs at significant higher efficacy (median percentual 
change of 37%). Based on our results, we showed that dimerization of FRB 
and FKBP12 works well in combination 2:1 allowing for significant 
relocalization of NvSNAILA to the NE together with LMB1.  
 
NvSnailA-NvFHL2-Like interaction depends on nuclear enrichment of 
NvFHL2-Like in U2OS cells 
As previously shown, from our preliminary results NvFHL2-Like looks to be 
a good candidate for an interaction with NvSNAILA (and B). We also 
proved that the chemical dimerization involving the FRB and FBP12 works 
well in the combination 2:1, allowing the relocalization of NvSNAILA to the 
NE (Fig. 5.5). The use of such CID can now be applied to study nuclear 
interaction between NvSNAILA and NvFHL2-Like. In this case a robust co-
relocalization of NvFHL2-Like together with NvSNAILA to the NE after 
rapamycin stimulation would indicate that an interaction between them 
occurs. In order to verify this, U2OS cells were transfected with the 
following three constructs: FRB-CFP-FRB-LMB1, sYFP1-FKBP12-
NvSNAILA and mCherry-NvFHL2-Like (Fig. 5.6A-L). Furthermore, In 
order to prove that hypothetical translocation of mCherry-NvFHL2-Like was 
not accidental, we also added a control in which U2OS cells were expressing 
free free mCherry together with the first two constructs (Fig. 5.6M-R). After 
transfection and before the input of rapamycin, while LMB1 and 
NvSNAILA were showing the usual localization, initial localization of 
NvFHL2-Like revealed two different cell populations (Fig. 5.6A-C and N-
P). In the first one (population I, constituting the majority of the cells), 
NvFHL2 appears uniformly distributed between the nucleoplasm and 
cytoplasm, and sometimes being even excluded from the nucleoplasm (Fig. 
5.6A-C). In this case, after addition of rapamycin and subsequent 
relocalization of NvSNAILA to the NE (Fig. 5.6D-E), co-relocalization of 
NvFHL2-Like was not observed, as no increase of mCherry signal was 
observed at the NE (Fig. 5.6F). A situation that looks similar to what 
happens with the control (Fig. 5.6M-R), indicating that no interaction 
occurred. 
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Figure 5.5. Relocalization of FKBP12-NvSNAILA on the Nuclear Envelope 
(NE) after rapamycin stimulation in U2OS cells. A-F) Confocal imaging of 
U2OS cells-nuclei expressing different combinations of LMB1 and FKBP12-
NvSNAILA before rapamycin stimulation. A-C) LMB1 coupled to one (A-B) or 
two FRB domain (C) and fused to different FPs at the C-terminus. D-F) FKBP12-
NvSNAILA coupled to different FPs at the C-terminus. G-H) Confocal imaging of 
U2OS cells-nuclei expressing different combination of LMB1 and FKBP12-
NvSNAILA after rapamycin stimulation. . G-I) LMB1 coupled to one (G-H) or two 
FRB domain (I) and fused to different FPs at the C-terminus. J-L) FKBP12-
NvSNAILA coupled to different FPs at the C-terminus. M) Quantification of 
relocalization to the NE, expressed in the box plot as the percentual change of the 
median fluorescence of sYFP1-FKBP12-NvSNAILA at the NE. Error bars are 
confidence intervals at 95% confidence level. Scale bar 10 µm.  
 
 
However, in the second cell-population (population II), NvFHL2-Like was 
initially enriched in the nucleus (Fig. 5.6G-I) and upon rapamycin 
stimulation it relocalized together with NvSNAILA to the NE (Fig. 5.6J-L 
and S, white arrow in L). Specifically, such relocalization is well represented 
in the time series-graph in Figure 5.6S. In this graph the increase of 
fluorescence at the NE of both FKBP12-NvSnailA and NvFHL2-Like is 
compared (see experimental procedures) before and after rapamycin 
stimulus. As expected, robust relocalization of FKBP12-NvSnailA is 
observed upon rapamycin addition, reaching 43% fluorescence increase at 
the NE after stimulus. Relocalization of NvFHL2 to the NE can also be 
observed as fluorescence at the NE increases of 10% after rapamycin 
addition. A further quantification of NvFHL2-Like relocalization in both 
situations it is shown in Fig. 5.7. Once again relocalization is measured as 
percentual change of fluorescent signal on the NE for both FKBP12-
NvSNAILA and NvFHL2-Like after input of rapamycin (see experimental 
procedures). From the box plot shown, it is possible to observe that while 
relocalization of NvSNAILA at the NE looks quite strong in both cell-
populations and in the control used, ranging from 36% and 43% percentual 
change, translocation of NvFHL2-Like significantly differs between 
population I and II. In the first case, the value of its relocalization on the NE 
is similar to the one obtained for free mCherry, in which no relocalization 
was observed. In population 2 NvFHL2-Like relocalization exhibits a 
significantly higher value (around 15%). The box plot shows also a further 
control, performed in order to prove that no a-specific binding between 
FKBP12 and NvFHL2-Like was occurring. This control demonstrates that 
the translocation of NvFHL2-Like is comparable to the one observed for the 
control including the free mCherry. In summary, our findings indicate that 
NvFHL2-Like is able to interact with NvSNAILA under specific conditions 
when NvFHL2-Like is enrichedin the nucleus. 
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Figure 5.6. Relocalization of NvFHL2-Like together with FKBP12-NvSNAILA 
to the Nuclear Envelope (NE) after rapamycin stimulation in U2OS cells. A-L) 
Confocal imaging of U2OS cells-nuclei expressing three different constructs: FRB-
CFP-FRB-HsLMB1, sYFP1-FKBP12-NvSNAILA and mCherry-NvFHL2-Like 
before and after rapamycin addition. The localization profile of mCherry-NvFHL2-
Like distinguished the cells in two different populations (I and II) according to its 
nuclear enrichment before rapamycin input (A-C and G-I). M-R) Confocal imaging 
of U2OS cells-nuclei three different constructs: FRB-CFP-FRB-HsLMB1, sYFP1-
FKBP12-NvSNAILA and mCherry- before and after rapamycin addition (control). 
S) Time series-graph of NvFHL2-Like recolazation to the NE of U2OS when co-
expressed with FKBP12-NvSnailA, after rapamycin stimulus. As expected, robust 
relocalization of FKBP12-NvSnailA is observed upon rapamycin addition, reaching 
43% fluorescence increase at the NE after stimulus. Relocalization of NvFHL2 to 
the NE can also be observed as fluorescence at the NE increases of 10% after 
rapamycin addition. Error bars denote 1 SEM (N=3). Scale bar 10 µm. 
 
 

 
 
Figure 5.7. Quantification of relocalization to the NE. Quantification of 
relocalization to the NE expressed in the box plot as the percentual change of the 
median fluorescence of sYFP1-FKBP12-NvSNAILA, mCherry-NvFHL2-Like and 
control constructs at the NE. The notches are confidence intervals at 95% 
confidence level. 
 



 

