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Abstract

The neural crest (NC) is a multipotent population of cells, unique for
vertebrates, that originates during late gastrulation/early neurulation. The
origin of this population of cells is in the region between the neural ectoderm
and the non-neural ectoderm. During the development of the embryo,
neural crest cells (NCCs) undergo different waves of migration thanks to a
process called epithelial to mesenchymal transition (EMT). This process
allows NCCs to migrate towards the whole developing embryo.

At the end of this process, NCCs differentiate to give rise to an astonishing
number of derivatives in the adult organism. These derivatives range from
the craniofacial skeleton, teeth, cardiac cells, chromaffin cells of the
adrenal gland, enteric ganglia, and pigment cells. Because of this, failure
during NC development can cause a variety of diseases, often syndromic.
These diseases are globally called neurocristopathies (NCPs).

In recentyears, the attention of research has moved from the coding regions
of the genome to the non-coding regions. This includes long non-coding
RNAs (lncRNAs), Piwi-interacting RNAs (piRNAs) and micro RNAs (miRNAS).
In particular, miRNAs are small RNA molecules (~22nt in length) that are
mainly involved in post-transcriptional regulation of gene expression. As for
the mechanism of action, they mainly target the 3’ untranslated region (UTR)
of MRNAs in a sequence-specific manner and promote their degradation,
resulting in the downregulation of gene expression.

The aim of my research is to investigate how miRNAs regulate the
development of the NC, and to identify possible miRNAs that might be
involved in the onset of NCPs. To do this, | mainly used the African clawed
frog Xenopus tropicalis as model organism, and tuned the expression of
specific miRNAs to investigate any NC-specific phenotype. By doing so, we
described a novel molecular mechanism involving the role of xtr-miR-204-1
during Xenopus tropicalis eye development. These findings open to the
exciting possibility that miRNAs might be involved in more molecular
processes than previously thought, highlighting the importance of studying
these genetic regulators during physiological and pathological conditions.
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Chapter 1: Introduction

1.1 NEUcrest project

This project is presented as part of the bigger “NEUcrest” project, whose official title is
“NEUcrest - Training European Experts in Multiscale Studies of Neural Crest
Development and Disorders: from Patient to Model Systems and Back again”
(https://neucrest.curie.fr/index). The NEUcrest project is an EU-funded project that
started in 2019, with the collaboration of eleven partners, which range from academical
to industrial institutions. The aim of NEUcrest is to study various aspects of the neural
creston amultiscale level. In particular, fifteen PhD students were recruited to study this
tissue using several model organisms, ranging from hiPSCs to animal models such as

frogs and mice.

Thefinalgoalis to elucidate the mechanisms that give rise to diseases of the neural crest,
also called neurocristopathies, and to apply this knowledge to improve the quality of life

of people affected by such conditions.

While some of the PhD students projects focused more on the fundamental mechanisms
that underly the origin of this cellular tissue, other projects where more focused on the

understanding of the pathological mechanisms that give rise to neurocristopathies.

The following project aimed to investigate the role of micro RNAs in the context of neural
crestdevelopment, and theirrole in the etiopathogenesis of neurocristopathies, of which

not much is known.

To do this, we used the animal model Xenopus tropicalis, or African clawed frog. This
organism has been used for decades due to its numerous advantages, such as the ease
of generating embryos, which develop externally to the mother womb. Large number of
embryos that can be generated in a single experiment, with mothers that can lay
hundreds of eggs in a single day. Also, it is possible to control the speed of development
by simply changing the incubation temperature of the embryos. Finally, Xenopus
tropicalis genome is relatively similar to the human genome, resulting in the possibility

to mimic, in frogs, roughly 70% of human genetic conditions (Blum and Ott, 2018).
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1.2 Neural crest

The neural crest (NC) is a transient cell type that originates during late gastrulation/early
neurulation of a developing embryo. During development, neural crest cells (NCCs) are
induced at the neural plate border, and then undergo a process called epithelial to
mesenchymal transition (EMT), which will allow them to delaminate from the
neuroectoderm and to migrate throughout the embryo (Fig. 1A). These cells then
differentiate into an astonishing number of derivatives, which include (but are not limited
to) craniofacial skeleton, dentine of teeth, eye, melanocytes and enteric ganglia (Bronner
and LeDouarin, 2012). Such an incredible cell population is necessarily controlled by
very complex gene regulatory networks (GRNs), which are constantly being updated with
the addition of new transcription factors, signalling molecules and non-coding RNAs
(Antonaci and Wheeler, 2022; Pla and Monsoro-Burqg, 2018; Seal and Monsoro-Burq,
2020; Simoes-Costa and Bronner, 2013, 2015).

1.2.1 Specification of the NC

The NC, sometimes referred as the “fourth germ layer”, is a multipotent population of
cells that originate in the region between the neural and non-neural ectoderm of the
developing embryo as the neural plate develops (Simoes-Costa and Bronner, 2013,
2015). The NC is specific to vertebrates and is required for the formation of many types
of cells and tissues as mentioned above, including the craniofacial skeleton,
chondrocytes, cardiac septa, the peripheral nervous system, adrenal medulla, and
pigment cells (Martik and Bronner, 2017; Mayor and Theveneau, 2013; Theveneau and

Mayor, 2012b).

Tissue interactions play an essential role in the induction of the NC tissue. These
interactions derive from the neural ectoderm, the non-neural ectoderm and the
underlying mesoderm. There are three main signalling pathways involved in this process:
Whnt/B-catenin (Wnt), Bone Morphogenic Protein (BMP) and Fibroblast Growth Factor
(FGF) (Fig. 1B)(Simoes-Costa and Bronner, 2015). It has been shown in several models
that the activation of each of these is required but not sufficient for the induction and
specification of the NC, and the activation of all three is essential. Retinoic acid and

Notch signalling are also involved in the expression of neural plate border (NPB)
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specifiers, although these two factors play different roles among various species
(Hochgreb-Hagele and Bronner, 2013; Hockman et al., 2019; Hutchins and Bronner,
2018; Simoes-Costa and Bronner, 2015).

During neurulation, BMP signals are secreted by the non-neural ectoderm in order to
maintain the non-neural fate, an action that is also exerted by Wnt as well (Faure et al.,
2002; Garcia-Castro et al., 2002). In turn, the axial mesoderm and the neural plate
secrete BMP antagonists, creating a BMP gradient that is able to induce the neural plate
border specifiers (Plouhinec et al., 2013). At the same time, species specific Wnt signals,
derived from the non-neural ectoderm, create the right concentrations to induce the NC
specifiers at the level of the neural plate border (Monsoro-Burqg et al., 2003). Minor
contributions in the induction of the neural plate border derive from hedgehog and
retinoic signalling as well, however, these factors have not been fully integrated into the

current NC-GRN yet (Hovland et al., 2020; Martik and Bronner, 2017).

All of these gradients of signalling pathways induce the activation of a series of
transcription factors. Among the most important there are Tfap2a, Msx1/2, Zic1, and
Pax3/7. These first neural plate border specifiers trigger the expression of the NC
specification module, which include Tfap2B, Snai1/2, FoxD3, Twist and the SoxE group
of genes (Sox8/9/10) (Fig. 1B) (Simoes-Costa and Bronner, 2015).

1.2.2 NC epithelial-to-mesenchymal transition and migration

Following induction and specification of the NC tissue, at the end of neurulation, NCCs
switch from their original epithelial state into a mesenchymal state. This process,
essential for the migration and subsequential differentiation of the NCCs into their
numerous derivatives, has been called epithelial-to-mesenchymal transition (EMT)

(Nieto et al., 2016).

In order for NCCs to switch into a mesenchymal state, they have to lose their epithelial
characteristics, such as the cell-cell adhesion and apicobasal polarity, in order to gain a
more mesenchymal-like state, which include a typical elongated shape, with an antero-

posterior polarity (Lamouille et al., 2014).
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The induction of EMT is initiated by the expression of EMT transcription factors such as
Snai1/2, Twist1/2,Zeb1 and Prrx1/2, which repress the transcription of cell-cell adhesion
proteins like E-cadherin, and activate mesenchymal proteins, such as Cadherin7/11.
Another impressive change that needs to happen during this stage, is the change of the
cell morphology, which requires a global cytoskeletal rearrangement (Zhao and Trainor,

2023).

Even though EMT is generally known to be an embryonic process, it is also activated in
pathological conditions, including cancer. Melanoma is a particularly important
example, in which melanoma cells undergo to EMT before becoming metastatic. It is
known in the literature that the expression of EMT markers in melanoma, butalso in other
types of cancers, is associated with a worse prognosis and with a higher aggressiveness
of the cancer (Castro-Perez et al., 2023; Rastrelli et al., 2014). Pigment cells, which give
rise to melanoma, are NC derived. Interestingly, melanoma cells often turn on genes

associated with their NC origins (White et al., 2011).

Following EMT, NCCs are ready to migrate into the developing embryo, before
differentiating into their final derivatives. This migration process is extremely complex,
and requires a series of intrinsic (transcription factors, mainly) and extrinsic (signalling
molecules, extracellular matrix and contactinhibition) cues that the migrating NCCs can

follow (Sauka-Spengler and Bronner-Fraser, 2008).

Other morphogenic cues provided by Wnt, Notch, FGF, Hox, and BMP allow the migrating
NCCs to further migrate and differentiate into their final derivatives (Theveneau and

Mayor, 2012a, b).
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Fig. 1: Neural crest development: A) Induction to migration of the neural crest (NC).
The induction of the neural crest (green) starts between the neural (light blue) and non-
neural (grey) ectoderm, thanks to gradients of Wnt, BMP, and FGF signalling coming
from the neural and non-neural ectoderm, as well as from the mesoderm. Following
induction, the NCCs undergo a process called epithelial to mesenchymal transition
(EMT), in which they ingress the embryo, just before going to a migration process that
will see NCCs invading the whole embryo. B) For all of these processes to happen,
NCCs are controlled by an incredibly complex gene regulatory network (GRN). This
network includes multiple different factors, from protein coding transcription factors
(the better characterised are included in the figure), non-coding RNAs, signalling
molecules and, likely mechanical cues and ion gradients. Figure modified from Green,
Simoes-Costa and Bronner, 2015 (Simoes-Costa and Bronner, 2015).
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1.2.3 NC differentiation

Once the NCCs have migrated throughout the body, they differentiate into a wide range
of derivatives. This processiis strictly connected to the type of NC subpopulation that the
NCCs belong to. There are four main NC populations: cranial, vagal (which include the
cardiac NC as well), trunk and sacral NC. Each of these populations have the same
differentiation potential, however, according to their position within the embryo, and
according to the external signalling that they receive, they will differentiate into different

cell types, during development (Fig. 2).

In the case of cranial NC (cNC), this subpopulation is known to differentiate into the
craniofacial skeleton, cranial ganglia, odontoblasts, thyroid, chondrocytes, skin and
melanocytes (Martik and Bronner, 2021), as well as providing an essential contribution
to the development of the eye (Grocott et al., 2011). In particular, the NCCs provide
essential contributions in the formation of the choroid, sclera and the cornea (see
section 1.3.4 and Fig. 5). Given this, itis not surprising that a number of diseases affecting
the NC development, display eye phenotypes as well (Sato et al., 2019; Usman and Sur,
2021).

Vagal NC (vNC) has the potential to give rise to several components of the cardiovascular
system, in particular to smooth muscle cells, cardiac septa, and pericytes (cells that
regulate blood flow by interacting with the smaller blood vessels, the capillaries).
However, an important contribution of the vagal NC is also provided for the enteric
nervous system (ENS), which is deputed to the innervation of the pancreas, lungs and the

guts ganglia (Hutchins et al., 2018).

The trunk NC (tNC) is the subpopulation of cells that will give rise to the adrenal medulla,
sensory neurons, Schwann cells, enteric nervous system, and melanocytes (Kastriti et

al., 2022; Vega-Lopez et al., 2017).

In a similar way, the sacral NC (sNC) gives rise to glia and enteric neurons that innervate
the hindgut and colon in the adult organism (Burns and Douarin, 1998; Fan et al., 2023;

Wang et al., 2011).
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Fig. 2: Neural Crest contribution in the adult organism. A) Neural crest populations in
different animal models during embryogenesis (from the left: human, mouse, zebrafish and
frog). B) Neural crest contributions in the adult organism, specific for each subpopulation
of the neural crest. All of the subpopulations can give rise to melanocytes.

1.2.4 Neurocristopathies

Since the NC gives rise to so many tissues and cell types in the adult body, and the
signals that lead to the correct development of the many different NC derived cell types
have to be strictly regulated, it is not surprising that a large number of genetic diseases,
often syndromic are due to a defect in the migration, differentiation or survival of this cell
population. Such conditions are globally called neurocristopathies (NCPs). Many genes
have been associated with NCPs, several of these with a well-established role in NC
development. However, because of the variety of these conditions, and the complexity
of the NC-GRN, not all the genes involved in the etiopathogenesis of NCPs have been
discovered yet (A Vega-Lopez and J Aybar, 2018; Sato et al., 2019; Vega-Lopez et al.,
2018).

Some of the most well-known NCPs include cleft palate, congenital heart defects,
piebaldism, neurofibromatosis, and craniosynostosis. But also syndromes such as
CHARGE, Axenfeld-Rieger, or the DiGeorge syndrome. Here, we are going to discuss

some of them.

The most common NCP is craniosynostosis, a condition that arises when two or more

bones of the skull fuse prematurely during development. This condition, more than
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causing craniofacial abnormalities, often does not allow enough room for the brain to
grow and, if not treated timely by surgery, can cause intellectual disabilities. Many genes
have been implicated in this heterogeneous condition, suggesting the interesting
possibility that some of these NCPs might be caused by multiple genes, interacting with
each other, and/or by mutations in the non-coding regions of the genome, which are
often not sequenced (Goos and Mathijssen, 2019; Lattanzi et al., 2017; Twigg and Wilkie,
2015).

CHARGE syndrome is a rare disease mainly caused by mutations in the CHD7 gene. The
characteristics of this syndrome include coloboma of the eye, heart defects, atresia of
the choanae, intellectual disability, genital and ear abnormalities. All these features give
the name to the syndrome, however, not all of them have to be present at once,
highlighting how this syndrome can be particularly complex, from a genetic point of view

(Usman and Sur, 2021).

DiGeorge syndrome, often called 22g11 deletion syndrome, is characterised by a
spectrum of problems, ranging from learning disabilities, speech and hearing problems,
heart defects, and cleft palate. This condition is the result of the deletion of a portion of
the long arm of chromosome 22. There are two main causative genes involved in this

syndrome, DGCRS8 and TBX1 (Lackey and Muzio, 2021).

Hirschsprung disease is a condition that mainly affects the colon. It is the result of lack
of enteric neurons in the intestine, which will result in a variety of signs and symptoms,
from swollen belly, vomiting, constipation, failure to thrive and fatigue. It is usually
treated by surgical removal of the interested part of the intestine. The genes involved are
usually RET, EDNRB, SOX10 and EDN, however, not all the genes that cause this
condition have been identified yet, and some of the people affected by Hirschsprung
disease might have mutations in more than one gene, making the molecular diagnosis
particularly complicated. More recent evidence have pointed the attention to the effect
that non-coding RNAs, and micro RNAs in particular, might play a role in the
etiopathogenesis of Hirschsprung disease. (Bondurand and Sham, 2013; Lotfollahzadeh

etal., 2021; Wu et al., 2021; Zhu et al., 2020).
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Waardenburg syndrome is characterised by hearing loss and loss of pigmentation on the
skin, iris and hair. Divided in four types, the main distinction is due to the dystopia
Cantorum, or telecanthus (a condition refers to an increased distance between the inner
corners of the eyelids in respect to the pupils, while the inter-pupillary distance is still
normal (Mustarde, 1963)), abnormalities of the upper limbs, and Hirschsprung disease.
Most people affected by Waardenburg syndrome have mutations in PAX3, MITF and
SOX10 genes however, like many NCPs, not all the causative genes have been

discovered yet (Bertani-Torres et al., 2023; Huang et al., 2022).

Microphthalmia is a condition that affects the physiological growth of the eye. This can
occur if the neural tissue that forms the optic cup doesn’t develop properly, or if there
are problems with the correct signalling operated by the NC (Harding and Moosajee,
2019). Because of this, not all microphthalmias can be considered NCPs. For more

information about eye development, see section: 7.3.

Coloboma is another developmental defect that affects the eye. In this case, there is a
defectin the closure of the choroid fissure. This will result in an open iris, which is unable
to regulate the amount of light passing through the pupil. This can resultin blindness due
to light-damage to the retina. Some cases of colobomas can be considered as NCPs,
since the closure of the choroid fissure requires signalling from the NC (Lingam et al.,
2021). People with NCPs, such as CHARGE syndrome, branchio-oculo-facial syndrome,

Waardenburg syndrome type Il can display colobomas and microphthalmia.

Some cancers can be classed as NCPs, if the cells that become cancerous are
derivatives of the NC. Within these types of cancers, some are very important from a
clinical point of view. Here, we describe two of them, melanoma and neuroblastoma,

which arise from melanocytes and sympathoadrenal cells, respectively.

Melanoma is a type of skin cancer that begins in melanocytes and can affect people of
every age. Is one of the most common cancers and is mainly triggered by excessive
exposure to sunlight. However, genetic factors, such as mutations of MITF or SOX10
genes, can facilitate the onset of this disease. Our lab and others have shown that
melanoma cells often express NC genes showing a differentiation to a more stem cell

like proliferative and migratory state (White et al., 2011).
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Neuroblastoma is one of the most common and aggressive cancers in children. It arises
from the sympathoadrenal lineage derived from tNCC, and among the genetic causes,

there are mutations in ALK, MYCN and PHOX2B (Wulf et al., 2021).
1.3 Eye development

The eyes are complex organs that allow animals to acquire electromagnetic radiations
coming from the environment. These are then processed by the nervous system and

translated into images, that animals can use to orientate themselves in the environment.

Eyes in different species can be very different; from the simple eyes of planarians, which
can only detect variations in the intensity of the light; to the human eye, which allows us
to distinguish colours that range from ~380nm to ~700nm wavelengths; moving through
other different type of eyes, like bees’ eye, which allow them to perceive the ultraviolet

(UV) lights.

To develop such a complicated organ requires a tight interaction and coordinated
signalling between different tissues. These include interactions between the placodes,
neuraltissue, neural crestand the mesenchyme, in a complex process that begins during

early neurulation.

1.3.17 Induction of the optic vesicle and formation of the optic cup

During late gastrulation/early neurulation the neural ectoderm, the NC, the placode and
the non-neural ectoderm are specified. At this stage, the anterior region of the embryo
forms two “presumptive retinal ectoderms”. These regions are characterised by positive
FGF signalling, and inhibitors of Wnt and BMP signalling pathways. At this stage, an
already complex network of transcription factors have to be specified in the presumptive
retinal epithelium. Such transcription factors include Pax6, Rx, Otx2, Sox2, Hes1 and

Six3 (Grocott et al., 2020; Macdonald et al., 1995; Zuber et al., 2003).

The presumptive retinal epithelium, at this stage, is composed by a single field in the
anterior region of the neural plate, and only thanks to the action of the signalling of Shh,
it gets confined and divided into the two distinct retinal fields. Each of the retinal field will

then thicken and eventually develop into the optic vesicle (Fig. 3) (Chiang et al., 1996).
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Following closure of the neural tube, the optic vesicles grow bilaterally until they get in
touch with the surrounding ectoderm. Those cells that get in contact with the growing
optic vesicle are the cells that will then give rise to the lens. At this point, the two tissues
(optic cup and lens placode) start interacting with each other. In fact, it is essential for
the neural epithelium that forms the optic vesicle to receive the signalling from the pre-
lens ectoderm, in order to start the formation of the optic cup. On the other hand, the
pre-lens placode needs signals from the optic vesicle in order to develop (Ashery-Padan

et al., 2000; Hyer et al., 2003).

These events lead to the invagination of the lens placode, with the lens placode cells
changing their morphology and detaching from the ectoderm. This will produce a
vesicle/like structure with a hallow cavity, surrounded by lens cells, which takes the
name of lens vesicle. Itis important to know that in the model organisms Xenopus laevis
and Danio rerio the lens cavity is not hollow, but presents itself as a conglomerate of cells

(Fig. 3) (Altmann et al., 1997; Oliver et al., 1996).

While the vesicle forms, the optic vesicle starts invaginating itself to form the optic cup,
still connected to the rest of the developing brain by the optic stalk. At this stage, four
maintissues will form; cells from the inner layer of the optic cup will give rise to the neural
retina, while the ones in the outer layer will give rise to the retinal pigmented epithelium;
on the other hand, cells from the posterior-ventral region of the optic stalk will give rise
to the optic nerve, and the cells on the anterior rim will give rise to the ciliary body and to

the iris (Lachke and Maas, 2010).
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Fig. 3: Overview of vertebrate eye development: Overview of vertebrate eye
development, from early stage embryo to later stages, in which the optic cup and the
lens has formed. A) The first stages of eye development see an extrusion of the
developing diencephalon, to form the optic vesicle. The optic vesicle will extrude until
it reaches the proximity of the surface ectoderm, which will give rise to the lens. B)
Once the optic vesicle and lens placode get in contact with each other, they will both
invaginate. C) The lens placode will continue invaginating until it will form a vesicle
(lens vesicle). On the other hand, the optic vesicle will keep invaginating until it will
form a cup, open on the ventral side to allow the passage of the hyaloid vases and the
optic nerve. D) The double layered retina will differentiate into its derivatives, and the
lens cells will thicken and start producing crystallin. A’), B’) and C’) show the
developing optic vesicle and cup at the same time points of A), B) and C)
(respectively), as seen from the antero-lateral side of the embryo. It is visible, in B)
the choroid fissure and the typical “cup” shape in C’). Images modified from
Grigoryan, 2022 (Grigoryan, 2022) and Bovolenta and colleagues, 2010 in the book
“Encyclopaedia of the eye”.
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1.3.2 Lens development

Key players, when it comes to lens development, are the two transcription factors Pax6
and Six3. It has been shown that in permissive tissues, the ectopic expression of Pax6
can, on its own, drive the formation of an ectopic lens (Altmann et al., 1997). However,
the epistatic relationship between these two transcription factors is complex, since
studies have shown that Pax6 is essential for the sustained expression of Six3, while Six3
seems to be activating Pax6 by interacting with multiple enhancers in the lens placode,
suggesting a positive feedback that involves these two key players (Goudreau et al.,

2002; Liu et al., 2006; Purcell et al., 2005).

Downstream of Pax6, there are other genes that are involved in the organogenesis of the
lenses. Such genes are Sox2, Octl, and Foxe3, which work by inducing the lens
specifiers, regulating proliferation, lens vesicle closure and maintaining the lens cells in
a more undifferentiated state (by negatively regulating Prox1 expression). The
maintenance of a more undifferentiated state might be required in order to prevent the
premature synthesis of crystallin by the mature lens cells. Within this GRN, the
transcription factor Tfap2a plays a role as well. Its role is to regulate factors involved in
the adhesion of lens cells, which plays a critical role in the lens vesicle separation (Blixt
et al., 2000; Brownell et al., 2000; Donner et al., 2007; Pontoriero et al., 2008; Wigle et
al., 1999).

Secreted signalling molecules also play arole in lens development. For example, at early
stages of development, Bmp7is expressedinthe lens placodal ectoderm, and necessary
for maintaining the expression of Pax6 in this tissue. On the other hand, in the optic
vesicle there is high expression of Bmp4, which is required for the induction of lens
placodal specifiers during the contact between the optic cup and the lens placodal
ectoderm, highlighting an important role for BMP signalling pathway during oculogenesis

(Belecky-Adams et al., 2002; Furuta and Hogan, 1998).

Other signalling pathways are also involved in the formation of the lens. For example,
FGF pathway is essential for early expression of Pax6 in early placode, while Wnt

signalling initially has a negative regulatory role in lens induction in the ectoderm. Also
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Notch can play a role in lens development, with its activation able to produce eye

duplication in Xenopus (Onuma et al., 2002; Robinson, 2006; Song et al., 2007).

1.3.3 Retinal development

The developing bi-layered optic cup contains retinal progenitor cells, which are
multipotent cells capable of differentiating into all the type of neurons present in the
adultretina. These include ganglion, amacrine, horizontal and bipolar cells, rods, cones,
and Mdller glia, which are the seven cell types present in the adult retina (Fig. 4) (Lachke

and Maas, 2010).

Topologically, the posterior part of this bi-layered optic cup will form the retinal pigment
epithelium (RPE), while the anterior layer will form the neuroretina. These two tissues are
strictly connected to each other, and failure in the development of one of the two will
result in developmental defects of the other as well (Cvekl and Mitton, 2010; Livesey and

Cepko, 2001).

The differentiation of retinal progenitor cells into their final derivatives begins in the
central area of the inner layer of the optic cup, and it continues towards the periphery of
the optic cup. There are four main steps in the formation of the mature retinal cells, which
include the proliferation of the progenitors, the exit from the cell cycle, the commitment
to a particular cell fate and, eventually, the execution of the commitment (Chow and

Lang, 2001).

In order to differentiate into the different mature retinal cells, it is required the action of
several transcription factors. Proteins like Pax6 are involved in the differentiation into
more than one cell type, such as ganglion, amacrine cells, and horizontal cells. Another
example is the transcription factor Otx2, involved in the differentiation into both rods and
cones. On the other hand, other transcription factors are specific for a single cell type.
Anexample of itisthe one of Hes1, whichis only involved in the differentiation into Muller

cells (Cvekl and Mitton, 2010).
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Fig. 4: Retinal progenitor cells derivatives. Retinal progenitor cells will give rise to a
number of different derivatives that are involved in the acquisition of the environmental
light. Each differentiated cell type requires a number of different transcription factors,
and are generated at specific times, during development. RPCs-Retinal progenitor cells,
GC-Ganglion cells, AC-Amacrine cells, HC-Horizontal cells, BC-Bipolar cells, MG-Mdller
glia, RPE-Retinal pigment epithelium. Image taken from Grigoryan, 2022 (Grigoryan,
2022).

1.3.4 NC contribution to eye development

NCCs directly contribute to numerous structures in the eye, including cornea, iris,
sclera, and ciliary body (Gage et al., 2005). Other than this direct contribution, the NC
plays a role in orchestrating interactions between the neural ectoderm that forms the
optic cup and the lens placode, and also the surrounding mesenchyme (Gage et al.,

2005; Grocott et al., 2011).

This underrated role of the NC, if not fulfilled properly, can lead to particular eye
conditions, such as microphthalmia (small-eye), anophthalmia (absent-eye) or
coloboma (incomplete closure of the choroid fissure in the ventral region of the eye
(Harding and Moosajee, 2019; Lingam et al., 2021). As common in the context of NC
development, conditions that affect the eye might present themselves in a spectrum of

diseases, suchin the case of Axenfeld-Rieger syndrome, or CHARGE syndrome, in which
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several tissues are affected, mostly associated with NC derivatives (Michels and
Bohnsack, 2023; Usman and Sur, 2021). Unfortunately, to date, the specific interactions

between NC and the optic cup remain mostly obscure.

During the formation of the optic cup, NCCs migrate into the periocular mesoderm and
enter the structure of the eye via two ways: the choroid fissure on the ventral side of the
optic cup and between the optic cup and the surface ectoderm (Gage et al., 2005;
Weigele and Bohnsack, 2020). The numbers of waves in which NCCs migrate into the
developing eye is species specific. In human, for example, there are three waves of
migration, while in chicken there is a single continuous migration (Sauka-Spengler and
Bronner-Fraser, 2006). By using electron scan microscopy, it has been suggested that, in
Xenopus, NCCs migrate to the optic cup in a single wave, similarly to what happens in
chick. At tailbud stage, they then start to separate and move more freely to invade the
eye field (Sadaghiani and Thiebaud, 1987). Once the NCCs are in the developing eye, the
signalling that leads to the terminal differentiation is poorly understood, however, it is
known that genes such as FoxC1, Eya1/2, Sox10 and Pitx2 are involved in this process

(Fig. 5) (Harris and Erickson, 2007; Krispin et al., 2010; Lukoseviciute et al., 2018).

During early stages of eye development, NCCs migrate around the optic vesicle following
a gradient of thyroid hormone, while the degradation of iodothyronine operated by the
enzyme Dio3 is necessary for the final steps of their migration in the frontonasal process
of the developing embryo. The refinement of this migration pattern is finally made
possible by an increased gradient of retinoic acid. Another important regulator of NCCs
migration into the optic cup is Pitx2, which has been associated with Axenfeld-Rieger
syndrome, and which display severe eye phenotypes, including anophthalmia and
microphthalmia, and that has been considered as a NCP, since the same phenotype has
been observed by generating NC-specific knock-out of Pitx2 (Bohnsack and Kahana,

2013; Bohnsack et al., 2012; Liu and Semina, 2012; Williams and Bohnsack, 2020).

Important function of the migrating NCCs in the periocular mesoderm is to inhibit lens
specification, and their ablation is known to produce ectopic lens formation. In chick
embryos, NCCs also secrete TGFB factors which will, in turn, activate WNT signalling,
inducing the expression of Wnt2b in the non-lens ectoderm (Bailey et al., 2006; Grocott
etal., 2011).
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Using animal models, it has been observed that NCCs are also important for the
formation of periocular muscle formation by regulating the expression of genes such
Myf5, Myog and Myod1, proving the versatile function of the NC in the coordination of eye

development (Diehl et al., 2006; Zacharias et al., 2011).

Optic Stalk ~ Optic Cup

Fig. 5: Neural crest contribution to eye development. Coronal section of an embryo
after the lens, the lens vesicles and the optic cups have formed. The surface ectoderm
is shown in green, which can give rise to the lenses. Dark blue labels the neural tissue
and its derivate optic cups and stalks. In red are the mesodermal cells, which will form
the extraocular myofibers. The NCCs are in light blue, , which ingress the structure of the
developing eye and will coordinate the cross-talk between tissues, promoting the
formation of periocular muscular cells, and the formation of the cornea, iris, sclera and
ciliary body. Image taken from Weigele and Bohnsack, 2020 (Weigele and Bohnsack,
2020).
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1.4 micro RNAs

Micro RNAs (miRNAs) are short RNA molecules of around 22nt involved in the control of
gene regulation. They act mainly as repressors of gene expression by binding to the
untranslated region at the 3’ end of a targeted mRNA and either promoting the stalling of

the ribosome, or directly promoting the degradation of the targeted mRNA.

MiRNAs were first discovered in C. elegans by Lee and colleagues in 1993 (Lee et al.,
1993). Since their discovery, well over a thousand miRNAs have been characterised,
together with evidence of their important role in gene expression (Saliminejad et al.,

2019).

The synthesis of miRNAs starts with the action of the RNA-Polll that transcribes for a long
primary transcript, called pri-miRNA. In most cases, the pri-miRNA has more than one
loop, which are recognised by RNaselll DROSHA which, together with DGCRS, cleaves
the pri-miRNA, generating a smaller hairpin of around 70nt. This RNA molecule is called
precursor miRNA (pre-miRNA) and is exported to the cytoplasm by the action of Exportin
5. Here, the pre-miRNA is cleaved again by another RNaselll, Dicer, which generates a
double stranded RNA molecule of around 22nt. Generally, only one strand of RNAis used

as mature miRNA, while the other is degraded (Fig. 6).

The mature miRNA is loaded in the RISC (RNA-induced silencing complex), which
recognises the mRNA target and allows pairing between the “seed” sequence of the
mMiRNA (usually 8nt) and the 3’ UTR of the mRNA. This pairing between the two leads to
the repression of translation by one of two mechanisms: either the removal of the poly-A
tail of the mRNA (and the subsequent degradation by exonucleases activity), or the
blocking of translation by stalling the ribosomal complex. The stalled ribosome then
moves to subcellular organelles called P-bodies. Here, the complex can either be stored
or degraded (Fabian et al., 2010; Murchison and Hannon, 2004; Winter et al., 2009; Xiao
and MacRae, 2019).

It is also important to note that the same miRNAs can target more than one mRNA

species, and vice versa. This kind of mechanism allows a fine regulation of gene
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expression, as the presence of more miRNAs on a single mRNA generates a stronger

silencing effect (Bartel, 2004).

1.4.1 From primary transcripts to mature miRNAs

There are several ways of biosynthesis of miRNAs. The canonical one, which was the first
to be discovered, involves the action of the RNA Polll, which binds to the promoter of the
miRNA gene, and starts transcribing a long primary transcript (or pri-miRNA). This pri-
miRNA has a particular hairpin structure, which is recognised by a specific complex
containing an RNA endonuclease (RNase lll), called DORSHA. DROSHA is able to cleave
at the base of the hairpin, producing a precursor miRNA (pre-miRNA) of ~80-90nt in
length. This pre-miRNA still possesses the typical hairpin structure, which is recognised
by an exportin, called Exportin 5, that has the role of translocating it from the nucleus of

the cell to the cytoplasm.

In the cytoplasm, the pre-miRNA is further cleaved by a second endonuclease, type lll,
called Dicer. Differently from DROSHA, which cleaves at the stem of the hairpin, Dicer
cleaves the pre-miRNA at the level of the loop, leaving a double stranded RNA of ~20-
25nt (the mature miRNA) as a product (Fig. 6).

Itis importantto remember that not every hairpin-like RNA structure is recognised by the
two endonucleases DROSHA and Dicer. In fact, there are some specific sequencies that
the hairpin needs in order to be recognised, and that are common to each pri-miRNA.
These sequencies allow these hairpins to be recognised as miRNAs and to be processed

accordingly (Fig. 7) (O'Brien et al., 2018).

There are other ways in which miRNAs can be synthetised in cells. Despite the fact that
these methods have been discovered later, these alternative ways represent more the
rule than the exception. Two mechanisms in particular are quite common: the synthesis
of a long non-coding RNA (IncRNA) that hosts two or more miRNAs in tandem; and the
synthesis of miRNAs from circular RNA (circRNAs), usually produced as a consequence
of splicing of mRNA, which have been named “mirtrons”, and are discussed in more

detail later in this chapter.
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For the first case, it is not uncommon to see miRNA genes located in tandem within the
genomes. A very common example of a cluster of miRNAs is “miR-132-212”, a well-
conserved cluster of two miRNAs, miR-212 and miR-132. A more extreme situation is the
cluster “miR-17~92”. This is a conserved cluster that contains six miRNAs in tandem:
miR-17, miR-18, miR-19a, miR-19b, miR-20 and miR-92. The way these miRNAs are
synthetised is similar to the canonical pathway described above. The difference is in the
length of the pri-miRNA, which can span for several thousands of nucleotides, and for

the fact that from the same pri-miRNA, more than one mature miRNA is produced.

There is virtually no upper limit to the number of miRNAs that can be located in the same
cluster. For example, one of the biggest known clusters is located on chromosome 4 of
zebrafish, with over 50 miRNAs of the family dre-miR-430 (Thatcher et al., 2008). Cells
have some advantages, in using this strategy: first, they can use the same promoter for
more than one miRNA, reducing the amount of space needed inthe genome; second, the
length of the pri-RNA of a cluster is shorter than multiple pri-miRNAs transcribed
separately, this saving energy, and third, the same RNA Polll can transcribe more than

one miRNA per time, maximising the processivity of the enzyme.

The second way a cell can use to synthetise a miRNA is by taking advantage of protein-
coding genes. In the eukaryotic domain a large number of genes have at least one intron.
These portions of the mRNA are then spliced out, forming a circRNA which can have
regulatory functions. In some situations, miRNA genes can be located in introns of
protein-coding genes, and their transcriptionis then coupled with the transcription of the
“host” gene. In this case, these miRNAs are called “mirtrons”. The advantages of having
miRNA genes within introns of protein-coding genes are similar to the ones discussed for
the clusters of miRNAs: reduced amount of space needed within the genome, and no
need for a specific RNA Polll for the miRNA, since the transcription occurs together with

the transcription of the host gene (Salim et al., 2022).

A further advantage of mirtrons is the fact that, in some cases, they possess promoters
themselves, within the host gene. This promoter allows the synthesis of the miRNA
independently from the synthesis of the host gene, giving to this specific type of miRNAs

anincredibly versatile function (Luo et al., 2024).
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The existence of mirtrons is strictly connected to their evolutionary diversification. In
fact, a recent theory suggests that miRNAs originated within introns and then, following
whole genome duplication, the host genes that become pseudogenes let the miRNAs

that they are hosting free to diversify (Mercuri et al., 2023).

In synthesis, even though the way to explain how miRNAs originate is usually limited to
the canonical one, we now know that the reality is more complicated than this. There are
several ways that allow the synthesis of a miRNA, and these ways can be interconnected,

allowing extremely versatile production of these molecules.
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Fig. 6: Canonical miRNAs biosynthesis. In the canonical pathway, the biosynthesis of
miRNAs starts with the action of the RNA Polll, which like a classical protein-coding
gene, produces a primary transcript (pri-miRNA) that can be a few hundreds of
nucleotides long. This primary transcript is characterised by a particular hairpin 3D-
structure which allows it to be recognised by a complex of proteins which include the
endonuclease type Il DROSHA. DROSHA removes the base of the hairpin loop from the
pri-miRNA, generating a miRNA precursor (pre-miRNA). The pre-miRNA is exported from
the nucleus to the cytoplasm by the Exportin 5 and, in the cytoplasm, processed further
by a second endonuclease type lll, Dicer, which removes the loop of the hairpin. This
second cleavage leaves behind the mature miRNA, a short RNA duplex of around 20nt.
Once the miRNA gets processed for the second time by Dicer, it is ready to be loaded in
the RNA-induced silencing complex (RISC), which scans the cytoplasm for mRNA
species that possess, intheir 3’ UTR, a sequence that is able to make Watson-Crick base
pairing with the seed sequence of the miRNA. Once the miRNA/RISC complex finds that
MRNA target, it promotes either the degradation of the mRNA via removal of the poly-A
tail, or it promotes the stalling of the ribosomal complex.

5@
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Fig. 7: Pri-miRNA common features. Structure of a pri-miRNA. Some features are
common to most miRNAs, these include the secondary structure, which is a hairpin of
~40ntin length from the base to the loop, and a mismatch in proximity of the base of the
hairpin, and within the mature miRNA duplex. Pri-miRNAs also share some sequence-
specific features, in particular to the base of the hairpin, which is important for the
cleavage operated by DROSHA (pri-miRNA to pre-miRNA), and a typical UGUG motif on
the loop, which is needed for the cleavage operated by Dicer (pre-miRNA to mature
miRNA).

1.4.2 RNA interference

The most studied pathway in which miRNAs are involved is called RNA interference, or
RNAI. This pathway involves the use of miRNAs to downregulate the expression of
specific genes by repressing the translation of the mRNA. This mechanism can occur by
either directly degrading the targeted mRNA, or by promoting the stalling of the ribosomal

complex, with the targeted mRNA already loaded in it.

To exert its function, the mature miRNA needs to be loaded into a multiprotein complex
called RISC (RNA induced silencing complex). Only when the miRNA is inside the RISC
complex, it can “search” within the cytoplasm for mRNAs that can form a Watson-Crick
base pairing from the “seed” sequence of the miRNA, and the miRNA recognition

element (MRE) of the mRNA.
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The seed sequence is the portion of the miRNA that is located between the second and
the eight nucleotides of the miRNA, and it is historically speaking, the functional part of
the miRNA, in animals. However, in recent years, evidence suggests that the 3’ half of the
mature miRNA might be involved in the stability of the miRNA itself (Chipman and
Pasquinelli, 2019).

The MRE of a mRNA is the part of the mRNA that pairs with the miRNA that is targeting it.
Usually, this region is located in the 3’ UTR of the mRNA, in proximity with the
polyadenylated region. The sequence of the MRE does not have to display any particular
feature, other than being complementary for the seed sequence of the miRNA. Also, the
short length of the seed sequence (~8nt) in comparison to the 3’ UTR of a mRNA, which
can easily span over 1kb, gives the possibility to several different miRNAs/RISC to target
the same mRNA molecule. When this happens, there is an additive effect of the silencing
activity of the miRNAs on that specific mMRNA. This mechanism allows a very fine
regulation of gene expression, that can be tuned down at different ranges, according to

the number of miRNAs that are targeting that specific gene.

An especially important group of proteins involved in the RNAi machinery is the
Argonaute proteins. These proteins can interact with the 3’ end of the miRNA, once itis
loaded into the RISC, and help with the correct orientation of the miRNA to its mRNA
target. Some AGO proteins, and in particular AGO2, possess a nuclease activity which
is, on its own, able to cleave the mMRNA. However, other AGO proteins have the role of
recruiting additional proteins to exert the silencing of the mRNA. It is interesting to note
that the fate of the mRNA, after it has been targeted by the miRNA, is heavily reliant on
the type of pairing between the two. For example, it has been shown that a perfect
matching of the miRNA with the MRE is more likely to result in the direct cleavage of the
mRNA. On the other hand, imperfect matching between the miRNA and the MRE will
likely result in the block of translation via steric interaction with the ribosomal complex.
Either way, the pairing of the seed sequence is pivotal in this process, without it, none of

the two types of repression are possible (Fig. 6).
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1.4.3 miRNAs in other pathways

Despite the fact that RNAI is the most common and the best characterised pathway

involving miRNA, these molecules can exert different and less known roles in the cell.

One of these pathways is the DNA damage response (DDR), in which miRNAs seem to
play an important role in delivering the effectors of the DDR into the locus of DNA
damage. The exact mechanism is still unclear; however, it seems that following double
strand break (DSB) of the DNA helix, the active form of the RNA Polll is translocated to
the site of the DSB, and it starts to produce RNA molecules of the length of a pre-miRNA.
These particular miRNAs are then processed by Dicer and translocated back to the

nucleus, where they accumulate to the locus of DDR (Francia et al., 2012).

Interestingly, knock-down of Dicer, as well as inhibition of the RNA Polll reduces the
capacity of the cells to repair DSB of the DNA. This happens because the effectors of the
DDR are either not recruited to the DDR locus, or because they are not retained long

enough to repair the DNA in an efficient manner (Francia et al., 2012).

Another nuclear function of mIiRNA is associated with the enhancement of
transcriptional activity. It has been observed that miRNAs can interact with active
enhancers in the nucleus, as proven by active histone marker modifications such as the
acetylation of lysine 27 of histone 3 (H3K27ac). This action leads to the activation of the
enhancer and to higher levels of transcription of the gene regulated by that enhancer (Liu

etal., 2018).

The theory that miRNAs can promote gene expression by interacting with enhancers is
corroborated by the observation that AGO2 has been observed in the nucleus of cells,
and that it can interact with a complex of proteins that shares similarities with the RISC,
which has been called RNA induced transcriptional activator complex (RITA complex).
Not all the proteins involved in this complex have been identified, but it has been seen
that helicases are associated with it, presumably to allow the binding between the

miRNA and the enhancer sequence of the DNA (Portnoy et al., 2016).

In conclusion, it is remarkable the number of functions that such short RNA molecules

can play withing cell biology. From gene silencing to gene activation, passing though the
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maintenance of the integrity of the DNA, miRNAs play a key role in cellular function that

still need to be fully elucidated.

1.4.4 The role of miRNAs in the developing embryo

A role for miRNAs during development was first noted in 2003, when Bernstein and
colleagues deleted Dicer in mice (Bernstein et al., 2003). Disruption of Dicer leads to
disruption of miRNAs biogenesis, since this enzyme is essential for the processing of pre-
miRNA to mature miRNA, in the cytoplasm. It was observed that knock-out of Dicer leads
to early embryonic lethality. This effect was due to extensive NCCs death, which lead to
absence of NC derived tissues (Huanget al., 2010; Zehir et al., 2010). Similar effects were
observed by deleting DGCR8, an important cofactor of DROSHA, which is the second
endonuclease involved in miRNA biogenesis by processing the pri-miRNA into the pre-
miRNA (Chapnik et al., 2012). That was not surprising since, in human, deletion of
DGCRS8 causes the DiGeorge syndrome, a NCP, that affects 1:4000 children (Lackey and
Muzio, 2021). These studies led the way to prove a strict connection between miRNA

biology and NC biology.

Following these studies, many individual miRNAs have been associated with specific
steps of development. For example, in the context of NC development, Gessert and
colleagues carried out excellent work in identifying several miRNAs that are associated
with the early moment of NC development, in Xenopus laevis. These miRNAs include xla-
miR-130a, xla-miR-219, xla-miR-23b, xla-miR-200b, xla-miR-96 and xla-miR-196a. Using
a morpholino knock-down strategy, they have shown that xla-miR-130a, xla-miR-219 and
xla-miR-23 are important forthe correct development of the eye, while xla-miR-200b, xla-
miR-96 and xla-miR-196a are important, other than for the correct formation of the eye,
also for the correct development of craniofacial structures associated with the NC

(Gessertetal., 2010).

Still in the context of NC development, Avellino and colleagues have shown that, in
medaka fish, ola-miR-204 is important for the correct migration of NCCs. They were able
to regulate the levels of migration of NCCs by modulating the expression level of this

miRNA (Avellino et al., 2013).
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Both these studies were corroborated by the work of Ward and colleagues. They used
Xenopus laevis induced organoids, called animal caps, to generate NC, neural or
blastula tissues, and then performed small RNA sequencing to identify those miRNAs

that are NC specific, when compared with the other two tissues (Ward et al., 2018).

Besides NC development, other groups have gone on to show miRNAs to be importantin
many developmental processes, such as muscle development. In this case, of particular
interest are the so-called “myomiRs”, or miRNAs that are required for the correct
homeostasis and development of muscles. These myomiRs include gga-miR-1, gga-miR-
133 and gga-miR-206, which have been shown to be involved in the correct development

of the myotome, in chick (Goljanek-Whysall et al., 2014; Mok et al., 2017).

Another tissue whose correct development is heavily reliant on miRNA biology, is the
neural tube. For example, inhibition of miR-9 and miR-124a can result in a reduced
neuronalcomponentin the adult organism, while overexpressing these miRNAs can limit
the astrocytic development, highlighting the importance of the right concentration of

these translational regulators (Delaloy et al., 2010; Krichevsky et al., 2006).

Another example in which miRNAs play an important role is bones. In 2009, Li and
colleagues found that mmu-miR-2861, is able to control bone differentiation in mice by
repressing the expression of the histone deacetylase 5 (HDACS5). This enzyme is able to
control the expression of Runx2 by promoting its degradation. Therefore, in the absence
of mmu-miR-2861, HDACS5 will be overexpressed and will repress Runx2, leading to loss
of bone formation. To reinforce this hypothesis, this miRNA is conserved in human as
well, and homozygous mutations in hsa-miR-2861 that block is expression were shown

to cause primary osteoporosis in two adolescents (Li et al., 2009).

The mentioned studies are just some examples of the extensive literature that associates

miRNAs biology with development, showing their importance during embryogenesis.
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1.4.5 miRNAs and Neurocristopathies

Despite the numerous evidence that links miRNAs and embryo development, the
literature that shows their involvement with human diseases is relatively scarce, though

not completely absent.

For example, as mentioned above, homozygous mutations that block the expression of
hsa-miR-2861 have been shown to be associated with the onset of primary osteoporosis

in at least two subjects (Li et al., 2009).

More related to NC development, loss of DGCR8, an important co-factor of DROSHA (the
first endonuclease that processes pri-miRNAs into pre-miRNAs) causes an NCP called
DiGeorge syndrome. This syndrome affects 1:4000 children and is characterised by
cardiac defects, abnormal facies, cleft palate, and hypoplastic or absent thymus. Other
common features of the DiGeorge syndrome are renal abnormalities, hearing loss and
skeletal abnormalities. Most of these features are associated with NC developmental
defects, highlighting the importance of the RNAIi pathway in NC development (Du et al.,
2019; Lackey and Muzio, 2021).

In recentyears, de-regulated miRNAs have been associated with different types of NCPs
and NC-derived cancers (Table 1) (Ayers et al., 2015; Lorusso et al., 2020; Ooi et al., 2018;
Roth et al., 2018; Stallings, 2009). Some types of cancers, in particular neuroblastoma
(NB) and melanoma, are considered NCPs, as they derive from NC tissues. MiRNAs that
promote tumour growth are called oncomiRs, while miRNAs known to suppress the

malignancy of the tumoral mass are called anti-oncomiRs (Svoronos et al., 2016).

Among the oncomiRs, we can include the cluster of miRNAs miR-17~92, which include
sixmiRNAs: miR-17, miR-18, miR-19a, miR-19b, miR-20 and miR-92. The overexpression
of this cluster in NB is associated with high proliferation and invasiveness, while down-
regulation of it reduces the invasiveness and increases the apoptotic levels in these cells

(Svoronos et al., 2016).

On the other hand, hsa-miR-34a has been shown to play a protective role in cancer

progression, as the overexpression of this miRNA induces the arrest of cell proliferation
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and apoptosisin NB cells. This effect might be due to the targeting of E2F3 mRNA by hsa-

miR-34a, which is known to induce cell cycle progression (Stallings, 2009).

MiRNAs are also known to play a role in melanoma progression. For example, hsa-miR-
21 is considered an oncomiR, as its expression is often up-regulated in melanoma cells.
This activation plays a role in the inhibition of cell differentiation and apoptosis. As a
proof of it, knock-down of hsa-miR-34a in melanoma cells induces apoptosis and
enhances the effectiveness of both chemo and radiotherapy. This effect seems to be
triggered by the inhibition of the expression of MCL-1, an important player of the PI3K-
AKT-mTOR pathway (Lorusso et al., 2020).

Partially thanks to these findings, which prove the importance of miRNAs in the
etiopathogenesis of human cancers, more and more evidence have been collected

linking mutations affecting miRNAs and rare diseases.

An excellent example has been provided by Bachetti and colleagues. In 2021, they
identified an association between the miRNA-mediated regulation of PHOX2B and the
onset of congenital central hypoventilation syndrome (CCHS). This is also an NCP which
affects the correct development of the CNS and that can cause sudden infant death via
hypoxic crisis during sleep, a condition also known as “Ondine’s Curse”. They observed
a mutation in the 3’ UTR of PHOX2B in a family affected by this condition. This generates
a potential new binding site for hsa-miR-204/211, which is already known to be targeting
this gene in NB cells (Bachetti et al., 2021; Perri et al., 2021). The authors speculated that
the generation of this new binding site might induce a further downregulation of PHOX2B,

that might contribute to the onset of CCHS (Bachetti et al., 2021).

In recent years, another NCP has been associated with miRNAs deregulation.
Hirschsprung disease (HD) is a condition characterised by the absence of enteric
ganglia, which causes severe problems to the person affected by it. These include
swollen belly, vomiting, chronic constipation, and fatigue. In 2016, a differential miRNA
expression analysis was carried out on colon tissue from people affected by HD,
highlighting 168 differentially expressed miRNAs (Li et al., 2016; Lotfollahzadeh et al.,
2021). A further study showed how a point mutation in the seed sequence of hsa-miR-

7100 increases the susceptibility to HD (Zhu et al., 2020).

41



1.5 Aim of the project

As mentioned previously in this chapter, even the most up-to-date GRNs that illustrate
how the NC is regulated, do not provide much information about the contribution of
miRNAs. Given the important role of miRNAs during development, and supported by
previous data obtained in our lab by Dr Nicole Ward (Ward et al., 2018), we hypothesise
that miRNAs play an important role in many aspects of NC development and that the

current NC-GRNs are lacking information about these molecules.

In this project we aimed to expand the current state of knowledge by identifying miRNAs
that are potentially involved in various aspects of NC development. To do so, we used a
combination of approaches, ranging from literature reviews to bioinformatical analysis,
in order to identify miRNAs that might be of interest for this project. Then, we used the
African clawed frog Xenopus tropicalis as model organism and downregulated the
expression of these miRNAs by using a CRISPR-Cas9 strategy, to investigate any NC-

specific phenotype.

This work helps us to increase our knowledge of the NC-GRN, to identify novel markers
for NCPs and possibly, to use this knowledge to generate new treatments for these kinds

of conditions.

During this project, we identified eighteen miRNAs that we predict to be involved in NC
development, by using bioinformatical approaches (xtr-miR-10b, xtr-miR-15a-16a, xtr-
miR-17~92, xtr-miR-30a, xtr-miR-99, xtr-miR-100, xtr-miR-132-212, xtr-miR-145, xtr-miR-
187, xtr-miR-194-1, xtr-miR-200b, xtr-miR-204-1, xtr-miR-204-2, xtr-miR-208, xtr-miR-
210, xtr-miR-218-2, xtr-miR-455, and xtr-miR-489).

Of those miRNAs, we tested in vivo the effect of the knock-down on four of them (xtr-miR-
10b, xtr-miR-204-1, xtr-miR-208, and xtr-miR-218-2), describing interesting

developmental defects in Xenopus tropicalis.

Finally, we focused our investigation on the developmental role of one of these miRNAs,
xtr-miR-204-1. We identified some of the genes whose expression is affected by its
knock-down and, most importantly, we identified a previously undescribed dual

mechanism that is operated by this miRNA. In particular, we suggest that xtr-miR-204-1
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is able to use both guide

developmentalrole.

strand and passenger strand in order

to execute

its

Neurocristopathy

Symptoms

miRNA/miRNA-related genes

Implicated target/s

Role in NC development

Behaviour problems;
Hearing problems;

g;ﬁ;zrr?; Feeding problems; DGCRS8 iRNA General
Congenital heart defects;
Hypoparathyroidism
MiR-17~92 cdknla Induction, chondrocyte
differentiation
miR-34a e2f3, mycn, bcl2, cdk6 EMT
miR-204 bcl2, ntrk2 Specification and migration
Neuroblastoma Adrenal gland tumour miR-193b mycn, mcll, ccndl Orofacial development
miR-188 kiflb (predicted)
miR-125-1 e2f3, mcll (predicted) Specification
miR-501 bcl2, e2f3, cdk6, ntrk2 (predicted)
miR-32 mcll
miR-579-3p mitf, braf, mdm2 (predicted)
miR-200c bmil, zeb2, tubb3, abcg5, mdrl Specification
miR-7 egfr, igflr, craf Tooth development
miR-21 pten Shwann cells differentiation
. miR-638 tp53inp2
Melanoma Skin tumour miR-34a bel2, cdks, e2f3, mycn EMT
miR-100 trim71 EMT
miR-125b bakl, bcl2, e2f3
miR-192 zeb2
miR-193b cdk6, mcll, bmil (predicted) Orofacial development
miR-514a nfl
CCHS CNS gevelqpmgnF delay; miR-204 phox2b Specification and migration
ypoxic crisis
Swollen belly; miR-100 ednrb EMT
. Vomiting; miR-206 sdpr Orofacial development
Hirschsprung . T B
Disease Chronic cgnsnpanon, m!R-214 plagl2
Fatigue miR-483 fhil
miR-124 S0X9
Craniosynostosis Premature fusion of to or more miR-23b smad3, smad5 Induction
skull bones miR-133b egfr, fofrl Chondrocyte differentiation
Coloboma;
Heart defects;
g;gzii Gpr‘g\?\;ﬁgg ?g;ggh; let-7 chd7 Chondrocyte differentiation
Genital abnormalities;
Ear abnormalities
let-7b lin28b Chondrocyte differentiation
miR-143 bcl2, fgfl, igfbp5, camkld Cardiac differentiation
) miR-145 tgfr2, apc, cmyc Cardiac differentiation
Neurofibromatosis | Pe"Pheral nerves and Schwann miR-135 Izts1, lats2, ndr2, btrc
cells tumour h
miR-889 apc
miR-128 nfl
miR-137 nfl
miR-103 nfl
miR-140 pdgfra Chondrocyte differentiation
Incomplete fusion of the bilateral .
Cleft palate P palatal shelves miR-17~92 tbx1, tbx3 Induct_lon, chgn(_:irocyie
differentiation
miR-200b smadz2, snai2, zebl, zeb2 Specification

Table 1: Table of NCPs and associated miRNAs. Schematic of NCPs (first column) and related
phenotype (second column). For each NCP there is one or more associated miRNAs (third column)
and the gene that they regulate in that pathological context (forth column) and in which step of NC
differentiation that gene acts (fifth column). Adapted from: (Antonaci and Wheeler, 2022).
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Chapter 2: Material and methods

2.1 Collection of Xenopus laevis eggs:

Females of Xenopus laevis were primed with an injection of 200U (200ul) PMSG onto one
lymph sac from 3 to 7 days before eggs collection. Frogs are not fed during this time.
Induction is was then performed ~16h before eggs collection with an injection of 500U
(500ul) of Chorulon onto one lymph sac. Once the first eggs are naturally released, frogs

were gently squeezed in order to collect eggs in a petri dish.
2.2 Fertilisation of Xenopus laevis eggs:

Xenopus laevis frozen sperm was collected from the -80°C and thawed for 30sec in a
37°C water bath doing an “8” movement. Then, 125ul of 1X MMR was added to the frozen
sperm and gently mixed with a pre-cut tip, the mixture was then pipetted on the eggs. The
eggs were then incubated at 18°C for 10min. After this incubation, the plate was flooded
with 0.1X MMR and incubated for 20min more at 18°C. At this point, fertilised eggs will
turn with the animal pole (pigmented side) on the top and vegetal pole (non-pigmented
side) on the bottom. The embryos were then de-jellied by removing 0.1X MMR and adding
Cysteine solution for 7min. During this incubation, it is possible to improve the process
by gently swirling the embryos clock-wise and anti-clock-wise. At the end of the 7min,
Cysteine solution was removed by washing the embryos twice with 1X MMR and twice

with 0.1X MMR.
2.3 Collection of Xenopus tropicalis eggs:

Females of Xenopus tropicalis were primed with an injection of 10U (100ul) Chorulon
onto one lymph sac 24h-72h before eggs collection. Frogs are not fed during this time.
Induction was then performed ~5h before eggs collection with an injection of 200U
(200pl) of Chorulon onto one lymph sac. Once the first eggs were naturally released,

frogs were gently squeezed in order to collect eggs in a petri dish.
2.4 Fertilisation of Xenopus tropicalis eggs:
Xenopus tropicalis frozen sperm was collected from the -80°C and thawed for 30sec in a

37°C water bath doing an “8” movement. Then, 125ul of 0.1X MMR was added to the
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frozen sperm and gently mixed with a pre-cut tip, the mixture was then pipetted on the
eggs. The eggs were then incubated at 26°C for 15min. After this incubation, the plate
was flooded with 0.05X MMR and incubated for 25min more at 26°C. At this points,
fertilised eggs will contract the pigmentation on the animal pole, making it darker than
the one of unfertilised eggs. The embryos were then de-jellied by removing 0.05X MMR
and adding Cysteine solution for 7min on gentle agitation. At the end of the 7min,
Cysteine solution was removed by washing the embryos twice with 0.1X MMR and twice

with 0.05X MMR and plated on BSA coated Petri dishes.
2.5 Fixation of Xenopus sp embryos:

Fertilised embryos were let to develop at 16-21°C (X. laevis) or 26°C (X. tropicalis). Once
they reached the desired stage, embryos were collected and fixed in MEMFA for 2h at RT
with gentle rocking, or ON at 4°C with gentle rocking. Once fixed, embryos were washed
three times with 100% Ethanol. At this point, we proceeded with the desired protocol, or

stored the embryos at -20°C indefinitely.
2.6 Sperm Freezing

2.6.1 Xenopus tropicalis: All cryopreservation steps were performed immediately after

removing the testes.

Testes were transferred on a 1.5ml tube with 500ul L15 media supplemented with 1%
calf serum (or FBS) and L-glutamine 2uM, then homogenised with a pestle. Immediately
after, we added the same volume of ice cold cryoprotectant (500ul) and made 125ul

aliquots.

2.6.2 Xenopus laevis: All cryopreservation steps were completed immediately after the

removal of the testes.

Testes were transferred on a 6¢cm petri dish with TmLL15 media supplemented with 1%
calf serum (or FBS) and L-glutamine 2uM, then homogenise with two tweezers.
Immediately after, we added the same volume of ice cold cryoprotectant (1ml) and made

125pul aliquots.

Solution A: One egg yolk (~15ml) with the same volume of dH,0;
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Solution B: 0.4M Sucrose, 10mM NaHCO3;, 2mM pentoxifylline;

Cryoprotectant was prepared by mixing 20% of solution A and 80% of solution B. Then,

centrifuged at 32000g for 20min, then the supernatant was collected, and the pellet was

discarded. Aliquots of cryoprotectant were made in Tml volume and stored at -20°C.

The 125ul aliquots of sperm were frozen immediately by keeping them in a polystyrene
box covered with an aluminium foil at -80°C. The day after, we removed them from the

box and stored in a normal box.
2.7 Transformation of Bacteria

Competent cells were thawed on ice (from the -80°C). Once they were starting to thaw,
we pipetted 4ul of plasmid in the tube with competent cells (100ul aliquots of competent
cells) and incubated on ice for 30min. In the meanwhile, we set the heat block at 42°C
and the heat shaker at 37°C. We then performed heat shock at 42°C for 90sec, flicking
the tubes every 15sec. Then, we put back on ice for 2min more. We added 900ul of
antibiotic-free LB and incubated at 37°C, 250rpm for 1h in the heat shaker. We
centrifuged for 5min at 6000g to pellet bacteria. Then, we removed 950ul of the
supernatant and resuspended the bacteria pellet in the remaining 50ul with the pipette.
Finally, we plated the 50ul in an LB-agar plate with the appropriate antibiotic and

incubated upside-down ON at 37°C.

The day after, we took a single colony from the plate and incubated in 100ml of LB with
the appropriate antibiotic for ~16h at 37°C and 180rpm. Then, we pelleted the bacteria
by centrifugation at 6000g for 15min at 4°C and proceed with the MIDI protocol according

to the manufacturer protocol.
2.8 Cloning for in situ probes

2.8.1 Primers design: To design primers for amplifying the fragment of mRNA of interest,

we accessed https://www.xenbase.org/entry/ and searched for the gene of interest. We
searched under “Expression” to determine if the gene was overexpressed at specific
stages and, if so, which chromosomal variant was more expressed (L. or S.; this applied

only to X. laevis). We then navigated to “Summary” and selected the CDS of interest (X.
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tropicalis, X. laevis L., or X. laevis S.). The CDS sequence was copied and pasted into the

NCBI Primer-BLAST tool: https://www.ncbi.nlm.nih.gov/tools/primer-blast/

The following parameters were used:
e PCR product size: Ideally between 500 and 1000bp
e Primer melting temperature: Min - 59.0°C; Opt-60.0°C; Max-61.0°C
e Organism: Either X. tropicalis or X. laevis

Primers were designed by clicking “Set primers,” which took some time to complete. The
optimal pair of primers was selected based on the number of possible non-specific

products and the desired product length, and the primers were ordered accordingly.

2.8.2 RNA extraction and cDNA synthesis: Tadpole stages were collected, where the
MRNA of the gene of interest is highly expressed. Approximately 3-4 tadpoles were
placedina 1.5 mlEppendorf tube, and as much media as possible was removed without
leaving the embryos completely dry. The samples were snhap-frozen in liquid nitrogen for

~30sec and either stored immediately at -80°C or processed further.

RNA extraction was performed using the RNeasy Micro Kit from Qiagen (cat. No. 74004)
following the manufacturer’s protocol. RNA was quantified using a Nanodrop
spectrophotometer, and samples were stored at -80°C or used immediately for cDNA
synthesis. cDNA was synthesized using SuperScript™ IV Reverse Transcriptase 10,000U
from Invitrogen (cat. No. 18090010) according to the manufacturer’s protocol. The cDNA

was either stored at -20°C or used immediately.

2.8.3 Amplification of the gene of interest and cloning: The PCR reaction was set as

follows: 12.5ul of 2X TagBiomix, 2ul cDNA, 1ul of primer mix (Forward and Reverse, both

10uM), 9.5ul nuclease-free water.
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The thermocycler was set as follows:

Step Cycle Temperature | Time (min:sec)
1 1 95°C 05:00
95°C 00:30
2 37 * 00:30
72°C o
3 1 72°C 07:00
4 1 10°C 0

* Annealing temperature is specific for the pair of primers (it should be between 59°C and

61°C);

** Taq polymerase can process ~1000bp/min, so the elongation time was calculated
accordingly (usually the minimum was 1min, even if the fragment was smaller than

1000bp).

We run 4ul of the PCR reaction on a 1.5% agarose gel for 40min at 90V and image. If only

the specific band was visible, it was possible to proceed with the next step.

The PCR reaction was purified by using the “QIAquick PCR purification kit” from Qiagen
(ref. 28104) according to the manufacturer protocol. We then quantified the purified
fragment on the Nanodrop. At this point, we wither stored the fragment at -20°C or

proceeded to the next step.

To clone the fragment, we used the “pGEM-T Easy Vector System” from Promega (cat.
no. A1360), setting up the reaction as follows: 5ul of 2X Rapid Ligation Buffer - T4 DNA
Ligase, 0.5ul pGEM-T Easy Vector (50ng), 1ul T4 DNA Ligase, *ul PCR product, up to 10ul

nuclease-free water.

*To determine the amount of pyl of PCR product, we used
https://nebiocalculator.neb.com/#!/ligation and set the following parameters: “Insert
DNA length” — the length of the PCR product; “Vector DNA length” - pGEM-T is 3015bp;
“Vector DNA mass” - in the reaction we used 25ng. NB: Change the scale from “kb” to

“bp” according to what we needed.
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The ng of insert to use are written in the “Required insert mass” table, it was useful to
start with the ratio 3:1. By using the concentration obtained on the Nanodrop, we

calculated the volume of insert that was needed for the reaction.

We then incubated the reaction at RT for 2h or at 4°C ON. At this point, it was possible to

store the ligation product at -20°C or to proceed immediately to the next step.

2.8.4 Transformation and colony PCR: We prepared enough LB-agar plates with the

specific antibiotic and X-Gal. To make X-Gal plates, we poured 50pl of X-Gal onto an

already made LB-agar plate and spread it until it dried.

Then, we performed transformation as stated before. The difference was that, atthe end,
blue and white colonies were visible on the plate the day after. Only the white be the ones

with the insert.

We set the PCR reactions as follows: 10ul of 2X TagBiomix, 1ul of M13Fw/M13Rv mix
(10pM each), 9ul nuclease-free water. With a 10ul tip, we gently scratched one of the
white colonies and pipetted up and down on the PCR reaction mix. Not all the colony
were removed from the plate, as it will needs to grow again ON at 37°C. At least three

colonies each plate were tested.

Step Cycle Temperature | Time (min:sec)
1 1 95°C 05:00
95°C 00:30
2 35 59°C 00:30
72°C *
3 1 72°C 07:00
4 1 10°C 00

*The elongation temperature was calculates as before, but considering the insertas itis

200bp longer than the insert.

The PCR product was run on a 1.5% agarose gel for 40min at 90V. If a single band of the
size of the insert + 200bp was visible, we grew the remaining of the colony in 5ml of LB

broth with ampicillin.
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2.8.5 MINI and sequencing: The day after, we controlled if the colony grew in the LB (the
media should be cloudy). If so, we performed a MINI following the manufacturer

protocol.

The sample was then sent for sequencing using either M13Fw or M13Rv as primer to

check the directionality of the insert.
Once the result of the sequencing came back, we proceeded with the probe synthesis.
2.9 WISH probes synthesis

2.9.1 By plasmid linearisation: We checked the appropriate plasmid and the appropriate

restriction enzyme. Then we set the restriction reaction.

Linearization was setin a final volume of 25ul: 2.5ug of plasmid, 2.5ul of appropriate 10X
Restriction Buffer, 2.5ul of appropriate Restriction Enzyme, nuclease free water to a final

volume of 25pl.

Incubated at 37°C ON (for normal restriction enzymes) or for 2h for (HF and time-saving

restriction enzymes).

We then run a 1% agarose gel with 100ng (1pl) of linearisation product and 100ng of
circular plasmid to check the linearisation (circular and linear plasmids have different
sizes). For gel loading, we added 2l of 6X Loading dye, 1ul of linearised plasmid and 7pl
of water. For circular plasmids, we added 2ul of Loading dye, 100ng of plasmid and water

to afinal volume of 10pl.

By using the QioQuick PCR purification kit, we followed the instructions to purify the

linearised plasmid. Then, we eluted it in nuclease-free water.

For the riboprobe synthesis, we assembled the reaction in the following way: To a final
volume of 20pl: 4pl of 5X transcription buffer, 2ulDTT (100mM), 2uL DIG, Tul RNA inhibitor

(RNasin), 2ul appropriate RNA polymerase (T7, T3, SP6) and 9ul of linearised plasmid.
If using T7 polymerase, we incubated ON at 37°C;
If using T3 polymerase, we incubated 3h at 37°C;

If using SP6 polymerase, we incubated 4h at 40°C.
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We then run a 1.5% agarose gel with 1yl of reaction product to check the quality of the
reaction. For gel loading, we added 2ul of 6X Loading dye, 1ul of riboprobe and 7ul of

water.

If the probe was visible, we proceeded with the purification using G50 Purification
columns (Illustra, ProbeQuant G-50 Micro Columns — GE Healthcare) following the

manufacturer instructions.

The purified riboprobe was quantified on the Nanodrop and then diluted in Hybridisation

buffer at a concentration of 1ug/ml at -20°C.

2.9.2 By PCR reaction: By using the appropriate plasmid, we set 25ul of reaction as

follows: 12.5ul TagBiomix 2X, 1ul of appropriate primers (usually M13 Fw and M13 Rv)

10uM, 100ng of plasmid, nuclease-free water to a volume of 25pl.

The thermocycler was set as follows:

Step Cycle Temperature | Time (min:sec)
1 1 95°C 05:00
95°C 00:30
2 35 59°C 00:30
72°C 1:30
3 1 72°C 07:00
4 1 10°C 00

5ul of PCR product were loaded on a 1.5% agarose gel for 30-40min. If the PCR product
was visible, we proceeded with the purification by using QIAquick PCR purification kit

following the manufacturer instructions.

The sample was then quantified on the Nanodrop (twice with 1yl and calculating the

average).

For the riboprobe synthesis, the reaction was assembled in the following way: To a final
volume of 20ul: 4pl of 5X transcription buffer, 2ulDTT (100mM), 2ul DIG, 1ulRNA inhibitor
(RNasin), 2ul appropriate RNA polymerase (T7, T3, SP6), 100ng of PCR product and H,O

to afinal volume of 20ul.
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If using T7 polymerase, we incubated ON at 37°C;
If using T3 polymerase, we incubated 3h at 37°C;
If using SP6 polymerase, we incubated 4h at 40°C.

We run a 1.5% agarose gel with 1ul of reaction product to check the quality of the
reaction. For gel loading, we added 2pl of 6X Loading dye, 1pl of riboprobe and 7pl of

water.

If the probe was visible, we proceeded with the purification using G50 Purification
columns (lllustra, ProbeQuant G-50 Micro Columns — GE Healthcare) following the

manufacturer instructions.

The purified riboprobe was quantified on the Nanodrop and diluted in Hybridisation

buffer at a concentration of 1Tpg/ml at -20°C.
2.10 mRNA synthesis

2.10.1 Using SP6 mMessage mMachine Kit: Frozen reagent, including RNA Pol, were

thawed on ice. Briefly vortexed the 10X Reaction Buffer and the 2X NTP/CAP and

microfuged both of them.

The reaction was prepared at room temperature to a final volume of 20pul (it can be scaled

up, if needed).

The reaction was set as follows: 10ul 2X NTP/CAP, 2ul 10X Reaction Buffer, 1ug of
linearised plasmid or 0.2ug of PCR product, 2ul Enzyme Mix, H,O to a final volume of
20pl.

The reaction was mixed well by pipetting up and down and incubated for 2h at 37°C.

2.10.2 Recovery of mRNA: 30ul of LiCl Solution were added, mixed well and stored at -

20°C for at least 30min.

Sample was centrifuged at >15,000g at 4°C for 15min and the supernatant was carefully
removed. We washed once with 70% ethanol and centrifuged again with the same
settings. The supernatant was removed and the pellet resuspended in 50ul of nuclease

free water, quantified on the Nanodrop and stored at -80°C.
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2.11 Whole-Mount in-situ Hybridisation
All steps were carried out at RT and with gentle rocking, unless otherwise specified.

The embryos were first washed sequentially in ethanol solutions of decreasing
concentration, prepared in DEPC-treated PBST. Washes were performed for 5 minutes
each in 75%, 50%, and 25% ethanol, followed by two additional washes in DEPC-PBST

for 5 minutes each.

Proteinase K treatment was performed using a solution of 20 pg/ml Proteinase Kin DEPC-
PBST, with the incubation time adjusted according to Table 1. This step was carried out
without rocking. The embryos were then washed twice with DEPC-PBST for 5 minutes to
remove residual Proteinase K, followed by fixation in 3.7% paraformaldehyde (PFA) in
DEPC-PBS for 20min. Fixation was followed by two more washes with DEPC-PBST for

5min each.

Pre-heated hybridization buffer (60°C) was added, and the embryos were incubated until
they settled to the bottom of the vial without rocking. The hybridization buffer was
replaced with fresh buffer, and the embryos were incubated at 60°C for at least 1h. The

probe solution was added, and the embryos were incubated overnight (ON) at 60°C.