144 
 

Chapter 5 
 

Addressing NvSNAILA function during the embryogenesis of 
Nematostella vectensis reveals a role during endoderm organization 
As shown in literature and also reported in this thesis, NvSnail genes are 
maternal genes and they are already expressed in the presumptive endoderm 
of Nematostella embryos before invagination begins. We also showed that 
NvSNAILA has nucleolar enrichment in both HeLa and Nematostella 
embryos, specifically co-localizing with nucleolar markers even after 
nucleolar disruption in HeLa cells. Finally, we found that the interaction 
SNAIL-FHL2 is conserved also when Nematostella factors: SNAILA and 
FHL2-Like are overexpressed in mammalian cells. More specifically, we 
found that the interaction occurs when NvFHL2-Like shows nuclear 
enrichment in these cells. All the results collected so far, despite giving 
invaluable information about SNAILs factor from Nematostella, do not 
explain yet what kind of role this factor has during the embryogenesis of this 
basal animal. Few attempts have been done in this direction in the past 
years. In a first approach, a knockdown of both NvSNAILA and B was tried 
to generate a loss-of-function phenotype utilizing splice-blocking 
morpholinos [31], which causes intron insertion resulting in a frameshift in 
these genes. Secondarily overexpression of NvSNAILA-GFP was tried in 
single blastomeres of cleavage stage embryos to cause the creation of new 
invagination sites. Both the approaches failed in elucidating putative 
functions. In fact, splice-blocking experiment may not work when the RNA 
is already spliced, such as in the case of maternal genes, while creation of 
new invagination sites cannot occur if NvSNAIL needs a partner to execute 
its role. In this context a new approach to knockdown NvSNAILs must be 
set up and tried. As explained before NvSNAILs are maternal genes [37] and 
this means that their RNA is already present in the unfertilized egg and most 
likely already spliced. Thus also other knockdown approaches based on 
RNA, such translation blocking morpholino, cannot be successful since we 
do not know if also the corresponding protein is already translated and 
present in the egg. A good solution for this problem is represented by the use 
of a dominant negative approach. In our case, for instance, NvSNAILA is a 
transcriptional factor possibly having two important domains: a first one 
able to bind the DNA and a second one able to interact with a co-factor. The 
overexpression of a mutant form carrying just one of these two domains will 
have a dominant negative effect on the wild type portions of the NvSNAILA 
complex (DNA-NvSNAILA-co-factor) resulting in the loss of function of 
the protein. Thus, two of the truncated forms of NvSNAILA previously 
described: NvSNAILA-Δ5SNAG and NvSNAILA-ΔZnf (Fig. 5.8A) were 
chosen to test our hypothesis and unfertilized eggs of Nematostella vectensis 
were individually injected with the RNA encoding for these constructs. 
Subsequently, gastrulated embryos (around 48 hpf) deriving from the 
injected batch were fixed and stained with phalloidin and PI (see 
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experimental procedures). Their phenotype was visualized and compared to 
the not injected ones (control) at the same stage grown in the same condition 
(see experimental procedures). As it is possible to observe, control embryos 
at the end of gastrulation show a single endodermal layer highly organized 
below the ectoderm (Fig. 5.8B-B’). Injected embryos with NvSNAILA-
Δ5SNAG-sYFP2 (29 embryos) and or NvSNAILA-ΔZnf-sYFP2 (39 
embryos) were able to gastrulate. However they showed anomalies during 
the development (Fig. 5.8C-D’). Injections of NvSNAILA-Δ5SNAG-sYFP2 
caused 14% of toxicity, while the 50% of the survived embryos showed a 
pronounced disorganization in the endoderm (Fig. 5.8C’); injections of 
NvSNAILA-ΔZnf-sYFP2 caused 36% of toxicity with the 20% of the 
remaining embryos showing a similar mutant phenotype. In both cases, the 
mutant phenotypes showed that the endodermal cells fail to organize 
themselves in a monolayer. According to our results, the dominant-negative 
approach used reveals a function for Nematostella vectensis SNAILA in the 
organization of the endoderm and this seems to be especially true in case of 
the over-expression of NvSNAILA-Δ5SNAG, where the toxicity observed is 
quite low compared to the number of embryos injected. 
 
DISCUSSION 
 
Many proteins involved in gastrulation of higher organism have also been 
found to be involved in gastrulation of Nematostella vectensis [34, 54]. 
Specifically, SNAIL transcriptional factors have been shown to be crucial in 
the regulation of EMT in higher organism, primarily through direct 
repression of cell-cell adhesion molecules [6]. In this study, we used 
different approaches in order to study the role of NvSNAILA during the 
development of Nematostella vectensis. By using a combination of 
bioinformatics tools and localization studies conducted using either 
Nvembryos and mammalian cells, we found a possible NvSNAILA 
interactor partner in the Nematostella homolog of the human FHL2 (even 
though this interaction is observed just under specific conditions). 
Furthermore, the knockdown of NvSNAILA obtained through dominant 
negative experiments shows a putative role in endoderm organization during 
gastrulation of this basal metazoan. Based on these results, few conclusions 
can be made.  
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Figure 5.8. Phenotype obtained upon over-expression of dominant negative 
constructs NvSNAILA-Δ5SNAG and NvSNAILA-ΔZnf. A) Constructs analysed 
for NvSNAILA by truncation of respectively the first 5 amino acids of the SNAG 
domain alone (NvSNAILA-Δ5SNAG) and of the entire zinc-finger domain 
(NvSNAILA-ΔZnf). B) Scheme of a control embryo completely gastrulated, 
showing ectodermal (Ect) and the endodermal (End, purple) tissue. B’) Confocal 
imaging of control embryos (not injected) stained with phalloidin and PI (see 
experimental procedures) at the end of gastrulation. C) Image of embryos at 
cleavage stage showing fluorescence after injections of the RNA encoding for 
NvSNAILA-Δ5SNAG coupled to the sYFP2 at the N-terminus (Zeiss Z1-Axio 
imager microscope). C’) Confocal imaging of NvSNAILA-Δ5SNAG-injected 
embryos stained with phalloidin and PI (see experimental procedures) at the end of 
gastrulation. D) Image of embryos at cleavage stage showing fluorescence after 
injections of the RNA encoding for NvSNAILA-ΔZnf coupled to the sYFP2 at the 
N-terminus (Zeiss Z1-Axio imager microscope). D’) Confocal imaging of 
NvSNAILA-ΔZnf -injected embryos stained with phalloidin and PI (see 
experimental procedures) at the end of gastrulation. Scale bar 10 µm.  
 
 
The new CID-rapamycin based offers a new way to detect nuclear protein-
protein interactions 
Despite an interaction between NvSNAILA and NvFHL2-Like has not been 
always observed (Fig. 5.6, 5.7), the new rapamycin-system developed in 
here can be used for detection of nuclear protein-protein interaction. 
However, there are few variables that might influence the magnitude of the 
interaction. One of these variables is represented by the amount FRB 
domains fused to LMB1 needed to pull FKBP12 tagged proteins to the 
nuclear membrane (Fig. 5.5). For instance, this parameter is strictly 
dependent on the relative expression levels of the proteins considered, thus 
just a single domain of FRB might be sufficient to relocate FKBP12 in case 
of low expression levels of the second-one. The combination FRB: FKBP12 
should be always taken in consideration for these kinds of experiments. One 
way to do this is to use the 2A peptide sequences or IRES, specifically made 
to guarantee equal expressions of multiple genes engineered in the same 
plasmid. 
 
Interaction NvSNAILA-NvFHL2-Like depends on nuclear enrichment of 
NvFHL2-Like in U2OS cells 
Our experiments showed that the interaction between NvSNAILA and 
NvFHL2-Like occurs in U2OS cells just when NvFHL2-Like is enriched into 
the nucleus. Despite the detected co-relocalization of NvFHL2-Like and 
NvSNAILA on the nuclear membrane is significant, such interaction was 
verified for few cells (three) of our dataset (Fig. 5.6, 5.7). Thus, two 
scenarios can be proposed: on one side, a) NvFHL2-Like needs to be located 
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in the nucleus to interact with NvSNAILA, while on the other hand b) the 
presence of NvFHL2-Like in the nucleus could be the result of an interaction 
with NvSNAILA. In both cases it looks clear that more research on the 
enrichment of NvFHL2-Like into the nucleus should be carried out. From 
literature it has been shown that Rho-signaling pathway induces human 
FHL2 to translocate into the nucleus [55], thus few attempts have been tried 
to verify if a similar process occurs also for NvFHL2-Like, without any 
success. In one experiment, HeLa cells expressing NvFHL2-Like were 
stimulated with fetal bovine serum after being serum-starved. Alteration of 
its localization has not been observed (data not shown). In another 
experiment we transfected both HsFHL2 and NvFHL2-Like in HeLa cells 
together with alternatively a constitutively active form of RhoA and a 
constitutively inactive form of RhoA. In both cases we didn’t see any 
variation neither for Nematostella or human FHL2 (data not shown). 
Probably the reason of nuclear enrichment of NvFHL2-Like lays in the cell-
cycle. Thus, future experiments should involve co-expression of NvFHL2-
Like and a cell cycle marker either in mammalian or Nematostella cells.  
 
SNAILA as endoderm organizer during gastrulation of Nematostella 
vectensis 
Our experiments showed that the over expression of mutant versions of 
NvSNAILA into unfertilized eggs of Nematostella vectensis leads to a 
marked disorganization of the endodermal layer of the gastrulated embryos 
(Fig. 5.8). Specifically, the endoderm looks highly disorganized failing to 
form a monolayer. The current status of the study does not allow for 
explanation, but a scenario can still be proposed. Through dominant 
negative-repression of SNAILA function, endodermal cells of Nematostella 
vectensis might exhibit greater cell-adhesion molecules, which make them 
appear glued one to another in our embryos (Fig. 5.8C’-D’). In this way, 
clusters of cells might have filled the blastocoel due to invagination 
pressure. This scenario would fit with the classical function of SNAIL as 
adhesion molecules-repressor. As already mentioned, this study is not 
sufficient to draw any clear conclusion and it should be followed up by 
detailed analysis of the genes affected by alteration of NvSNAILA function. 
To this end two approaches are possible: a) “candidate gene” approach [56], 
in which few genes are selected based on literature, verified for their 
presence in Nematostella genome database and used to run the appropriate 
tests. Specifically, we used this approach in order to identify NvE-cadherins 
without any success (data not shown).  A second approach is called b) 
“discovery gene” and consists in the use of microarray to detect variation in 
the expression level of the all genome of the mutant embryos [57]. In this 
way, all the genes directly or indirectly regulated by NvSNAILA would be 
identified and more information about its role could be obtained. Finally, in 
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chapter 3 we showed that NvSNAILA specifically localize into the nucleus 
with high enrichment into nucleoli either in mammalian cells and 
Nematostella embryos (Fig. 3.2 and 3.4). Both the mutant versions used in 
our dominant negative experiments, NvSNAILA-Δ5SNAG and NvSNAILA-
ΔZnf, failed to localize into the nucleoli as previously shown in this thesis 
(Fig. 3.2 and 3.4). Therefore, if these mutants interfere with a function of the 
endogenus SNAILA this cannot occur in the nucleolus. Alternatively, the 
dominant negative construct made can interfere with the nucleolar transport 
system responsible of nucleolar localization of NvSNAILA. Also in this case 
future studies should take the advantage of the “candidate gene” approach to 
find a NvSNAILA transporter. 