The next day, the embryos were washed once with hybridization buffer for 10min at 60°C,
followed by three washes with 2X SSC for 20min each at 60°C. RNAse A treatment was
performed by incubating the embryos in a solution of 10ng/ml RNAse A in 2X SSC for 30
in at 37°C. This was followed by one wash in 2X SSC for 10min and two washes in 0.2X

SSC for 30min each at 60°C.

Embryos were then washed with MAB for 10min and blocked in blocking solution (2%
Boehringer Blocking Reagent (BBR) in MAB) for at least 1h. The embryos were incubated

overnight at 4°C in blocking solution containing a-Digoxigenin-AP (1:3000).

The following day, embryos were washed twice with MAB for 5min, six times with MAB for
30min each, and overnightin MAB at 4°C. Additional washes were performed three times

with MAB for 5min each, followed by two washes with NTMT for 10min.

Colour development was performed using a solution of 35ul BCIP and 9ul NBT in 10ml

NTMT, protected from light. The embryos were monitored until the probe developed a
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clear signal or the sense control began to show staining. The colour solution was

replaced if it turned purple to accelerate the reaction and reduce background staining.

The reaction was stopped with three washes in PBST for 10min each. Optionally,
embryos were bleached in a bleaching solution for 2h, followed by three washes in PBST.
Embryos were stored overnightin 100% methanol at 4°C, washed three times in PBST for

10min each, and imaged on a 2% agarose plate with water.
The embryos were stored in 100% methanol at -20°C or in PBS with sodium azide at 4°C.
2.12 LNA-Whole-Mount in-situ Hybridisation

The LNA-WISH protocol largely follows the same steps as described for the WISH
protocol, with specific modifications for the hybridization and washing conditions, as

detailed below:

After sequential washes in ethanol solutions and Proteinase K treatment, fixation, and
initial washes (see WISH protocol 2.11), pre-heated hybridization buffer at 54°C was
added. The embryos were incubated until they settled to the bottom of the vial without
rocking. The hybridization buffer was replaced with fresh buffer, and the embryos were

incubated at 54°C for at least 3h.

The LNA probe solution was added, and the embryos were incubated ON at 54°C. The
next day, the embryos were washed once with hybridization buffer for 10min at 54°C,
followed by three washes with 2X SSC for 20min each at 54°C, and two washes with 0.2X
SSC for 30min each at 54°C.

Subsequent blocking, antibody incubation, and colour development were performed as
described in the WISH protocol, with the same washing steps. The reaction was stopped,
and embryos were optionally bleached, stored in methanol or PBS with sodium azide,

and imaged according to the WISH protocol.

These minor adjustments in temperature and hybridization times accommodate the

properties of LNA probes while maintaining overall consistency with the WISH protocol.

Time in minutes of incubation with Proteinase K solution. The staging is performed

according to the standard Nieuwkoop and Faber staging system.
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Stage (NF) | 1-10 10.5-12 | 13-16 17-20 21-25 26-30 31-33 34-36 37-40

41-45

Time (min) | 0.5 1 2 3 4 5 6 8 18

20

2.13 CRISPR/Cas9

2.13.1 sgRNA synthesis: Oligos were resuspended to a final concentration on 100puM and

then we set the following reaction:

Final volume: 25ul: 12.5ul Taq polymerase 2X, 0.5ul MgCI12 (50mM), 0.5ul specific oligo
(100uM), 0.5pl universal CRISPR oligo (100uM)
(AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGC
TATTTCTAGCTCTAAAAC), 11ul nuclease free water.

Before starting the PCR reaction, we took 3ul from each sample and keep itonice.

- The following PCR was run:

Step Cycle Temperature | Time (min:sec)
1 1 95°C 05:00
95°C 00:20
2 13 65°C 00:20
68°C 00:15
94°C 00:20
3 30 58°C 00:20
68°C 00:15
4 1 68°C 05:00
5 1 4°C 00

A 1.2% agarose gel was made, and 3ul of PCR product and 3ul of the reaction mix as a

negative controlwere loaded. The negative control was less bright than the PCR product.

sgRNAs were synthesized using the MEGAshortscript T7 Transcription Kit (Invitrogen-
ThermoFisher Scientific). All components, except the T7 Enzyme mix, were thawed at
room temperature, while the T7 Enzyme mix was thawed at 4°C. The reaction was

assembled at room temperature in 1.5ml Eppendorf tubes. The final volume was 20ul,
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consisting of 2ul of T7 10X Reaction buffer, 2ul of T7 ATP Solution, 2ul of T7 CTP Solution,
2ul of T7 GTP Solution, 2ul of T7 UTP Solution, 2ul of T7 Enzyme mix, and 8ul of DNA
template. The reaction was mixed by pipetting and microfuged, then incubated overnight

at 37°C.

After incubation, 1ul of DNase | was added, and the reaction was incubated for an
additional 15min at 37°C. The reaction was stopped by adding 115ul of nuclease-free
water and 15pul of sodium acetate (3M), then vortexed for 10sec. RNA was precipitated

by adding 300ul of 100% ethanol, mixed by pipetting, and chilled for at least 2h at -20°C.

The sample was centrifuged at 4°C for 15min at >10,000g, and the supernatant was
removed. The RNA pellet was resuspended in 50ul of huclease-free water. The sgRNA

was quantified using a Nanodrop and stored at -80°C.

2.13.2 Microinjector settings: All microinjections were performed using an Harvard

apparatus PLS-1 system. The needles were produced pulling borosilicate filaments (OD
Tmm, ID 0.58mm, 15cm length) from Multichannel System (product code G100F-6). The

microinjector is set on according to the following parameters:

- Pinject: Between 8.5psi and 10.5psi;
- Praace: Between 1.2psi and 1.4psi;

- Injection time: Between 500ms and 900ms.

2.13.3 Injection solution loading: A drop of 1.4pl of injection solution was pipetted on

parafilm and, by using the microscope, we filled the needle with it.

2.13.4 Microinjections: On a Petri-dish with the net on the bottom, we filled with Ficoll

solution, gently put ~20-25 embryos and orientate them with the animal pole on the top.
We slowly removed all the solution and started the injections using the rows on the grid
to orientate and to keep track of the injected embryos. Once all the embryos were
injected, we moved them to the appropriate Petri-dish filled with Ficoll solution and left
them there for at least 30min at the appropriate temperature (16°C -22°C for X. laevis and
24°C-26°C for X. tropicalis). Then, we changed the solution with MMR at the appropriate

concentration (0.1X for X. laevis and 0.05X for X. tropicalis).
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2.13.5 Microinjection solution: We incubated 0.8ul EnGen Spy Cas9 NLS from NEB (cat.

no. #M0646M) and 300ng < X < 1500ng of sgRNA in a final volume of 4pl of injection
solution for at least 30min. We injected 4nl of injection solution each embryo at 1-2 cells
stage on the animal pole (we also co-injected a tracer like mRNA for GFP or LacZ to afinal

concentration of 100ng in the 4pl of injection solution).

2.13.6 Genomic DNA extraction: We digested Xenopus tissue (usually 1 tadpole at stage
35) in 60yl of Lysis buffer at 56°C for 2h. We pipetted well up and down to help the lysis,
then, we inactivated Proteinase K at 95°C for 15min. Sample was then centrifuged at
1,000¢ for Tmin at RT and we collected the supernatant and quantified on the Nanodrop.

After that, we either used itimmediately for genotyping or stored at -20°C.

2.13.7T7 endonuclease assay: Template gDNA was amplified using the specific primers
(product size should be ~700nt and the region cleaved by the Cas9 should produce two
different sized fragments).
Final volume 20pul: 10ul Taq polymerase 2X, 1ul Fw primer (10puM), 1ul Rv primer (10pl),
~50ng gDNA, up to 20ul with nuclease free water.

Step Cycle Temperature | Time (min:sec)
1 1 95°C 05:00
95°C 00:30
2 40 * 00:30
72°C ok
3 1 72°C 07:00
4 1 10°C o0

* The annealing temperature of the specific pair of primers is set between 59°C and

61°C);

** Taq polymerase can process ~1000bp/min, so the elongation time was calculated

accordingly (usually the minimum is Tmin, even if the fragment is smaller than 1000bp).
3-5ul of PCR product was loaded on 1-2% agarose gel to check the amplification.

“T7 endonuclease reaction on a final volume of 20ul: 2ul NEB buffer 10X, 3ul PCR
product, 14ul Nuclease free water, 1ul T7 (10U) (to add after)”.
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Step Cycle Temperature | Time (min:sec)

1 1 95°C 05:00
2 1 85°C 05:00
3 1 25°C 05:00
4 1 4°C 05:00

Add T7 endonuclease to sample

37°C 15:00

10°C 00

We run the PCR product on a 1-2% agarose gel. If the Cas9 cleaved the DNA, on the gel
will be visible both bands of the DNA. After validation by T7 endonuclease assay,
sequencing of the PCR product was performed in order to identify the indel generated by

the Cas9.
2.14 Figure making

Illustrations and diagrams shown in Chapter 1, Fig. 2, 6, 7 and Chapter 6, Fig. 3, were

produced by using the online tool BioRender® (https://www.biorender.com/) .

For figures that were taken by other publications, the original publication has been

referenced in the didascaly of the figure.
2.15 Statistical analysis

Each experiment, excluding xtr-miR-10b and xtr-miR-218-2 knock-down, where
performed at least in biological triplicate, and the female frogs used for the experiments
produced a similar number of viable embryos, across experiments. The final number of

embryos for each experimental group is indicated in each graph.

For assessing microphthalmia phenotypes, we measured the diameter of each eye of the
same tadpole and, if the diameter of one of the eyes was <80% than the other, we
considered it as positive to microphthalmia. For all the other phenotypes, we used a
double blind approach, in which a colleague scored the presence or absence of a

phenotype without knowing the name of the sample.

Statistically significant differences between groups have been assessed using t-test,
which assesses the likelihood that an event occurs in two separate groups. In each
graph, * indicates p<0.05, ** indicates p<0.01 and *** indicates p<0.001.
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2.16 Solutions

Bleaching solution: 0.5X SSC, 5% H;0,, 5% Formamide in dH,0.

BSA coating solution: 4% Bovine Serum Albumin in dH-0O.

Cysteine: 2% L-Cysteine, pH 7.6 in 0.1X MMR (laevis) or 0.05X MMR (tropicalis).

DEPC-solutions: 200ul DEPC every litre of solution.

Ficoll: 3% Ficoll in 0.1X MMR (laevis) or 0.05X MMR (tropicalis).

Hybridisation buffer: 50% Formamide, 5X SSC, 1mg/ml Torula RNA, 100ug/ml Heparin,

1X Denharts, 0.1% Tween-20, 0.1% CHAPS, 5mM EDTA (pH 8.0) in dH,0.

LB - LB agar: 10g NaCl, 5g Yeast Extract, 10g Tryptone in 1l of dH.O (1.5% Agar for LB-
Agar).

LB ampicillin — LB agar ampicillin: 1:1000 Ampicillin from the 50mg/ml stock solution in

LB or LB-agar.

Lysis buffer: 50mM Tris HCl pH 8.5, 1TmM EDTA (pH 8.0), 0.5% Tween-20, 100pg/ml

Proteinase K-to add fresh every time in dH,0.
10X MAB: 1M Maleic Acid, 1.5M NaCl, 40g NaOH, pH 7.5 in dH.0.

10X MEM salts: 1M MOPS, 20mM EGTA (pH 8.0), 10mM MgS0.-H-0, pH 7.4 in dH:0.

MEMFA: 1X MEM salts, 3.7% formaldehyde in DEPC-H,0.

10X MMR: 1M NaCl, 20mM KCl, 10mM MgCl,, 20mM CaCl,, 50mM HEPES, pH 7.5 in
dH0.

Na-Azide solution: 1:1000 Na-Azide from the 20% w/v stock solution.

NTMT: 100mM Tris-HCL pH 9.5, 100mM NaCl, 50mM MgCl,, 1% Tween20 in dH,0.
PBS(T): 10 PBS tablets in 1l of dH,O (or DEPC-H,0), 0.1% Tween-20.
20X SSC: 3M NaCl, 0.3M Sodium Citrate, pH 7 in dH-0.

50X TAE: 2M Tris Base, 1M Glacial Acetic Acid, 50mM EDTA (pH 8.0) in dH,0.
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Name Seqence NCBI Ref Number
M13 Fw GTAAAACGACGGCCAG

M13 Rv CAGGAAACAGCTATGAC

Xtr.m!R—lob Fw |GCTGACTTAAGGCGTTATGATGT NR_049541.1
Xtr.miR-10b Rv  |[AGTGTCATGAAGCCCACCAG

Xtr.m?R—204 Fw |AGTGAAATTACGGCGCCAGT NR_049693.1
Xtr.miR-204 Rv  [TCGACGATGAGAGCAACCAC

Xtr.m?R-218-2 Fw |GAACAGATTGGCAGGTCTTGG NR_049616.1
Xtr.miR-218-2 Rv [CTCCTTGGTCCTGGCTTCAA

Xtr.miR-208 Fw [GCTTCCATTCAGCGAGAACCT NR_049695.1

Xtr.miR-208 Rv

GAGACTGACGCCATCCAAAGA

Xtr.trom1 Fw

TTAATGAACGCTCCCGTGCT

Xtr.trpm1 Rv

TAGTTGCAAGCTCAGGGCTC

XM_031899154.1

Xtr.cox5a fw T7

TAATACGACTCACTATAGccgctttctagtcaccttge

Xtr.cox5a rv SP6

ATTTAGGTGACACTATAGtcttCtgggstggagatac

NM_001017049.3

Xtr.ndrg3fw T7  |TAATACGACTCACTATAGgctcacagagataaagecge NM 0010067931
Xtr.ndrg3 rvSP6 |ATTTAGGTGACACTATAGgtgttggtgggagtactgga -

Xtr.sox4 fw T7 TAATACGACTCACTATAGcccggaagaaggtcaagtct NM_001045619.2
Xtr.sox4 rvSP6  |ATTTAGGTGACACTATAGatcatctcgctcacctcagg

Xtr.tfap2a fwT7 |TAATACGACTCACTATAGCCGCCCTACCAGCCAATATA NM 001037258.1
Xtr.tfap2a rv SP6 |ATTTAGGTGACACTATAGTTGTCCAGCTTCTCCCTCAG -

Xtr.tfap2b fw T7 |[TAATACGACTCACTATAGCTCTCATGTCAACGACCCCT NM 001045644.1
Xtr.tfap2b rv SP6 |ATTTAGGTGACACTATAGTTTTCCAGCCTCTCCCTCAG -

Xtr.tyr fw T7 TAATACGACTCACTATAGTCCTGACCAGCTCTGCTACT NM 001103048.1
Xtr.tyr rv SP6 ATTTAGGTGACACTATAGGGGCATCTCTCCAATCCCAG -

Xtr.tbx5 Fw T7 TAATACGACTCACTATAGAGATTGACTGAGCATTCCTACAAGA NM 001198768.1
Xtr.tbx5 RvSP6  |ATTTAGGTGACACTATAGTTACCCCATGCACAGAGTGG -

Xtr. Hmx1 Fw T7

TAATACGACTCACTATAGCCCAGAGATCGCAGAAGCAG

Xtr. Hmx1 Rv SP6

ATTTAGGTGACACTATAGGACATGGGGCAAGTTGAAGC

XM_002940218.3

Xtr.Pax2.Fw.SP6

AAAATTTAGGTGACACTATAGTCCAAGCTTCCTGACTTGCC

Xtr.Pax2.Rv.T7

AAATAATACGACTCACTATAGAACGCCTCGTAATCCTGACC

NM_001044423.1

Xtr.Vax2.SP6

AAAATTTAGGTGACACTATAGCAGCCACAGAACGAGTCAGA

Xtr.Vax2.Rv.T7

AAATAATACGACTCACTATAGTGGTGAAGTGCTTCCCGATG

XM_002938396.5

Table 2: List of primers. List of primers that have been used in this project. The first
column lists the name of primers (Xtr stands for Xenopus tropicalis). Some of the primers
have been designed with a T7 or SP6 promoter sequence for a quicker synthesis of the
WISH riboprobe.
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Chapter 3: ldentification and knock-down of micro

RNAs potentially involved with neural crest

development

The initial aim of this project was to find miRNAs that are involved in the development of
the NC of Xenopus tropicalis, and that could be of medical interest for the development
or treatment of NCPs. Because of this, we used a combination of known literature and
bioinformatical approaches to generate a list of miRNAs that can potentially be of

medical interest.

In order to determine the effect of these miRNAs, we decided to use a knock-
down/overexpression approach. To knock-down the expression of the miRNAs of
interest, we used a double CRISPR/Cas9 strategy that consists in the complete removal
of the miRNA gene from the genome of the injected Xenopus embryos. Since we carried
out all the experiments in FO, the developing tadpoles will be mosaics, with some cells
being wild type, some being heterozygous, and some other being fully knocked-out for

the specific miRNA (Godden et al., 2022).

Also, in order to assess the specificity of the knock-down strategy, we need to establish
arobustrescue experiment. To do so, we used synthetic miRNAs, called miRNA mimics,

and injected them together with the solution used to knock-down the miRNAs of interest.

In this chapter, we will discuss the strategy that we developed to rescue the miRNAs
knock-down in Xenopus tropicalis, how we generated the list of miRNAs that were
selected as potentially interesting from a medical point of view and, finally, determine

the phenotype caused by the knock-down of some of these miRNAs.

3.1 Rescue of the knock-down phenotypes by using miRNA mimics in Xenopus

tropicalis

Once a CRISPR method for knocking down miRNAs in Xenopus tropicalis was obtained
in our laboratory, the next step was to set up a method to rescue the observed
phenotype. To do so, we decided to take advantage of synthetic miRNAs, called miRNA

mimics (Qiagen), that were used as a tool to overexpress specific miRNAs. To determine
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the efficacy of this approach, we decided to rescue the phenotype of a miRNA that has

already been studied in our laboratory, xtr-miR-219.

MiR-219 is a family of miRNAs that include, in Homo sapiens, hsa-miR-219A-1 and hsa-
miR-219A-2 while, in Xenopus tropicalis, only one member (xtr-miR-219) has been

identified, so far.

From literature, it is known that miR-219 is expressed in the brain of adult mice (Kasai et
al., 2016). However, itis also known from other model organisms that miR-219 is also
important for the development of the neural tissue, in particular with respect to the
differentiation of neural precursors into oligodendrocytes (Li et al., 2019a; Wu et al.,

2017).

With respect to human disease, miR-219 has been associated with several types of
tumours, however, the role that this miRNA plays in this context is cancer-specific, and
it can act as an oncosupressor in some types of cancers, and as an oncogene in other
types, highlighting the importance of understanding this miRNA biology in depth and in
different environments (Xing et al., 2018; Yang et al., 2018).

3.1.1 Assessment of the overexpression of miR-219 phenotype

Once the phenotype produced by the knock-down of xtr-miR-219 was confirmed by a
previous PhD student (Godden et al., 2022), the next step was to identify the phenotype
produced by the overexpression of this miRNA. To determine it, we microinjected three
groups of embryos at stage NF2, one with Cas9 on its own, one with a control mimic (cel-
miR-39-3p), which should not affect the development of the embryo, and one with xtr-

miR-219-5p (Fig. 8).

A total of 65 embryos were injected for the Cas9 group, and 6% of them produced a
visible craniofacial phenotype. Of the 72 embryos injected for the control miRNA mimic,
10% produced a craniofacial phenotype, and no statistically significant difference was
observed between these two groups, as shown by chi-squared statistical analysis. On
the other hand, of the 76 embryos that were injected with xtr-miR-2719-5p mimic, more

than 20% of them produced an appreciable craniofacial phenotype. Compared to the
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control mimic group, this difference was statistically significant after chi-squared

analysis (p=0.00041) (Fig. 8).

The observation that the overexpression of xtr-miR-2719-5p produces craniofacial
phenotypes, in a similar way to the knock-down of the endogenous miRNA, was not
surprising. In fact, it is reasonable to speculate that, since miRNAs are fine
posttranscriptional regulators of gene expression, their overexpression might cause an
excessive downregulation of their target genes. This might produce the same final

phenotype of the knock-down, as the genes that will be directly involved will be the same.
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Fig. 8: The overexpression of xtr-miR-219-5p in Xenopus tropicalis embryos produces
craniofacial defects. A) To determine the effect of the overexpression of xtr-miR-219-5p,
three groups of embryos were injected. One group was only injected with Cas9, one with a
control miRNA mimic (cel-miR-39-3p), and one with the actual xtr-miR-2719-5p mimic. On
the left, there is the non-injected side of the embryos, and on the right the injected side. The
side of the injection was determined according to GFP expression. As indicated by the black
arrowhead, the overexpression of xtr-miR-219-5p produced a characteristic craniofacial
phenotype. B) Quantification of the craniofacial phenotype of the injected tadpoles. No
difference was observed between Cas9 and control mimic groups, while a significant
(p=0.00041) difference was observed between control mimic and miR-219 mimic groups.
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3.1.2 Rescue of the knock-down phenotype of miR-219

Next, the actual rescue experiment was performed to assess the recovery of the
phenotype when xtr-miR-219 is knocked-down. To do so, four groups of embryos were
microinjected in 1 blastomere of a stage NF2 embryo. The first group injected was the
control (injected with Cas9 and control mimic). The second group was an internal control
to show that the knock-down of xtr-miR-219 worked properly during the experiment. The
third group was the control of the rescue experiment, in which the endogenous loss of
xtr-miR-219 was rescued by the control mimic (cel-miR-39-3p). The last group was the
proper rescue, in which the endogenous xtr-miR-219 was knocked-down, and the
synthetic xtr-miR-219-5p mimic was introduced to rescue that loss. As shown in Fig. 9,
the loss of endogenous xtr-miR-219 produced craniofacial phenotypes (p=0.0008), when

compared to the control group.

Interestingly, while the control mimic on its own did not produce any appreciable
phenotype (Fig. 8), its co-injection with the gRNAs and Cas9 to knock-down the
endogenous xtr-miR-219 had an additive effect on the humber of tadpoles displaying
craniofacial defects. A possible reason for this might be because the excess of
exogenous RNA (gRNAs, control mimic and Gfp mRNA) might induce RNA toxicity in the
developing embryo. Another possible explanation might be due to the fact that the
excess of RNA could interfere with the endogenous processes of DNA damage repair,
making the CRISPR-editing more efficient. Of course, a combination of both could
explain the result as well. When we analysed the number of tadpoles that displayed a
craniofacial phenotype in the rescue group, we noticed that this number was
significantly reduced (p=0.001) in comparison to the group of embryos injected with xtr-
miR-219 gRNAs and xtr-miR-219-5p mimic. This result indicated that, in Xenopus
tropicalis, it is possible to produce miRNA knock-down using CRISPR-Cas9 genome
editing, and that it is possible to rescue this knock-down by introducing that synthetic

miRNA.

Also, this experiment showed that it is possible to increase the effect of a CRISPR-
induced knock-down by co-injecting a miRNA mimic that, on its own, does not produce
any visible phenotype. However, for the aim of this project, this effect was not further
investigated.
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Fig. 9: The loss of endogenous xtr-miR-219 can be rescued by introducing a synthetic
xtr-miR-219-5p. A) On the left side, the non-injected side of the tadpole, and on the right
side, the injected side. As shown by the black arrowheads, knock-down of xtr-miR-219
produces craniofacial phenotypes in both miR-219 knock-down (p=0.0008 in comparison
to Cas9 group) and miR-219 knock-down together with control mimic. This phenotype
was rescued if, instead of the control mimic, the embryos were injected with xtr-miR-219-
5p mimic (p=0.001). B) Quantification of the rescue experiment, shown as a percentage
of tadpoles displaying craniofacial defects.
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3.2 Bioinformatical analysis to discover new miRNAs involved in NC development

and NCPs

As part of the project, we wanted to identify novel miRNAs involved in Xenopus’ NC
development. To do so, we used different in-silico approaches (in section 3.2.7) and an

extensive literature analysis.

An important point that we kept in consideration while searching for candidate miRNAs,
was the conservation among species and, in particular, conservation between Xenopus
and Homo sapiens. This was particularly important because of the nature of the
NEUcrest project, which is aimed at the study of NC development (see section 1.3). The
aim of the NEUcrest is, in fact, to provide clinicians with better tools to investigate

neurocristopathies, and the people affected by such conditions with better care.

3.2.1 In-silico approaches to predict important miRNAs involved in NC development

The first approach undertaken to identify new miRNAs that might play a role in NC
development, was to search in a database that was previously generated in the Wheeler
laboratory by Dr Nicole Ward (Ward et al., 2018). In summary, she took advantage of a
Xenopus laevis organoid model, called animal cap, that she induced to become neural,
NC, or undifferentiated tissue. She than collected the total small RNAs in these samples
and carried out small RNA sequencing. She then carried out a comparative analysis to
identify those miRNAs that were enriched in the NC-induced animal cap samples. The
main two enriched miRNAs were xla-miR-219 and xla-miR-196a, which were then further
investigated in our laboratory (Godden et al., 2022). Other miRNAs identified included
xla-miR-nov-12a-1, xla-miR-338-3 , xla-miR-218-2, xla-miR-10b, xla-miR-204a, xla-miR-
130b/c, xla-miR-23 and xla-miR-24.

After a conservation analysis, we found that xla-miR-nov-12a-1 was not conserved in
human, and only partially conserved in Xenopus tropicalis, therefore it was discarded

from the list of possible miRNAs to further investigate (Fig. 10).
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Fig. 10: Conservation of xla-nov-12a-1 between Xenopus laevis and Xenopus
tropicalis. A) On top, there is the name and genomic locus (Xenopus laevis V9.1) of the
novel miRNA xla-nov-12a-1 and its cDNA as sequenced from the short RNA sequencing
performed by Dr Nicole Ward (Ward et al., 2018). When blasted on Xenopus laevis
genome (V.10.1), we obtain a match on a different genomic locus on the same
chromosome (from Chr1L:21239431-21239495 to Chr1L:31516628-31516649), which
might be due to slight variations between different genome versions. If blasted on
Xenopus tropicalis genome, we can only find a match by reducing the e-value to the
minimum, since the first match misses six of the twenty-two nucleotides of xla-nov-12a-
1. This indicates that this miRNA is not conserved in Xenopus sp. B) In Xenopus laevis,
xla-nov-12a-1 is a mirtron of the gene slit2, which also hosts xla-miR-218-1.
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It is important to note that even if Xenopus induced-animal caps experiments are well-
established models in the field of developmental biology, they might not be completely
physiological. In fact, the induction of the specific tissue is induced by overexpression of
different concentrations of Wnt and Noggin. This will resultin neural and NC-like tissues.
They will express some of the markers for the specific tissues, but it will not necessarily
recapitulate the exact chromatin landscape, transcriptome, and proteome of the in-vivo
tissue. Therefore, other approaches were needed to identify other miRNAs or to confirm

this small RNA sequence data.

There are several online free-to-use tools to identify potential targets of specific miRNAs.
These tools, such as TargetScan8.0 (https://www.targetscan.org/vert_80/), DIANA
(http://diana.imis.athena-innovation.gr/DianaTools/index.php), or miRDB
(http://www.mirdb.org/), use algorithms that identify, within the 3 UTR of the

transcriptome of a specific species, potential binding sites for the specific miRNA.

These websites are of incredible use to scientists interested in miRNA biology, as they
provide quick lists of genes that might be post-transcriptionally regulated by miRNAs.
Most of these tools, however, do not take into account the spatial-temporal localization
of the miRNA and the mRNA, as they might not be expressed at the same time, orevenin
the same cell type. Given this, it is not surprising that the output of these kind of tools
include a large number of false-positive targets. In fact, lists of predicted targets of one
miRNA can range from few hundreds (f.e. 449 predicted targets of hsa-miR-2719-5p in
human using TargetScan8.0) to several thousands of them (f.e. 1207 predicted targets of
hsa-miR-let-7c-5p in human using TargetScan8.0)(Fig. 11). Importantly, for all the
bioinformatical analysis that we carried out during this project, we decided to use Homo
sapiens RNA ref seq. The reason of it is because the 3’ UTR of Xenopus’ genes are not

particularly well-annotated.
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A TargetScanHuman

Prediction of microRNA targets Release 8.0: September 2021  Agarwal et al., 2015 McGeary, Lin et al., 2019

Human | miR-219-5p
4489 transcripts with conserved sites, containing a total of 479 conserved sites and 97 poorly conserved sites.
Please note that these predicted targets include some false positives. [Read more]

Genes with only poorly conserved sites are not shown. [View top predicted targets, irrespective of site conservation)
Table sorted by cumulative weighted context++ score [Sort table by predicted occupancy] [Sort table by aggregate Pg1]
The table shows at most one transcript per gene, selected for being the most prevalent, based on 3P-seq tags. [Download table]
Represen- Number of Conserved sites Poorly conserved sites Predicted occupancy
3P-seq Link to =
Target m“ve, Bmer Representative trans-
transcript Gene name tags sites in Tmer- Tmer- Tmer- 7mer- i mod  high
gene supporting  UTRs  total 8mer 18 T total gmer T sites miRNA miRNA miRNA fected
ENST0000... UTR +5 miRNA
ZBTB18 0358704.4 zinc finger and BTB domain containing 18 935 Sitesin UTR 2 2 0 0 0 0 0 0 0 hsa-miR-219a-5p 0.1546 0.7612 1.6337
RORB 0376896 3 RAR-related orphan receptor B 5 Sitesin UTR 3 & 0 0 2 0 0 2 3  hsa-miR-219a-5p 02811 13029 31062
GXYLT1 0398675.3 glucoside xylosyliransferase 1 126 Sitesin UTR 2 1 1 0 2 0 0 2 0 hsa-miR-219a-5p 0.2181 0.9643 2.1910
Prediction of microRNA targets Release 8.0: September 2021  Agarwal et al., 2015 McGeary, Lin et al., 2017
Human | let-7-5p/miR-98-5p
1207 transcripts with conserved sites, containing a total of 1386 conserved sites and 243 poorly conserved sites
Please note that these predicted targets include some false positives. [Read more]
Genes with only poorly conserved sites are nat shown. [View top predicted targets, irrespective of site conservation]
Table sorted by cumulative weighted context++ score [Sort table by predicted occupancy] [Sort table by aggregate Per]
The table shows at most one transcript per gene, selected for being the most prevalent, based on 3P-seq tags. [Download table]
Represen- Number of Conserved sites Poorly conserved sites Predicted occupancy
tative 3P-seq Link to
Target gene transcript Gene name tags sites in Zmer- Tmer- Tmer- Tmer- :'I::: Rapr;la;,r:t;tlve mod trans-
supporting  UTRs  fotal Smer © ™ Ty total Smer © o p” Ty miRNA miRNA fected
ENST0000... UTR+5 miRNA
HMGA2 0403681 2 high mobility group AT-hook 2 8021 Sites nUTR 7 1 &) 3 [] 0 0 0 1 hsalet-7d-5p 05314 24035 54009
ARID3B 0346246.5 AT rich interactive domain 3B (BRIGHT-like) 1 SitesinUTR & 0 1 4 (1] 0 1] 0 0 hsalet-7d-5p 0.2676 1.4166 3.9617
LIN28B 0345080 4 lin-28 homolog B (C. elegans) 18 SitesinUTR 4 2 2 0 1 0 (1] 1 0 hsa-let-7d-5p 03064 15398 38461

Fig. 11: Example of the output generated by TargetScan8.0 using two highly conserved

miRNAs among vertebrates. A) Number of predicted targets of hsa-miR-219-5p and B)
hsa-let-7-5p, two highly conserved miRNAs among vertebrates. Hsa-miR-219-5p has 449

predicted targets, almost one third of hsa-let-7-5p, which has 1207 predicted targets.

These data show the variability in the number of possible targets that different miRNAs can

have.

70



3.2.2 Strategy to predict miRNAs involved in the etiopathogenesis of craniosynostosis

Craniosynostosis is the most common physical malformation in a child. This condition
occurs when two or more of the cranial bones fuse together too early during
development. This will result in craniofacial malformations, which can be only partially
solved by invasive surgery. Typically, these operations have to be repeated periodically
during the life of the person affected by it, as they are only rarely resolutive. Moreover, if
not treated in time, craniosynostosis can cause intellectual disability, since the
premature closure of the skull sutures can interfere with the proper growth of the brain

(Fig. 12).

Right

coronal suture

Unilateral (one-sided) Coronal Craniosynostosis

Fig. 12: Unilateral coronal craniosynostosis. Representation of unilateral
coronal Craniosynostosis. In this specific case of craniosynostosis, the
parietal and frontal bones of the skull fuse too early. This will cause
craniofacial defects, if not surgically treated on time.
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One of the reasons why craniosynostosis occurs is due to defects during NC
development since this population of cells will give rise to the craniofacial skeleton and

cartilages (Goos and Mathijssen, 2019).

To identify potential miRNAs involved in craniosynostosis, we used a list of 309 genes
that have already been associated with this particular condition. This list of genes was
kindly provided by Ana Filipa Duarte (Erasmus Medical Centre, Rotterdam, Han van Neck

and Irene Mathijssen laboratory) and, to date, it has not been published.

The idea of this analysis was to find miRNAs whose binding sites are enriched in this pool
of 309 genes. For example, if a miRNA is predicted to target 10% of the genes in the
genome, then it is expected to be targeting 10% of the genes that are presumably
involved in craniosynostosis. If, however, the miRNA is involved in craniosynostosis, this
number would appear to be higher than that. To assess that this statistical analysis is
correct, the results were compared to a pool of control miRNAs that are involved in other
biological processes and that are not involved with NC development. For this control,
nine miRNAs were selected, that are known to be involved in muscle, liver or lung
development. These miRNAs are: hsa-miR-486-5p, hsa-miR-1-5p, hsa-miR-155-5p, hsa-
miR-199-5p, hsa-miR-122-5p, hsa-miR-15-5p, hsa-miR-133-3p.1, hsa-miR-29a-5p and
hsa-miR-200ab-5p.

The percentage of predicted targets of a specific miRNA in comparison to the number of
genes in the genome was calculated using the formula: Nt/Ng*100, where Nt is the
number of predicted targets, and Ng is the number of genes in the genome (this number
is variable according to the different definitions that we can give to a gene, in this case,

we used 25.000 genes in the human genome).

Then, the same was done for the genes associated with craniosynostosis (in this case,
Ng=309). This gave us two values: WG (%) (percentage of genes in the whole genome)

and CA (%) (percentage of craniosynostosis-associated genes).

Next, we calculated the ratio between the percentage of genes that are predicted to be
targeted by a miRNA in the whole genome and the percentage of genes that are predicted
to be targeted by that same miRNA, but in the list of genes involved in craniosynostosis.

To calculate this, we used the formula: CA (%)/WG (%). This calculation gave us the
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normalised values that we used to do the statistics downstream, which we called Fold

Increase (Fl).

The first result was that 105 miRNAs conserved among vertebrates had at least one
predicted binding site for at least one of these genes associated with craniosynostosis.
For each of these miRNAs, we calculated the FI. Then we calculated the mean value and
the standard deviation of the FI, which accounted to Mean value=3.50, St. Dev=1.98 (Fig.

13).

In order to shortlist these miRNAs, we had to set a cut-off that was equal to the mean FlI
+ %2 St. Dev, which gave us a value of 4.49. All those miRNAs whose Fl was higher than
that value, where considered of interest for NC development and, some of them, further

investigated (Fig. 14).
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Fig. 13: Distribution of miRNAs fold increase. Box and whiskers graph representing the
distribution of the Fold Increase values (Fl) for the 105 miRNAs conserved among
vertebrates that were predicted to bind at least one of the craniosynostosis-associated
genes. Mean=3.50; St. dev.=1.98.
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Fig. 14: MiRNAs with fold increase significantly higher than control. On the X axes, all
the miRNAs with a fold increase higher than the control one, plus %2 of its standard
deviation. On the Y axes, the fold increase of each of these miRNAs. In green, the mean
value of the fold increase for nine miRNAs that are not involved in NC and craniofacial
development.

3.3 gRNAs testing and first screening of the knock-down phenotype

3.1.1 guide RNA design strategy and targets

Short gRNAs were designed to target xtr-miR-10b, xtr-miR-15a-16a, xtr-miR-17~92, xtr-
miR-30a, xtr-miR-99, xtr-miR-100, xtr-miR-132-212, xtr-miR-145, xtr-miR-187, xtr-miR-
194-1, xtr-miR-200b, xtr-miR-204-1, xtr-miR-204-2, xtr-miR-208, xtr-miR-210, xtr-miR-
218-2, xtr-miR-455, and xtr-miR-489 (Table 3). In particular, we designhed four gRNAs for
each miRNA (two gRNAs targeting upstream of the miRNA gene, and two gRNAs targeting
downstream of the miRNA gene, which we called Fw1, Fw2, Rv1l and Rv2). The only
exception was done for xtr-miR-204-1, for which we could only design one gRNA
upstream of the gene, because of the intronic nature of this miRNA. In fact, xtr-miR-204-
1,islocatedinside anintron of trom1 gene, in the proximity of the upstream exon. In order
to avoid mutations in the coding region of trom1, we decided to not design gRNAs closer
than ~50nt to any coding sequences, which reduced the number of gRNAs that we could
use for our purpose (Fig. 15). To knock down the expression of our targeted miRNA, we
injected all the possible combinations of gRNAs (usually four combinations in total,

Fw1/Rv1, Fw1/Rv2, Fw2/Rv1 and Fw2/Rv2)(Fig. 15).
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Fig. 15: MiRNA knock-down strategy. A) To knock-down miRNAs in Xenopus tropicalis
embryos, we use the double gRNAs CRISPR-Cas9 approach shown here. In red, on the
DNAfilament, there is the representation of the target miRNA gene (1). We target the DNA
upstream and downstream of the miRNA gene using the Cas9 conjugated with two
different gRNAs and injecting it at the same time (2). If the cleavage of the DNA operated
by the Cas9 protein occurs at the same time, there is the possibility that the whole locus
between the two double strand break is excised from the genome. For this to occur, the
cell has to repair the DNA damage by non-homologous end-joining (3). At the end of the
DNA damage repair process, the two broken ends are re-ligated together and the DNA
locus that contains the miRNA gene will be degraded by DNases (4). B) Schematic
representation of Xenopus tropicalis myh6 gene, magnified on the intron that contains
xtr-miR-208. In light blue, there are the exons of myh6; in green, xtr-miR-208; in black the
intron where xtr-miR-208 is located; in red the region of the DNA that is targeted by the
gRNAs; in purple there is a partial overlap between gRNA Fw1 and gRNA Fw2 binding site.
C) Screenshot of Xenopus tropicalis genome browser (V10.0) that highlights trom17 gene
(top). On the bottom, a magnification of the intron that contains xtr-miR-204-1. In blue,
the exons of trom7; in green, xtr-miR-204-1 gene; in red, the binding sites of the gRNAs
that have been used for the experiments; and in purple the region bound by the primers
used for genotyping.
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3.3.2miR-218-2

Mir-218-2 is one of the miRNAs that was selected from the small RNA sequencing
experiment (Ward et al., 2018) (Fig. 16). This miRNA belongs to the miR-218 family, which
includes miR-218-1 and miR-218-2. Both these miRNAs belong to the class of mirtrons
(see: “1.1.83 From primary transcripts to mature miRNA”), and are localised inside of
introns of slit2 and slit3 genes, respectively. The slit genes (slit1, slit2 and slit3) act in the
SLIT/ROBO pathway, which has historically been associated to the axon guidance and
neural development (Rothberg et al., 1988). More recently, this pathway has also been
associated with other organ development, such as the kidney and the heart (Fan et al.,
2012; Medioni et al., 2010). Mir-218 family’s expression has been associated with
neuropsychiatric disorders and with depression/anxiety (Schell et al., 2022). The fact
that this miRNA family has never been associated with NC development, but was highly
upregulated in NC-induced Xenopus’ animal caps, made it an excellent candidate for

further investigation.

XLv80.chr3L_16607293-16607408(-) mir-218-2 XLv80.chr3S_108176930-108177052(-) mir-218-2
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Fig. 16: Specificity of xtr-miR-218-2 in NC-induced Xenopus’ animal caps. Modified
from Ward et al (2018). Number of reads of miR-2718-2 (from S and L chromosomes) in
Xenopus’ animal caps induced to become Neural (light blue) or NC (dark blue), or from
blastula (green) and ectoderm (red). The graph indicates that both S and L isoforms of
miR-218-2 are specifically upregulated in the NC sample.
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To knock-down xtr-miR-218-2, all the possible combinations of gRNAs were injected in
one blastomere of a NF2 stage Xenopus tropicalis embryo, and then we observed the
phenotype. The gRNAs were named “Fw” and “Rv” to indicate the gRNAs targeting the
genomic region upstream the miRNA gene (Fw) and downstream the miRNA gene (Rv).
Having two gRNAs upstream and two downstream of the miRNA gene, the possible
combinations to inject are four in total (Fw1/Rv1, Fw2/Rv1, Fw1/Rv2 and Fw2/Rv2) (Fig.

15B).

Following knock-down of xtr-miR-218-2, the only observed phenotypes were different
degrees of edema. This phenotype was only present in those tadpoles that were injected

with the gRNA Rv2 (Fig. 17).

Edema is a condition in which the organism cannot properly balance the level of body
fluids, therefore the swelling of the affected area. In vertebrates, this homeostasis is
orchestrated by the kidneys, but these problems might arise also due to failure in heart
or vasculature development. Both these tissues are of mesodermal origin. For this
reason, edema is a phenotype that is usually not associated with defects of NC

development (Rehman and Ahmed, 2023).

Since the only observed phenotype was not related to NC development for all the gRNAs
combinations, we decided to not further characterise the knock-down animals, and to

continue searching for candidate miRNAs.
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Fig. 17: Xtr-miR-218-2 knock-down. A) Representative images showing edema
following injection of the gRNAs to knock-down xtr-miR-218-2 and B) quantification.
Statistical analysis could not be performed due to low experimental numbers. Embryos
wereinjected in one blastomere of a NF2 stage embryos. Embryos injected without using
any gRNA (Cas9 group) were used as a control.
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3.3.3miR-10b

Xtr-miR-10b was selected as a possible candidate for two reasons: firstly, it was one of
the miRNAs specifically expressed in the Xenopus’animal cap induced NC (Ward et al.,
2018) (Fig. 11); secondly, it is one of the miRNAs that was flagged from the
bioinformatical analysis carried out using the genes that are associated with the

aetiopathogenesis of craniosynostosis (Fig. 7).

Mir-10b belongs to a conserved miRNA family that includes, in human, two members:
hsa-miR-10a and hsa-miR-10b. In frog, there is also a third member, xtr-miR-10c. These
miRNAs are all localised within the HOX genes clusters, in particular, hsa-miR-10b gene
is localised upstream the HOXD4 locus (approximately 1200bp upstream the beginning
of the coding sequence of HOXD4).

Mir-10b has been shown to negatively regulate the expression of different HOX genes,
including HOXB3A and HOXD10A (Giusti et al., 2016). So far, hsa-miR-10b has been
mainly associated with cancer progression, and not many studies were conducted on
this miRNA in the context of developmental biology, which made it a good candidate for

further investigation in Xenopus (Biagioni et al., 2013; Sheedy and Medarova, 2018).

XLv80.chr9_10L_68713567-68713656(-)_mir-10b XLv80.chr9 10S_64483954-64484040(-) mir-10b
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Fig. 18: Specificity of xtr-miR-10b in NC-induced Xenopus’ animal caps. Modified
from Ward et al (2018). Number of reads of miR-10b (from S and L chromosome) in
Xenopus’ animal caps induced to become Neural (light blue) or NC (dark blue), or from
blastula (green) and ectoderm (red). The graph indicates that both S and L isoforms of
miR-10b are specifically upregulated in the NC sample.
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Also for xtr-miR-10b, all the combinations of gRNAs were injected at 2-cell stage of
Xenopus tropicalis, and then observed the phenotype, for a total of four different

combinations (Fig. 15B, Table 3).

Following knock-down of xtr-miR-10b, we observed two separate phenotypes using all
combinations of gRNAs, apart from the combination “Fw1/Rv2”. The phenotypes include
a characteristic craniofacial malformation (“flat” head), and defects during melanocyte

development (melanocytes were rounded and/or lower in number)(Fig. 19A, B).

Since chondrocytes and melanocytes are both NC derivatives, craniofacial
malformations and pigmentation defects both strongly suggest problems during NC

development.

Unfortunately, while these experiments were performed, a new version of Xenopus
tropicalis genome was released (V10.0). In this version, xtr-miR-10b got incorporated into
the 5’UTR of hoxd4. This change implicates that the deletion of the miRNA locus affects
the entire 5’UTR of hoxd4 gene, resulting in the impossibility of knowing if the observed

phenotype was caused by the loss of xtr-miR-10b or by the loss of hoxd4 5’UTR (Fig. 19C).

Because of this, the dual CRISPR-Cas9 approach to excise the miRNA locus, was not
suitable for xtr-miR-10b, and the effect of this miRNA during NC development was no
longer investigated. However, more investigations on this miRNA using different type of
tools, such as morpholinos, as well as using rescue experiments with miRNA mimics
and, potentially, generating stable genetically modified Xenopus tropicalis lines that
carry point mutations within the seed sequence of xtr-miR-710b might help in the

understanding the biology of this gene in the context of Xenopus development.
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Fig. 19: Xtr-miR-10b knock-down. Effect of xtr-miR-70b knock-down in Xenopus tropicalis.
A) The observed phenotypes are related to both craniofacial development and pigment
development. In particular, the head of the tadpoles look shorter than the wild type, while
the melanocytes look immature (round shape) or lower in number in most gRNAs
combinations, apart from the combination Fw1/Rv2. Statistical analysis could not be
performed due to low experimental numbers B). C) Changes in the hoxd4 locus from V9.0
to V10.0. The blue line represents the 5’UTR of hoxd4, showing that xtr-miR-10b and hoxd4
are produced as a long single transcript, and not separately.
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3.3.4 miR-208

There is extensive literature on the role of hsa-miR-208 in cardiac physiology, and about
its use as biomarker for detecting cardiac injury (Huang et al., 2021; Ji et al., 2009; Liu et

al., 2023; Zhao et al., 2020).

Even though the role of this miRNA has been studied extensively on adult tissues, there
is a lack of knowledge involving miR-208 during development. The fact that miR-208 was
flagged up from the bioinformatical analysis conducted using genes associated with
craniosynostosis (Fig. 14) was quite surprising, since this miRNA has always been
associated with cardiac function. This is the reason why xtr-miR-208 was selected as a

possible candidate for craniofacial development.

To further justify a xtr-miR-208 knock-down experiment, we decided to perform an LNA-
WISH using a probe for xtr-miR-208 in Xenopus laevis at early stages of development and
check if this particular miRNA is expressed in tissues other than the heart (Fig. 20A).
Results show that xtr-miR-208 is, as expected, expressed in the heart field. However, it
seems to be expressed also in the otic vesicle, migrating NC and in the eye, making this

mMiRNA an interesting candidate for further investigation.

Following a preliminary knock-down experiment, we noticed that all the gRNAs
combinations apart from Fw1/Rv2 led to a very low survival rate (data not shown).
Considering that the combination Fw1/Rv2 consistently produced a deletion of xtr-miR-
208 locus in over 60% of the injected embryos (n=16) (Fig. 20B), we decided to perform
the rest of the experiments using only this combination of gRNAs. By using the other
combinations, we noticed a lower deletion rate in the combination Fw1/Rv1 (40%, n=5),
and Fw2/Rv1 (43%, n=7). Forthe combination of gRNAs Fw2/Rv2, only one of the injected
embryos survived, making this combination of gRNAs non suitable for further

experiments.

We observed a “twisted” phenotype in almost 40% of the injected embryos, probably due

to failure during the extension of the musculature (Fig. 20C, D).

Because we observed no obvious phenotype that could be associated with defects in NC
development, we decided to not continue with this miRNA for further investigation with

respect to NC development.
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Fig. 20: Xtr-miR-208 knock-down. A) The expression pattern of xtr-miR-208 in Xenopus
laevis tailbud was determined by LNA-WISH. As pointed out by the red arrows, at early
stages itis possible to detect expression in the otic vesicle and in migrating NC, while later
during development, the expression of xtr-miR-208 becomes visible in the heart field (red
arrow). B) Genomic DNA PCR on single tadpoles that were injected with the different
combinations of gRNAs (1=Fw1/Rv1, 2=Fw1/Rv2, 3=Fw2/Rv1, 4=Fw2/Rv2 and WT is a
noninjected control embryo). The wild type band is at approximately 800bp, while the
deletion produces a band at approximately 500bp. Most tadpoles had a certain degree of
mosaicism, especially on sample number 2. C) The knock-down of xtr-miR-208 on Xenopus
tropicalis produced a “twisted” phenotype, likely caused by defects during the
development and elongation of the musculature D) on the injected side in 38% of the
injected animals. Figure legend: OV, otic vesicle; MNC, migrating neural crest; HF, heart
field.
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Target sgRNA sequence (5' to 3')

miR-10b-Fw1 taatacgactcactataGGGAGAACTTGAGCTACCATgttttagagctagaa
miR-10b-Rv1 taatacgactcactataGGAATACAATTAGTAGTGAGgttttagagctagaa
miR-10b-Fw2 taatacgactcactataGGAGAGAGTTTGACTTACAGgttttagagctagaa
miR-10b-Rv2 taatacgactcactataGGACTGCGGGGGGCATAGCC Cgttttagagctagaa

miR-15a-16a-Fwl

taatacgactcactataGGGGGACAGAGCAGCAGCTTgttttagagctagaa

miR-15a-16a-Rv1

taatacgactcactataGGGTCACCACAGCAACCAATgttttagagctagaa

miR-15a-16a-Fw2

taatacgactcactataGGATATTCTGAATTTGCAGTgttttagagctagaa

miR-15a-16a-Rv2

taatacgactcactataGGTAGTGCACACACCCCCTTgttttagagctagaa

miR-17~92 Fw1l ctagctaatacgactcactataGGTTGGGTCGGCATGCAGCTgttttagagctagaa
miR-17~92 Fw2 ctagctaatacgactcactataGGAACTGATCTGTGGGATGGgttttagagctagaa
miR-17~92 Rv1 ctagctaatacgactcactataGGAGTACTTTTTATGCCAGAgttttagagctagaa
miR-17~92 Rv2 ctagctaatacgactcactataGGTTGGGTCGGCATGCAGCTgttttagagctagaa
miR-30a-Fw1l taatacgactcactataGGGAACCATTTGATCCAATGgttttagagctagaa
miR-30a-Rv1l taatacgactcactataGGTGTCACAGGGATGACAGAgttttagagctagaa
miR-30a-Fw2 taatacgactcactataGGCAGTGTAGTGATAGAGTAgttttagagctagaa
miR-30a-Rv2 taatacgactcactataGGACAACCTGCATTAATTGGgttttagagctagaa
miR-99 Fw1l ctagctaatacgactcactataGGAGCCGCCTTTTATAACAGgttttagagctagaa
miR-99 Fw2 ctagctaatacgactcactataGGCATGATGGGACACAGCTTgttttagagctagaa
miR-99 Rv1l ctagctaatacgactcactataGGATATATTAGGATATTTATgttttagagctagaa
miR-99 Rv2 ctagctaatacgactcactataGGGTTAATTTGCATTATCAGgttttagagctagaa
miR-100 Fw1l ctagctaatacgactcactataGGCAACACACTTCACATCAAgttttagagctagaa
miR-100 Fw?2 ctagctaatacgactcactataGGTCTGTGTCGGCTTGGCTAgttttagagctagaa
miR-100 Rv1 ctagctaatacgactcactataGGTATGCCGGGAAGACAAGGgttttagagctagas
miR-100 Rv2 ctagctaatacgactcactataGGCCTGACGGCTGTGGGTGGgttttagagctagaa

miR-132-212 Fwl

ctagctaatacgactcactataGGTAGCCAATGGTGAGAAACgttttagagctagaa

miR-132-212 Fw2

ctagctaatacgactcactataGGGGACGCATGGGGAATCTAgttttagagctagaa

miR-132-212 Rv1

ctagctaatacgactcactataGGAAGGGATAGGGTATATTGgttttagagctagaa

miR-132-212 Rv2

ctagctaatacgactcactataGGCGGATATCTGCAGGCTGGgttttagagctagaa

miR-145 Fw1l ctagctaatacgactcactataGGGTCCAGGCCCAGCCATTAgttttagagctagaa
miR-145 Fw2 ctagctaatacgactcactataGGGAGCAATCCATAATGGCTgttttagagctagaa
miR-145 Rv1l ctagctaatacgactcactataGGGGTCTGGGAAAGGCCCTTgttttagagctagaa
miR-145 Rv2 ctagctaatacgactcactataGGCTGCTCATTGGTGACCACgttttagagctagaa
miR-187 Fw1l ctagctaatacgactcactataGGAAGACCACTCAGTGCTATgttttagagctagaa
miR-187 Fw?2 ctagctaatacgactcactataGGGTGGTCTTCCATACAGCAgttttagagctagaa
miR-187 Rv1 ctagctaatacgactcactataGGATCTGGTGATCATGAATGgttttagagctagaa
miR-187 Rv2 ctagctaatacgactcactataGGGGCGACAATTCTGTCATGgttttagagctagaa
miR-194-1 Fw1l ctagctaatacgactcactataGGGAGACGTTGCGCAGAGCTgttttagagctagaa
miR-194-1 Fw2 ctagctaatacgactcactataGGAGACGTTGCGCAGAGCTTgttttagagctagaa
miR-194-1 Rvl ctagctaatacgactcactataGGTGGGGTCCCCACCGACAGgttttagagctagaa
miR-194-1 Rv2 ctagctaatacgactcactataGGCTGGGGTCCCCACCGACAgttttagagctagaa
miR-200b-Fw1 taatacgactcactataGGCCTGAGGTCTAATACAGTgttttagagctagaa
miR-200b-Rv1 taatacgactcactataGGAAATATTGCTGCACATCCgttttagagctagaa

Table 3: List of gRNAs. List of all the designed gRNAs for the miRNAs of interest. On the
first column, are the target miRNA as named in Xenopus tropicalis. On the second
column, are the sequences of the gRNA. Capital letters show the functional binding sites
of the gRNA.
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Chapter 4: The role of xtr-miR-204-1 in development

So far, we have investigated the effect of the knock-down of three miRNAs that we
predicted to be involved in NC development: xtr-miR-10b, xtr-miR-208 and xtr-miR-218-
2. These miRNAs were selected according to literature investigations, as well as
bioinformatical analysis. However, following preliminary analysis, we decided to not to
pursue the investigation of the developmental role of these miRNAs for different reasons,
ranging from technical problems related to the CRISPR-Cas9 approach that we were
using (xtr-miR-10b), to the observation of phenotypes unrelated to NC development (xtr-
miR-208 and xtr-miR-218-2). However, during this investigation, we generated a list of
miRNAs that are predicted to be involved in NC development, according to the literature
(Fig. 21). This list separates miRNAs according to their developmental role/s, starting
from the early stages of NC development, of induction and specification, moving towards
the EMT and migration, and finishing at the differentiation into specific derivatives, such

as craniofacial skeleton or teeth.

Xtr-miR-204-1 was the last miRNA whose role was assessed during Xenopus tropicalis
development. This miRNA was selected according to two criteria: firstly, it is one of the
miRNAs with the most specific expression in the NC-derived organoids generated in our
laboratory by Dr Nicole Ward (Ward et al., 2018); secondly, literature search showed that
hsa-miR-211 (the human homolog of xtr-miR-204-1) is highly expressed in melanocytes,
which are derived from the NC, and is involved in controlling cellular migration, a key
property of NCCs (Cui and Man, 2023; Piacentino et al., 2020). Xtr-miR-204-1 is a miRNA
that belongs to the miR-204 family, which includes xtr-miR-204-1 and xtr-miR-204-2 in
Xenopus tropicalis and hsa-miR-211 and hsa-miR-204 in Homo sapiens. Both these
miRNAs are located into introns of TRPM genes (trom7 for hsa-miR-211/xtr-miR-204-1
and trom3 for hsa-miR-204/xtr-miR-204-2). TRPM (transient receptor potential
melastatin) proteins are transient ion channels that allow the transport of divalent
cations, in particular Mg* and Ca**. There are a total of eight TRPM genes both in human
and frog (Huang et al., 2020). TRPM1, the host gene of xtr-miR-204-1, is expressed in the
adult retina and melanocytes (Jia et al., 2020; Su et al., 2020), however, its expression

(and, by extension, of xtr-miR-204-1) during development is not very well known. The
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RNA-seq analysis conducted by Dr Nicole Ward was not able to distinguish between xtr-
miR-204-1 and xtr-miR-204-2, since the sequence of the mature RNA is the same.
Because of this, for my investigation, | decided to study the role of xtr-miR-204-1,

because this is the least studied of the two miRNAs.

Hsa-miR-204 was found to be importantforthe correct development of the eye in human.
In particular, Conte and colleagues have described in six affected members of a British
family a heterozygous mutation in the seed sequence of the 5p arm of this gene, which
led to retinal dystrophy and coloboma with or without cataract (Conte et al., 2015).
Following further investigations in Medaka fish, they managed to recapitulate this
phenotype. They also identified increased cellular apoptosis as the main cause of it . It is
important to notice that hsa-miR-204 correspond to xtr-miR-204-2, in Xenopus. On the
other hand, xtr-miR-204-1 that has been investigated in the next chapters correspond to

the human hsa-miR-211.
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Figure 21: List of miRNAs described as involved in NC development. The table
represents a schematic of the NC development, divided into boxes according to the
different stages of development (top box, induction and specification, middle box, EMT
and migration, and differentiation into various derivatives, in the smaller boxes on the
bottom. To note how some miRNAs are involved in different aspects of NC development,
such as in the case of miR-219, involved in the early stages of induction and
specification, as well as in craniofacial development. Similarly, miR-7196a is involved in
the early phases of NC development, as well as in pigment cells differentiation. Both
miR-219 and miR-196a were investigated in our laboratory (Godden et al., 2022). Image
taken from (Antonaci and Wheeler, 2022).

4.1 xtr-miR-204-1 and trpom1 expression

To determine the expression pattern of xtr-miR-204-1, we carried out several whole-
mount in situ hybridisations (WISHs). The first WISH that we performed was a variant of
the classic experiment, in which a modified locked nucleic acid (LNA) probe was used.
This is also called LNA-WISH, and it is mainly used to investigate the expression of short

RNA molecules (Antonaci et al., 2023).

Since miRNAs are extremely short (~22nt), it is not possible to design a regular WISH

probe, which is usually hundreds of nucleotides long. To overcome this problem, it is
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possible to buy predesigned probes that are complementary to the miRNA of interest,

and that have on both the 5’ and 3’ ends a nucleotide that is tagged with digoxigenin.

As the sequences of guide strand of xtr-miR-204-1/2 (xtr-miR-204-1-5p and xtr-miR-204-
2-5p) are the same, in order to distinguish between the expression of the two different
miRNAs, we decided to undertake two different approaches: in the first one, and more
indirect, we decided to determine the expression pattern of trom7, which should be co-
expressed together with xtr-miR-204-1; for the second approach, we designed an LNA
probe for xtr-miR-204-1-3p, which is the annotated passenger strand. In fact, differently
from xtr-miR-204-1-5p and xtr-miR-204-2-5p, the passenger strand of xtr-miR-204-1 is

unique, not sharing the same sequence with xtr-miR-204-2-3p.

When hybridised with the trom1 probe, the staining was visible on the embryos only after
stage NF29, in the dorsalregion of the developing eye, in the pineal gland and, to a minor
extent, around the otic vesicle, brain, and branchial arches. At later stages of
development, trom1 is also expressed in the melanocytes, as well as in the retina and in

the pineal gland (Fig 21A).

When using the custom xtr-miR-204-1-3p LNA probe at different stages of development,
the staining was more specific than the one for xtr-miR-204-1-5p and trom1 probes (Fig.
21A). In particular, while at earlier stages of development there was no detected signal,
at stages NF26 it was possible to detect some specific staining in the optic vesicle and
putative olfactory placode, with some lower expression in the otic vesicle and migrating
NC. Later in development, at stage NF33, the expression in the eye field increased, as
well as the expression in the olfactory placode. The expression in the branchial arches
becomes sharper, as we expected at this stage of development. An additional staining in
the somites, with increased intensity of the staining moving towards the posterior side of
the embryos, starts appearing. At late tadpole stage (NF39), the expression in the eye
becomes confined to the ciliary marginal zone, and a specific staining in the septum
between hindbrain and midbrain (MHB) appears. Finally, at tadpole stage (NF41), the
staining becomes more diffuse in the head, in particular in the olfactory placode,
branchial arches, and MHB. Also in the somites, the staining became stronger and at a
comparable level from antero-posterior axes. Interestingly, later in development, it is
possible to appreciate a specific staining in the pronephric tubule and duct (Fig. 21B).
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Fig. 22: Expression pattern of trom1 and xtr-miR-204-1-3p in Xenopus embryos. A)
Expression pattern of trom1 at NF29, 39, and 41. Embryos were stained with the sense
probe as a control. At NF29, the expression is mainly in the optic cup, with some
expression in the branchial arches, pineal gland, and in the otic vesicle. At later stages
of development, the expression is mostly in the RPE, pineal gland and melanocytes. B)
Expression pattern of xtr-miR-204-1-3p at different stages of development. The staining
starts to be visible at NF26, in the optic vesicle. At later stages of development, the
expression starts to be evident in the olfactory placode, somites and branchial arches.
At NF41 it is possible to appreciate the expression in the pronephric kidney and tubule
as well. On the bottom row, from left to right: details of the expression of xtr-miR-204-1-
3p in the pronephros; in the head (lateral view), showing the expression in the olfactory
placode, branchial arches, ciliary marginal zone and MHB; in the head from the dorsal
side, better displaying the expression in the MHB. Figure legend: OV, otic vesicle; PG,
pineal gland; OpV, optic vesicle; M, melanocytes; BA, branchial arches; RPE, retinal
pigmented epithelium; OF, optic field; S, somites; PK, pronephric kidney; PT, pronephric
tubule; PD, pronephric duct; MHB, midbrain-hindbrain boundary; OP, olfactory
placode; L, lens. All the embryos are viewed laterally, with the caudal side on the left,
and the rostral side on the left. Exceptions are the embryos stained for xtr-miR-204-1-
3p, stage NF18 (which is seen dorsally, with the rostral side on the top and the caudal
side on the bottom), and the last stage NF41 picture, which is a magnification from the
dorsal view, oriented caudally on the left and rostrally on the right.
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4.2 Preliminary gRNAs testing and xtr-miR-204-1 knock-down

The strategy to knock-down the expression of xtr-miR-204-1 was the same that we used
with the previous miRNAs (xtr-miR-10b, xtr-miR-218-2 and xtr-miR-208). The difference
was that the intron that hosts xtr-miR-204-1 is not particularly big (just over 600bp), we
only managed to design one sgRNA upstream of the miRNA that would have been to a
sufficient distance from the intron/exon boundary of trom7 instead of the two we
normally tried to design. This resulted in only two possible gRNAs combination for the

preliminary result: Fw1/Rv1 and Fw1/Rv2 (Fig. 23A).

Following a preliminary experiment, we noticed that by using the combination of gRNAs
Fw1/Rv1, there was a higher level of mortality in comparison to the control embryos. On
the other hand, the group of embryos injected with the combination of gRNAs Fw1/Rv2
did not display such a phenotype. In both groups there were eye defects, which we could
cluster into two macro-categories: eye size defects (microphthalmia and anophthalmia)
and colobomas (of the choroid fissure or superior coloboma). However, the incidence of
such phenotypes was higher in the group of embryos injected with the combination of

gRNAs Fw1/Rv1 (Fig. 23B, C).

Based on these preliminary results we decided to proceed with the rest of the

experiments with the combination of gRNAs Fw1/Rv1.
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Fig. 23: Preliminary data from xtr-miR-204-1 knock-down experiment. A) On top,
screenshot of Xenopus tropicalis V10.0 genome browser, showing the locus of trom1
thatinclude xtr-miR-204-1 gene. On the bottom, magnification of the intron of trom1 that
hosts xtr-miR-204-1. In blue, there are the exons of trom1 that flank the miRNA gene. In
green, xtr-miR-204-1 gene. In red, the binding site of the gRNAs. B) Representative
images displaying the four types of eye developmental defects: superior coloboma,
coloboma of the choroid fissure, microphthalmia and anophthalmia which will be
grouped as coloboma and microphthalmia. Each panel shows the same embryo, with
the non-injected side on the left and the injected (knock-down) side on the right. C)
Quantification of the eye phenotypes and embryos mortality at day 3 post injection. The
combination of gRNAs Fw1/Rv1 shows higher levels of eye developmental defects and
mortality, when compared to the control group (Cas9) and the second combination of
gRNAs (Fw1/Rv2).
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4.3 xtr-miR-204-1 knock-down

To assess the effect of xtr-miR-204-1 knock-down, we performed more experiments
using the combination of gRNAs Fw1/Rv1 in biological triplicate. Following these
experiments, we confirmed the eye phenotypes. In particular, we observed that 28% of
the knock-down embryos displayed coloboma phenotype (in contrast to the 8% of the
control group), while 14% had microphthalmia or anophthalmia (in contrast to the 2% of

the control group) (Fig. 23A).

We also confirmed that the CRISPR-Cas9 strategy was working on the injected embryos,
so we extracted the genomic DNA (gDNA) from individual tadpoles that have been
previously injected with the combination of gRNAs and performed a PCR using primers
that flank the gRNAs binding site. This way, if the deletion have occurred, we should be
able to detect a smaller band on the electrophoresis gel. The length of this smaller band
corresponds to the length of the wild-type PCR product minus the portion of DNA that is
encompassed between the two gRNAs. In this specific case, the length of the PCR
product for the uninjected embryos is 702bp, and the region of DNA between the two
gRNAs is about 280bp, therefore the expected PCR product in the knock-down embryos
should be of 420bp. What we observed on the electrophoresis gel was a band of exactly

the expected size, which was missing in the wild-type embryos gDNA PCR (Fig. 24B, top).

To further confirm the deletion of the DNA locus harbouring xtr-miR-204-1, and in order
to determine the efficiency of the CRISPR-Cas9 knock-down strategy, we extracted the
gDNA from ten different tadpoles that have been injected to knock-down xtr-miR-204-1.
We then performed a PCR using the same conditions as before and ran the ten samples
individually (along with a negative control, a tadpole injected with the Cas9 protein, but
without any gRNAs). The result was that all the injected tadpoles displayed a certain
degree of deletion, showing that the knock-down strategy works for all the injected

tadpoles, but not with the same level of mosaicism (Fig. 24B, bottom).

Finally, we quantified the number of embryos that displayed the four different eye
phenotypes (coloboma of the choroid fissure, superior coloboma, microphthalmia and
anophthalmia which, from now on, will be classified as coloboma and microphthalmia)

(Fig. 24A).
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Fig. 24: Xtr-miR-204-1 knock-down. A) Bar charts that show the percentage of embryos
displaying coloboma (left) or microphthalmia (right) in control group (Cas9, n=119) and
in xtr-miR-204-1 knock-down embryos (n=150). Experiment was performed in triplicate.
**p<0.01, ***p<0.001 B) Top image shows a DNA electrophoresis on PCR products using
primers that bind outside the whole trom1 intron that hosts xtr-miR-204-1. Circled in red,
in the Cas9 lane, there is the WT band of 702nt. Circled in red, in the miR-204-1 KD lane,
there is the cleaved region of the genome, which lack xtr-miR-204-1 gene, of 420nt. On
the bottom gel, ten different embryos have been genotyped in the same way. In
comparison to the Cas9 sample (to the left), all the knocked-down embryos show the
cleaved DNA fragment (the red circles highlight the fainter bands).
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4.4 xtr-miR-204-1-5p overexpression

In order to confirm the specificity of the knock-down, and to exclude the possibility of off-
target effects of the gRNAs, we needed to perform a rescue experiment. To carry out such
an experiment, we had to inject a miRNA mimic. However, before doing that, we needed

to assess the effect of the overexpression of xtr-miR-204-1.

We injected embryos with a control miRNA mimic (cel-miR-39-3p), which should not
produce any visible phenotype, and with xtr-miR-204-1-5p. The decision of injecting the
5p arm of xtr-miR-204-1 was taken for different reasons. The first reason is that, in most
miRNAs, only the 5p strand of the mature miRNA is loaded into the RISC complex and
used in the RNA interference pathway, and it is therefore called the guide strand
(Murchison and Hannon, 2004). The second reason is because, also for this miRNA (at
least for the human homolog, hsa-miR-204/211), the strand that has been represented
the mostis the 5p. Also, in human, hsa-miR-204-5p and hsa-miR-211-5p share the same
seed sequence, therefore the same predicted targets, while the 3p strands of hsa-miR-
204 and hsa-miR-211 have different seed sequences. This suggests a conserved function
of the 5p strand (Fig. 25A). Finally, in miRbase (the miRNA database that contains all the
known miRNAs across different species) there is no mention of xtr-miR-204-1-3p. All
these clues pointed toward the choice of xtr-miR-204-1-5p as a preferred candidate to

perform the rescue experiment.

Following overexpression of xtr-miR-204-1-5p in Xenopus tropicalis tadpoles, we did not
observe any obvious phenotype, including any of the observed phenotypes for the knock-
down of xtr-miR-204-1. Specifically, of the 105 embryos injected with xtr-miR-204-5p
mimic, only 12% displayed any eye developmental disorder, similarly to the 11% of the

65 embryos in the control group (Fig. 25B).
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Fig. 25: miR-204 family conservation of the guide strand and overexpression of xtr-
miR-204-1-5p. A) Comparison of the mature miR-204 family members in Homo sapiens
(hsa-miR-204-5p and hsa-miR-211-5p) and Xenopus tropicalis (xtr-miR-204-1-5p and
xtr-miR-204-2-5p). In red there is the seed sequence, while underlined there are the
differences between the two strands. B) Effect of the overexpression of xtr-miR-204-1-5p
in Xenopus tropicalis embryos on eye development. No significant differences were
observed between the control group (injected with cel-miR-39-3p mimic) and the group
injected with xtr-miR-204-1-5p miRNA mimic.
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4.5 xtr-miR-204-1-5p rescue

Following the assessment of the effect of the overexpression of xtr-miR-204-1-5p, we
carried out the rescue experiment, in which we tested the specificity of our observed
phenotypes. In these experiments, we injected embryos with Cas9 protein and a control
miRNA mimic as a negative control, with Cas9 protein and xtr-miR-204-1 gRNAs as a
positive control, and with a mix of Cas9 protein, xtr-miR-204-1 gRNAs and xtr-miR-204-

7-5p miRNA mimic as proper rescue experiment.

On an initial assessment of the eye phenotypes, we noticed that there was a global and
significant reduction in eye phenotypes in the rescued embryos, when compared to the
knocked-down ones. However, when analysing the results in more depth, and assessing
the different phenotypes, we noticed that the rescue occurred fully for the coloboma

phenotypes, but not for the eye size phenotypes (Fig. 26A, B).

These results indicated that the observed colobomas were caused by the lack of xtr-miR-
204-1-5p. However, the impossibility of rescuing the eye size defects indicated that the
cause of such phenotypes was to be attributed to some other factor, and not to the lack

of xtr-miR-204-1-5p.

In orderto understand the reason why anophthalmias and microphthalmias could not be
rescued by using xtr-miR-204-1-5p, we had to rule out different hypothesis about the
reasons why these phenotypes occurred. We hypothesized three possible scenarios; the
first one was that xtr-miR-204-1 passenger strand, the 3p, is also involved in eye
development, and that xtr-miR-204-1-5p and xtr-miR-204-1-3p play a different role
during development. The second hypothesis is that the intron of trom1 in which xtr-miR-
204-1 is located is also involved in the regulation of some genes (likely trom1 itself), and
that might affect the growth of the eye during development. The third and last hypothesis
is that one (or both) the gRNAs used to knock-down xtr-miR-204-1 have some off-targets

that are involved in eye development.
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Fig. 26: Xtr-miR-204-1 knock-down rescued with xtr-miR-204-1-5p. A) Percentages of
embryos displaying coloboma phenotypes in the control, xtr-miR-204-1 knock-down,
and rescued groups. ***p<0.001. B) Percentages of embryos displaying microphthalmia
phenotypes in the control, xtr-miR-204-1 knock-down, and rescued groups. Control
embryos were injected with Cas9 protein and GFP mRNA, miR-204-1 knock-down were
injected with Cas9 protein, GFP mRNA, and miR-204-1 gRNAs, while miR-204-5p rescue
samples were injected with Cas9 protein, GFP mRNA, miR-204-1 gRNAs and miR-204-1-
5p miRNA mimic.
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4.6 xtr-miR-204-1-3p overexpression

To test the first hypothesis, in which the passenger strand of xtr-miR-204-1, xtr-miR-204-
1-3p, plays a role in eye development, we performed a rescue experiment exclusively
using xtr-miR-204-1-3p. Unfortunately, this miRNA has not been annotated in Xenopus
(only the guide strand has, so far, been annotated). Because of that, we had to design a

custom miRNA mimic.