SUPPLEMENTARY INFORMATION: 
 
Primer sequences 
Constructs used in this study 

Construct In situ Forward Reverse 

NvSnailA ATGCCCCGCTCGTT
TCT 

TCCTTGTGACGGGC
AGCCCG 

NvFhl2-Like CGATGAGATTTACT
GTTGCAGACACTG
GGG 

CGCATGGTAAGCAG
ATTTTCTCTCCGTCT
C 

 
Rtq-PCR  
 

Forward Reverse 

NvSnailA CGAAGCACCTGCC
AAACTC 

CAGTGGAAAGGTCG
CTTGTG 

NvSnailB 
 

AGTTGTAACGAGC
GAAGCACCTGC 

TGTTGTGTAGGGGG
ACAGTAGAAGTATT
GG 

NvFhl2-Like 
 

CGATGTAACGGAC
CTGTAAATCCCG 

GTAAAACACTTGAC
GTGCCAGCAGC 

 
Construct HeLa 
cells 
 

Forward Reverse 

NvSnailA ATGCCCCGCTCGTT
TCT 

TCCTTGTGACGGGC
AGCCCG 

NvFhl2-Like 
 

ATGAGCGAAGTAG
ACTT 

ATCGTCATCGCATG
GTAAGCAG 
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LaminB1 (LMB1) 
 

ATGTATGAAGAGG
AGATT 

TTACATAATTGCAC
AGCT 

 
Construct injections 
 

Forward Reverse 

NvSnailA-
Δ5SNAG 
 

ATGCTAGTCAAGA
AAAC 

TCCTTGTGACGGGC
AGCCCG 

NvSnailA-ΔZnf  ATGCCCCGCTCGT
TTCT 

TCGCGATTCCTCCG
CGGTTA 
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Scope 
Throughout this thesis we have examined the importance of Nematostella 
vectensis as a model organism for the evolution of development. Due to their 
phylognetic position [1] as sister group of bilaterians, cnidarians are 
perfectly placed to provide insight into evolution. Cnidarians (sea anemones, 
jellyfish and corals) are anatomically relatively simple but they exhibit all 
the developmental mechanisms also present in Bilateria. Nematostella 
vectensis belongs to the Anthozoa class, members of which are thought to be 
the closest to an ancestral form of cnidarians since they lack of diversity in 
developmental mechanisms they show during development, compared to 
other representatives of this phylum [2].  Moreover, Nematostella 
vectensis was the first early metazoan of which the genome was sequenced 
and the analysis of it revealed an unexpected complexity compared to its 
position in the phylogenetic tree [3]. This makes the animal very attractive 
to the community for studies on comparative genomics and evolutionary 
developmental biology. Having said that, the accessibility of the animals for 
such studies presents us still with several limitations. For instance, molecular 
research involving Nematostella so far has been mainly focused on the 
expression of gene transcripts, i.e. in situ experiments. However, this is not 
sufficient to establish the genetic network, which can only be completely 
understood in conjunction with the analysis of the protein products of these 
genes. Furthermore, functional analysis of genes is expensive (due to the use 
of RNA), while the detection of phenotypes is based on fixation experiments 
performed at specific developmental time points. In this way, results can be 
affected by artifacts, due to the fixation technique used. Thus, nowadays 
efforts are focused on developing new methodologies in order to avoid these 
kind of limitations [4, 5]. In this context, this thesis might be beneficial. In 
Chapter 2 we developed a method that allows for the study of cell cleavage, 
early gastrulation as well as wound healing in vivo, which can be applied as 
a reliable, faster and easier alternative for functional studies in these 
animals. The use of fluorescent probes such as the Lifeact- mTurquoise2 and 
EB1-mVenus may also be coupled to transgenic gene analysis to provide 
more insight into cellular mechanics occurring during Nematostella 
vectensis development. In chapter 3 and 4 we showed that HeLa cells might 
represent a complementary convenient model system to study the cellular 
behaviour of Nematostella proteins. Using this approach, plasmids encoding 
Nvproteins can be analysed in order to check proteins properties before more 
elaborate functional studies in Nematostella embryos are initiated. In chapter 
5 we also set up a new rapamycin-based assay to study protein-protein 
interactions in the nucleus, which is potentially applicable to all nuclear 
proteins, adding a new methodology to the protein interaction spectrum of 
techniques. Finally, in the same chapter we proposed a new functional study 
strategy carried out at the protein levels. Together with the development of 
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new tools to better understand the biology of Nematostella vectensis, we also 
conducted structural and functional analysis on embryogenesis of this basal 
metazoan. This allowed us to observe this animal from a cellular point of 
view, highlighting molecular and cellular properties that strengthen the 
evolutionary importance as a model organism for comparative studies. This 
is probably the foremost novel aspect this thesis presents with respect to 
previous Nematostella literature. For the first time, we do not look at the 
entire organism, but we focus on the cellular level within the animal. In this 
way, terms such as structural and functional acquire a new, and more 
specific, meaning. For instance, the structural analysis conducted in here 
showed mechanisms of cell division involving nuclear envelope break down 
similar to mammals. Concerning our functional studies we found that 
Nematostella transcription factor SNAILA is enriched at the nucleolus and 
that this localization depends on its zinc-fingers, suggesting a new role for 
this class of proteins in the nucleolus. To complete the picture of this cellular 
analysis, we also show the effect of functional knock down on the entire 
organism. In summary, our work proposes to extend the study from the 
specific to the general, trying to understand in which way molecular aspects 
within the individual cells can influence the embryogenesis of an organism. 
Unfortunately, the amount of time on our hands was not sufficient to bring 
the study to its ultimate completion, but we certainly offer a new way to 
conduct science in this animal. The research done in the course of this work 
can be summarized in the following 5 main concepts. 
 
1. Lighting up animal development 
Despite its simple appearance, Nematostella vectensis uses many of the 
same regulatory genes as more complex multicellular animals, including 
humans. In order to understand how developmental processes are organized 
in this animal, we developed a novel live imaging technique: by injecting 
RNA that encodes a fluorescent fusion protein, and subsequently visualize 
the actin and tubulin protein localization and dynamics in the cells that make 
up the ‘cellular skeleton’ of an animal. These proteins play an important role 
in maintaining the structural integrity of the cell. This approach has allowed 
us to image different stages of Nematostella development, from the earliest 
cell cleavage events to the adult polyp. By literally making the skeleton of a 
subset of cells light up, we can follow individual cells as they divide, 
yielding sharper and more informative images than ever before. For 
example, we found that cell division in Nematostella occurs through a 
mechanism that involves nuclear envelope breakdown, in a way that is very 
similar to the process that is employed in higher vertebrates. As some of 
these fluorescent proteins are stable in vivo for up to two months, we can 
still observe organ boundary dynamics and muscular contractions in moving 
adult starlet sea anemones. The technique described can be used to answer 
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important questions: other types of fluorescent fusion proteins could be used 
to reveal how Nematostella succeeds in efficiently regenerating damaged 
tissues, a fundamental research question in stem cell biology. 
 
2. Are there putative functions for NvSNAILA in the nucleolus? 
In this thesis we showed for the first time that NvSNAILA, differently from 
HsSNAIL1 and 2 as well as other SNAIL proteins characterized so far, 
exhibits pronounced enriched levels in HeLa cell nucleoli as well as in the 
nucleoli of Nematostella vectensis embryos, suggesting a potential function 
within this compartment. Furthermore, co-localisation analysis shows that 
NvSNAILA co-localises with GC markers HsB23 and HsSENP3 even after 
nucleolar disruption and not with the DFC or FC. Although the NLS present 
in NvSNAILA zinc fingers may accidently have converged during evolution 
to also have an NoLS function, the analysis obtained by FCS reveals low 
mobility within the nucleolar compartment directly linked to zinc-fingers, 
suggesting specific stabilization or transport process of NvSNAILA, which 
might be the same process that takes other nucleolar proteins into specific 
nucleolar regions. The presence of NvSNAILA in the nucleoli might indicate 
another function for this protein in addition to acting as a classical 
transcription factor in the nucleoplasm. In fact, apart from being known as a 
“ribosome factory” [6, 7] the nucleolus has also been shown to be involved 
in cell cycle regulation. Evidence of a connection between nucleolus and cell 
cycle can be found in early literature [8] but just recently this topic became 
of primary importance due to the relation with human diseases [9]. The 
association between ribosome synthesis and cell cycle regulation seems to 
occur through different proteins such as p53 [10, 11], B23 [12] and cyclin-
dependent kinases [13].  

The enrichment of NvSNAILA in the nucleolus could suggest that: 
i) being a zinc finger protein, NvSNAILA might be involved during 
processing steps of rRNA synthesis, for instance during maturation of pre-
rRNAs facilitating interactions between proteins and rRNA. Thus 
NvSNAILA could have a similar role to HsB23 or HsSENP3 [14] in HeLa 
as well as in Nematostella embryos, perhaps being involved in Ribosomal 
subunit assembly together with other proteins (Fig. 6.1). Notably, a relation 
between zinc fingers and nucleolar localization has been reported before 
and it may depend on the ability of the protein to bind nucleic acids [15]. 
On the other hand ii) it may be involved during stress or DNA damage, 
participating in the arrest of cell growth and induction of DNA repair, as 
proposed for other zinc fingers proteins found in the nucleolus (89). 
Intriguingly, both of these cellular processes appear to be essential during 
mitosis occurring in embryogenesis [7]. Moreover, given that HsSNAIL2 -
but not HsSNAIL1- also shows specific nucleolar localization, albeit at 



 

159 
 

Concluding remarks 
 

lower levels than NvSNAILA, a role for SNAIL proteins in the nucleolus 
may be conserved across evolution. 
 
3. NvSNAILA might use zinc finger domains for all of the following 

functions: DNA binding, localization into the nucleus and further 
localization at the nucleolus  

As previously showed in this thesis, NvSNAILs shares several properties 
with the human SNAILs such as the structure and the nuclear localization. 
Furthermore, NvSNAILA and NvSNAILB (despite at lower level than the 
first one) utilize the zinc finger domains to localize at the nucleolus. This 
means that probably SNAIL-zinc fingers in the cells of this animal are 
important for at least three functions: first, they probably contain NoLS 
which allow for the transportation of the protein into the nucleolus; second, 
they also carry NLS, since they are also responsible for localization of the 
protein at the nucleus; third, as homolog of a transcriptional factor, they 
should bind the DNA for transcriptional regulation. The accomplishment of 
three functions using a single domain is not surprising, considered the 
phylogenetic position of the animal. Indeed this might represents a strategy 
adopted by early evolving cells and early evolving proteins. Thus, early and 
fast adapting cells would prefer to concentrate multiple functions in single 
domains. As the evolution progressed, the strategy revealed to be not 
convenient since mutation in the same region of the protein could cause 
alteration in several functions carried out by the same protein. This brought 
in the later organism to evolve different domains according to different 
functions of the protein.   
 
4. Possible scenarios for NvSNAILA-NvFHL2-Like interaction 
As previously documented, SNAIL family members play a crucial role 
during EMT of higher organisms, not just during development but also 
during disease, where they serve as markers for malignant phenotype and 
prognosis [16, 17]. Specifically, it seems they act with a co-factor in order to 
repress the E-cadherins [17–19]. On the other hand Nematostella vectensis 
does not show EMT, as well as there is no evidence that it develops tumors, 
but Snail is still present in its genome. In this context, the research of 
partners that are involved in the SNAIL function in this animal will not only 
shed new light for understanding the mechanisms of SNAIL and the 
evolution of EMT, but will also provide new insight for potential drug 
development and diagnostics. 
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Figure 6.1. Model for a possible role of NvSNAILA in the nucleolus. General 
scheme for the nucleolus with ribosomal genes located in the Fibrillar centre (FC). 
Transcription occurs between the FC and the Dense Fibrillar Component (DFC) 
compartment through the Upstream Binding Factor (UBF). RNA processing and 
ribosome assembly is performed between the DFC and the Granular Component 
(GC) by protein such as NUCLEOLIN (NCL), NUCLEOPHOSMIN (B23) and 
SENP3. Since NvSNAILA specifically localizes at the GC of human nucleoli and 
specifically co-localizes with HsB23 even after nucleolar disruption. NvSnailA 
might have a role in this equivalent compartment (Granular Zone) in Nematostella 
vectensis, possibly during ribosomal subunit assembly.  
 
 
In Nematostella vectensis the expression of Snail is restricted at the 
blastopore region, labeling the tissue fated to invaginate and constitute the 
future endoderm [2, 20]. This means that not just a possible co-factor but 
also the regulated genes (E-cadherins?) need to be located in the same 
region. We showed that the RNA of NvFhl2-Like follows the expression 
pattern of NvSnail throughout the course of gastrulation. Furthermore, the 
protein products of both genes have been showed to interact in HeLa cells 
under specific conditions. Such interaction can have a direct nature, 
therefore dependent on specific domains of both proteins, or it can be 
indirect and therefore mediated by a third party. In this case a good 
candidate might be the β-catenin. Previous studies in higher organisms 
showed, in fact, that β-catenin is not just a HsFHL2 co-activator, but it is 
also able to bind the zinc-finger region of HsSNAIL1 [17, 21]. In 
Nematostella a similar scenario is possible, thus further experiments should 
focus on co-localization among the three proteins and can take the advantage 
of our CID assay to test this interactions.  
 
5. Why Nematostella vectensis?  
Since the sequencing of its genome, Nematostella vectensis has become the 
corner-stone taxon for both developmental biology and comparative 
genomics. As already mentioned, its genome looks in many aspects more 
similar to the human genome than to other commonly used invertebrate 
models such as Drosophila melanogaster and Caenorhabditis elegans [3]. 
Since then, studies involving this animal aim to understand how 
embryogenesis and animal evolution are interconnected. Considering the 
wide interest raised in the community in the last 20 years, a question is 
allowed: “ Why Nematostella?”. Indeed, other cnidarians are available as 
model systems (Acropora, Hydra, Podocoryne) and they also yielded 
important insights about evolution [22–24]. Probably, the answer again 
resides in its phylogenetic position within the Cnidaria phylum. As said, 
Nematostella vectensis, order: Actinaria (sea anemones), belongs to the class 
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Anthozoa, the sister taxon of Medusozoa. The major body trait that 
distinguishes the two classes is the presence of a jellyfish (medusa) stage in 
the life cycle. The medusa stage is present just in the medusozoa class and it 
is considered as a unique invention of this class `[25, 26]. Since Medusozoa 
also possess a polyp stage in their early life-history, we can conclude that the 
Anthozoa are more likely representative of the primitive cnidarian condition 
[25]. Since the split Medusozoa-Anthozoa occurred after the divergence of 
Bilateria and Cnidaria phyla [20], approximately 700-650 million years ago 
[3], then the ancestor of Nematostella vectensis is probably the same 
ancestor of humans and fruit flies (bilaterians) (Fig. 6.2). More evidence has 
been found to support this hypothesis. For instance, some body features 
regarded as properly “bilaterian”, might actually be already present in 
Nematostella and might predate the split between Cnidaria and Bilateria. 
One of these is for example the bilateral symmetry, from which the latter 
phylum name was derived. Cnidarians have always been regarded as radially 
symmetric, despite members such as Nematostella vectensis clearly show 
bilateral symmetry. Several studies also show that the genes responsible for 
the development of bilateral symmetry in Bilateria are conserved in this 
basal metazoan [27]. Furthermore, another important innovation of the 
Bilateria phylum is the presence of a third germ layer: the mesoderm, 
together with the ectoderm and the endoderm. Nematostella doesn’t have 
this third germ layer, but again many genes responsible for the pattering of 
mesodermal cells fate in bilaterians are present in the genome and are 
expressed in the endoderm of this animal suggesting that mesoderm and 
endoderm derive from the endoderm of a diploblastic ancestor [20, 28]. The 
great number of genes shared might represent a “tool-kit” used by the 
Cnidaria-Bilateria ancestor to face and adapt to its evolutionary fate. The 
following pressure of different environment conditions might then have 
given rise to two different radiations. Finally, studies conducted so far on 
Nematostella underlined the utility of the animal in understanding the 
evolution of metazoan body traits, embryogenesis and regeneration. 
Together with this, the research also integrates comparative genomics 
making Nematostella vectensis one of the most valuable model systems in 
Biology.   
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Figure 6.2. Phylogenesis of the Cnidaria phylum (adapted from [3, 20, 29]).  
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SUMMARY 
 