To do so, we extrapolated the sequence of xtr-miR-204-1-3p using the sequence of xtr-
pre-miR-204-1 and predicted the sequence of the passenger strand. To confirm this
analysis, we also blasted the sequence of xtr-miR-204-1-3p that we generated with the
human homologous: hsa-miR-211-3p. As a result, we obtained an almost perfect match
(only one nucleotide of difference between the two mature miRNAs, and not in the seed
sequence, meaning that the predicted targets of these miRNAs should be the same (Fig.

27A).

Another interesting point that we could extrapolate is that, if the seed sequence is
conserved among species, then this miRNA is probably playing some sort of biological
role. In fact, the conservation of the passenger strand of xtr-miR-204-1 is even higher
than the conservation of the guide strand. If we compare the sequences of hsa-miR-211-
5p with the sequence of xtr-miR-204-1-5p we can notice that there are two nucleotides
that are different. Also in this case, these differences do notfall within the seed sequence

of the miRNA (Fig. 27A).

Once we obtained the sequence of xtr-miR-204-1-3p, we overexpressed it in order to
have possible information about the effect of this miRNA, before proceeding with the
actual rescue experiment. We noted that overexpression of xtr-miR-204-1-3p did
produce an eye phenotype. In particular, we observed a significant increase of embryos
with colobomas and even more embryos displaying microphthalmia, in comparison to
the control group (Fig. 27B). From this conclusion we could say that the passenger strand
of xtr-miR-204-1 might be playing a role in controlling eye development during Xenopus

embryogenesis.
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Xtr-204-1-5p TTCCCTTTGTCATCCTATGCCT
Hsa-211-5p TTCCCTTTGTCATCCTTCGCCT

Xtr-204-1-3p GCAGGGACAGCARAGGGATGC
Hsa-211-3p GCAGGGACAGCAAAGGGGTGC
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Fig. 27: miR-204 family conservation of the passenger strand and overexpression of
xtr-miR-204-1-3p. A) Comparison of the mature miR-204 family members between
Homo sapiens and Xenopus tropicalis. Top, the guide strands of both species (hsa-miR-
211-5p and xtr-miR-204-1-5p) are compared with each other. Bottom, the passenger
strands of both species (hsa-miR-211-3p and xtr-miR-204-1-3p) are compared with
each other. In red there are the seed sequences, while underlined there are the
differences between the two strands. B) Effect of the overexpression of xtr-miR-204-1-
3p in Xenopus tropicalis embryos on eye development. Significant differences were
observed between the control group (injected with cel-miR-39-3p mimic) and the
experimental group, injected with xtr-miR-204-1-3p, for both coloboma phenotypes (bar
chart on the left) and microphthalmia (bar chart on the right). *p<0.05, ***p<0.001.
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4.7 xtr-miR-204-1-3p rescue

Once we assessed the effect of the overexpression of xtr-miR-204-1-3p on its own, we
proceeded with the rescue experiment. For this experiment we used four different
groups: a Control (injected with Cas9 protein, control mimic, and Gfp mRNA) and two
positive controls, overexpression (injected with xtr-miR-204-1-3p mimic, and Gfp mRNA)
and knock-down (injected with Cas9 protein, gRNAs to knock-down xtr-miR-204-1, and
Gfp mRNA). For the actual experiment, we used the two following groups: Control +
knock-down (injected with Cas9 protein, gRNAs to knock-down xtr-miR-204-1, control
mimic, and Gfp mRNA) and Rescue (injected with Cas9 protein, gRNAs to knock-down
xtr-miR-204-1, xtr-miR-204-1-3p mimic, and Gfp mRNA).

The reason for the use of the first group (Control) was to have a baseline for the second
and third group (Overexpression and Knock-down), which were then used as a technical
control. They were proving that all the reagents and the injections per se were working.
The last two groups, Control + Knock-down and Rescue, were the actual experiment. In
the first group (Control + Knock-down), we were supposed to see the microphthalmia
and coloboma phenotypes, while in the second group (Rescue), we were expecting to

see less microphthalmia phenotypes, in comparison to the previous one.

When we analysed the data taking into account only for the coloboma phenotypes, we
did not see any in the group where xtr-miR-204-1-3p was overexpressed (as expected
from the experiment in section 4.6, Fig. 27B). We also observed a significant increase of
colobomas in the knock-down group (also expected, because of the previous
experiments), a further increase in the Control + Knock-down group, and a non-

significant reduction in the rescued group (Fig. 28A).

On the other hand, what we observed while taking into account only the microphthalmia
phenotypes, was an increased number of embryos displaying such phenotypes in the
knock-down group, and a non-significant trend for the rescue in comparison to the
control group; a further increase in these phenotypes for the fourth group, in which the
knock-down was performed together with the overexpression of the control mimic, and
a complete rescue of microphthalmia in the rescued group, whose numbers dropped

down to the level of the control group (Fig. 28B).
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Overall, these dataindicate that the rescue experiment using the passenger strand of xtr-
miR-204-1 is working. It also indicates that, while xtr-miR-204-1-5p is involved in the

coloboma phenotypes, xtr-miR-204-1-3p is involved in different biological processes,

which include the growth of the eye.
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Fig. 28: Xtr-miR-204-1 knock-down rescued with xtr-miR-204-1-3p. A) Percentages of
embryos displaying coloboma phenotypes in the groups: Control, xtr-miR-204-1-3p
overexpression, xtr-miR-204-1 knock-down, xtr-miR-204-1 knock-down rescued with the
control mimic (cel-miR-39-3p), and rescued with xtr-miR-204-1-3p mimic. B)
Percentages of embryos displaying microphthalmia phenotypes in Control, xtr-miR-204-
1-3p overexpression, xtr-miR-204-1 knock-down, xtr-miR-204-1 knock-down rescued
with the control mimic (cel-miR-39-3p) and rescued with xtr-miR-204-1-3p mimic
groups. **p<0.01, ***p<0.001.
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4.8 sgRNA individually injected

To further confirm that the observed eye phenotype was due to loss the of xtr-miR-204-
1-3p and not to any gRNAs off-target, we analysed in silico the possible off targets of the
gRNAs that have been used for the knock-down experiments. We searched in
CRISPRScan the off targets of the two gRNAs using Xenopus tropicalis as the species and
two number of mismatches. Using these settings, we could not identify any predicted off-

target in any protein coding gene (including UTRs or introns).

Therefore, we decided to extend the search using three possible mismatches. Using this
setting, the number of off-targets increased (as predicted). However, none of those new

off-targets fell into coding genes.

Failing to find any possible off-target using the in silico approach, we decided to test the
efficacy of our gRNAs by injecting them individually. The idea is that, if at least one of the
gRNAs was producing the observed phenotypes, we would have been able to see it even

without using both gRNAs at once.

The experiment was performed injecting a total of four groups: a negative control group
injected with Cas9 protein and Gfp mRNA, a positive control injected with Cas9 protein,
both gRNAs (Fw1/Rv1) and Gfp mRNA, and the two experimental groups, injected with
Cas9 protein, Gfp mRNA, and either gRNA Fw1, or gRNA Rv1.

The data shows how the effect of a single gRNA injection does not produce any increase
in the eye phenotypes, in comparison to the Cas9 control. On the contrary, as expected,
the injection of both gRNAs produced anincrease in coloboma and microphthalmia. This
experiment indicates that the observed eye developmental defects are likely due to the

knock-down of xtr-miR-204-1, rather than to off-targets of the gRNAs (Fig. 29A, B).
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Fig. 29: Assessment of the effect of the gRNAs individually injected. A) Percentages
of embryos displaying coloboma phenotypes when injected with Cas9 protein alone,
with the gRNA Fw1 alone, with the gRNA Rv1 alone, and with a combination of Fw1 and
Rv1, which is what it is used to knock-down xtr-miR-204-1. ***p<0.001. B) Percentages
of the embryos displaying microphthalmia phenotypes when injected with Cas9 protein
alone, with the gRNA Fw1 alone, with the gRNA Rv1 alone, and with a combination of Fw1
and Rv1, which is what it is used to knock-down xtr-miR-204-1. ***p<0.001.

4.9 Trom1 knock-down

In order to determine the specificity of the observed phenotype, we had to perform one
last control experiment. As mentioned in the introduction of this chapter, xtr-miR-204-1
is located within an intron of the gene trom7. The CRISPR/Cas9 approach that we were
using to knock-down this miRNA is removing its whole genomic locus, which correspond

to almost half of this intron.

Sometimes, introns of protein coding genes can regulate the expression of its host gene
(Rose, 2018). This means that, potentially, the loss of part of the intron that hosts xtr-miR-
204-1 could cause a downregulation of trom1, and this loss of trom7 could be the cause
of coloboma or microphthalmia, or both. In humans, TRPM1 is not involved in either
coloboma or microphthalmia, but mutations in this gene are known to cause congenital
stationary night blindness (Tsang and Sharma, 2018). However, Trpm1 in Xenopus might
be playing a different and unknown developmental role. therefore we needed to assess
the effect of trom1 knock-down in Xenopus, without affecting the expression of xtr-miR-

204-1.
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Since mirtrons are processed as introns in the nucleus of the cell, we decided to use an
ATG-morpholino, which is able to block the translation of a target gene by binding to the
ATG of the mRNA of such gene and, therefore, sterically blocking the ribosomal complex
(Timme-Laragy et al., 2012). This entire phenomenon occurs when the mRNA is in the
cytoplasm, while splicing occurs when the mRNA is still in the nucleus. Therefore, by
using an ATG morpholino, the splicing of trom7 mRNA (and, by extension, the expression
of xtr-miR-204-1) should occur normally. Since trpm1 has two transcription starting site
(in both Xenopus tropicalis and Homo sapiens), we decided to design two morpholinos,
one for each transcript variant, and to inject both of them at the same time in Xenopus
tropicalis embryos, along with a control group, injected with a control morpholino that is

not predicted to have any target.

The limitation of this experiment is that we could not test the effectiveness of the two
morpholinos in knocking-down of trpm1. This is because the ATG morpholino do not
impact on the mRNA level of the targeted gene, and there are no tested antibodies for
Xenopus Trpm1 that could have been used for Western blot. Because of this, we used
the highest recommended concentration of morpholino for Xenopus tropicalis embryos

(40ng/embryo).

From this experiment, we show that the knock-down of both trom7 isoforms in Xenopus

tropicalis do not produce any visible eye developmental defect (Fig. 30A, B).
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Fig. 30: Assessment of the effect of trom7 knock-down. A) Percentages of the embryos
displaying coloboma phenotypes when injected with control morpholino, or with the
combination of trom71 morpholinos. B) Percentages of the embryos displaying
microphthalmia phenotypes when injected with control morpholino, or with the
combination of trom17 morpholinos.

In summary, we have described how lack of the whole xtr-miR-204-1 gene is able to
trigger severe eye phenotypes, shown as defects in the growth of the eye
(microphthalmia and anophthalmia), and defects in the closure of the choroid fissure
(shown as coloboma of the choroid fissure and superior colobomas). We have also
shown that the annotated guide strand of xtr-miR-204-1 (xtr-miR-204-1-5p) is
responsible for the coloboma phenotypes, and that the overexpression of this miRNA
does not affect the development of the eye in a critical manner, as shown by the
overexpression experiment. On the other hand, we have seen that xtr-miR-204-3p (the
annotated passenger strand) is responsible for the eye growth phenotypes, and that the
sole overexpression of this miRNA is capable of inducing such phenotypes in the

developing tadpoles.
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Chapter 5: The effect of xtr-miR-204-1 knock-down

While it is important to identify the phenotype that the loss of the gene of interest
produces, as well as the tissues in which this gene is expressed, it is equally important
to understand which genes are affected by the deregulation of this gene in order to
understand the mechanism underlying the phenotypes. This concept is even more
crucial when the subject of the investigation is a regulator of gene expression, such as a

transcription factor or, in this specific case, a miRNA.

For this project, we decided to investigate some of the genes that might be impacted by
the absence of xtr-miR-204-1 both directly and indirectly. To do so, we investigated the
expression of genes that are important during the development of the eye, including NC-
specific genes (such as snai2 or sox10). Some of these genes are computationally
predicted to be direct targets of xtr-miR-204-1, while others were selected because of
their known role in human eye developmental disorders, specifically coloboma and

microphthalmia.

In the specific case of xtr-miR-204-1, the number of computationally predicted targets
for the guide strand (xtr-miR-204-1-5p) is relatively low when using the online tool
TargetScan8.0 (791 transcripts, using Homo sapiens genomic annotations). On the other
hand, the number of predicted targets for hsa-miR-204-1-3p, the passenger strand, is too
high to be considered reliable (5753 total transcripts). Therefore, we decided to consider

only the targets of hsa-miR-204-1-5p for the decision of which genes to investigate.
5.1 Expanding known gene regulatory networks with miRNAs

In past years, new and more comprehensive gene regulatory networks have been
published with respect to NC development. However, these networks are mostly
composed of protein-coding transcription factors, and not many other regulatory

elements, such as miRNAs, have been included.

The investigation on the genes that are directly and indirectly affected by the expression
of xtr-miR-204-1 is important not only to expand our general knowledge of the GRN of the
eye and the NCCs but also to pinpoint the important role that these RNA species play

during development.
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By proving the importance of xtr-miR-204-1 in the regulation of the development of the

eye, we also wanted to further prove that miRNAs play a central role in development.

5.2 Effect of xtr-miR-204-1 knock-down on selected predicted targets expressed in

the developing eye

To better understand the role of xtr-miR-204-1 during eye development, we decided to
perform WISH experiments on tadpoles that have been previously knocked-down for xtr-
miR-204-1 on one side only. Given the high number of predicted targets (791 predicted
targets, using TargetScan 8.0), we shortlisted the ones that are known to be expressed in
the developing eye, where we know that xtr-miR-204-1 is also expressed. What we
expected to observe was an increased expression level of these genes in the developing

eye of these animals.

The genes that we shortlisted and that are presented here are sox4, tfap2a, tfap23, hmx1

and vax2.

5.2.1 Sox4 expression in WT embryos and xtr-miR-204-1 knock-down embryos

SOX4 is a gene that encodes for an SRY-related HMG-box protein, which acts as a
transcription factor that plays a fundamental role during embryonic development. In
particular, SOX4 is involved in the regulation of neurogenesis, where it directs the
differentiation of neural progenitor cells to specific neuronal subtypes (Bergsland et al.,

20086).

Given its role in embryo development, it is no surprise that, in the adult organism, it has
been implicated in cancer biology. Specifically, it has been observed that SOX4 can play
arole in cell proliferation, survival and invasion of cancer cells. However, SOX4 can play
a role as tumour suppressor or as an oncogene according to the specific type of cancer
(Liu et al., 2021a; Moreno, 2020). This might be due to the fact that SOX4 protein activity

is tightly regulated by post-translational acetylation (Jang et al., 2015).

The reason why this gene has been selected for investigation following xtr-miR-204-1 KD
is because it is a predicted target of this miRNA. Also, its expression partially overlaps
with the expression pattern of xtr-miR-204-1/2-5p RNA. However, human mutations in

this gene have not been associated with any eye developmental defects.
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In our control experiments, the expression of sox4 has been observed in neural and
neural-derived tissues, mainly in the anterior part of the head, which might indicate
forebrain, midbrain and sensory placode expression. Following xtr-miR-204-1 KD, we did
not observe any appreciable variation in the expression of this gene in the injected side
of the embryo, neither as expression intensity nor as expression pattern (Fig. 31). This
data might indicates that either xtr-miR-204-1 does not regulate the expression of sox4
inthe developing Xenopus tropicalis embryos, or that this gene is indeed regulated by the
miR-204/211 family, but from xtr-miR-204-2, which is mainly expressed in neural tissues.
Since our experimental procedure targets specifically xtr-miR-204-1, we are not able to
investigate the potential regulation between xtr-miR-204-2 and sox4 by using our

CRISPR-Cas9 knock-down strategy.

Non-injected Injected

Sox4

NF38

Fig. 31: Expression of sox4 mRNA following xtr-miR-204-1 knock-down. Representative
xtr-miR-204-1 knocked-down embryo, at stage NF38, imaged from the non-injected side
(left) and injected side (right). No obvious differences have been observed between the
knock-down and wild type sides of the injected embryos.

5.2.2 Tfap?a expression in WT embryos and xtr-miR-204-1 knock-down embryos

Tfap2a (Transcription Factor AP-2 Alpha), is a key gene that plays many roles in various
biological processes. It belongs to the AP-2 family of transcription factors, which are

essential regulators of gene expression in development and differentiation.

The effects of TFAP2ain the modulation of gene expression ranges from cell proliferation,

apoptosis, migration and, importantly, differentiation.

Duringembryonic development, TFAP2a plays a crucialrole inthe NC development, from

its induction to the differentiation to different derivatives (Chambers et al., 2019; Liu et
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al., 2007; Seberg et al., 2017). However, it has been shown that TFAP2a is also expressed

in the epidermis and mammary glands (Bakiri et al., 2015; Smits et al., 2023).

Alterations in TFAP2a expression levels have been linked to developmental disorders,
including craniofacial anomalies and neural tube defects (Dixon et al., 2011; Schorle et

al., 1996).

Beyond development, TFAP2a continues to exert its influence in tissue homeostasis and
disease. In the context of cancer, TFAP2a has been found to exhibit both tumour-
suppressive and oncogenic properties depending on the cellular context and tumour
type. In some cancers, such as breast and prostate cancer, TFAP2a functions as a
tumour suppressor. Interestingly, in NC-derived cancers, such as melanoma and
neuroblastoma, TFAP2a can promote tumour progression by enhancing cell survival,

invasion, and angiogenesis (Jin et al., 2023).

The reason why this gene was selected for further analysis is because TFAP2a is a
predicted target of hsa-miR-204/211-5p and involved in the Branchio-oculo-facial
syndrome (BOFS). Among other signs, BOFS patients can also display coloboma in their
phenotypes. Furthermore, it plays an important role during NC development, and
because of its expression pattern in Xenopus tropicalis, which appears to be at the level
of the optic cup at tailbud stage. In particular, the expression of tfap2a is higher in the
branchial arches, in the trigeminal nerve, in the presumptive lens, pronephric duct, and

several structures of the head (Fig. 32A).

Following xtr-miR-204-1 knock-down, we observed a disrupted expression patternin the
microinjected side in specific regions of the embryos. In fact, the expression pattern on
thefirstthree branchial arches was disrupted and the expression in the presumptive lens
reduced in almost half of the injected embryos (41%, n=37)(Fig. 32B, C), while the control
group displayed different expression only in 9.1% of the examined embryos (n=33). From
these data, we can conclude that xtr-miR-204-1 is regulating the expression of tfap2a
(either directly or indirectly) and that the effect of xtr-miR-204-1 knock-down on the
developing embryos might be, at least in part, associated with an aberrant expression of

tfap2a.
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Fig. 32: Effect of loss of xtr-miR-204-1 on tfap2a mRNA expression. A) Wild type
expression of tfap2a on tailbud embryos (stage NF30, left picture) and tadpole embryos
(stage NF39, right picture). It is possible to see the expression of tfap2a in cranial and
trunk NC, in the presumptive lens field, and in the pronephric duct, but notin the head of
the pronephros. The expression becomes more generalised in the head at tadpole stage.
B) Representative xtr-miR-204-1 knocked-down embryo, at stage NF31, imaged from the
non-injected side (left) and injected side (right). The expression of tfap2a is disrupted in
the first branchial arches and in the trigeminal nerve, while reduced in the presumptive
lens and in the pronephric tubule, compared to the non-injected side of the embryo. C)
Percentage of embryos that show a disrupted expression of tfap2a on the injected side
in control or xtr-miR-204-1 knock-down. ***p<0.001.

111



5.2.3 Tfap2b expression in WT embryos and xtr-miR-204-1 knock-down embryos

TFAP2B (Transcription Factor AP-2 Beta), is another member of the AP-2 family of
transcription factors with diverse roles in cellular processes. Like TFAP2a, TFAP2B
functions as a transcriptional activator or repressor, regulating the expression of target

genes involved in various biological pathways.

In embryonic development, TFAP2B plays critical roles in the formation of multiple
tissues and organs, including the cardiovascular system and NC derivatives. It regulates
the expression of genes necessary for the differentiation and patterning of these tissues,
ensuring proper morphogenesis and organogenesis (Raap et al., 2021). TFAP2B is
particularly crucial for heart development, where it is involved in the specification of

cardiac progenitor cells and the regulation of cardiac gene expression (Zhao et al., 2011).

The dysregulation of TFAP2S expression has been implicated in various human diseases.
Alterations in TFAP2B expression levels have been associated with developmental
disorders, including congenital heart defects and craniofacial abnormalities (Massaad
et al., 2019; Zhao et al., 2011). Also, similar to TFAP2q, also TFAP2B is a computationally
predicted target of hsa-miR-204/211-5p. Finally, TFAP23 is also known for its dual role in
cancer biology, playing as a tumour-suppressor in various type of cancer, but acting as

an oncogene in NC-derived cancers (Fu et al., 2019; Jin et al., 2023).

With a similar expression pattern to tfap2a, tfap2f is also expressed in the presumptive
lens, hindbrain, midbrain and midbrain/forebrain boundary, branchial arches and
pronephros. However, while the expression of tfap2a is stronger in the first three
branchial arches and in the pronephric tubule, tfap2 expression in these tissues is very
different: the pronephric expression is restricted to the head of the pronephros. In the
branchial arches, the expression of tfap2pis limited to the fourth, fifth and sixth branchial
arches, while at later stages of developmentitis possible to see some stainingin aregion
posterior to the head, and ventral to the pronephric kidney, which we suggest as part of

the cardiac outflow tract (Fig. 33A).

Surprisingly, following knock-down of xtr-miR-204-1, we observed no changes in the
expression patter of this gene in the head region. The only observed phenotype in 4 of the

33 analysed embryos was a reduction of the expression in the head of the pronephric
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kidney. From this experiment, we could conclude that, at leastin Xenopus tropicalis, xtr-

miR-204-1 is not likely to be regulating tfap2f in the examined stages of development

(Fig. 33B).
A B
*»
R
|
[
[ ‘ \ .
BA ‘
PT oT
NF30 NF39
B Non-injected Injected
-
=
2

NF31

Fig. 33: Effect of loss of xtr-miR-204-1 on tfap2B mRNA expression. A) Wild type
expression of tfap2 on tailbud embryos (stage NF30, left picture) and tadpole embryos
(stage NF39, right picture). It is possible to see the expression of tfap2f in cranial and
trunk NC, in the presumptive lens field, and in the head of the pronephros, but notin the
pronephric duct, differently from the pattern of tfap2a. Different is also the expressionin
the branchial arches, which is stronger in the fourth, fifth and sixth, while for tfap2a the
main expression is seen on the first three branchial arches (Fig. 33A). At tadpole stage,
the expression in the head becomes less specific, while some specific staining appears
posteriorly to the head and ventrally to the head of the pronephric kidney, which we
suggest as part of the cardiac outflow tract (red arrowhead). B) Representative xtr-miR-
204-1 knocked-down embryo, at stage NF31, imaged from the non-injected side (left)
and injected side (right). No obvious differences in the expression of tfap2 have been
observed between the knock-down and wild type sides of the injected embryos. Figure
legend: BA; branchial arches; PT, pronephric tubule; OT; outflow tract.
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5.2.4 Hmx1 expression in WT embryos and xtr-miR-204-1 knock-down embryos

HMX1 gene, also known as NKX5.3, belongs to the homeobox family of genes. These
genes play crucial roles in embryonic development by regulating the formation of body
structures and organs. Specifically, HMXT is involved in the development of various
tissues and organs, including the eye, inner ear, and craniofacial structures (Kelly and El-

Hodiri, 2016).

An important role of this gene during embryonic development involves eye development.
In fact, mutations in HMX1 have been linked to a condition known as oculo-auricular
syndrome (OCACS), which is characterized by abnormalities affecting the eyes, ears
and, to a minor extent, of the palate. These abnormalities can range from mild to severe
and may include underdevelopment or malformation of the eye structures, such as the

retina, iris, or optic nerve (Gillespie et al., 2015).

This gene is expressed in very specific cells during development. At early tailbud stage
(NF31) the expression is localised in the otic vesicle, trigeminal nerve and around the
presumptive lens. Later during development this gene is also expressed in the Schwann
cell precursors and ventrally to the head of the pronephric kidney, in a region that we

suggest might be within the lung buds. (Fig. 34A).

Hmx1 has been selected because it is a computationally predicted target of hsa-miR-
204/211-5p. Also, the phenotype of xtr-miR-204-1 knock-down in Xenopus tropicalis

embryos matches really well with the phenotypes that characterise OCACS patients.

Indeed, following knock-down of xtr-miR-204-1, we observed an altered expression of
hmx1 between the injected and uninjected sides of the embryos. In particular, we
observed in 41% of the embryos an expanded expression of hmx7 in the region of the
choroid fissure, in comparison to just 3% of the control group. In 31% of the embryos we
observed a significantly expanded expression in the trigeminal nerve, in comparison to
the 13% of the control group. And in 20% of the observed embryos we see an altered
expression on the otic vesicle, compared to the 3% of the control group (knock-down

n=29, control n=38) (Fig. 34B-F).
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Fig. 34: Effect of loss of xtr-miR-204-1 on hmx1 mRNA expression. A) Wild type
expression of hmx1 on tailbud embryos (stage NF31, left picture) and tadpole embryos
(stage NF41, right picture). It is possible to see the expression of hmx7 around the
presumptive lens field, in the trigeminal nerve and around the otic vesicle. At later stages
of development, expression of hmx1 is visible in the Schwann cell precursors and in a
region ventral to the head of the pronephric kidney, which we suggest as part of the lung
buds (red arrowheads). B) Representative xtr-miR-204-1 knocked-down embryo, at stage
NF31, imaged from the non-injected side (left) and injected side (right), showing the
reduced expression of hmx7 mRNA in the otic vesicle and expanded expression of hmx1
in the choroid fissure (red arrowheads). C) Representative xtr-miR-204-1 knocked-down
embryo, at stage NF41, imaged from the non-injected side (left) and injected side (right).
We observed an increased thickness of the trigeminal ganglia staining of hmx7 mRNA
(red arrowhead). D, E, F) Percentage of embryos that show expression of hmx1 in the
choroid fissure, disrupted expression of hmx7 in the otic vesicle and expanded
expression of hmx1 staining in the trigeminal nerve, in comparison to the non-injected
side of the embryos. G) Head magnification of the tadpole illustrated in B). **p<0.01,
***n<0.001. Figure legend: T, trigeminal nerve; OV, otic vesicle; SCP, Schwann cells
precursors; LB, lung buds.

5.2.5 Vax2 expression in WT embryos and xtr-miR-204-1 knock-down embryos

VAX2 (Ventral Anterior Homeobox 2) plays a crucial role in embryonic development,
particularly in the formation of the CNS. It belongs to the family of homeobox genes,
which encode transcription factors that regulate the expression of other genes involved
in development. VAX2 is specifically involved in the development of the eye and the

forebrain.

One of the primary functions of VAX2 is its role in specifying the dorsoventral patterning
of the retina during early embryonic development. VAX2 helps to determine the identity
of retinal cells, ensuring that they develop into the appropriate cell types necessary for

proper vision (Barbieri et al., 1999).

VAX2 is expressed in specific regions of the developing eye, including the optic vesicle
and the optic cup (Kim and Lemke, 2006)(Fig. 35A). Its expression is tightly regulated and
is influenced by other signalling molecules and transcription factors. Through a complex
interplay of genetic interactions, VAX2 helps to establish the precise spatial organization
of retinal cell types, such as retinal ganglion cells, amacrine cells, and bipolar cells (Mui

et al., 2002).
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Mutations or dysregulation of VAX2 can lead to developmental abnormalities in the eye
and brain. For example, Vax2 inactivation in mice may result in defects in retinal

patterning, which will lead to coloboma of the eye (Barbieri et al., 2002).

This gene was selected for analysis following knock-down of xtr-miR-204-1 because of
two reasons: firstly, VAX2 is a computationally predicted target of hsa-miR-204/211-5p.
Furthermore, it was selected because the observed deregulation of tbx5 (Fig. 40), which
is specifically expressed in the dorsal region of the eye. Because of that, we wanted to
investigate whether xtr-miR-204-1 can also play a role in the dorso-ventral patterning of
the retinal cells. All of these reasons made of vax2 an excellent candidate to investigate

the gene regulatory network of xtr-miR-204-1.

As predicted by the bioinformatical analysis, from our preliminary data about the
expression of vax2 mRNA, we observed increased expression of this gene in the region of
the choroid fissure, but not in other areas of the RPE, in 40% of the analysed embryos

(n=15) (Fig. 35B, C).

However, this data was collected from a single xtr-miR-204-1 knock-down experiment,

and should be considered accordingly.
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Fig. 35: Effect of loss of xtr-miR-204-1 on vax2 mRNA expression. A) Wild type
expression of vax2 on tailbud embryos (stage NF28, left picture and stage NF33 to the
right). It is possible to appreciate the expression of vax2 in the ventral side of the optic cup.
B-C) Representative xtr-miR-204-1 knocked-down embryo, at stage NF28, imaged from
the non-injected side (left) and injected side (right). The expression of vax2 is stronger in
the optic cup of the injected side of the embryo, in particular in the region of the eye where
the choroid fissure will form (red arrowhead), when compared to the non-injected side of
the embryo. D) Percentage of embryos that show an expansion on the expression of vax2
on the injected side in control or xtr-miR-204-1 knock-down.
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5.3 Effect of xtr-miR-204-1 knock-down on the expression of genes that playarolein

eye development

Given the striking eye phenotypes observed on Xenopus tropicalis tadpoles following xtr-
miR-204-1 knock-down, we decided to investigate the expression of some key regulators

of eye development in such condition.

The genes presented here are not predicted targets of xtr-miR-204-1 and, therefore, we
could not predict in advance what effect the knock-down of this gene could produce on

their expression.

The genes that we selected for this part of the project are trom1, pax6, sox2, tyr, tbx5 and

pax2.

5.3.1 Trom1 expression in WT embryos and xtr-miR-204-1 knock-down embryos

TRPM1 (Transient Receptor Potential Cation Channel Melastatin 1) proteinis encoded by
the TRPM1 gene. This is a non-selective cation channel primarily expressed in the adult
retina and melanocytes. In the retina, it is expressed in the ON bipolar cells, which form
synapses with either cones orrods. When there is low light coming from the environment,
glutamate is released, and activates mGluR6 which will, in turn, close the TRPM1

channel, preventing the influx of sodium and calciumin the cell, and keeping it polarised.

On the other hand, when there is enough light in the environment, glutamate is not
released, mGIluR6 is not active, and cannot close TRPM1. This will lead to influx of

sodium and calcium in the cells, and to its depolarisation.

This mechanism of light response in which TRPM1 operates is important for night vision,
and it is therefore not surprising that mutations in TRPM1 can lead to stationary night

blindness (Chubanov et al., 2024).

By trying to identify genes that might be regulated by xtr-miR-204-1, one of the first genes
that we decided to assess was trom71. The choice fell on this gene for two distinct
reasons; the first one is that TRPM1 can heterodimerise with TRPM3, which has been
proven to be targeted by hsa-miR-204-5p (xtr-miR-204-2-5p, in Xenopus) (Huang et al.,
2020). Since xtr-miR-204-1-5p and xtr-miR-204-2-5p share the same sequence, and are

both expressed in the RPE, this means that xtr-miR-204-1-5p has the same potential to
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target trom3. If this is true, it means that in absence of this miRNA, trom3 might be
overexpressed, and an excess of TRPM3 might promote the repression of its partner,

TRPM1.

The second reason why we chose this gene is because it is not uncommon for a mirtron
to regulate to some extent the expression of its host gene (Salim et al., 2022), as in the

case of hsa-miR-204 and trpm3 (Shiels, 2020).

Trom1 is not a predicted target of xtr-miR-204-1-5p since there are no binding sites in its
3’UTR for this miRNA. Therefore, in case of deregulation of this miRNA, any variation in
the expression of trpm1 could be attributed to some indirect effect, or to the loss of the

intron caused by our CRISPR-Cas9 knock-down experiment.

In this case, following knock-down of xtr-miR-204-1, we observed a reduction in both
intensity and area of expression of trom7 expression in the RPE. This happened in 50% of
the injected embryos (n=36), while in only 7% of the control embryos there was a mild
reduction of the expression of this gene on the injected side (n=28) (Fig. 36). This result
might indicate that, even in those tadpoles where microphthalmia is not present, knock-

down of xtr-miR-204-1 might result in vison defects caused by downregulation of trom7.

It is interesting how the expression of trom1 positively correlates with the expression of
its mirtron, xtr-miR-204-1, and it definitely needs further investigation to understand the

feedback underlying this regulation.
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Fig. 36: Effect of loss of xtr-miR-204-1 on trpom1 mRNA expression. A) Dorsal view of
representative xtr-miR-204-1 knocked-down embryo, at stage NF39. Both intensity and
extension of the expression of trpom17 is reduced in the knocked-down side of the embryo,
when compared to the control. B) Percentage of embryos that show a reduced
expression of trom1 on the injected side in control or xtr-miR-204-1 knock-down.
***p<0.001.

5.3.2 Pax6 expression in WT embryos and xtr-miR-204-1 knock-down embryos

PAX6 (Paired Box 6) is a crucial gene that plays a fundamental role in embryonic
development, particularly in the development of the eyes and central nervous system
(CNS). This gene encodes for a transcription factor, PAX6, which is often referred as a

master regulator of eye development.

One of the most striking aspects of PAX6 is its evolutionary conservation—it is found in a
wide range of organisms, from fruit flies to humans, indicating its critical role in
development across species. During embryonic development, PAX6 is expressed in
specific regions that give rise to the eyes and CNS. It plays a pivotal role in the formation
of the optic vesicle, which later develops into the retina, and the lens placode, which
gives rise to the lens of the eye (Wawersik et al., 2000). Its expression, on its own, can

drive the formation of ectopic eyes in permissive tissues (Chow et al., 1999).
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In the CNS, PAX6 is essential for the development of the forebrain, including structures
such as the cerebral cortex, hippocampus, and olfactory bulb. It regulates the
proliferation and differentiation of neural progenitor cells, which give rise to different
types of neurons and glial cells. PAX6 also plays a role in establishing regional identity
within the developing brain, helping to define the boundaries between different brain

regions.

In humans, mutations in the PAX6 gene have been linked to various eye disorders,
including aniridia, and Peters anomaly, which involves abnormalities in the cornea and

lens (Lima Cunha et al., 2019).

The choice of this gene as potentially involved in xtr-miR-204-1 gene regulatory network
was driven by the fact that PAX6 is one of the most important genes involved in eye
development, even though this gene is not a computationally predicted target of hsa-

miR-204/211-5p.

Indeed, following knock-down of xtr-miR-204-1, the expression of pax6 was reduced in
the injected side, compared to the uninjected side of the same embryo, in 32% of the
analysed tadpoles (n=37). This was significantly higher than the control group, in which
only 5% of the embryos showed a reduced expression between injected and uninjected
side (n=41) (Fig. 37). From these results, we could conclude that the reduction of the
expression of xtr-miR-204-1 can indirectly impact on the expression levels of pax6

mRNA.
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Fig. 37: Effect of loss of xtr-miR-204-1 on pax6é mRNA expression. A) Representative
xtr-miR-204-1 knocked-down embryo, at stage NF35, imaged from the non-injected side
(left) and injected side (right), showing the reduced expression of pax6 mRNA. It is
possible to observe a global reduction of pax6 expression in the developing eye (red
arrowhead). B) Representative xtr-miR-204-1 knocked-down embryo imaged from the
dorsal side, which has been knocked-down on the right side. There is a clear reduction
of the expression of pax6 mMRNA expression on the injected side, in comparison to the
non-injected side. This reduction is particularly evident in the optic cup (red arrowhead).
C) Percentage of embryos that show a reduced expression of pax6 in the optic cup in the
injected side, in comparison to the non-injected side of the embryos. ***p<0.001. Figure
legend: OV, optic vesicle.

5.3.3 Sox2 expression in WT embryos and xtr-miR-204-1 knock-down embryos

SOX2 (SRY-box 2), is a crucial gene that plays a fundamental role in embryonic
development and stem cell pluripotency. It belongs to the Sox family of transcription
factors, which are characterized by a conserved high-mobility group DNA-binding

domain.

SOX2 was first identified as a gene involved in the determination of cell fate in the
developing embryo (Uwanogho et al., 1995). It is highly expressed in embryonic stem
cells (ESCs) and plays a central role in maintaining their pluripotent state. Along with

OCT4, NANOG, and KLF5, SOX2 forms a regulatory network that controls the expression
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of genes responsible for maintaining pluripotency while repressing differentiation-
related genes. This network is essential for the self-renewal and differentiation

capabilities of embryonic stem cells (Takahashi and Yamanaka, 2006).