This thesis explores the potential of Nematostella vectensis as a model 
organism to study embryogenesis in an evolutionary context. CHAPTER 1 
sets the scene, describing embryogenesis with all the different fundamental 
processes that characterize this process. Thus, embryogenesis is defined here 
as a biological process that gives rise to a new organism starting from a 
single cell. In order to accomplish this goal, a series of events (or stages), 
such as fertilization, cell division, gastrulation, organogenesis, need to 
occur. It has been shown that many key molecular factors acting in each of 
these stages are highly conserved across the animal kingdom, but they play 
different roles in different types of embryos. This makes the embryogenesis 
quite a complex process so that its complete understanding can be obtained 
just by comparing the embryonic development of different taxonomic 
groups. Among all the events occurring during embryogenesis, the one of 
gastrulation is of great interest. This stage is linked to the origin of 
metazoans. In fact, during the course of it the embryonic layers: endoderm 
ectoderm and mesoderm are formed, making it the key event for the splitting 
of triploblastic and diploblastic animals. There are many different cellular 
mechanisms used to accomplish the formation of the germ layers, and all of 
them can be grouped in four main evolutionary conserved gastrulation 
strategies: i) emboly, or internalization, which moves cells fated to become 
mesoderm or endoderm beneath the future ectoderm; ii) epiboly, which 
spread group of cells over the surface of another one; iii) convergence, 
which move cells dorso/medio-laterally whereas the iv) extension drives 
them antero/posteriorly. Furthermore, morphogenetic movements involving 
all these strategies seem to be “mimicked” during cancer metastasis in 
higher metazoans. In this context the phylum Cnidaria (comprising corals, 
sea anemone and jellyfish) provides a valuable group of diploblastic animals 
instrumental for the understanding not just of the evolution of early stages of 
embryogenesis (and therefore of gastrulation) but also of the mesoderm, the 
third germ layer. Specifically, the small translucent sea anemone 
Nematostella vectensis is the first cnidarian of which the genome has been 
completely sequenced, revealing strong conservation of all the genes that 
orchestrate the process of gastrulation movements in higher organisms. 
Among these genes, snail encodes for a transcription factor that in higher 
organisms is considered as the master regulator of important morphogenetic 
movements called Epithelial to Mesenchymal Transition (EMT). In many 
triploblastic animals EMT is responsible for mesoderm formation during 
development as well as metastasis during cancer.  
 
CHAPTER 2 proposes a new method for the structural analysis of 
embryogenesis of Nematostella vectensis, based on in vivo imaging. Indeed, 
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live imaging of developmental processes is the most direct way for 
quantitative and qualitative assessment of a biological phenomenon. In this 
context, invertebrate model systems are especially interesting because of the 
relative ease of visualizing tissue or whole animal properties, compared to 
animals such as vertebrates. Cnidarians are the closest living relatives to 
bilaterians and, as mentioned, have been instrumental in studying the 
evolution of bilaterian properties. In particular, the starlet sea anemone, 
Nematostella vectensis, is a unique system in which embryology and 
regeneration can be actively compared; yet lacked robust live imaging 
protocols. Cytoskeletal proteins such as actin and tubulin are universally 
important for regulating embryological processes including cell division, 
motility and morphogenesis, but so far studies have only addressed the 
localization of these proteins in fixed embryos. We used fluorescent probes 
in live embryos to understand the dynamics behind basic developmental 
processes. The small actin binding peptide, Lifeact, fused to the highly 
photo-stable fluorescent protein, mTurquoise2, was used to investigate in 
vivo actin dynamics throughout the life cycle of N. vectensis. Lifeact-
mTurquoise2 can be visualized throughout embryonic development and is 
stable for two months after injection. Co-expression of Lifeact-mTurquoise2 
with End-Binding protein 1 (EB1) fused to mVenus, showed a concentrated 
‘flash’ of Lifeact-mTurquoise2 within the nuclear envelope, immediately 
prior to cytokinesis along the axis of division, revealing nuclear membrane 
breakdown in real time. Moreover, Lifeact-mTurquoise2 expression in adult 
animals allowed the identification of various cell types including ciliated 
cells and cnidocytes, as well as cellular boundaries. This study is the first to 
show the capabilities of the highly photo-stable florescent protein, 
mTurquoise2, during the course of development through in vivo analysis. 
These data suggest conservation of mitotic activity together with the role of 
actin dynamics between cnidarians and bilaterians. Furthermore, we were 
able to discern distinct phases of cell division, defining the timing of this 
process in N. vectensis, showing the potential of cnidarian systems as useful 
models for in vivo microscopy and cell biology. 
 
CHAPTER 3 starts analyzing embryogenesis of Nematostella vectensis 
embryogenesis at the functional level. Therefore, we focus on the 
transcriptional factor SNAIL, key regulator, as said above, either during 
development and disease. This chapter is split into two parts, where we 
carried out a comparison between human (Hs) SNAIL1 and 2 and 
Nematostella (Nv) SNAILA and B. In Part I, we conducted a sequence and 
phylogenetic analysis of the protein structure of NvSNAILA and B among 
different species of the animal kingdom in order to establish the homology 
relationships among members of the SNAIL family with respect of 
Nematostella vectensis representative-ones. Results from this analysis 
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suggest that despite NvSNAILB often being identified as a 5 zinc-finger 
transcriptional factor, it actually might have lost the functionality in one 
zinc-finger domain. Finally, several scenarios for the evolution of NvSNAIL 
proteins are proposed. Part II describes a detailed molecular analysis on the 
localization of NvSNAILA and B taking advantage of using both 
mammalian (HeLa) cells and Nematostella embryos. Compared to 
HsSNAIL1 and 2, NvSNAILA and B show similar nuclear localization in 
HeLa cells. Strikingly, NvSNAILA is highly enriched in nucleoli both in 
HeLa cells and Nematostella embryonic cells. Specifically, NvSNAILA co-
localizes with nucleolar markers even after nucleolar disruption in HeLa 
cells. In order to show which domain of NvSNAILA and B are responsible 
for their respective localization, we conducted a truncation analysis for both 
proteins. This allowed us to find out that their N-terminal SNAG domain, 
known to interact with co-factors in higher organism, is involved in 
nucleolar localization, while not essential for nuclear localization. 
Furthermore, we show that truncation of the C-terminal zinc-fingers, 
involved in DNA binding in higher organisms, significantly affects 
subcellular localization. Specifically, the zinc-finger domains are required 
for nucleolar enrichment of NvSNAILA. Overall, the results presented in the 
second part of this chapter suggest a role for NvSNAILA in the nucleolar 
compartment. 
 
CHAPTER 4 puts the previous chapter in a dynamic context, testing all the 
truncation constructs presented in the previous chapter for their ability to 
move in different cellular compartments (nucleolus, nucleus, cytoplasm). 
We determined that NvSNAILA moves slowly within the nucleolar 
compartment compared to the nucleoplasm and it is able to shuttle between 
nucleoli and nucleoplasm. Truncation of the SNAG domain does not affect 
mobility, while Truncation of the zinc-fingers significantly affects mobility. 
Finally we show that NvSNAILA and B in the nucleoplasm exhibit a similar 
mobility of HsSNAIL1 and 2, both known for being transcription factors. 
Taken together these findings strengthen the hypothesis of a functional role 
for NvSNAILA in the nucleolar compartment.  
 
CHAPTER 5 focusses on the functional analysis of the transcription factor 
NvSNAILA and its putative role during the embryogenesis of Nematostella 
vectensis. Using a combination of bioinformatics tools we found a putative 
NvSNAILA-interactor in the Nematostella genome, NvFHL2-like, which is a 
homolog of the human HsFHL2. Subsequently, in order to verify possible 
interaction between NvSNAILA and NvFHL2-like, we performed 
localization experiments using both Nematostella embryos and HeLa cells. 
Specifically, we set up a new rapamycin based Chemical Induced 
Dimerization (CID) assay to detect and study protein-protein interactions 
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within the nucleus of mammalian cells. The new assay presented in this 
chapter is potentially applicable to detection of any nuclear protein-protein 
interaction. We found a partial interaction between NvSNAILA 
andNvFHL2-Like, however this was observed only under specific 
conditions, in a subset of cells where NvFHL2-Like is enriched in the 
nucleus. Finally, we used dominant negative experiments conducted in 
Nematostella vectensis embryos in order to address the putative role of 
NvSNAILA during the embryonic development of this animal. Thus, we 
over-expressed some of the truncations presented in chapter 3 aiming to 
disrupt NvSNAILA function. Using this approach we found a possible role 
for NvSNAILA as an endoderm organizer during gastrulation.   
 