Additionally, SOX2 is involved in the development of various tissues and organs
throughout the body, including the nervous system, eyes, and inner ear (Feng and Wen,

2015).

Mutations or dysregulation of SOX2 expression have been associated with
developmental disorders such as anophthalmia, microphthalmia, and other craniofacial
abnormalities (Williamson et al., 1993). Furthermore, SOX2 expression has been found
to be dysregulated in various types of cancer, including lung cancer, breast cancer, and
glioblastoma. In cancer cells, SOX2 can promote tumour growth, invasion, and

metastasis (Wuebben and Rizzino, 2017).

Because of its role in the nervous system and eye development, this gene has been
selected for further investigation following knock-down of xtr-miR-204-1. However, this
gene is not a computationally predicted target of this miRNA, and it is not supposed to
be expressed in the same cell type as xtr-miR-204-1 (Ward et al., 2018). Therefore, if
present, any alteration in the expression pattern of this gene would likely be attributed to

indirect effects.

In fact, following knock-down of xtr-miR-204-1, we did not observed any visible changes
inthe expression pattern or levels of sox70 mRNA in any of the 24 observed tadpoles (Fig.
38). This indicates that the observed phenotypes of microphthalmia and anophthalmia
are likely attributed to the deregulation of other genes.

Non-injected Injected

Sox2

A

Fig. 38: Expression of sox2 mRNA following xtr-miR-204-1 knock-down. Representative
xtr-miR-204-1 knocked-down embryo, at stage NF27, imaged from the non-injected side
(left) and injected side (right). No obvious differences have been observed in the
expression pattern of sox2 between the knock-down and wild type sides of the injected
embryos.
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5.3.4 Tyr expression in WT embryos and xtr-miR-204-1 knock-down embryos

TYR (tyrosinase) is a critical enzyme involved in melanin biosynthesis, which plays a
crucial role in determining the coloration of skin, hair, and eyes in humans and other
animals. This enzyme catalyses two key reactions in the melanin synthesis pathway: the
hydroxylation of the amino acid tyrosine to form L-DOPA (3,4-dihydroxyphenylalanine),
and the subsequent oxidation of L-DOPA to form dopaquinone. These reactions are
essential steps in the production of both eumelanin and pheomelanin, the two main

types of melanin found in humans (Snyman et al., 2024).

Mutations in the TYR can lead to various forms of oculocutaneous albinism, a group of
disorders characterized by a reduction or absence of melanin pigment in the skin, hair,
and eyes. Individuals with oculocutaneous albinism typically display fair skin, light-
coloured hair, and light-sensitive eyes, along with visual impairments due to abnormal
development of the retina and optic nerve (Dolinska et al., 2014; Marcon and Maia, 2019).
Furthermore, abnormalities in tyrosinase activity have been associated with various skin
conditions, including vitiligo, a disorder characterized by the loss of melanocytes and
depigmented patches on the skin (Jin et al., 2010). Evidence suggests that tyrosinase
may play a role in regulating immune responses, as it is expressed in certain immune
cells and has been shown to modulate the production of inflammatory mediators

(Montagna et al., 2020).

The reason why this gene was selected for investigation in the context of xtr-miR-204-1
knock-down is because TYR is co-expressed with TRPM1, and is also one of the known
targets of MITF (Goding and Arnheiter, 2019). Its expression in WT embryos is in the

melanocytes and in the RPE of the eye.

Following knock-down of xtr-miR-204-1, we did not observe any visible de-regulation in
either melanocyte or in the RPE (Fig. 39). From this experiment we can conclude that, at
least in Xenopus tropicalis, the expression of tyr is not dependent on the expression of

xtr-miR-204-1.
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Fig. 39: Expression of tyr mRNA following xtr-miR-204-1 knock-down. Representative
xtr-miR-204-1 knocked-down embryo, at stage NF38, imaged from the non-injected side
(left) and injected side (right). No obvious differences have been observed in the
expression patter of tyr between the knock-down and wild type sides of the injected
embryos.

5.3.5 Tbx5 expression in WT embryos and xtr-miR-204-1 knock-down embryos

TBX5 (T-box transcription factor 5) is a crucial gene that plays a pivotalrole in embryonic
development, particularly in the formation of limbs and the heart. It belongs to the T-box
gene family, which encodes transcription factors involved in the regulation of
developmental processes. This gene is highly conserved among species, including frogs
and humans. Its expression pattern is tightly regulated both spatially and temporally

during embryogenesis.

In limb development, TBX5 is responsible for specifying the anterior-posterior axis and
initiating the formation of forelimbs in vertebrates (Agarwal et al., 2003). Moreover, TBX5
is a key regulator of cardiac morphogenesis, influencing the differentiation and
patterning of various cardiac structures during embryonic development. Itis particularly
vital for the development of the atria and left ventricle. Mutations in TBX5 have been
associated with congenital heart diseases, including atrial and ventricular septal defects

(Steimle and Moskowitz, 2017).

Other than its role in limb and heart development, TBX5 is also involved in the
development of the eye, and in particular in the morphological and topographical
development of the retina. This gene is, in fact, expressed in the dorsal region of the optic
cup and, at later stages of development, in the dorsal side of the retina, other than in the

heart field (Fig. 40A). It is important to note that deregulation of TBX5 can induce a
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dorsalisation of the ventral side of the eye, leading to deregulation of ventral markers,

such as PAX2 and VAX2 (Barbieri et al., 2002).

This gene has been selected to investigation following xtr-miR-204-1 knock-down since
we were interested in knowing if the dorso-ventral axes of the developing eye would have
been affected. Indeed, what we observed was that, at later stages of development, 41%
(n=29) of the analysed embryos displayed a mild expanded expression of tbx5 in the eye.
This was significantly more than in the control group, in which only 10% (n=29) of the
embryos displayed a different expression of this gene between the two developing eyes

(Fig. 40B, C).

>

1
X
8 o
HF NF28 NF39
B N°“'ini°9tf§$_ Injected C Tbx5
RN G Fkk
b 45
40
- ~ 35
30
. & 25
20
2 fd D> o
=

10
| . 1l
0
Control n=29 miR-204-KD n=29
- NF39 ;

Fig. 40: Effect of loss of xtr-miR-204-1 on tbx5 mRNA expression. A) Wild type
expression of tbx5 on tailbud embryos (stage NF28, left picture) and tadpole embryos
(stage NF39, right picture). It is possible to see the expression of thx5 in the heart field
and on the dorsal side of the optic cup, attailbud stage. At tadpole stages, the expression
of tbx5 is consistently in the heart field and in the dorsal side of the RPE. B) Detail of the
head of a representative xtr-miR-204-1 knocked-down embryo, at stage NF39, imaged
from the non-injected side (left) and injected side (right). The expression of tbx5 extends
from the dorsal side of the RPE to the ventral side (red arrowheads), compared to the
non-injected side of the embryo. C) Percentage of embryos that show an expansion on
the expression of tbx5 on the injected side in control or xtr-miR-204-1 knock-down.
***n<0.001. Figure legend: DE, dorsal eye; HF, heart field.
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5.3.6 Pax2 expression in WT embryos and xtr-miR-204-1 knock-down embryos

PAX2 (Paired Box Gene 2), belongs to the PAX gene family, which encodes a group of
transcription factors that are vital for the development of multicellular organisms. These
genes are highly conserved across species, indicating their fundamental role in
evolutionary biology. PAX2 is primarily involved in the development of several organs
during embryogenesis, including the CNS, kidneys, eyes, and ears. It regulates the
expression of numerous target genes involved in various cellular processes such as

proliferation, differentiation, and apoptosis.

Inthe embryonic kidney, PAX2 is expressed in the intermediate mesoderm, where it plays
a pivotal role in the formation of the pronephric duct, which later gives rise to the entire
urinary system (Eccles et al., 2002). PAX2 mutations or dysregulation can lead to severe

renal abnormalities, such as renal hypoplasia or agenesis (Dressler and Woolf, 1999).

PAX2is also crucial for the development of the eye, particularly the formation of the optic
nerve, retina, and lens. It regulates the expression of genes involved in eye
morphogenesis and differentiation of retinal cell types. Mutations in PAX2 can cause

ocular malformations like coloboma (Bower et al., 2012).

During neuraltube development, PAX2 is expressed in specific regions of the CNS, where
it regulates the differentiation of neurons and glial cells. In fact, disruption of PAX2 might
lead to neurodevelopmental disorders such as autism spectrum disorder, seizures, and

intellectual disabilities (Lv et al., 2021).

The key role of PAX2 in the development of the eye, together with its overlapping
expression with xtr-miR-204-3p made pax2 an excellent candidate to investigate the role
of xtr-miR-204-1 during Xenopus development. Indeed, what we observed from our
preliminary data was a general downregulation of pax2 mRNA expression in all the
tissues where this gene is expressed. This include the otic vesicle in 33% of the analysed
embryos, in the optic cup in 14% of the embryos, and in the pronephric kidney in 14% of
the analysed embryos (n=15 for early tailbud stages, and n=6 for tadpole stages) (Fig.
41B, C).
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Similarly to the vax2 experiment (paragraph 5.1.14), these are preliminary data that were
obtained by a single xtr-miR-204-1 knock-down experiment, and should be confirmed by

increasing the number of observations.
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Fig. 41: Effect of loss of xtr-miR-204-1 on pax2 mRNA expression. A) Wild type
expression of pax2 on tailbud (stage NF30, left picture) and tadpole embryos (stage
NF38, right picture). Itis possible to appreciate the expression of pax2 in the ventral side
of the optic cup, in the neural tube, in the otic vesicle, in the midbrain-hindbrain
boundary (MHB) and in the pronephric kidney (red arrowheads) across both
developmental stages. B) Representative xtr-miR-204-1 knocked-down embryo, at stage
NF29, imaged from the non-injected side (left) and injected side (right). The expression
of pax2 is reduced in the optic cup of the injected side of the embryo, as well as in the
MHB, in the otic vesicle and in the pronephric kidney (red arrowheads), when compared
to the non-injected side of the embryo. C-E) Percentage of embryos that show a reduced
expression of pax2 on the injected side in control or xtr-miR-204-1 knock-down in the otic
vesicle, optic vesicle and in the MHB. Figure legend: OV, otic vesicle; MHB, midbrain-
hindbrain boundary; VE, ventral eye; PK, pronephric kidney; NT, neural tube.
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5.4 Effect of xtr-miR-204-1 knock-down on the expression of NC specifiers

Since xtr-miR-204-1 was selected from a list of miRNAs that were computationally
predicted to be expressed and important during NC development, we decided to test this
theory by analysing the expression of two key regulators of NC development, sox70 and

shaiZ.

These two genes, sox70 and snai2, were selected aside from tfap2a and tfap2pB, also
known for their role during NC development, since the last two were also
computationally predicted to be targets of xtr-miR-204-1, and we decided to test more
NC-specific genes that might also be affected by the lack of this miRNA, even though in

anindirect manner.

What we expected from these experiments was a negative effect on the expression of
these genes on one or more NC derivatives, at the investigated stages of development,

likely the eye or the melanocytes, where we know from literature that trom17 is expressed.

5.4.1 Sox10 expression in WT embryos and xtr-miR-204-1 knock-down embryos

SOX10 (SRY-box 10), encodes a transcription factor that is crucial for the development
of the NC. SOX70 is expressed in NCCs and is essential for their survival, proliferation,
migration, and differentiation into different cell types, including glial cells and

melanocytes (Pingault et al., 2022).

In the nervous system, SOX10 is involved in the development of several structures,
including the peripheral nervous system (PNS) and enteric nervous system (ENS). It
regulates the expression of genes involved in the differentiation of Schwann cells, which

are crucial for the myelination of peripheral nerves (Bondurand and Sham, 2013).

SOX10 also plays a pivotal role in the development of melanocytes, which are

responsible for skin, hair, and eye pigmentation (Marathe et al., 2017).

Mutations in SOX70 can lead to disorders such as Waardenburg syndrome and
Hirschsprung disease. Waardenburg syndrome is a genetic disorder characterized by
hearing loss and pigmentary abnormalities of the hair, skin, and eyes. Some individuals
with Waardenburg syndrome may experience abnormalities in the development of the

inner ear, leading to hearing loss (Bertani-Torres et al., 2023). Hirschsprung disease, also
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known as congenital aganglionic megacolon, is characterized by the absence of
innervation in the colon, resulting in severe constipation or intestinal obstruction

(Lotfollahzadeh et al., 2021).

Sox10 was chosen as potentially involved in xtr-miR-204-1 GRN because of its pivotal
role in NC development. Also, since SOX170 is co-expressed with TRPM1 and hsa-miR-
211 in the melanocytes and, with xtr-miR-204-1 in the otic vesicle, they might regulate

each other in one of these tissues.

After knock-down of xtr-miR-204-1, we were able to observe only a mild reduction in the
expression of sox70 in the branchial arches and in the otic vesicle in 36% of the injected
embryos at earlier stages of development (n=45) (Fig. 42A). However, at later stages of
development, we observed a severe loss of sox70 expression in the melanocytes on the
injected side of the embryos, which occurred on 48% of the injected embryos (n=31). This
was significantly higher than in the control embryos, where we were not able to observe

any significant reduction in any of them (n=39) (Fig. 42B).
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Fig. 42: Effect of loss of xtr-miR-204-1 on sox70 mRNA expression. A) Representative xtr-
miR-204-1 knocked-down embryo, at stage NF26, imaged from the non-injected side (left)
and injected side (right), showing the reduced expression of sox70 mRNA in the branchial
arches (red arrowhead). B) Representative xtr-miR-204-1 knocked-down embryo, at stage
NF38, imaged from the non-injected side (left) and injected side (right), showing the
reduced expression of sox70 mRNA in the melanocytes population (red arrowhead). C-D)
Percentage of embryos that show a reduced expression of sox70 in the branchial arches in
the injected side of stage NF26 embryos, and reduced expression of sox70 in the population
of melanocytes, in comparison to the non-injected side of the embryos. **p<0.01,
***p<0.001.
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5.4.2 Snai2 expression in WT embryos and xtr-miR-204-1 knock-down embryos

SNAI2, previously known as SLUG, is a member of the Snail family of zinc finger
transcription factors, which include SNA/7, SNAI2 and SNAI3. It plays a crucial role in
various biological processes, particularly in embryonic development, tissue

differentiation, and cancer progression.

One of the primary functions of SNAI2 is its involvement in the EMT, a process by which
epithelial cells lose their characteristics and acquire properties of mesenchymal cells.

EMT is crucial during embryonic development for NCCs migration (Nieto et al., 2016).

In embryonic development, SNAI2 is mainly expressed in the developing NC, where it
regulates cell migration and differentiation. SNAI2 regulates the delamination and
migration of NCCs from the neural tube, which is essential for their proper distribution

and differentiation during development (Shi et al., 2011).

In cancer biology, SNAI2 is often upregulated in various types of cancers, including
breast, lung, colon, and prostate cancers. Its overexpression correlates with advanced
tumour stage, metastasis, and poor patient prognosis. As in development, in cancer
cells, SNAI2 promotes EMT by repressing the expression of epithelial markers while
inducing the expression of mesenchymal markers. This phenotypic switch enhances

cancer cell motility, and invasiveness (Alves et al., 2018).

SNAI2 is often used as a marker for NC development, and its expression correlates well
with the expression of SOX70 (Li et al., 2019b). For this reason, snai2 has been selected

for further investigation following xtr-miR-204-1 knock-down.

Similarly to sox70 expression, following xtr-miR-204-1 knock-down the main effect on the
expression pattern of snai2 was a partial to complete loss of expression in the
melanocytic population, which we observed in 27% of the injected embryos (n=27), and

that we did not observed in any of the control embryos (n=30) (Fig. 43).

This data, combined with the results of sox70 expression, indicate that xtr-miR-204-1
plays animportantrole in melanocyte development. This role mightinclude the terminal
differentiation of melanocytes. However, further studies need to be carried out in order

to investigate the exact mechanism underlying this process, especially considering that
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the expression of tyr and the number of melanocytes in knocked-down tadpoles seem to

be unaltered (Fig. 39).
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Fig. 43: Effect of loss of xtr-miR-204-1 on snai2 mRNA expression. A) Representative
xtr-miR-204-1 knocked-down embryo, at stage NF39, imaged from the non-injected side
(left) and injected side (right), showing the reduced expression of snai2 mRNA. It is
possible to observe a reduction of snai2 expression in the population of melanocytes,
when comparing to the non-injected side of the embryo (red arrowhead). B) Percentage
of embryos that show a reduced expression of snai2 in the population of melanocytes of
the injected side, in comparison to the non-injected side of the embryos. **p<0.01.

5.5 Effect of xtr-miR-204-1 knock-down on the expression of selected predicted

targets expressed in the pronephric kidney

Since we observed expression of xtr-miR-204-1 in the pronephric kidney, and also a
variation in the expression of pax2 in this organ following knock-down of this miRNA, we

speculated that it might be playing a role in the pronephric kidney as well.

Because of this, we decided to investigate if xtr-miR-204-1 might be regulating the

expression of some predicted direct targets also in this organ.

To do so, we shortlisted from the list of computationally predicted targets of xtr-miR-204-
1 obtained using TargetScan 8.0 two genes that are known from the literature to be
expressed in the pronephros as well. Therefore, we decided to use cox5a and ndrg3,

which answer all these criteria.
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5.5.1 Cox5a expression in WT embryos and xtr-miR-204-1 knock-down embryos

COX5a (Cytochrome C Oxidase Subunit 5a) is the terminal enzyme of the respiratory
chain, and for this reason is mainly expressed in the inner membrane of the
mitochondria. This step requires a multiprotein complex that includes 13 subunits (Moe
et al., 2023). The metabolic function of the respiratory chain is to produce ATP, after

glycolysis and the Krebs cycle (Haddad and Mohiuddin, 2024).

Given the important role in providing cells with energy, it is no surprise that this gene is
highly expressed in different tissues. However, by checking the expression of this gene
by WISH at tadpole stage, it is possible to appreciate some tissues where this gene is
upregulated in comparison to the rest of the embryo. These tissues include several

regions of the head, somites, and the pronephric kidney (Fig. 44A).

Loss of function of this protein can result in a wide range of phenotypes, from mild
hypotonia and mild muscle weakness to more severe conditions in which also heart,

brain and liver are heavily affected.

The reason why this gene was selected is because, by using bioinformatical tools, its
transcript is one of the most likely to be targeted by hsa-miR-204-5p (within the top 10
predicted targets). Also, the expression pattern partially overlaps with the expression of
xtr-miR-204-1-3p, with respect to the pronephric and head staining, meaning that these

two genes are potentially expressed together (Fig. 44A).

Following cox5a WISH on knock-down embryos, we did not observed an obvious
increase/expansion of the expression of this gene in the head region, in comparison to
the uninjected side. However, in 31% of the observed embryos (n=35), we observed an
increase in the staining in the pronephric kidney (in both glomerulus and tubule). This
increase was significantly different from the control embryos, in which only in 8% (n=36)
there was a difference in the expression level between the injected and uninjected side

(Fig. 44B, C).

This datais consistent with the fact that COX5a is a predicted target of hsa-miR-204/211-
5p, and with the fact that xtr-miR-204-1-3p WISH stains the pronephros and pronephric

duct (Fig. 44). It will be interesting to investigate if the regulation of cox5a in the
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developing pronephros operated by xtr-miR-204-1-5p plays a functional role in the
correct development of this organ. Also, further investigation is needed to assess if, in
the absence of xtr-mir-204-1, cox5a is upregulated because of a direct interaction with

the miRNA, or because of a secondary effect.
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Fig. 44: Effect of loss of xtr-miR-204-1 on cox5a mRNA expression. A) Wild type
expression of cox5a (left) and xtr-miR-204-1-3p (right) on stage NF41 embryos. As
indicated by the red arrowheads, the expression is stronger in the somites, pronephric
kidney and duct, and in the branchial arches for both genes. B) Representative xtr-miR-
204-1 knocked-down embryo, at stage NF41, imaged from the non-injected side (left)
and injected side (right). The expression in the branchial arches, somites and pronephros
is stronger in the injected side, in comparison to the non-injected side of the same
embryo. C) Percentage of embryos that show an increased expression of cox5a on the
injected side in control or xtr-miR-204-1 knock-down. ***p<0. Figure legend: BA,
branchial arches; PD, pronephric duct; PT, pronephric tubule; S, somites.
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5.5.2 Ndrg3 expression in WT embryos and xtr-miR-204-1 knock-down embryos

NDRG3 (N-Myc Downstream-Regulated Gene 3 Protein) belongs to a family of proteins
thatincludes four members: NDRG1, NDRG2, NDRG3 and NDRGA4. This family of protein

belongs to the hydrolases superfamily.

Not much is known about the specific role of this gene during development. However,
several studies pinpointed the role of NDRGS3 in cancer. In particular, it has been
observed that high levels of NDRGS3 positively correlates with reduced apoptosis and
increased proliferation and migration in gastric cancer and, therefore with poor
prognosis of patients with this type of cancer (Jing et al., 2018; Liu et al., 2021b; Wang et
al., 2023).

Even though the expression of the ndrg genes has been already assessed in several
animal models, including Xenopus tropicalis, during embryo development (Zhong et al.,
2015) the precise, functional role of these genes in development still needs to be

elucidated.

The reason why this gene has been selected for further investigation in the xtr-miR-204-
1 knock-down embryos is because it is one of the most promising direct targets of hsa-
miR-204/211-5p according to bioinformatical tools (TargetScan8.0, MiRanda, DIANA).
Also, the expression of this gene partially overlaps with the expression pattern observed
for xtr-miR-204-1-3p assessed by WISH. In particular, at later stages of development
(stage NF 41), itis possible to see expression of this gene in the head region, particularly

in the RPE, in the somites, and in the pronephros (Fig. 45A).

Indeed, in xtr-miR-204-1 knock-down embryos, the expression of ndrg3 was significantly
increased in the injected then in the non-injected side in 45% of the analysed embryos
(n=31) inthe pronephric kidney and ductin comparison to the control group (6.9%, n=29)
(Fig. 45B, C). This increase, however, was not as strong as the signal that we observed for

the expression of cox5a in the pronephric kidney area (Fig. 44B).
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Fig. 45: Effect of loss of xtr-miR-204-1 on ndrg3 mRNA expression. A) Wild type
expression of ndrg3 (left) and xtr-miR-204-1-3p (right) on stage NF41 embryos. As
indicated by the red arrowheads, the expressionis strongerin the pronephric kidney and
duct for both genes. B) Representative xtr-miR-204-1 knocked-down embryo, at stage
NF39, imaged from the non-injected side (left) and injected side (right). The expression
in the pronephros is stronger, and the duct longer in the injected side, in comparison to
the non-injected side of the same embryo. C) Percentage of embryos that show an
increased expression of ndrg3 on the injected side in control or xtr-miR-204-1 knock-
down. ***p<0.001. Figure legend: PD, pronephric duct; PT, pronephric tubule.
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Chapter 6: General discussion and concluding remarks

Increasing evidence has shown how miRNAs can play a central role during
embryogenesis both in physiological and pathological contexts. Studies from our lab
have shown that the correct development of the NC is also relying on miRNAs (Antonaci
and Wheeler, 2022; Godden et al., 2022; Ward et al., 2018). However, to date, the full
extent of the role that these molecules play during NC development have not been fully

explored.

In this study, we used Xenopus tropicalis as a model organism in order to identify miRNAs
that play a role during NC development. We had two main reasons to carry out this
project. Our first goal was more addressed to expanding our general knowledge of the
biology of the NC. Most of the previously published NC-GRNs lack regulatory elements
other than protein-coding transcription factors. However, increasing evidence is
highlighting the fact that development is more complex than that. There are many
elements in the cell, other than protein-coding transcription factors, which have the

potential to regulate gene expression. Such elements include miRNAs.

Given this, itwill never be possible to generate an extensive and comprehensive NC-GRN
without including these other factors, and having a complete NC-GRN will help us in

better understanding the biology of the NC.

This leads to the second main point of this study. As mentioned before, problems arising
during NC development can lead to pathological conditions. A better understanding on
how the NC works can provide us with better tools to promptly identify such pathologies,
to provide people affected with better care, and provide more information on the origin

of these conditions to families of those involved, and information on how to handle them.

As the project progressed, we identified several miRNAs of interest using a combination
of bioinformatical and in vivo tools. This preliminary analysis led to the finding of several
potential and unexpected candidates, such as xtr-miR-10b and xtr-miR-208, as well as a

longer list of miRNAs that still need to be tested (Chapter 3, Fig. 14).

Eventually, the study led to an investigating the role of xtr-miR-204-1, the less known

member of the miR-204 family, during embryogenesis. The extensive study of this miRNA

139



shed light to its role in regulating some of the genes that are essential for eye and NC
development, such as pax6 and tfap2, but also on some genes involved in melanocytes

development, such as sox70 and snaiZ2.

However, what is probably the most exciting finding that this project led us to, is the fact
that xtr-mR-204-1 might be playing a dual role in the context of the development of the
eye: one that is carried out by its annotated guide strand, xtr-miR-204-1-5p, and one
carried out by its passenger strand, which has not been annotated in Xenopus, as of yet,
xtr-miR-204-1-3p. While the guide strand might be involved in the closure of the choroid
fissure inthe eye, and its lack leads to coloboma phenotypes (a hypothesis reinforced by
previous literature as well, (Avellino et al., 2013)), lack of the passenger strand seems to
be involved in the growth of the eye during development, and its lack can lead to

microphthalmia and anophthalmia.

Evidence that the passenger strand might play a biological role has previously been
observed in particular physio- and pathological contexts, such as cancer, also in the
case of hsa-miR-211-3p (Ma et al., 2019; Xu et al., 2017). However, to the best of our
knowledge, this is the first time such behaviour has been observed on a miRNA in the

context of embryo development.
6.1 Micro RNAs during embryogenesis

Thereisincreasing evidence that miRNAs play afundamentalrole during embryogenesis.
However, our knowledge of such translational regulation is still far from matching what
we know about protein-coding genes. Therefore, part of this project has aimed at filling
this gap. In doing so, by using a combination of bioinformatical and literature
approaches, we shortlisted eighteen miRNAs that might be of potential interest, from a
NC development point of view. These included miRNAs: nov-miR-12a, xtr-miR-10b, xtr-
miR-21/590, xtr-miR-23, xtr-miR-24, xtr-miR-99/100, xtr-miR-130b/c, xtr-miR-132/212,
xtr-miR-139, xtr-miR-143, xtr-miR-145, xtr-miR-147b, xtr-miR-187, xtr-miR-194, xtr-miR-
202, xtr-miR-204-1, xtr-miR-208, xtr-miR-210, xtr-miR-217, xtr-miR-218-2, xtr-miR-338-3,
xtr-miR-425, xtr-miR-455, and xtr-miR-499a.

These miRNAs were found independently from the ones already described in the

literature as involved in NC development and in NCPs (Antonaci and Wheeler, 2022).
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These miRNAs include miR-2719 and miR-196a, which have previously been described in
our lab as important for the correct development of Xenopus’NC development (Godden
et al., 2022). The miRNAs that have been described from the literature are shown in Fig.
21, where different steps of NC development are highlighted in the squared boxes,

starting from induction, ranging to the differentiation into various derivatives.

The presence in this list of some of these miRNAs was quite unexpected, since they have
not previously been associated with NC biology. One miRNA in particular, miR-208,
caught our attention since it’s an established cardiac-specific miRNA in the adult
organism (Zhao et al., 2020). In particular, it is a well-known biomarker to test cardiac
damage (Ji et al., 2009). Despite its extensive medical use, not much was known about
the role that it plays during embryogenesis. Of course, the fact that this miRNA flagged
up as potentially involved in NC development could have been caused by the presence

of false positives in the bioinformatical approach.

In order to test this, we had to perform in vivo analysis on developing embryos. However,
only some of them were eventually tested in vivo in Xenopus as part of this project. These
miRNAs were xtr-miR-10b, xtr-miR-208, xtr-miR-218-2, and xtr-miR-204-1. Among these,
for the first three we performed a simple loss-of-function and phenotypic analysis
experiment, while for xtr-miR-204-1 we carried out an extensive analysis which include
rescue experiments, several controls, as well as analysis of genes that are potentially

regulated by the levels of xtr-miR-204-1.

Concerning xtr-miR-10b, we observed interesting NC-specific phenotypes, which
included both craniofacial malformations and changes in the shape of the melanocytes.
Unfortunately, after the version of Xenopus tropicalis genome was updated (from V9.0 to
V10.0), we saw that xtr-miR-10b genomic locus falls within the same transcript of hoxd4,
specifically in its 5° UTR. Because of the nature of our CRISPR/Cas9 knock-down
experiment, which removes the entire genomic locus that hosts the miRNA gene, we
could not exclude the fact that the observed phenotypes were partially, or even

completely, caused by the loss of an important regulatory element in hoxd4 mRNA.

Considering that miR-10 family includes three members in Xenopus tropicalis (xtr-

10a/b/c) which possess almost the same sequence, morpholinos could target the other
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isoforms as well. Also, a possible rescue experiment to test the specificity of the
morpholino would also rescue any of the other miR-10 family member, since the seed

sequence is exactly the same among all the three of them (Fig. 46).

This leads to another possible strategy with respect to investigating the role of xtr-miR-
10b only, reducing to the minimum the effect on hoxd4 or to any of the other miR-10
family members. This possibility includes the direct mutagenesis of the seed sequence
of xtr-miR-10b-5p and xtr-miR-10b-3p only, leaving intact everything else in the genome.
This way, the 5’ UTR of hoxd4 would have only a maximum of 16bp mutated (8bp for each

seed sequence).

Using this strategy, we would still face the problem of the choice of which seed sequence
to insert, instead of the ones of xtr-miR-10b. The first possible answer is the seed
sequence of our control miRNA: cel-miR-39-3p. From our rescue experiments we already
know that the overexpression of this miRNA does not cause any visible phenotype in
Xenopus embryos. However, this is not necessarly true for cel-miR-39-5p. We have
conducted no experiments on this miRNA therefore, before using it for such experiment,
it would be necessary to perform an overexpression experiment to determine the effect

of this miRNA during Xenopus embryogenesis.

Ideally, to test such an effect, it could be possible to injectin Xenopus tropicalis embryos
the pri-xtr-miR-10b with the mutated seed sequences (cel-miR-39-3p and cel-miR-39-
3p), and observe if this synthetic miRNA causes any visible phenotype. If not, it would be
likely that any visible phenotype on embryos that have been genetically modified to lose
the wild-type seed sequence of xtr-miR-10b would be due to the loss of xtr-miR-10b

itself, and not to any other effect on xtr-miR-10a/b or hoxd4.
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Xtr-miR-10a-5p UACCCUGUAGAUCCGAAUUUGUG
Xtr-miR-10b-5p UACCCUGUAGAACCGAAUUUGU
Xtr-miR-10c-5p CACCCUGUAGAAUCGAAUUUGU

Fig. 46: Members of the miR-10 family in Xenopus tropicalis. Sequence of the mature
miRNAs belonging to the miR-10 family in Xenopus tropicalis. In red, there is the seed
sequence while, underlined, there are the different nucleotides. It is possible to
appreciate that most nucleotides are identical within the three members, and the seed
sequence (and, by extension, the possible targets) is exactly the same.

Xtr-miR-208 was one of the most interesting miRNAs that was flagged up in the
bioinformatic approach, which identified miRNAs that have an enriched pool of
craniosynostosis-associated genes thatis higherthan expected (see 3.2). Reason for this
include the fact that this miRNA has always been associated with cardiac biology (Zhao
et al., 2020). It’s locus in the genome, within an intron of myh6 gene, which encodes for

a cardiac muscle myosin subunit, is closely related to the cardiac physiology.

For this reason, we were very interested in studying the role that this miRNA plays during
embryo development, considering that not much is known about the role of this miRNA,
especially in the context of developmental biology. To date, there are 119 articles on
PubMed shown when the key word,“miR-208”, is used and almost all of them are
addressed to cardiac failure, cancer, or hiPSCs reprogramming to cardiac myocytes.

None of the articles talk about a role for this miRNA during embryogenesis.

However, from the LNA-WISH data using xtr-miR-208-5p probe, we observed an early
expression of this miRNA in Xenopus tropicalis tailbuds, which starts being visible
around stage NF28, indicating that this miRNA is expressed very early in development
(Chapter 3, Fig. 20A). It was interesting to observe extension defects on Xenopus
tadpoles (Chapter 3, Fig. 20), and these defects are likely to be attributed to problems
during the elongation of the musculature. This highlights a likely involvement of this

miRNA in the development of tissues that are different from the heart itself.

For the aim of this thesis, however, the lack of NC-specific phenotypes was a reason to
stop pursuing the investigation of the biological role of miR-208 during development. This

result might be explained by the presence of false-positives within the results of the
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bioinformatical analysis. This does not mean that this miRNA is not worth to be studied
in the context of embryogenesis. On the contrary, the observation of such a striking
phenotype should be further investigated. In fact, many of the congenital muscular
dystrophies do not have any molecular diagnosis, and studying miR-208 biology might

help filling this knowledge gap.

Xtr-miR-218-2 is localised inside an intron if the slit3 gene. This gene is part of the
SLIT/ROBO pathway, which has been associated with axon guidance and neurogenesis
(Rothberg et al., 1988). However, this pathway has been more recently associated with
kidney and heart development (Fan et al., 2012; Medioni et al., 2010). However, since this
miRNA was one of the most specific from the NC-induced Xenopus animal caps
produced by Dr Ward in our laboratory (Ward et al., 2018), we decided to pursue the

phenotypic analysis of this miRNA.

Indeed, the observed edema, following xtr-miR-218-2 knock-down experiment was
definitely singular and unexpected. Confirmation of such phenotype following rescue
experiment would definitely highlight a novel role for this miRNA during embryogenesis.
This function would fit with the role of the SLIT/ROBO pathway during (at least)
nephrogenesis. However, similarly to xtr-miR-208 knock-down experiment, edema is not
a phenotype that is usually associated with NC developmental defects. Therefore, this

miRNA was also discarded from the possible miRNAs of interest for this study.

Of note, one of the novel miRNAs discovered by Dr Ward in her small RNA-seq analysis,
xla- miR-nov-12a1 was not considered for further analysis due to the lack of conservation
with other species, including Xenopus tropicalis. However, when we searched for the
genomic location of this novel miRNA in the genome of Xenopus laevis, we noticed that
this is also localised inside an intron of a protein coding gene, slit2. From this, we can
suggest that at least two of the three slit family genes are expressed in the NC-induced
animal caps produced by Dr Ward in our lab, and that the introns of these genes were
processed by the microprocessor complex in order to synthetise miRNAs. It is possible
that the three-dimensional shape of the intron of slit2 is recognised as a miRNA by the

microprocessor, and therefore processed accordingly (Fig. 47).
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However, from these data, we cannot tell if this miRNA is a subproduct of the processing
of this intron, or if it plays an actual biological role during Xenopus laevis development.
To clarify this, this miRNA should be further investigated in this species, which we could

not do since we have not tested our miRNA CRISPR-KD approach in Xenopus laevis.

However, since this xla-miR-nov-12a-1 is not conserved in Xenopus tropicalis, nor in
Homo sapiens we suggest that, even if this miRNA plays a role in Xenopus laevis

development, this would be specific for this species.

Fig. 47: 3-D structure of slit2 intron that hosts xla-miR-nov-12a-1. Vienna RNA-fold
structure of part of the intron that hosts xla-miR-nov-12a-1. As highlighted in the red box,
the portion of the intron that hosts this novel miRNA possess the typical hairpin shape
that is recognised by the microprocessor.

In conclusion, while most of the preliminary knock-downs of the selected miRNAs
displayed interesting phenotypes affecting Xenopus tropicalis developing embryos, only
xtr-miR-10b showed NC-specific phenotypes (craniofacial malformations and change in
the melanocytes shape), however, due to its position in the genome, within the 5’ UTR of
hoxd4, we were unable to study this miRNA with ease. The other miRNAs that were
identified throughout the bioinformatical and literature approach (nov-miR-12a, xtr-miR-
21/590, xtr-miR-23, xtr-miR-24, xtr-miR-99/100, xtr-miR-130b/c, xtr-miR-132/212, xtr-
miR-139, xtr-miR-143, xtr-miR-145, xtr-miR-147b, xtr-miR-187, xtr-miR-194, xtr-miR-202,
, Xtr-miR-210, xtr-miR-217, xtr-miR-338-3, xtr-miR-425, xtr-miR-455, and xtr-miR-499a)
should still be considered for further investigation during Xenopus tropicalis

embryogenesis.
6.2 The dual role of xtr-miR-204-1 during development

The most promising result that we observed, following knock-down of one of the selected

miRNAs, was undoubtedly the effect of loss of xtr-miR-204-1. This miRNA was selected
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for mainly two reasons: it is one of the most specific miRNAs expressed in the NC-
induced animal caps produced in our lab, by DrWard, and because of its high expression
in the adult melanocytes, which are NC-derived cells, other than in the RPE (Adijanto et

al., 2012; Ward et al., 2018).