CHAPTER 6 summarizes the results described in the previous chapters and 
aims to distill five main concepts about the ultimate scope of this thesis and 
the importance of Nematostella vectensis as a model organism. These major 
concepts mainly focus on two aspects. The first one is the importance and 
need of continuously developing tools that allow for a proper study of 
complex processes as the embryogenesis in a relatively new and 
evolutionary crucial model system. The second is the significance of the 
results obtained integrated within an evolutionary frame. Finally, future 
research directions are also suggested in this final chapter. 
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Dit proefschrift presenteert een onderzoek naar de mogelijkheden van 
Nematostella vectensis als modelorganisme voor het bestuderen van de 
evolutie van embryogenese. HOOFDSTUK 1 beschrijft de verschillende 
fundamentele processen van embryogenese die dit proces karakteriseren. 
Embryogenese wordt gedefinieerd als een biologisch proces waarbij een 
nieuw organisme ontstaat vanuit een enkele cel, via een reeks van 
verschillende processen en stadia, namelijk; bevruchting, celdeling, 
gastrulatie en organogenese. Het is bekend dat vele belangrijke moleculaire 
factoren, die aanwezig zijn tijdens alle stadia, sterk geconserveerd zijn over 
het dierenrijk, maar dat deze verschillende functies kunnen vervullen in 
verschillende soorten embryo’s. Dit maakt embryogenese tot een complex 
proces dat alleen volledig begrepen kan worden door de embryonale 
ontwikkeling van verschillende taxonomische groepen met elkaar te 
vergelijken. Van alle processen die zich tijdens de embryogenese afspelen, is 
gastrulatie de/een cruciale fase. Deze fase is kenmerkend voor meercellige 
organismen, de Metazoa. Tijdens gastrulatie ontstaan verschillende 
kiemlagen, het endoderm en ectoderm is alleen aanwezig in diploblastische 
dieren, daar tussenin zit in triploblastische dieren ook nog het mesoderm. Er 
zijn veel verschillende cellulaire mechanismen nodig voor het vormen van 
kiembladen , deze kunnen worden onderverdeeld in vier evolutionair 
geconserveerde gastrulatie strategieën: i) embolie of internalisatie, waarbij 
de cellen die het mesoderm of endoderm moeten vormen onder het 
toekomstige ectoderm terecht komen; ii) epiboly, waarbij twee cellagen 
overelkaar heen spreiden; iii) convergentie, waarbij cellen dorso/medio-
lateraal bewegen; iv) extensie waarbij cellen antero/posterior bewegen. Deze 
morfogenetische bewegingen tijdens gastrulatie treden ook op tijdens 
kankermetastase in hogere metazoa’s. In dit verband is het phylum Cnidaria 
(koralen, zeeanemonen en kwallen) een waardevolle groep van 
diploblastische dieren om niet alleen de evolutie van de vroege stadia van de 
embryogenese (en dus van gastrulatie) te bestuderen, maar ook de evolutie 
van het mesoderm, de derde kiemlaag die kenmerkend is voor Bilateria. Met 
name de kleine doorzichtige zeeanemoon Nematostella vectensis, wat de 
eerste cnidarian is waarvan het volledige genoom bekend is, bezit veel van 
de genen die tijdens de gastrulatieprocessen in hogere organismen betrokken 
zijn. Van deze genen codeert het snail gen voor een transcriptie factor die in 
hogere organismen de centrale regulator is van belangrijke morfogenetische 
bewegingen genaamd epitheliale naar mesenchymale transitie (EMT). In 
veel triploblastische dieren is EMT niet alleen verantwoordelijk voor de 
vorming van het mesoderm tijdens de ontwikkeling, maar ook voor 
metastase van kanker. 
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HOOFDSTUK 2 presenteert een nieuwe methode, voor de structurele 
analyse van de embryogenese van Nematostella vectensis, op basis van in 
vivo-imaging. In vivo-imaging van ontwikkelingsprocessen is de meest 
directe manier om embryogenese kwantitatief en kwalitatief te kunnen 
bestuderen. Hierdoor zijn invertebrate modelsystemen, in vergelijking met 
dieren zoals vertebraten, erg interessant voor in vivo-imaging studies 
vanwege het relatieve gemak waarmee eigenschappen van weefsel of hele 
dieren te visualiseren zijn. Cnidaria omvatten de groep die het dichtst bij de 
bilateria staan en zijn, zoals  eerder gezegd, een goed modelsysteem voor het 
bestuderen van de evolutie van bilateria eigenschappen. Met name de 
zeeanemoon, Nematostella vectensis, is een uniek systeem waarbij de 
embryologie en regeneratie effectief kan worden vergeleken; tot nu toe 
ontbraken echter robuuste in vivo-imaging protocollen. Eiwitten betrokken 
bij het cytoskelet, zoals actine en tubuline, zijn universeel belangrijk voor 
het reguleren van embryologische processen zoals celdeling, motiliteit en 
morfogenese, maar tot nu toe gaan studies slechts in op de lokalisatie van 
deze eiwitten in gefixeerde embryo’s. We hebben gebruik gemaakt 
fluorescente eiwitten in levende embryo’s om de dynamiek achter de 
fundamentele ontwikkelingsprocessen te bestuderen. Het kleine actine 
bindende peptide, Lifeact, gefuseerd aan het zeer stabiele fluorescerende 
eiwit, mTurquoise2, werd gebruikt om in vivo actine dynamiek gedurende de 
levenscyclus van N. vectensis onderzoeken. Lifeact-mTurquoise2 is te 
visualiseren gedurende gehele embryonale ontwikkeling en is nog twee 
maanden stabiel en zichtbaar na injectie. Co-expressie van Lifeact-
mTurquoise2 met “End-Binding protein 1” (EB1) gefuseerd aan mVenus, 
toonde een geconcentreerde "flits" van Lifeact-mTurquoise2 op de overgang 
tussen de kern en het cytoplasma, het kernmembraan, die op trad 
onmiddellijk voorafgaand aan cytokinese langs de celdelings-as. Op de flits 
volgt de afbraak van het kernmembraan. Voorts was het mogelijk om met 
Lifeact-mTurquoise2 in volwassen dieren verschillende celtypes te 
identificeren zoals cellen met cilia en cnidocytes, maar ook celranden. Deze 
studie is de eerste die de mogelijkheden van het zeer stabiele fluorescente 
eiwit, mTurquoise2 laten zien tijdens ontwikkeling van N. vectensis met 
behulp van in vivo analyse. Deze gegevens suggereren conservatie van de 
mitotische activiteit samen met de rol van actine dynamiek tussen cnidarians 
en bilateria. Verder konden we verschillende fases van de celdeling 
onderscheiden en de timing van dit proces in N. vectensis bepalen, dit laat de 
mogelijkheden van cnidaria als een bruikbaar model voor in vivo 
microscopie en celbiologie. 
 
HOOFDSTUK 3 presenteert een analyse van de embryogenese van 
Nematostella vectensis op een meer functioneel niveau, waarbij wij ons 
concentreren op de eigenschappen van de transcriptie factor SNAIL. Deze 
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transcriptie factor is een belangrijke regulator zowel voor de embryonale 
ontwikkeling als ook in ziekte. Dit hoofdstuk is opgesplitst in twee delen, 
waarin we een uitgebreide vergelijking maken tussen menselijke (Hs) 
SNAIL1 en 2 en Nematostella (Nv) SNAILA en B. In deel I presenteren we 
een sequentie en fylogenetische analyse van NvSNAILA en B ten opzichte 
van andere soorten in het dierenrijk om de homologie vast te stellen binnen 
de SNAIL familie in relatie tot die van Nematostella vectensis. De resultaten 
van deze analyse suggereren dat, ondanks dat NvSNAILB vaak als een 5 
zinc-finger transcriptie factor wordt gezien, het eigenlijk de functionaliteit 
van één zinc-finger domein heeft verloren. Ten slotte worden er 
verschillende scenario’s voor de evolutie van NvSNAIL eiwitten voorgesteld 
en besproken. Deel II beschrijft een gedetailleerde moleculaire analyse van 
de lokalisatie van NvSNAILA en B waarbij gebruikt wordt gemaakt van 
zowel zoogdiercellen (HeLa), als Nematostella embryo’s. In vergelijking 
met HsSNAIL1 en 2, vertonen NvSNAILA en B een vergelijkbare nucleaire 
lokalisatie in HeLa-cellen. Opvallend is dat NvSNAILA sterk opgehoopt is 
in nucleoli van HeLa-cellen en in embryonale cellen van Nematostella. 
NvSNAILA vertoont co-lokalisatie met klassieke nucleolus markers, ook na 
het uiteenvallen van de nucleoli in HeLa-cellen door middel van 
farmaceutisch middelen. Om aan te tonen welke domeinen van NvSNAILA 
en B  een rol spelen in lokalisatie binnen de cel, hebben we een eiwit 
truncatie-analyse op beide eiwitten uitgevoerd. Uit deze analyse kwam naar 
voren dat het N-terminale SNAG-domein, waarvan bekend is dat het 
interactie heeft met co-factoren in hogere organismen, een rol speelt in de 
lokalisatie in de nucleoli, maar niet essentieel is voor de lokalisatie in de 
celkern. Verder tonen we aan dat truncatie van de C-terminale zinc-fingers, 
klassiek betrokken bij het binden met DNA in hogere organismen, 
aanzienlijke invloed heeft op subcellulaire lokalisatie. De zinc-finger 
domeinen zijn namelijk essentieel voor de ophoping van NvSNAILA in de 
nucleoli. Over het geheel genomen suggereren de resultaten in het tweede 
deel van dit hoofdstuk dat NvSNAILA een functie heeft in de nucleoli. 
 
HOOFDSTUK 4 presenteert een mobiliteitsanalyse, de mobiliteit van alle 
getrunceerde constructen uit het vorige hoofdstuk worden onderzocht in 
verschillende cellulaire compartimenten (nucleolus, kern, cytoplasma) . Zo 
kwamen wij erachter dat NvSNAILA relatief langzaam beweegt in de 
nucleoli ten op zichte van het nucleoplasme en dat uitwisseling tussen de 
nucleoli en het nucleoplasma mogelijk is. Truncatie van het SNAG domein 
heeft geen invloed op de mobiliteit, maar truncatie van de zink-fingers blijkt 
aanzienlijke invloed op de mobiliteit te hebben. Tenslotte tonen wij aan dat 
NvSNAILA en B in het nucleoplasma een vergelijkbare mobiliteit hebben 
als HsSNAIL1 en 2, van de laaste twee is bekend dat het transcriptie 
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factoren zijn. Samengenomen ondersteunen deze bevindingen de hypothese 
dat NvSNAILA een functionele rol heeft in de nucleolus. 
 
HOOFDSTUK 5 concentreert zich op de functionele rol van de 
transcriptiefactor NvSNAILA tijdens de embryogenese van Nematostella 
vectensis. Met behulp van een combinatie van bioinformatica tools vonden 
wij een mogelijke co-factor van NvSNAILA namelijk NvFHL2-like, een 
homoloog van het menselijke HsFHL2. Om vervolgens te onderzoeken of er 
tussen  NvSNAILA en NvFHL2-like een mogelijke interactie bestaat, 
voerden we lokalisatie experimenten met zowel Nematostella embryo's als 
HeLa cellen, deze gaven echter geen uitsluitsel. We hebben daarom een 
nieuwe chemisch-geïnduceerde dimerisatie  assay opgezet die werkt op basis 
van rapamycine, om eiwit-eiwit interacties in de kern te onderzoeken in 
zoogdiercellen. Deze nieuwe test is potentieel toepasbaar voor de detectie 
van allerlei eiwit-eiwit interacties in de kern. We waren inderdaad in staat 
om een interactie tussen NvSNAILA en NvFHL2-like te detecteren, echter 
de interactie NvSNAILA-NvFHL2-Like werd alleen waargenomen onder 
bepaalde omstandigheden, namelijk in cellen waarin NvFHL2-Like in een 
hoge concentratie aanwezig was in de kern. Tenslotte gebruikten we 
dominant negatieve experimenten uitgevoerd in Nematostella vectensis 
embryo’s om mogelijke functie van NvSNAILA tijdens de embryonale 
ontwikkeling van dit dier te onderzoeken. Zo hebben we enkele van de 
truncaties, gepresenteerd in hoofdstuk 3, tot overexpressie gebracht met als 
doel om de werking van NvSNAILA te beïnvloeden. Met behulp van deze 
benadering vonden we een mogelijke rol voor NvSNAILA als endoderm 
organisator tijdens gastrulatie.   
 
HOOFDSTUK 6 geeft een overzicht van de resultaten beschreven in de 
voorgaande hoofdstukken en is bedoeld om de vijf belangrijkste concepten, 
de uiteindelijke conclusie van dit proefschrift en het belang van 
Nematostella vectensis als modelorganisme te laten zien. Deze belangrijke 
concepten richten zich vooral op twee aspecten. Het eerste is het belang en 
de noodzaak van het voortdurend ontwikkelen van nieuwe methoden die een 
gedetailleerde studie van complexe processen zoals embryogenese in een 
relatief nieuw en evolutionair gezien cruciaal modelsysteem mogelijk 
maken. Het tweede is om de betekenis van de verkregen resultaten in een 
evolutionair kader te plaatsen. Tot slot worden er in dit laatste hoofdstuk 
suggesties gedaan voor toekomstig onderzoek. 
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In questa tesi si esplorano le potenzialità di Nematostella vectensis come 
organismo modello per lo studio dell’embriogenesi in un contesto evolutivo. 
Nel PRIMO CAPITOLO, si descrivono accuratamente i meccanismi alla 
base dell’embriogenesi analizzando tutti i diversi eventi che caratterizzano il 
medesimo processo. L’embriogenesis è definita come un fenomeno 
biologico che dà origine a un nuovo organismo partendo da una singola 
cellula. Per raggiungere questo obiettivo, una serie di eventi (o fasi), come la 
fecondazione, la divisione cellulare, la gastrulazione e l’ organogenesi, 
devono accadere. E’ stato dimostrato che molti fattori chiave che agiscono in 
ciascuna di queste fasi sono altamente conservati in tutto il regno animale, 
svolgendo pero’ ruoli diversi in diversi tipi di embrioni. Questo rende 
l'embriogenesi un processo piuttosto complesso, cosicche’ la sua completa 
comprensione può essere ottenuta solo confrontando lo sviluppo embrionale 
di diversi gruppi tassonomici. Tra tutti gli eventi che si verificano durante 
l'embriogenesi, la gastrulazione è certamente quello piu’ interessante. Questa 
fase è legata all'origine dei metazoi. Infatti, nel corso di questa i differenti 
foglietti embrionali quali: endoderma, ectoderma e mesoderma, si formano, 
rendendo questa fase un evento chiave per la scissione degli animali 
triploblastici e diploblastici. Ci sono molti e diversi meccanismi cellulari 
utilizzati per realizzare la formazione dei foglietti germinali, e tutti possono 
essere raggruppati in quattro principali strategie di gastrulazione, conservate 
durante l’evoluzione: i) embolia, o di internalizzazione, dove le cellule 
destinate a diventare mesoderma o endoderma si spostano sotto il futuro 
ectoderma; ii) epibolia, dove gruppi di cellule si distendono sulla superficie 
di altre; iii) convergenza, dove le cellule si muovono in Avanti e medio-
lateralmente, mentre l’ iv) l'estensione le spinge anterio / posteriormente. 
Inoltre, i movimenti propriamente morfogenetici che coinvolgono tutte 
queste strategie sembrano essere "imitati" nella la formazione di metastasi 
durante il cancro in metazoi superiori. In questo contesto il phylum Cnidaria 
(coralli, anemoni di mare e meduse) fornisce un prezioso gruppo di animali 
diploblastici strumentali per la comprensione non solo dell'evoluzione delle 
prime fasi dell'embriogenesi (e quindi della gastrulazione), ma anche del 
mesoderma, il terzo foglietto germinale. In particolare, Nematostella 
vectensis, la piccola e trasparente anemone di mare, è il primo cnidario il cui 
genoma sia stato completamente sequenziato, rivelando una grande 
conservazione di tutti quei geni responsabili per la realizzazione dei 
movimenti di gastrulazione propri di organismi superiori. Tra Questi geni, 
snail codifica per un fattore di trascrizione che in organismi superiori è il 
principale regolatore di importanti movimenti morfogenetici chiamati 
Epithelial to Mesenchymal Transitions (EMT). In molti animali triploblastici 



 

176 
 

Riassunto 
 

  

questi ultimi sono responsabili della formazione del mesoderma durante lo 
sviluppo, così come delle metastasi durante il cancro. 
 