Given the expression of this miR-211 in the adult organisms (RPE and melanocytes),
following its knock-down we predicted the first tissues where we expected an
impairment during development, were the eye, and the pigment cells. Eventually, both

these predictions came to reality, to different extents.

Firstly, we did not observe a critical reduction in the melanocyte population, nora change
in the shape of the melanocytes in the xtr-miR-204-1 knocked-down embryos. What we
observed, was a noticeable reduction in the NC markers snai2 and sox70 in these cells,
at tadpole stages. The downstream effect of the loss of these two genes in these cells

during development is still to be addressed.

The second and major phenotype that we observed was a severe effect on the
development of the eye. In particular, we observed two separate phenotypes:
colobomas and eye growth defects. These phenotypes, which we are observed in human
conditions as well, with a frequency of ~1:3000 live birth child, can both lead to loss of
vision, for different reasons. In the case of coloboma, the loss of vision can be caused by
the inability of the iris to properly contract (mydriasis) or relax (miosis) following
variations in the environmental lights. This can lead to an excess of light passing through
the pupil which can, eventually, damage the retina. In the case of microphthalmia, the
reduced size of the eye often result in a failure of the eye to extrude from the eyelid. This
can be surgically corrected. However, in some cases, the eye is still not functional

(Williamson and FitzPatrick, 2014).

Following a number of experimental controls, performed in order to confirm that the
observed phenotypes were to be attributed to the loss of xtr-miR-204-1 itself, and not to
other unpredicted variables, we came across what we can consider the most exciting

result of this project.

Following the rescue experiments (Chapter 4.5, Chapter 4.7), we noticed that the two

different phenotypes could be attributed to the two different strands (guide and
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passenger) of the mature miRNA itself, and not just to the loss of the guide strand, as we
expected. In particular, while xtr-miR-204-1-5p rescue experiment resulted in the sole
rescue of the coloboma phenotypes, we observed that xtr-miR-204-1-3p resulted in the

rescue of microphthalmia and anophthalmia phenotypes only.

From these results, we suggest that, in the context of eye development in Xenopus
tropicalis, xtr-miR-204-1-5p (guide strand) is involved in the closure of the choroid
fissure, and that loss of this miRNA may result in colobomas. On the other hand, xtr-miR-
204-1-3p (passenger strand) is involved in the growth of the eye itself, and that loss of
this miRNA (as well as its overexpression, as shown in Chapter 4.6) might result in

microphthalmia or anophthalmia.

This was quite surprising since we are not aware of any other miRNA that acts in a similar
fashion during embryogenesis. However, this does not mean that xtr-miR-204-1 is the
only miRNA whose action is dependent on both guide and passenger strands. On the
contrary, this might suggest that other miRNAs might act in ways that we, as a scientific

community, still have to elucidate.

Here, we propose a hypothesis in which both, guide and passenger strand of a miRNA
can play a functional role in the context of developmental biology, which is shown in Fig.

48.

It is still to elucidate if the action of the two strands of xtr-miR-204-1 are acting in the
same cells, or if one of the two (or both) are secreted by the cell, and used by other cell

types. Future work should be done to clarify these questions.

Another important take-home message from this work is that the effect of the loss of a
mMiRNA might cause severe phenotypes in the developing embryo and to the adult
organism. Therefore there is a question from the medical community as to whether
miRNAs could be used as a diagnostic tool. It has been shown several times in the
scientific literature that miRNA mutations can cause rare human conditions (Antonaci
and Wheeler, 2022). However, to date, little effort has been made to include miRNAs

polymorphisms in the panel to identify the genetic cause of a person’s condition.
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With this study, we also wanted to provide the scientific community with additional
evidence about the importance of the RNAi pathway in the context of pathological
conditions. We believe that it would be important to study hsa-miR-211 biology during
human eye development. The reason of this would be to include this miRNA in the

screening for the genetic cause/s of congenital eye conditions in human.

However, as mentioned before in this work, none of this knowledge might prove useful
for people living with NCPs, unless it is used by geneticists. Because of this, we would
need tools, other than the whole exome sequencing (WES) (which is, to date, the most
used tool to find genetic variants that are of medical interest). With this, we do not want
to undervalue the importance of the WES as an incredibly powerful tool to identify the

cause of human conditions, but it should be complemented with others.

Since costs for whole genome sequencing (WGS) are still too high to be able to perform
this technique on a regular base to identify pathological variants, it will be necessary to
investigate new methods to identify mutations affecting miRNAs on a genome-wide
scale. Such methods might include specific panels of sequencing, or even microarray
chips designed to cover the most important miRNA loci, in order to identify mutations in

these genes.
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Fig. 48: Proposed mechanism of action for xtr-miR-204-1. Schematic representation
of the proposed mechanism of action operated by xtr-miR-204-1 in the context of
Xenopus’ eye development. Shortly, the miRNA is transcribed and processed in the
nucleus as a normal miRNA. However, after the processing operated by Dicer in the
cytoplasm, both xtr-miR-204-1-5p and xtr-miR-204-1-3p are loaded separately into
different RISC complexes. These loaded complexes will have a different array of targets
that they will then downregulate.

6.3 Xtr-miR-204-1 GRN

While it is important to understand the importance and the role of xtr-miR-204-1 during
embryogenesis, it is equally important to determine what are the most important genes

that are regulated by this miRNA.

To answer this question, we performed an extensive analysis of the possible targets, as
well as genes that are involved in eye development, and tested their expression
level/pattern in embryos that have been unilaterally injected to knock-down xtr-mi-204-
1. The technique that we used to do so, the whole-mount in-situ hybridization (WISH), is
an excellent semiquantitative technique that allows us to determine where and when a
specific gene of interestis expressed in an embryo, by targeting the mRNA of that specific

gene.
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Alarge number of probes directed to genes of interest were synthesised and assessed in
Xenopus tropicalis, in control (injected with Cas9 protein) and knocked-down (injected
with Cas9 protein and gRNAs) embryos, in order to determine which genes might be
involved in the regulation operated my xtr-miR-204-1. By doing so, we identified several
genes whose expression was altered in the knocked-down side of the embryos, in

comparison to the uninjected side of the same embryo.

This list includes (but is not limited to) genes that are known to cause, in human, the
same phenotypes that we observed in Xenopus, linking the two species and proving,

once more, the importance of using frog in research (Table 4).

Firstly, we observed a downregulation of the master regulator of eye development, the
highly conserved transcription factor pax6. This gene is essential for early eye
development, and we observed a strong reduction of its expression, at late tailbud stage,
following knock-down of xtr-miR-204-1. It is important to note that when mutated, PAX6
can cause both coloboma and microphthalmia, in human (Wawersik et al., 2000;
Williamson and FitzPatrick, 2014). Given that the expression of pax6 was analysed in
tadpoles lacking both xtr-miR-204-1-5p (guide strand) and xtr-miR-204-1-3p (passenger
strand), itis impossible to assess which of these strands is important for the expression
of pax6. It is not to be excluded that both passenger and guide strands might be

regulating pax6 expression. To assess this, further experiments will be necessary.

Another gene whose expression was affected by loss of xtr-miR-204-1, is one of its
computationally predicted targets: tfap2a. This gene is also a key regulator of several
aspects of NC-development, from its early induction to late migration. Because of this,
it is not surprising that mutations affecting this gene can cause, in human, a syndromic
condition; the Branchio-oculo-facial syndrome (BOFS) (Jin et al., 2023; Thomeer et al.,
2010). One of the phenotypes of this syndrome is coloboma. Interestingly, we have seen
a disrupted expression of this gene, at late tadpole stage, indicating that this gene is
subjected to the regulation operated by xtr-miR-204-1 (Chapter 5, Fig. 32). What is more
interesting, is that the disruption of the expression of this gene is not limited to the optic
region, but extends to the branchial arches as well, indicating a deeper and yet
unexplored role of this miRNA during Xenopus tropicalis development. This deregulation

might have further effects on development that might be only visible later in
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development, or even in the adult frog. It is not excluded that loss of xtr-miR-204-1 might
cause, infrogs as wellas in human, a syndromic-like phenotype, but this might be visible

only by growing stable knocked-out Xenopus tropicalis lines, if viable.

Another predicted target of xtr-miR-204-1 which showed disrupted expression is another
transcription factor, hmx7. This gene, which in human is also involved in a syndrome, the
Oculo-auricular syndrome (OCACS), showed disrupted expression in the choroid
fissure, in the trigeminal nerve, as well as in the otic vesicle. Also in this case, one of the
signs of the OCACS is coloboma which is associated with a lack of closure of the choroid
fissure (Gillespie et al., 2015). This is another indication suggesting that deregulation of
xtr-miR-204-1 might be involved in syndromic phenotypes that, before metamorphosis,
cannot be visualised, apart from molecular assays such as WISH, and highlights the

importance of, in the future, generating Xenopus stable xtr-miR-204-1 knock-out lines.

Interestingly, not only genes expressed in different regions of the eye showed a different
expression, in comparison to the wild-type half of the embryo. In particular, unexpected
regions of the developing embryo, such as the otic vesicle, and even the pronephros,
showed altered expression patterns or levels. For example, the genes cox5a and ndrg3,
which are expressed in the pronephric tubule and duct, and that are both predicted
targets of xtr-miR-204-1, showed an increased mMRNA expression in this organ. This result
is in line with the fact that xtr-miR-204-1-3p has been visualised by LNA-WISH in the
pronephros (Chapter 4, Fig. 22). Also, considering that both these genes are
computationally predicted targets of xtr-miR-204-1 is a strong indicator that, at least in
the developing pronephric kidney, cox5a and ndrg3 are indeed directly targeted by xtr-
miR-204-1-5p.

On the same line, another gene which is also expressed in the pronephric kidney, pax2,
and that is not a predicted target of xtr-miR-204-1, showed a reduced expression in this
organ, in comparison to the wild-type side of the embryo. PAX2 gene is involved in the
etiopathogenesis of a rare human condition called papillorenal syndrome, or renal-
coloboma syndrome. This condition display colobomas and renal hypoplasia in people
affected by it. Interestingly, while PAX2 is the only gene that has been associated with
papillorenal syndrome, still half of the people affected do not have a molecular
diagnosis, opening the possibility on the involvement of hsa-miR-211 in the
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etiopathogenesis of this condition (Giovanella et al., 2023). However, the data produced
by analysing the expression of pax2 should be reinforced with more observations, in
order to strengthen the statistics behind it. In any case, it is a promising result that, if
confirmed, would reinforce the hypothesis that xtr-miR-204-1 is expressed and acts in

the developing kidney of Xenopus tropicalis.

Importantly, when we tried to analyse the expression pattern of NC-specific genes, such
as sox710 and snai2, we observed a deregulation of these genes. For example, the
melanocytes of the embryos that were knocked-down for xtr-miR-204-1 displayed a
severe reduction in the expression of both sox70 and snai2. This suggests that this
miRNA is also expressed in the melanocytes (probably co-transcribed along with trom1),
and that plays a role in the maturation of these cells. Itis yet to be assessed if the action
exerted by xtr-miR-204-1 in the developing melanocytes could produce pathological
phenotypes in the adult frog, like an increased chance of developing melanomas. If that
would be confirmed, then it would be useful to investigate if such action could also be

played by hsa-miR-211 in human melanocytes.

An observation that we could extrapolate, following knock-down of xtr-miR-204-1, we
have seen the deregulation of many different genes, whose mutations can produce the
same phenotype, in human (see pax6, tfap2a or hmx1, mutations of these genes can all
produce coloboma). Considering that, except for some of these markers such as sox70
in the melanocytes, we have never seen an “on/off” effect on the expression of these
genes. This suggests to us that the observed phenotypes on eye development of
knocked-down embryos is likely to be attributed to a combination of perturbations that
start with the deregulation of xtr-miR-204-1. In other words, if the binding between hmx1
mMRNA and xtr-miR-204-1-5p would be disrupted, maybe because of a mutation in the 3’
UTR of hmx1 gene, we could probably still appreciate coloboma phenotype on knocked
down tadpoles, because xtr-miR-204-1 could still bind tfap2a mRNA. This reinforces the
theory that miRNAs have to potential to regulate dozens, if not hundreds of genes within
the same cell type, but they do not have the potential to completely turn on/off the

expression of a specific gene on their own.

In conclusion, we were able to identify several genes whose expression is directly or
indirectly affected by xtr-miR-204-1. Some of these genes, such as pax6, or tfap2a have
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been directly associated with human conditions that affect the eyes. Some others, such
as cox5a and ndrg3, were expressed in tissues where we did not observe any phenotype,
up to the stage of development that we explored, but their de-regulation might be
affecting downstream developmental processes, such as the functionality of the kidneys
in the adult frog and other genes, such as snai2 and sox70, which are important for the
NC development, are downregulated in a tissue-specific context. With this study, we are
increasing our knowledge of the biology of xtr-miR-204-1 in the context of embryo

development, highlighting its several layers of regulation that extend to different tissues.

Itis also interesting to point out the fact that different pronephric markers, such as ndrg3,
cox5a and pax2 show different behaviours, with the first two being overexpressed (likely
because direct targets of xtr-miR-204-1) and the latter being downregulated. This
suggests that the organogenesis of the pronephric kidney is still occurring, however, the

functionality of it should be further investigated.
6.4 Future work

The main goal of this project was to identify novel miRNAs that are involved in different
aspects of the NC biology. Through bioinformatical approaches, we managed to shortlist
approximately twenty four potential miRNAs that answer this question. During the
course of this project, however, only four of these miRNAs were tested by performing
preliminary knock-down experiments, and only one of those four, xtr-miR-204-1 was

explored more in depth.

This leaves us with twenty miRNAs that should still be tested in Xenopus, and that might
play arole inthe NC-GRN: nov-miR-12a, xtr-miR-21/590, xtr-miR-23, xtr-miR-24, xtr-miR-
99/100, xtr-miR-130b/c, xtr-miR-132/212, xtr-miR-139, xtr-miR-143, xtr-miR-145, xtr-
miR-147b, xtr-miR-187, xtr-miR-194, xtr-miR-202, xtr-miR-210, xtr-miR-217, xtr-miR-338-
3, xtr-miR-425, xtr-miR-455, and xtr-miR-499a. In the future, it would be useful to validate
the bioinformatical analysis by assessing the role of these miRNA during NC

development.

Similarly, evenif the tissue involved is notthe NC, it would be good to assess more deeply
the three miRNAs that have been knocked down during this project: xtr-miR-10b, xtr-miR-

208 and xtr-miR-218-2. Despite the fact that the knock-down of these miRNAs did not
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produce visible NC phenotype (with the exception of xtr-miR-10b), they did produce
other unexpected phenotypes. Because of this, it might be important to validate the
preliminary experiments by carrying out several control experiments, such as rescues
with miRNA mimics, or genotyping to control the efficacy of the CRISPR-Cas9 deletion,
and then to investigate which genes are regulated, directly and indirectly, by these
miRNAs. These experiments might provide useful tools to investigate the
aetiopathogenesis of some human conditions for which there is currently no genetic

explanation.

When we move forward to xtr-miR-204-1, the miRNA that we better characterised during
this project, there are several experiments that could be performed in order to better
understand its biological functions. The first experiment that could be carried out is to
knock it down and to let the tadpoles grow after metamorphosis, and to assess the
phenotypes caused by the lack of this miRNA in the adult organism. It seems that tissues
other than the eyes are potentially affected by lack of xtr-miR-204-1. These tissues
involve melanocytes, the kidneys, otic vesicle and the first branchial arches. One might
imagine that, in the adult organism, these tissues might be affected in some ways that
are not visible while the embryos are still at tadpole stage. However, by WISH, we have
observed the deregulation of several genes involved in the etiopathogenesis of
syndromic disorders, such as tfap2a, hmx1, and pax2. It is possible that the knock-down
of xtr-miR-204-1 could produce similar phenotypes in the adult frogs, by modulating the

expression of all of these genes. (Table 4).

Gene name |Syndrome/Condition Phenotypes-excluding coloboma/microphthalmia

Hmx1 Oculoauricular syndrome Abnormal ear cartilage, microcornea, cataract

Pax2 Papillorenal syndrome Vesicoureteral reflux, renal abnormalities

Pax6 Microphthalmia, coloboma

Snai2 Waardenburg syndrome Hearing loss, lack of pigmentation

Sox10 Waardenburg syndrome Hearing loss, lack of pigmentation

Tfap2a Branchio-oculofacial syndrome Facial dysorfism, hearing loss, cleft palate

Trpm1 Congenital stationary night blindness [Night blindness, loss of sharpness, myopia, nystagmus, strabismus
Vax2 Astigmatism Astigmatism
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Table 4: Syndromes and conditions associated with mutations in the genes that are
regulated by xtr-miR-204-1. The table shows the genes that are regulated (directly or
indirectly) by xtr-miR-204-1. The third column shows the phenotypes associated with
such conditions, without including colobomas or microphthalmias. It is important to
note that not all of these sighs and symptoms have to be present at once, in order to be
diagnosed with such condition. For example, in the case of congenital stationary night
blindness, it can manifest by night blindness alone, without loss of sharpness, myopia,
nystagmus, and strabismus.

The use of stable lines might also elucidate another important aspect that, by using an
FO, cannot be assessed, which is how penetrant the observed phenotypes are. Since the
knock-downs embryos produced by using our CRISPR-Cas9 strategy are highly
heterogeneous in their mosaicism (Chapter 4, Fig. 24B), it is impossible to address this
point without further analysis. Following the knock-down experiments, we could
observe, on average, 30% of the embryos with colobomas and 15% of the embryos with
microphthalmia/anophthalmia. However, we can speculate that these percentages
would be much higher than this, if the embryos were completely knocked out for xtr-miR-
204-1. However, some conditions are not fully penetrant (incomplete penetrance). This
is usually due to compensatory mechanisms that the cells and, in general, the whole

organism uses to maintain the physiology of the body.

In this specific case, itis simple to speculate what such a mechanism might be; following
knock-out of xtr-miR-204-1, the cells might overexpress the other member of the family,
xtr-miR-204-2. In this case, the seed sequence of xtr-miR-204-1-5p is exactly the same
as the seed sequence of xtr-miR-204-2-5p, therefore, the predicted targets should be the
same, and the compensatory mechanism might allow an incomplete penetrance of the

observed phenotypes.

However, the seed sequence of xtr-miR-204-1-3p and xtr-miR-204-2-3p is not the same,
in fact, three of the eight nucleotides of the seed sequence of these two mature miRNAs
differ, which means that the predicted targets are different from each other. This can be
easily confirmed by the fact that the number of predicted targets of hsa-miR-211-3p is
4814 transcripts, while the number of predicted targets of hsa-miR-204-3p is 5753. This
simple comparison indicates a completely different set of predicted targets of these two

miRNAs (Fig. 49).
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In this study, we demonstrated that the passenger strand of xtr-miR-204-1 (xtr-miR-204-
1-3p) is indeed involved in the regulation of the eye growth during development. Without
an obvious candidate for a compensatory mechanism that could rescue the knock-out
of xtr-miR-204-1-3p it might be possible that, in a context of xtr-miR-204-1 complete
knock-out, we might observe a lower than expected number of colobomas, due to the
compensation provided by xtr-miR-204-1-5p, and a high number of microphthalmia
phenotypes, that cannot be rescued by the overexpression of xtr-miR-204-2-3p, since

this miRNA has a different sequence from xtr-miR-204-1-3p.

As a matter of fact, if xtr-miR-204-2 would be used as a compensatory mechanism to
mitigate the absence of xtr-miR-204-1, we might be able to observe some other different
phenotypes, due to the overexpression of xtr-miR-204-2-3p. This possibility arises from
the fact that the overexpression of xtr-miR-204-1-3p can, itself, induce microphthalmia
in the developing tadpoles (Chapter 4, Fig. 27B). However, these speculations should be
supported by more experiments, other than the generation of stable knock-down lines of
xtr-miR-204-1. One of such experiments could be the silencing of xtr-miR-204-2-3p by
using a morpholino approach, in the context of xtr-miR-204-1 knock-down, and a control
experiment in which only xtr-miR-204-1-3p is overexpressed by using a miRNA mimic.
These experiments would provide us with information about the compensatory

mechanism operated by xtr-miR-204-2, in case xtr-miR-204-1 is knocked down.

We could further the investigation about the effect of the guide strand and passenger
strand of xtr-miR-204-1, by performing rescue experiments with each of the mature
mMiRNAs (xtr-miR-204-2-5p or xtr-miR-204-1-3p and perform WISH to analyse the rescue
of the expression pattern of the genes investigated in “Chapter 5: Xtr-miR-204-1 Gene
Regulatory Network”. This would tell us, among all the genes whose expression is
deregulated following knock-down of xtr-miR-204-1, which are the ones controlled by xtr-

miR-204-1-5p, and which ones are controlled by xtr-miR-204-1-3p.

However, this is an incredibly laborious task, which requires doubling the number of
injections for each sample, resulting in thousands of injections, with the result of

analysing the role of the two mature miRNA strands on only about ten genes.
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There is another possibility, which will provide an incredibly higher amount of information
with less experimental effort. This would be to perform bulk RNA-seq on embryos that
have been rescued with either the guide miRNA or with the passenger miRNA. In this
context, we could have four samples, including 1) wild-type embryos, 2) xtr-miR-204-1
knock-down, 3) xtr-miR-204-1 knock-down rescued with xtr-miR-204-1-5p and 4) xtr-

miR-204-1 knock-down rescued with xtr-miR-204-1-3p.

This way, we would be able to determine, on a transcriptome level, the effect of the
absence of xtr-miR-204-1 from a developing embryo by using the comparison or wild-
type embryos with knocked-down embryos. More interestingly, we would be able to
determine the effect of the individual miRNAs (guide and passenger strand) on the
affected genes. For example, we observed, by WISH, that pax6 expression is reduced
following knock-down of xtr-miR-204-1. If, following rescue, we would observe an
increase of pax6 MRNA only on the embryos that have been rescued with xtr-mI/R-204-1-
3p, we could say thatitis the passenger strand of xtr-miR-204-1 regulating the expression
of pax6. This experiment would allow us to have a global view of the role of xtr-miR-204-

1 during Xenopus tropicalis embryogenesis.

Another aspect that we could not investigate about the biology of xtr-miR-204-1 is its
possible involvement in another, less studied, pathway, the RNA activation (RNAa). By
using this pathway, miRNAs can move back to the nucleus, where they promote the
expression of specific genes by binding to their promoters and, thus, facilitating the
attachment of the RNA Polll. However, so far, only a few miRNAs have been shown to be
able to play arole in this pathway and, at the moment, there are no bioinformatical tools
able to predict potential miRNA binding sites to the promoter of a gene (Portnoy et al.,
2016; Ramchandran and Chaluvally-Raghavan, 2017). Interestingly, we manually found
several binding sites of xtr-miR-204-1 in the promoter of trom1. If future experiments
would explain why, following xtr-miR-204-1 knock-down, we observed a reduction in
trom1 expression (Chapter 5, Fig. 36), it would highlight an exciting positive feedback-
loop between the expression of trom1, which leads to xtr-miR-204-1 expression, which
enhances trpm1 expression. Finally, it would prove that RNAa is an important process in

developmental biology, and might initiate a new exciting field of research within this field.
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The dissection of the role of xtr-miR-204-1 mature miRNAs, the understanding of its GRN,
and the generation of a stable knock-out line would lead us into a better understanding
of the biology of this miRNA, but the ultimate goal for such research should always be
addressed to a better understanding of human conditions, and on how to provide them

with better care.

A

TargetScanHuman

Prediction of microRNA targets Release 8.0: September 2021

Human | miR-211-3p
4814 transcripts with sites, containing a total of 6845 sites.
Please note that these predicted targets are primarily false positives. [Read more]

TargetScanHuman

Prediction of microRNA targets Release 8.0: September 2021

Human | miR-204-3p/4646-5p
5753 transcripts with sites, containing a total of 8587 sites.
Please note that these predicted taraets are primarily false positives. [Read more]

B
xtr-miR-204-1-3p GCAGGGACAGCAAAGGGATGC
xtr-miR-204-2-3p GCTGGGAAGGCAAAGGGACGT

Fig. 49: Comparison between the passenger strand of miR-204 family members: A)
TargetScan8.0 prediction of the numbers of targets of human hsa-miR-211-3p (4814
predicted targets) and human hsa-miR-204-3p (5753 predicted targets). B) Comparison
of the mature miR-204-3p family members in Xenopus tropicalis. Xtr-miR-204-7-3p on
top and xtr-miR-204-2-3p on the bottom. In red there are the seed sequences, while
underlined there are the differences between the two strands.

This is the reason why, in addition to the above experiments, it would be important to
understand the role of hsa-miR-211 in human eye development. To do so, we would need
to use different models than those used in our studies. We know that miR-204 family is
highly conserved, as well as the TRPM genes, across vertebrates. This means that it is
possible to investigate the role of these miRNAs using human cell lines. The most
obvious cell type to investigate would be a retina cell line, such as ARPE-19, a human
derived RPE cell line. However, thank to this study, we have found out that the eye is not

the only developing tissue affected by the lack of xtr-miR-204-1. Other tissues, such as
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melanocytes and the kidneys are affected as well. Therefore, it would be interesting to

investigate other cell lines as well, such as A375 (a melanoma cell line).

The investigation of the role of hsa-miR-211 in the context of these cell types would
provide a usefulinsight into the biology of this miRNA on differentiated tissues, however,
it might not be indicative of the effect on the differentiation of these tissues. Forexample,
the role of xtr-miR-204-1 on kidney development might extend to its organogenesis only,

and not to the homeostasis of the fully developed organ.

To address this question, it would be necessary to study the dynamics of development
on human, which is possible to do thank to the technology of the hiPSCs. In particular, it
would be necessary to knock-down/out hsa-miR-211 in the undifferentiated PSCs, and
then differentiate them into the tissues of interest, in order to assess if the presence or

absence of hsa-miR-211 is necessary for the correct differentiation of these tissues.

Finally, it could be possible to include hsa-miR-211 in the screening for the
determination of specific human conditions, such as coloboma or even some of the
syndromes listed in Table 4. Some of those conditions still remain without a molecular
diagnosis, and hsa-miR-211 might provide an answer to some of the people and families
that are affected by such diseases. That might provide them with better care from
clinicians but, most importantly, might give these people an answer about the reason
why such conditions happened to them. This knowledge can, on its own, provide an
important psychological help to both families and people directly affected by these

conditions.
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ARTICLE INFO ABSTRACT

Keywords: In recent years CRISPR-Cas9 knockouts (KO) have become increasingly ultilised to study gene function. Micro-
miRNAs RNAs (miRNAs) are short non-coding RNAs, 20-22 nucleotides long, which affect gene expression through post-
Neural crest transcriptional repression. We previously identified miRNAs-196a and —219 as implicated in the development of
Elri?izr;;da] Xenopus neural crest (NC). The NC is a multipotent stem-cell population, specified during early neurulation.
CRISPR.Cas9 Following EMT, NC cells migrate to various points in the developing embryo where they give rise to a number of
Xenopus tissues including parts of the peripheral nervous system, pigment cells and craniofacial skeleton. Dysregulation of

NC development results in many diseases grouped under the term neurocristopathies. As miRNAs are so small, it is
difficult to design CRISPR sgRNAs that reproducibly lead to a KO. We have therefore designed a novel approach
using two guide RNAs to effectively ‘drop out” a miRNA. We have knocked out miR-196a and miR-219 and
compared the results to morpholino knockdowns (KD) of the same miRNAs. Validation of efficient CRISPR miRNA
KO and phenotype analysis included use of whole-mount in situ hybridization of key NC and neural plate border
markers such as Pax3, Xhe2, Sox10 and Snail2, q-RT-PCR and Sanger sequencing. To show specificity we have also
rescued the knockout phenotype using miRNA mimics. MiRNA-219 and miR-196a KO’s both show loss of NC,
altered neural plate and hatching gland phenotypes. Tadpoles show gross craniofacial and pigment phenotypes.

1. Introduction genes in mammals are regulated by one or more miRNAs (Li et al., 2018).

Within the human genome, it is estimated that up to 2% of genes encode

MiRNAs are short non-coding, single stranded RNAs, approximately
20-22 nucleotides in length (Alberti and Cochella, 2017; Lee et al., 1993;
Shah et al., 2017). MiRNAs are initially transcribed by RNA polymerase II
as a pri-miRNA stem-loop structure from the genome, which undergoes
processing to form a mature miRNA (Agarwal et al., 2015; Alberti and
Cochella, 2017; Bartel, 2004; Inui et al., 2010).

MiRNAs are highly conserved between species with many ortho-
logues discovered (Bartel, 2004). The miRNA database and repository,
miRbase, currently has 2,656 mature miRNA sequences across all species.
It is thought that there are >2,300 different miRNAs in humans alone
(Alles et al., 2019). Recent reports suggest that 60% of all protein coding

for miRNAs (Miska, 2005). MiRNAs are implicated in development of
various tissues in vertebrates, including chick, mouse, frog and fish (Mok
etal., 2017; Ward et al., 2018); as well as in invertebrates like the worm
and fruit fly (Chandra et al., 2017). Efficient methods to KO one or more
miRNAs are therefore required.

The NC has the potential to differentiate into many different cell types
and it contributes to many tissues. The NC can migrate all over the body
and become parts of the peripheral nervous system, craniofacial skeleton
and pigment (Aoto et al., 2015; Cheung and Briscoe, 2003; Hatch et al.,
2016). How this occurs depends on niches and environments that have
the right cocktail of gene expression patterns, signals or transcription

Abbreviations: INDEL, Insertion deletion (mutation); miRNAs, MicroRNAs; KD, Knockdown; KO, Knockout; NC, Neural crest; NF, Nieuwkoop and Faber; sgRNA,

single guide RNA; MO, Morpholino.
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Fig. 1. Conservation, location, spatial and temporal expression of miR-196a and miR-219 in X. tropicalis. (A) miRNA genomic locations and stem-loop
structures of miRNAs. Bottom-conservation of mature miRNAs as indicated by “*’s. miRNA stem loop structures were predicted computationally using Vienna
RNA fold tool: http://rna.tbi.univie.ac.at/forna/forna.html?id=RNAfold/vCiQTz5Wd4&file=cent_probs.json (B) X. laevis developmental profile of miR-196a and miR-
219 by qRT PCR. Fold change is represented as mean + SD normalised to snU6 at St.1, and biological replicates with undetermined values are excluded. Ten embryos
(three biological replicates) were pooled to extract total RNA for cDNA synthesis. For each biological replicate three technical replicates were conducted. Xenopus
embryo pictures at Nieuwkoop and Faber stages are shown. The neural crest generally begins to appear at NF st. 12.5/13. (C) Spatial expression of pri-miR-196a and
pri-miR-219 by whole-mount in situ hybridisation in X. tropicalis embryos with sense and anti-sense expression. Embryos show expression from St.4 with global
expression in NC, at St.7 expression is seen in cell nucleus, at neurula stages expression is in NC and neural tissues, and at tadpole stages can be seen in craniofacial
tissues. Abbreviations: nf-neural fold, np-neural plate, nc- NC, vba-ventral branchial arches, ov-otic vesicle, nt-neural tube, som-somites, fb-forebrain, hb-hindbrain.
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factors (Sauka-Spengler and Bronner-Fraser, 2008). MiRNAs have been
suggested to play a role in NC development with Dicer KD experiments in
mouse leading to NC cell death by apoptosis (Zehir et al., 2010). We have
found that miR-219 and miR-196a are enriched in NC tissue, with
miR-219 almost exclusively expressed in NC explants; others have also
identified miR-196a implicated in eye development and NC through
morpholino miRNA-KD experiments (Gessert et al., 2010; Ward et al.,
2018).

CRISPR in recent years has been increasingly used in manipulating
gene expression. CRISPR-Cas9 utilizes a highly specific targeted nuclease
to induce genomic editing by non-homologous end joining or homology-
directed repair. CRISPR is an efficient technology that can rapidly
generate KO samples for analysis (Ran et al., 2013). In X. tropicalis,
Nakayama and colleagues laid the foundation and set out a simple
CRISPR pipeline and use of mutations in the tyrosinase gene to generate
albinism phenotypes, targeting the start codon, leading to frameshift
mutation and KO (Nakayama et al., 2013). CRISPR can be used to analyse
gene function, and to replicate human disease mutations to generate
mosaic targeted mutant FO’s and lines in Xenopus embryos (Feehan et al.,
2019; Macken et al., 2021; Naert et al., 2017, 2020; Naert and Vle-
minckx, 2018; Nakayama et al., 2013).

As part of our ongoing work of looking at miRNAs in NC development
we have developed a novel method to KO miRNAs quickly and efficiently
in X. tropicalis embryos and analyse the phenotype generated transiently
in the FO population. Using this method we have begun to more clearly
investigate the role of miR-196a and miR-219 in NC development.

2. Results and discussion
2.1. miRNA expression profiling

We previously identified miRNAs expressed in NC tissue through
RNA-sequencing experiments on Wnt/Noggin induced animal-caps
(Ward et al., 2018). Here we focus on two miRNAs identified in our
earlier study; miR-196a which is located within the Hoxc cluster, in
HoxC9, and miR-219 which is located intergenically. Both miRNAs have
a pri-miRNA stem-loop structure that is highly conserved among the
animal kingdom (Fig. 1A). The initial aim was to identify when and
where miR-196a and miR-219 are expressed in the developing Xenopus
embryo. To understand when the miRNAs were expressed, g-RT-PCR was
employed. Both miRNAs have a very similar profile with expression
peaking initially at Nieuwkoop and Faber (NF) St.4 before dropping at
gastrula stages of development and then increasing at late-gastrula and
early neurula stages. Expression peaks at St.25 before dropping at tadpole
stages (Fig. 1B).

Mature miRNAs are short 20-22 nucleotides long (Bartel, 2004). Due
to this they are too short to detect with a standard in situ hybridisation
probe (Thompson et al., 2007). We have previously used LNA modified in
situ probes to determine miRNA expression in Xenopus embryos; how-
ever, LNA probes for miR-196a and miR-219 produced no signal (not
shown). Another approach is to generate an antisense pri-miRNA in situ
probe by PCR from genomic DNA (Walker and Harland, 2008). Using this
method we looked at the expression of miR-196 and miR-219. For
miR-196a and miR-219, expression is very similar (Fig. 1C). Expression
can be seen with the antisense probes but not in sense. At early embry-
onic stages miRNA expression peaks at St.4 of development. The
q-RT-PCR data indicates this at St. 4 and shows no expression at St.7. This
is in contrast to the whole mount in situ hybridisation data which shows
clear expression of miRNA. This could be explained by the fact that the in
situ hybridisation experiment shows precursory miRNA expression, and
q-RT-PCR shows mature miRNA expression. This may explain why the
St.7 expression profile for both pri-miR-196a and pri-miR-219 are
localized to the cell nucleus (Bartel, 2004). St. 4 expression however is
ubiquitous across the upper level of cells, in the dorsal and ventral animal
cells (Fig. 1B-C).

At neurula stages, NF St. 15 and 17, expression is seen in neural folds,
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neural plate and NC. At tadpole stage, NF St. 33, expression can be seen in
craniofacial tissues, including NC derivatives, the otic vesicle and ventral
branchial arches. Using LNA probes we also observed miR-196a and miR-
219 expression in chick embryos in the neural tube, neural tissue and
some expression in NC (Suppl. Fig. 1).

2.2. Developing and employing CRISPR-Cas9

CRISPR-Cas9 approaches have been developed in many species
including Xenopus (Nakayama et al., 2013). To KO a miRNA in
X. tropicalis, the technical limitation of generating a viable embryo with a
clean KO is that designing a sgRNA close to or in the miRNA is difficult
due to their small size. In addition an insertion/deletion (INDEL) muta-
tion could lead to generation of a novel miRNA as well as losing the
orginal miRNA (Bhattacharya and Cui, 2017). This was the main concern
when an individual sgRNA was implemented to mutate the mature
miRNA (Suppl. Fig. 4). Here it was shown that one sgRNA could not
significantly disrupt the mature miRNA enough to alter the processing or
structure of the pri-miRNA, and thus the mature miRNA would like have
been potentially expressed or have become a novel miRNA with an
altered sequence to its parent.