Il SECONDO CAPITOLO propone un nuovo metodo per l'analisi strutturale 
del embriogenesi di Nematostella vectensis, basato sul live-imaging. In 
effetti, il live-imaging dei processi di sviluppo è il modo più diretto per la 
valutazione quantitativa e qualitativa di un fenomeno biologico. In questo 
contesto, sistemi modello quali invertebrati sono particolarmente interessanti 
per questi studi, soprattutto per la relativa facilità con cui si possono 
visualizzare le proprietà dei tessuti o dell’ animale intero, rispetto ad altri 
animali come i vertebrati. Gli cnidari sono il gruppo filogeneticamente più 
vicino ai bilateri e, come detto, sono stati fino ad ora fondamentali per 
studiare l'evoluzione delle proprietà di quest’ ultimo gruppo. In particolare, 
l'anemone di mare Nematostella vectensis rappresenta un sistema modello 
unico in cui embriologia e rigenerazione possono essere confrontati 
attivamente; nonostante cio’, la ricerca non è ancora riuscita a fornire robusti 
protocolli per il live-imaging. Proteine del citoscheletro, come l'actina e la 
tubulina sono universalmente importanti per la regolazione dei processi 
embriologici tra cui la divisione cellulare, la motilità e la morfogenesi, ma 
gli studi finora hanno affrontato solo la localizzazione di queste proteine in 
embrioni fissati in formaldeide. Noi abbiamo utilizzato sonde fluorescenti in 
embrioni vivi per comprendere le dinamiche che stanno dietro processi di 
sviluppo di base. Il piccolo peptide Lifeact, capace di legare l’actina, fuso 
alla proteina fluorescente mTurquoise2, altamente foto-stabile, è stato 
utilizzato per studiare in vivo la dinamica dell’actina durante tutto il ciclo di 
vita di N. vectensis. Lifeact-mTurquoise2 può essere visualizzato durante lo 
sviluppo embrionale ed è stabile fino a due mesi dopo l'iniezione 
nell’embrione. La Co-espressione di Lifeact-mTurquoise2 con End Binding 
protein 1 (EB1) fuso a mVenus, ha mostrato un 'flash' di Lifeact-
mTurquoise2 all'interno della membrana nucleare, immediatamente prima 
della citocinesi lungo l'asse di divisione, rivelando la rottura della membrana 
nucleare in tempo reale. Inoltre, l'espressione Lifeact-mTurquoise2 in 
animali adulti ha consentito l'individuazione di vari tipi di cellule, comprese 
le cellule ciliate e gli cnidociti, così come i confini cellulari. Questo studio è 
il primo a mostrare le capacità altamente fotostabili della proteina 
fluorescente mTurquoise2 nel corso dell’embriogenesi di Nematostella 
vectensis attraverso un'analisi in vivo. Questi dati suggeriscono la 
conservazione dell’attività mitotica insieme con il ruolo della dinamica 
dell’actina tra cnidari e bilateri. Inoltre, siamo stati in grado di discernere 
distinte fasi di divisione cellulare, che definisce la tempistica di questo 
processo in N. vectensis, mostrando le potenzialità degli cnidari come 
organismi modello utili sia per la microscopia in vivo che per studi di 
biologia cellulare. 
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Nel TERZO CAPITOLO si comincia ad analizzare l’embriogenesi di 
Nematostella vectensis da un punto di vista funzionale. Pertanto, il capitolo 
si concentra sul fattore trascrizionale SNAIL, regolatore chiave sia durante 
lo sviluppo che durante la malattia, come gia’ evidenziato sopra. Questo 
capitolo è suddiviso in due parti, dove abbiamo effettuato un confronto tra 
gli SNAIL1 e 2 dell’uomo (Hs) e SNAILA e B di Nematostella (Nv). Nella 
prima parte (Part I), abbiamo condotto un'analisi filogenetica della struttura 
proteica di NvSNAILA e B tra le diverse specie del regno animale al fine di 
stabilire i rapporti di omologia tra i membri della famiglia SNAIL rispetto ai 
rappresentanti di Nematostella vectensis. I risultati di questa analisi indicano 
che nonostante NvSNAILB sia stato in passato spesso identificato come un 
fattore trascrizionale con 5 dita di zinco, in realtà potrebbe aver perso la 
funzionalità del primo dito. Infine, sono proposti diversi scenari per 
l'evoluzione delle proteine NvSNAILs. La seconda parte (Part II) descrive 
una dettagliata analisi molecolare sulla localizzazione di entrambi 
NvSNAILA e B, utilizzando sia cellule di mammifero (HeLa) che embrioni 
di Nematostella. Rispetto a HsSNAIL1 e 2, NvSNAILA e B mostrano una 
localizzazione nucleare pressochè simile in cellule HeLa. 
Sorprendentemente, NvSNAILA è altamente arricchito nei nucleoli sia in 
cellule HeLa che in cellule embrionali di Nematostella. In particolare, 
NvSNAILA co-localizza con marker nucleolari anche dopo la distruzione 
del nucleolo nelle cellule HeLa. Al fine di mostrare quale dominio/i di 
NvSNAILA e B è/sono responsabile/i della loro rispettiva localizzazione 
cellulare, abbiamo condotto un'analisi di rimozione di specifici dominii per 
entrambe le proteine. Questo ci ha permesso di scoprire che il loro dominio 
SNAG all’N-terminale, coinvolto nell;interazione con un co-fattore in 
organismi elevati, è responsabile per la localizzazione nucleolare, mentre è 
superfluo per la localizzazione nucleare. Inoltre, abbiamo dimostrato che il 
troncamento delle dita di zinco al dominio C-terminale, coinvolti in legame 
al DNA in organismi superiori, influenza in modo significativo la 
localizzazione subcellulare. In particolare, i domini dita di zinco sono 
necessari per l'arricchimento nucleolare di NvSNAILA. Nel complesso, i 
risultati presentati nella seconda parte di questo capitolo suggeriscono un 
ruolo per NvSNAILA nel compartimento nucleolare. 
 
Il QUARTO CAPITOLO propone i risultati ottenuti nel precedente capitolo 
in un contesto dinamico, testando tutti i costrutti troncati presentati nel 
capitolo precedente per la loro capacità di muoversi in diversi compartimenti 
cellulari (nucleolo, nucleo, citoplasma). In questo modo, abbiamo scoperto 
che NvSNAILA si muove lentamente nel vano nucleolare ed è in grado di 
spostarsi tra nucleoli e nucleoplasma. Il troncamento del dominio SNAG 
non influenza la mobilità, mentre il troncamento delle dita di zinco influenza 
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in modo significativo la mobilità. Infine si dimostra che NvSNAILA e B 
hanno una mobilità simile a quella di HsSNAIL1 e 2 , noti per essere fattori 
di trascrizione. Tutti insieme questi risultati rafforzano l'ipotesi di un ruolo 
funzionale per NvSNAILA nel vano nucleolare. 
 
Il QUINTO CAPITOLO sposta l'attenzione su NvSNAILA, con l’intento di 
completare l’analisi funzionale di questo fattore trascrizionale per stabilire il 
suo ruolo durante l’embriogenesi di Nematostella vectensis. Sfruttando il 
vantaggio di strumenti bioinformatici, abbiamo trovato un interattore di 
NvSNAILA putativo nell’omologo Nematostella del FHL2 umano. In 
seguito, al fine di verificare una possibile interazione, abbiamo effettuato 
esperimenti di localizzazione utilizzando sia embrioni Nematostella e cellule 
HeLa. In particolare, abbiamo istituito un nuovo metodo che si avvale della 
cosiddetta Chemical Induced dimerizzazione (CID) indotta dalla rapamicina. 
Questo metodo è stato utilizzato per rilevare interazioni propteina-proteina 
in cellule di mammifero. Il nuovo saggio presentato in questo capitolo è 
cosi’ potenzialmente applicabile per la rilevazione di tutte le possibili 
interazioni tra proteine nucleari. Tuttavia, l'interazione NvSNAILA-
NvFHL2-Like trovata è stata osservata solo in particolari condizioni, ovvero 
in caso di un’ elevata concentrazione di NvFHL2-Like nel nucleo. Infine, 
abbiamo effettuato gli esperimenti con dominanti negative in embrioni di 
Nematostella vectensis al fine di scoprire che ruolo NvSNAILA possa avere 
durante lo sviluppo embrionale di questo animale. Così, abbiamo over-
espresso alcuni dei troncamenti presentati nel capitolo 3 con l'obiettivo di 
alterare la funzione NvSNAILA. Utilizzando questo approccio abbiamo 
trovato un possibile ruolo per l’organizzazione dell’endoderma durante 
gastrulazione. 
 
Il SESTO ed ultimo CAPITOLO riassume i risultati descritti nei capitoli 
precedenti e mira a distillare 5 principali concetti circa la scopo ultimo di 
questa tesi e l'importanza di Nematostella vectensis come organismo 
modello. Questi concetti principali si concentrano principalmente su 2 
aspetti. Il primo è l' importanza e la necessità di sviluppare continuamente 
strumenti che consentono un adeguato studio di processi complessi, quali 
l'embriogenesi in un sistema modello relativamente nuovo e cruciale da un 
punto di vista evolutivo. Il secondo è il significato dei risultati ottenuti 
integrato all'interno di un quadro evolutivo. Infine, future direzioni di ricerca 
sono anche suggerite in questo capitolo finale. 
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We must, however, acknowledge, as it seems to me, 
that man with all his noble qualities... 

Still bears in his bodily frame 
the indelible stamp of his lowly origin.
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