Other ways to KD miRNA expression by CRISPR include targeting the
DROSHA and DICER processing sites within the miRNA under study
(Chang et al., 2016). Again, this is not always possible due to sgRNA
design limitations due to the NGG PAM design for Cas9 used in this study
(Wilson et al., 2018). By designing sgRNAs flanking the stem-loop of the
miRNA, it was predicted they would simultaneously create
double-stranded breaks in the genome to “drop-out”, the entire miRNA
stem-loop, and give a clean miRNA KO (Fig. 2A and Table 1).

To be confident the miRNAs were knocked out, pairs of sgRNAs, Cas9
protein and GFP cRNA were co-injected into X. tropicalis embryos into
both blastomeres at the 2-cell stage to target whole embryo (Fig. 2A).
Embryos expressing GFP on both sides were selected, and 5 St.14 neu-
rulas were pooled to produce independent biological repeats. RNA was
harvested to analyse miRNA expression by q-RT-PCR to evaluate sgRNA
efficiency. The results showed that expression of both miRNAs was
reduced in the treated samples, compared to control embryos injected
with Cas9 protein and GFP cRNA tracer. MiR-196a sgRNAs resulted in a
67% reduction of miR-196a expression and miR-219 sgRNAs reduced
miR-219 expression by 93% as compared to control samples (Fig. 2B).
Differences in efficiency could be due to the nature of CRISPR (Ran et al.,
2013).

Next, we identified the types of INDEL generated using the two guide-
RNAs approach. Genomic DNA was extracted from individual X. tropicalis
embryos injected with CRISPR reagents and a GFP capped RNA tracer
into one blastomere at 2-cell stage of development. Cas9 + tracer was
used as a negative control. PCR was carried out to amplify the stem-loop
of the miRNA (Fig. 2A). As expected, we detected wild-type (WT) miRNA
in all samples as only half the gDNA could have been mutated. For the
miR-KO samples an extra smaller band was seen on the gel (Fig. 2C and
D). For miR-196a, the WT miRNA band is 815 bp. The sgRNAs should
lead to the deletion of 467 bp and release a fragment of approximately
300 bp if a CRISPR event was successful. For miR-219 the WT miRNA
should be 847 bp, and the CRISPR-released fragment is expected to be
260 bp or smaller, as seen in the gel (Fig. 2 C & D). Amplified products
were then gel extracted and sent for Sanger sequencing (Fig. 2 C’ & D).
For miR-196a a nested PCR was carried out using primer set 3 (Table 2).
Stem-loops for each miRNA are shown by red text (Fig. 2 C’ & D’) and as
expected the “drop-out” bands do not contain the miRNA. This confirms
the successful CRISPR deletion of miRNA stem-loops. The WT and Cas9
control group bands were also extracted and sent for sequencing. The
sequencing all showed wild-type miRNA sequences for these. This to our
knowledge, is the first time this approach with two sgRNAs has been used
in Xenopus embryos, though Kretov et al. (2020) do report a similar
approach in Zebrafish (Kretov et al., 2020) .

Some embryos were left to develop into tadpoles for phenotype
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Fig. 2. CRISPR-Cas9 approach for knocking out miRNAs in X. tropicalis and validation strategies. (A-A’) Schematic showing the approach taken with use of two
sgRNAs for miR-196a (A) and miR-219 (A’). (B) Q-RT-PCR validation of miR-KO, with individual data points from biological repeats shown in orange. MiR-196a KO
showed a 67% reduction in expression (B), and miR-219 KO showed a 93% reduction in expression following CRISPR-Cas9 treatment (B’). Embryos were injected at
the 1 cell stage, bar charts show mean_+/— S.E.M. Experiments were conducted with biological and technical triplicate. (C-D) PCR/nested PCR validation of gDNA
miRNA regions from embryos injected into one cell at 2 cell stage of development, with KOs showing an extra smaller band in the fourth lane of each gel. (C’-D*)
Sanger sequencing validation of miRNA KOs and CRISPR events. Cas9+GFP control samples were also harvested, genomic DNA extracted, PCR amplified and
subcloned. Purple text highlights primers used for cloning, red text shows miRNA stem-loop. Yellow highlight shows a mis-match, and red highlight with scissor icons
show where CRISPR events occurred, grey text shows sgRNA. WT and Cas9 sequences show miRNA WT sequence, whereas Cas9+sgRNAs show 3 repeats of mutated
sequences, with significantly shorter sequences. (E) Phenotype analysis of miRNA KO embryos, representative embryos are shown. Embryos were co-injected with
CRISPR-reagents a GFP capped RNA tracer into one cell at a two cell stage of development. Embryos are imaged on left and right sides. WT had no injection, Cas9
protein was co-injected with GFP cRNA and miR-KO were pairs of sgRNAs, Cas9 protein and GFP cRNA tracer. The fluorescent side of miR-196a KO embryo red arrows
indicate a pigment phenotype, and for miR-219 KO, the red arrows indicate a strong craniofacial phenotype, with smaller eyes, branchial arch and flattened face
features. (E’) Bar charts show count data of yes/no phenotypes for miR-196a KO (pigment loss) and miR-219 KO (craniofacial disfigurement), with chi-squared tests
for statistical significance. There was a significant difference between and Cas9 and miR-196a KO groups p = 2.22 x 107 and between Cas9 and miR-219 KO p = 1.1
x 107°, Embryo phenotypes were blind counted on three biological repeats on embryos from different Xenopus parents.

69



A.M. Godden et al.

Table 1
SgRNA sequences used. Common oligo taken from (Nakayama et al., 2013).

Developmental Biology 483 (2022) 66-75

SgRNA (sgRNA) Oligo Sequence 5’ to 3’

5g219-5
$g219-9
5g196-4
5g196-7
Common oligo (reverse primer)

taatacgactcactataGGTGAATTTTCCACAGCAATgttttagagctagaa
taatacgactcactataGGGTCTTCAGAATCAGCGACgttttagagctagaa
taatacgactcactataGGGAGGCTTCTCAGAATATTgttttagagctagaa
taatacgactcactataGGGAGCCTATGGAGCCATATgttttagagctagaa
AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC

Table 2
Table of primers and sequences. Primers used for sequencing and
PCR of genomic DNA. Designed using Primer3.

Primer Sequence 5’ to 3’

219R3 GGTAGGCAACACACTCTTCAAC
219 R4 GAAGGCTGTATTTTAGCCCTGGC
219 6F CCCAGTCTTGGAAGGAGTAGAC
196 F3 GTGAGAATTGGGGAGGGGAG
196 R3 AGGAGTTCTGAAGGAGGGCTTC
196 F7 CAGCCCAGCACTTACAGGTT
196 R7 GGAGTTCTGAAGGAGGGCTT
196 F5 TTCAGGACACCTTGTCTGGC

196 R5 TGAGCTTTCCGGTTTAGGGG

analysis. Embryos were targeted with CRISPR reagents on one side only
for comparison with the non-injected side as an internal control. WT and
Cas9 embryos look morphologically normal on both sides. However,
miR-196a tadpoles on the “crispant” (CRISPR-mutated) side show
pigment phenotypes, with a reduction in pigment seen along the cranial,
dorsal and medial abdominal regions, as indicated by red arrows
(Fig. 2E). MiR-219 tadpoles show gross craniofacial impairments; with
smaller eyes and flattened anterior nasal region, as shown by the red
arrows (Fig. 2E). Blind counts of the phenotypes showed that over 50% of
embryos carried the respective pigment and craniofacial phenotypes
(Fig. 2E’). These phenotypes suggest a possible role for miR-196a and
miR-219 in NC development (Collazo et al., 1993; Lukoseviciute et al.,
2018; Petratou et al., 2021; Scerbo and Monsoro-Burq, 2020; Spokony
et al., 2002).

To validate the specificity of the miRNA CRISPR KO, a novel rescue
experiment was developed (Suppl. Fig. 5). To do this a miRNA mimic was
used to rescue the miRNA KO. As a control experiment for this, a control
miRNA mimic was used. This was C. elegans miRNA, cel-miR-39-3p, as
recommended by the manufacturer. This was chosen as a miRNA that
should not have an effect on Xenopus development, and not rescue our
miR-219 KO.

In Supp Fig. 5A, miRNA mimic was tested for phenotype on its own at
a dose of 11 puM to see if overexpression of miRNA would induce
phenotype. For miR-219 mimic this led to minor craniofacial phenotypes
as indicated by the black arrow (Suppl. Fig. 5A and B). In contrast, the
overexpression of control mimic miRNA alone did not have a significant
impact on embryo phenotype (Suppl. Fig. 5B). To rescue the CRISPR KO
of miR-219 the miR-219 miRNA mimic was co-injected into the embryo
along with the CRISPR reagents (Suppl. Fig. 5C and D). Craniofacial
phenotype were observed in miR-219 KO and miR-219 KO + control
mimic groups. The phenotype was not observed as much in miR-219 KO
+ miR-219 mimic group and is indicative of a successful rescue of loss of
miR-219. This suggests specificity for our novel miRNA KO and rescue
experimental design. This is significant as the only currently known re-
ported use of a miRNA mimic used to rescue phenotypes in developing
embryos was reported in Zebrafish to overexpress miR-9 to alter and
reduce mRNA expression of VEGF-alpha (Madelaine et al., 2017).

MiRNAs can be produced from independent genes or encoded in
intronic regions of the genome. They are most commonly found in
intergenic, intronic regions of the genome, and rarely found in exonic
regions (Olena and Patton, 2010). The proposed CRISPR method in this
paper works for intergenic and intronic miRNAs, this was not tested on

70

exonic miRNAs, as these are extremely rare, but could be used with
caution. We show this by knocking out miR-196a which is located in a
Hoxc intron and miR-219, which is intergenic (Fig. 1A).

2.3. Exploring miRNA phenotypes

To verify if our miRNAs were implicated in the development of NC,
we determined the expression of key markers Sox10, Snail2 for NC, Pax3
for neural plate and Xhe2 for hatching gland (Fig. 3). In addition, we
compared the efficiency of our CRISPR KO approach versus morpholino
(Table 3) mediated KD of the miRNAs. Control and optimization exper-
iments for miRNA-morpholino KD can be seen in Suppl. Fig. 2.

For miR-196a, KO and KD led to distinct reduction in Sox10 expres-
sion. For Snail2, miR-196 KO and KD led to a reduction and shift in
expression. For Pax3 expression a slight reduction and shift in profile was
observed and finally Xhe2 expression was expanded following miR-196a
KO and KD, (Fig. 3A-B). For miR-219 KO and KD, Sox10 expression was
markedly decreased. Like with miR-196 KD, Snail2 expression following
miR-219 KD was reduced, but miR-219 KO showed more of a shift in
profile with slight reduction. Following miR-219 KO and KD, Pax3
expression was greatly increased and expanded (Fig. 3A-B). Section data
showed miR-219 KD led to Pax3 expansion over the superficial ectoderm
but not following miR-196a KD (Suppl. Fig. 3). Phenotypes shown by in
situ hybridisation were more prevalent for miRNA-KD than KO. This
could be due to potential mosaicism of CRISPR events seen in FO embryos
thus leading to variable miRNA levels between embryos (Naert et al.,
2020).

Q-RT-PCR was conducted to quantify the phenotypic change in
expression of the above markers across the whole embryo, and to
compare the efficacy of CRISPR experiments in comparison to morpho-
lino (MO)experiments knocking down mRNA expression for neural crest,
neural plate border and hatching gland markers (Fig. 3B). Q-RT-PCR was
carried out on crispant samples, as described previously, injecting
CRISPR reagents into one blastomere at the 1 cell stage. For mRNA
expression, all the Q-RT-PCR data was in agreement with the in situ data
including for the miR-219 KO on Pax3, which was shown to be increased
in expression though this was not significant (Fig. 3B). Reasons for this
could be that the whole embryo was used for RNA extraction. In Sup-
pl.Fig.3 the sections of the Pax3 embryos following miR-219 KD show
that the expansion of Pax3 is shifted and limited to the superficial ecto-
derm (Suppl. Fig. 3). The MO KD q-RT-PCR data seen alongside the
CRISPR KO data for miRNAs in Fig. 3B panel b, d, f and h show the same
trends in mRNA expression for Sox10, Snail2, Pax3 and Xhe2 respec-
tively. The data indicate that miR-196a and miR-219 could be involved in
early regulation of NC development. Additionally the lab has shown Eyal
to be a direct target of miR-219 by luciferase assay (Ward and Wheeler,
unpublished results). Using MO KD, q-RT-PCR also showed changes in
expression following loss of miRNA (Suppl. Fig. 6). Loss of miR-196a led
to loss of Eyal, loss of miR-219 led to enrichment of Eyal; further sup-
porting the work to show Eyal is a target of miR-219.

The incidence rate of phenotypes can be seen in Fig. 3B a,c,e and g;
with the observed phenotypes clearly occurring in the experimental
groups. Broadly miRNA KD and KO phenotype incidence were similar
between morpholino and CRISPR, although miR-196a morpholino had a
higher rate of phenotype incidence for Sox10 and Pax3. Q-RT-PCR pro-
files match the in situ data, with NC markers showing significant
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Fig. 3. Analysis of key NC, neural plate and hatching gland markers after miRNA KO and KD. (A) Whole mount in situ hybridisation profiles on neurula stage
Xenopus embryos of Sox10, Snail2, Pax3 and Xhe2. CRISPR-Cas9 was carried out in X. tropicalis embryos with GFP cRNA as a tracer and morpholino-KD was carried out
in X. laevis embryos with lacZ cRNA as a tracer. Embryos for whole mount in situ hybridisation were injected with tracer at 4-cell stage of development into the right
dorsal blastomere. Panel A, a-f show Sox10 expression following CRISPR and MO experiments. Panel A g-1 show Snail2 expression following CRISPR and MO ex-
periments. Panel A m-r show Pax3 expression following CRISPR and MO experiments. Panel A, s-x shows Xhe2 expression following CRISPR and MO experiments.
Overall phenotypes show a reduction of NC and altered neural plate and hatching gland profiles. (B) Phenotype analysis for individual markers. a, ¢, e and g show
count data of yes/no phenotype prescence. Chi-squared statistical tests were carried out on three biological repeats of whole mount in situ hybridisation on embryos
from different frogs. b, d f and h, Q-RT-PCR results of mRNA expression analysis following CRISPR KO and MO KD. Normalised to U6 expression, RNA was pooled from
5 individual neurula embryos for one biological sample, Q-RT-PCR was carried out with biological and technical triplicates. The Q-RT-PCR data supports phenotypes
shown in (A). Panel B, a-b show Sox10 expression following CRISPR KO and MO KD. Panel B, c-d show Snail2 expression following CRISPR KO and MO KD. Panel B, e-
f show Pax3 expression following CRISPR KO and MO KD. Panel B, g-h show Xhe2 expression following CRISPR KO and MO KD experiments. Panel B, a,c,e and g show
phenotype count data. Panel B, b,d,f and h show q-RT-PCR expression of mRNAs following miRNA KO and KD. Abbreviations for phenotype and q-RT-PCR bar charts
in (B): miR-KO refers to CRISPR miRNA KO and miR-KD refers to MO KD of miRNA. Phenotypes for miRNA KD/KO: Sox10 phenotype is a reduction in expression,
Snail2 is a reduction/shift in profile, Pax3 phenotype is a shift/reduced profile for miR-196a and an expansion for miR-219 experiments, finally, Xhe2 is an increased
profile for miR-196a and a reduced profile for miR-219 experiments respectively. Statistical significance: Sox10 Cas9 vs miR-196a KO p = 4.02 x 108, Cas9 vs miR-
219KOp=1.04 x 105, Snail2 Cas9 vs miR-196a KO p=6.15 x 10'9, Cas9 vs miR-219 KO p = 4.07 x 107, Pax3 Cas9 vs miR-196a KO p=7.19 x 107, Cas9 vs miR-
219 KO p = 2.29 x 108, Xhe2 Cas9 vs miR-196a KO p = 7.19 x 107, Cas9 vs miR-219 KO p = 2.29 x 10°®.
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Table 3

Injected morpholino sequence data.
Morpholino Sequence
miR-196a MO 5’- CAATCCCAACAACATGAAACTACCT-3’
miR-196a Mismatch 5’-CATTGCCAAGAACATCAAAGTACCT-3’
miR-219 MO 5’-AGAATTGCGTTTGGACAATCAAGGG-3’

miR-219 Mismatch 5’ ACAATTGCCTTTCGAGAATCAACGG-3’

decreases in expression, more notably for miR-196a. Pax3 expansion for
miR-219 KO was not statistically significant, but miR-196a KO led to
significant reduction in expression. Xhe2 showed significant expansion
for miR-196a KO and significant decrease in miR-219 KO. These results
show that miRNAs are likely to be implicated in the development of the
Xenopus NC and can be analysed through use of CRISPR to KO miRNAs.

The loss of Sox10 expression shown in Fig. 3A for miR-196a and miR-
219 KD and KO supports the phenotypes shown in the tadpoles in Fig. 2E.
The tadpole phenotypes for miR-196a show loss of pigment, and for miR-
219 show craniofacial abnormalities, which is significant as Sox10 is
involved in trunk NC to produce pigmentation (Aoki et al., 2003) and is
disrupted in neurocristopathies affecting cranial NC (Devotta et al.,
2016). The craniofacial phenotypes in Fig. 2E included flattened
fronto-nasal regions, and smaller eyes, as indicated by the red arrows.

Snail2 expression is downregulated following loss of miRNA
(Fig. 3A). This could mean that miRNA KO and KD is leading to a loss of
NC differentiation, and may help explain the craniofacial phenotypes
seen in miR-219 KO tadpoles (Fig. 2E), (Li et al., 2019). The loss of
pigment phenotype seen following miR-196a KO (Fig. 2E) is typical of
problems in trunk NC development (Abu-Elmagd et al., 2006). This is
also supported by Snail2~/~ mice that show patchy pigmentation phe-
notypes (Shi et al., 2011).

The loss of Pax3 seen in Fig. 3A following loss of miR-196a also
supports the pigment phenotype seen in Fig. 2E, as Pax3 is essential for
the development of pigment (Kubic et al., 2008). Waardenburg syndrome
type 1 and 3 are caused by Pax3 gene mutations, and type 2 and 4 are
affected by Sox10 and MITF levels and mutations. Pax3 and Sox10
regulate expression of MITF and thus melanocyte development (Bon-
durand et al., 2000). As expected, our results follow this by showing
reduced Pax3 and Sox10 expression following miR-196a loss (Fig. 3A)
which led to pigment loss in tadpoles (Fig. 2E). The expansion of Pax3
following loss of miR-219 (Fig. 3A), could be affecting NC specification
leading to the loss of NC induction expression of Snail2 and Sox10 seen in
Fig. 3A (McKeown et al., 2005; Monsoro-Burq et al., 2005).

The expansion of Pax3 observed in superficial ectoderm (Suppl Fig. 3)
following miR-219 KD could also be indicative of increased neural plu-
ripotency (Chalmers et al., 2002). Xenopus neural plate border region can
give rise to placodal ectoderm, hatching gland and NC. The hatching
gland marker Xhe2 demarcates this. Xhe2 expression is affected by Pax3
expression (Hong and Saint-Jeannet, 2007, 2014). MiR-196a and
miR-219 KO and KD experiments show altered Pax3 expression states,
therefore as expected Xhe2 expression was also affected. In contrast to
results seen in (Hong and Saint-Jeannet, 2014), Pax3 expansion does not
lead to expanded Xhe2 in our work. This could be due to the other signals
that mediate Xhe2 like Zic1. Further work is required to investigate more
markers across neural plate and neural deriviatives.

3. Conclusions

One drawback of CRISPR gene-editing is finding sgRNAs that are
effective especially when studying miRNAs. As mentioned, a challenge
with CRISPR experiments is that with a short target sequence the number
of sgRNAs that can be designed is limited (Najah et al., 2019). With the
advent of more Cas9 nucleases with broader PAM recognition sequences
more designs could be generated (Kim et al., 2020). Furthermore new
sgRNA design tools are making sgRNA design easier and more robust
(Hsuetal., 2021). However, using sgRNAs flanking the miRNA stem-loop
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expands the potential for identifying and generating optimal sgRNAs.
Using a pair of sgRNAs leads to a complete loss of the miRNA in the
majority of embryos. The method described is a quick and efficient way
to KO specific miRNAs in independent genes or within introns. With the
generation of lines of frogs, time would be saved from laborious in-
jections of morpholinos and controls thus more ambitious and technically
demanding experiments would be more realistic.

This work shows that miRNAs miR-196a and miR-219 are expressed
in NC and neural tissue. Phenotype analysis shows that the miRNAs are
important for NC and hatching gland development. This body of work
establishes a protocol and controls for CRISPR experiments for knocking
out and rescuing miRNAs in embryo development and puts forward
CRISPR as not only a tool to rival use of morpholinos in embryo research
but also to potentially replace in certain instances.

4. Materials and methods
4.1. Xenopus husbandry

All experiments were carried out in accordance with relevant laws
and institutional guidelines at the University of East Anglia, with full
ethical review and approval, compliant to UK Home Office regulations.
Embryos were generated as described in (Harrison et al., 2004; Williams
etal., 2017). X. tropicalis embryos obtained by priming females up to 72 h
before use with 10 ui chorulon and induced on the day of use with 200ui.
Eggs were collected manually and fertilised in vitro. Embryos were
de-jellied in 2% L-cysteine, incubated at 23°C and microinjected in 3%
Ficoll into 1 cell at the 2—4 cell stage in the animal pole. Embryos were
left to develop at 23°C. Embryo staging is according to Nieuwkoop and
Faber (NF) normal table of Xenopus development (Nieuwkoop and Faber,
1967). GFP/LacZ capped RNA for injections was prepared using the SP6
mMESSAGE mMACHINE kit, 5 ng was injected per embryo.

4.2. CRISPR-Cas9

SgRNAs were designed using CRISPRScan (https://www.crispr
scan.org/), (Moreno-Mateos et al., 2015). miRNA sequences were
attained from miRbase (http://www.mirbase.org/); under accession
numbers: Xtr-miR-219 MI0004873, Xtr-miR-196a MI0004942. SgRNAs
were designed up and downstream of the miRNA stem-loop. miRNA stem
loop structures were predicted computationally using Vienna RNA fold
tool (http://rna.tbi.univie.ac.at/forna/forna.html?id=RNAfold/vCi
QTz5Wd4&file=cent_probs.json).

4.3. Embryo injection

Embryos were injected using a 10 nL calibrated needle. For X. laevis
10 nL injections, for X. tropicalis 4.2 nL injections were used. Cas9 protein
was added to a 3 pL reaction volume, to give a final concentration of 2.4
mM (New England Biolabs, #M0646M, EnGen Cas9 NLS 20 pM). 300 pg
of sgRNAs along with 5 ng of GFP capped RNA were co-injected into the
X. tropicalis embryos simultaneously at 2—4 cell stage of development. For
q-RT-PCR both sides of embryo were targeted, for gene expression and
morphological analysis phenotypes 1 side of the embryo was targeted,
with embryos injected at 4 cell stage into one dorsal blastomere for
whole-mount in situ experiments and morphological analysis.

4.4. CRISPR validation

Embryos were left to develop until tadpole stages and underwent
phenotype scoring. Embryos were then frozen on dry ice before genomic
DNA extraction. Genomic DNA was isolated using PureLink Genomic
DNA Mini Kit, K1820-00 (Invitrogen, California, USA), according to
manufacturers guidelines and then quantified using a Nanodrop 1000.
Genotyping PCRs were conducted and products underwent gel extraction
before subcloning and sanger sequencing. CRISPR rescue experiments


https://www.crisprscan.org/
https://www.crisprscan.org/
http://www.mirbase.org/
http://rna.tbi.univie.ac.at/forna/forna.html?id=RNAfold/vCiQTz5Wd4&amp;file=cent_probs.json
http://rna.tbi.univie.ac.at/forna/forna.html?id=RNAfold/vCiQTz5Wd4&amp;file=cent_probs.json
http://rna.tbi.univie.ac.at/forna/forna.html?id=RNAfold/vCiQTz5Wd4&amp;file=cent_probs.json
http://rna.tbi.univie.ac.at/forna/forna.html?id=RNAfold/vCiQTz5Wd4&amp;file=cent_probs.json
http://rna.tbi.univie.ac.at/forna/forna.html?id=RNAfold/vCiQTz5Wd4&amp;file=cent_probs.json

A.M. Godden et al.

utilised an LNA miRNA mimic from Qiagen. They were ordered at 5 nmol
with no labelling and desalting. Before use they were diluted in 75 pL of
nuclease free water to give a concentration of 66.7 pM and stored in small
aliquots at —20°C. Qiagen could not provide a molecular weight for the
mimic. The approximate molecular weight using the following formula:
Molecular weight = 320.5 X Number of nucleotides of RNA.
For the miR-219 mimic this equated to 6730.5 therefore:

66.7 uM = 448.9 ng / pL
6.67 pM = 44.9 ng / pL
1 pM = 6.73 ng / pL.

MiRCURY LNA miRNA mimics were used to replace miRNA in
CRISPR miRNA-219 KO embryos in rescue experiments. MiR-219 mimic
was used from (Qiagen, 339173 YM0047076-ADA, MIMAT0000276);
hsa-miR-219a-5p miRCURY LNA miRNA Mimic, compatible and fully
aligning with Xenopus miR-219, Xtr-miR-219 sequence: 5'UGAUU-
GUCCAAACGCAAUUCU. A negative control miRNA mimic recom-
mended by Qiagen was used (Qiagen, 331973 YM00479902-ADA);
Negative control (cel-miR-39-3p), sequence 5°UCACCGGGUGUAAAU-
CAGCUUG. Mimics were used at a final concentration of 11 pM dose with
CRISPR reagents as described above, or 11 pM alone +5 ng GFP cRNA
tracer.

4.4.1. Morpholinos

Morpholino dose was optimized to 60 ng for miRNAs; morpholino
and lacZ capped RNA tracer were injected at 4 cell stage of embryo
development into the right dorsal blastomere.

4.5. Phenotype statistical analysis

Chi-squared test for association was used to test phenotype yes or no
categories for morpholino injected embryos to see if there was a rela-
tionship between two categorical values. Excel was used to collate and
tabulate data. IBM SPSS v25 to carry out chi-squared test. Statistical
significance is reported as; p < 0.05 = *, p < 0.01 = **, p < 0.001 = ***,

4.6. CDNA synthesis

MiRCURY LNA RT kit (Qiagen, Cat No./ID: 339340) was used to
produce cDNA for q-RT-PCR. 50 ng of RNA was used to generate cDNA
according to manufacturers instructions. cDNA was produced on a
thermocycler with the following programme: 42 °C for 60 min and 95 °C
for 5 min cDNA was diluted 1:40 for g-RT-PCR. CDNA can be stored at
—20°C. To produce ¢cDNA for mRNA g-RT-PCR the following recipe was
used: 500 ng of total RNA was added in 9 uL of nuclease free water, plus 2
uL of random primers (Promega, C1181). This was then incubated at 70
°C for 10 min. A mastermix was prepared as follows per sample: 4 uL of
5X buffer, 2 uL of DTT, 1 uL of dNTPs, 1 uL of Superscript II (Invitrogen,
18064014), 1 uL of nuclease free water or RNasin (Promega, N2611).
qRT-PCR reactions were set up in 10 pL volume containing 4 pL cDNA, 1
pL primer (10 pM for standard oligo primers), and 5 pL SybrGreen
(Applied Biosystems 4309155).

4.7. Q-RT-PCR

Embryos were frozen on dry ice before RNA extraction. For miRNA
and mRNA quantification total RNA was extracted from five St.14
X. tropicalis embryos, embryos were homogenised with a micropestle and
RNA was extracted according to manufacturers guidance, Quick-RNA
Mini prep plus kit (Zymo, Cat no. R1058). Samples were eluted in 25
pL of nuclease free water; RNA concentration and purity quantified on a
Nanodrop 1000 and 1 pL was checked on a 2% agarose gel. All q-RT-
PCR’s were performed with triplicate biological and technical repeats.

Primers for q-RT-PCR were found in the literature and some were
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Table 4
Q-RT PCR Primers used for X. tropicalis embryos. miRCURY LNA miRNA PCR
primers, Qiagen. mRNA primers were ordered as standard oligos.

Primer name Sequence 5’ to 3’ Product code/Accession
number for design
xtr-miR- UAGGUAGUUUCAUGUUGUUGG YP02103491 (Qiagen)
196a
ipu-miR- AGAAUUGUGCCUGGACAUCUGU  YP02101832 (Qiagen)
219a
U6 snRNA CTCGCTTCGGCAGCACA YP00203907 (Qiagen)
hsa-miR- UGAUUGUCCAAACGCAAUUCU YP00204780 (Qiagen)
219a-5p
EEF1AlphaF ~ CCCAACTGATAAGCCTCTGC PMID
X.tr 23559567(Dhorne-Pollet
et al., 2013)
EEF1Alpha CATGCCTGGCTTAAGGACAC PMID 23559567
R X.tr (Dhorne-Pollet et al., 2013)
Sox10 F X.tr GATGGGTCCTCTGAAGCTGA Self designed
NM_001100221.1
Sox10 RX.tr  GGTAGGGGGTCCATGACTTT Self designed
NM_001100221.1
Snail2 F X.tr CCCCATTCCTGTATGAGCGG PMID: 32713114, (Wang et al.,
2020)
Snail2 R X.tr TGAAGCAGTCCTGTCCACAC PMID: 32713114, (Wang et al.,
2020)
Xhe2 F2 X.tr  CGCCACCTCTTTTCCCATTCA Self designed
NM_001044399.1
Xhe2 R2X.tr TTTGGGCCACAGACACTCCTT Self designed
NM_001044399.1
Pax3 F X.tr TACAGCATGGAGCCTGTCAC PMID: 24055059 (Gentsch
et al., 2013)
Pax3 R X.tr TCCTTTATGCAATATCTGGCTTC PMID: 24055059 (Gentsch
et al., 2013)
EEF1AlphaF  ACCCTCCTCTTGGTCGTTTT PMID: (24360908) (Bae et al.,
Xla 2014)
EEF1Alpha TTTGGTTTTCGCTGCTTTCT PMID: (24360908) (Bae et al.,
RXla 2014)
Eyal F X.la ATGACACCAAATGGCACAGA PMID: 17409353 (Hong and
Saint-Jeannet, 2007)
Eyal R X.la GGGAAAACTGGTGTGCTTGT PMID: 17409353 (Hong and
Saint-Jeannet, 2007)
Pax3 F X.la CAAGCTCACAGAGGCGCGAGT PMID: 29038306 (Figueiredo
et al., 2017)
Pax3 R X.la AGCTGGCATAGCTGCAGGAGG PMID: 29038306 (Figueiredo
et al., 2017)
Sox10 F X.1a CTATTACTGACACACGACGGAGC PMID (32494672) (Scerbo and
Monsoro-Burqg, 2020)
Sox10 RX.la  ACCTCTCATCCTCTGAATCCTGC PMID(32494672) (Scerbo and

Monsoro-Burq, 2020)

Snail2 F X.1a CACACGTTACCCTGCGTATG PMID: 29038306 (Figueiredo
et al., 2017)

Snail2 R X.la TCTGTCTGCGAATGCTCTGT PMID: 29038306 (Figueiredo
et al., 2017)

Xhe2 F X.1a CATGTCTAATGGCGGTTGTG PMID: (24360908) (Bae et al.,
2014)

Xhe2 R X.1a TGCTGGATGATCCCCATATT PMID: (24360908) (Bae et al.,
2014)

designed using primer blast (https://www.ncbi.nlm.nih.gov/tools/prim
er-blast/), (Ye et al., 2012). Primers were designed to generate 100 bp
products with a melting temperature of between 59 and 62 °C. Primers
used are listed in Table 4.

4.8. Whole-mount in situ hybridisation & Riboprobe synthesis

Standard in situ hybridisations and probe synthesis were carried out
according to (Harrison et al., 2004; Monsoro-Burq, 2007; Sive et al.,
2007). In brief, Whole-mount in situ hybridisation (WISH) with LNA
probes was carried out with probes hybridised at 50°C at a concentration
of 1 pg/mL, overnight with embryos, before stringency washes with
graded SSC washes, blocking and incubation overnight with anti-DIG
antibody fragments (Roche, 11093274910). MAB washes then
removed unbound antibody prior to colour development with NBT/BCIP.
The LNA WISH experiments were carried out according to Ahmed et al.


https://www.thermofisher.com/order/catalog/product/18064014
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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Table 5
Riboprobe synthesis and capped RNA plasmids information.
Clone Antibiotic Backbone  Antisense Antisense Source
name resistance RE Polymerase
Pax3 Ampicillin pBSK Bglll SP6 M.G. Sargent
Sox10 Ampicillin pBSK EcoRI T3 J.P. Saint-
Jeannet
Snail2 Ampicillin pCS107 EcoRl/ T7 EXRC
BamHI
Xhe2 Ampicillin pBSK Xbal T7 A.H.Monsoro-
Burq
GFP2 Ampicillin pCs Notl SP6 (sense) M. Walmesly
(sense)
LacZ Ampicillin pCS Notl SP6 (sense) M. Walmsely
(sense)

(2015) and Sweetman et al. (2006). Probe synthesis experiments
involved digestion of plasmid with appropriate restriction enzyme to
produce antisense product which was then transcribed by respective
polymerase, (Table 5).
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The neural crest (NC) is a vertebrate-specific migratory population of multipotent stem
cells that originate during late gastrulation in the region between the neural and non-
neural ectoderm. This population of cells give rise to a range of derivatives, such as
melanocytes, neurons, chondrocytes, chromaffin cells, and osteoblasts. Because of this,
failure of NC development can cause a variety of pathologies, often syndromic, that
are globally called neurocristopathies. Many genes are known to be involved in NC
development, but not all of them have been identified. In recent years, attention has
moved from protein-coding genes to non-coding genes, such as microRNAs (miRNA).
There is increasing evidence that these non-coding RNAs are playing roles during
embryogenesis by regulating the expression of protein-coding genes. In this review, we
give an introduction to miRNAs in general and then focus on some miRNAs that may be
involved in NC development and neurocristopathies. This new direction of research will
give geneticists, clinicians, and molecular biologists more tools to help patients affected
by neurocristopathies, as well as broadening our understanding of NC biology.

OPEN ACCESS

Introduction

Since their discovery in 1993, miRNAs have been associated with a number of physiological and
pathological processes [1]. These small RNA molecules (~22 nt) comprise ~1-5% of the RNA species
in cells but, as a single miRNA can target many genes and many genes can be targeted by multiple
miRNAs, it has been estimated that ~30% of human genes are regulated by miRNAs. As the regula-
tion operated by these elements is subtle and can be subject to additive effects when more than one
miRNA is targeting the same mRNA, it is not surprising that these elements have been mainly asso-
ciated with highly regulated biological processes such as development. In recent years, more and more
evidence is pointing in this direction, but many gaps still need to be filled. In particular, more effort is
needed in order to include miRNAs in the gene regulatory networks (GRN) that orchestrate the devel-
opment of different tissues. Together with evidence that links miRNAs and pathological conditions
such as cancer and cardiac diseases, a broader understanding of their role in biological processes is
required. In this review, we give an insight of what is known about miRNAs during different steps of
NC development. We also stress the reason why such knowledge could be beneficial for people
affected by diseases of the NC, so-called neurocristopathies (NCP), and for the clinicians treating
them. Finally, we suggest further investigations in this direction can be applicable to other aspects of
biology, including cancer biology, and might help the development of new innovative drugs for treat-
ing these conditions.
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formation of an astonishing number of cells and tissues, such as the craniofacial skeleton, dentine in the teeth,
chondrocytes, cardiac septa, the peripheral nervous system, adrenal medulla, and pigment cells [4-6].

To allow the formation of the NC, a complex GRN of secreted growth factors and transcription factors is
required. NC formation starts with neural induction, a process orchestrated by a gradient of BMP signalling.
Additional signalling by Wnt leads to the transcription of specifiers for the neural plate border (NPB). FGF
and Notch signalling are also involved in the expression of NPB specifiers, although these two factors play dif-
ferent roles among various species [2,7-9].

The combined action of these signalling pathways leads to the expression of NPB specifiers, including (but
not limited to): Pax3/7, Zicl, nMyc, Tfap2 and DIx5/6 [2,7,10,11]. A precise balance between neural and non-
neural ectoderm, at this stage, is fundamental for the correct formation of NC tissue [2,12]. The next step
leading to the formation of NC tissue is the expression of NC specifiers such as FoxD3 and Snail/2. Their
expression is enabled by the action of the NPB specifiers [2,9,13].

One of the most extraordinary properties of NC cells is their ability to undergo an epithelial to mesenchymal
transition (EMT), a property that allows neural crest cells (NCCs) to migrate throughout the developing
embryo. EMT requires two steps: delamination and dispersion. Initially, NCCs detach from the neural tube,
they then separate from each other to start their migration to the rest of the embryo in a coordinated manner
[5,14,15]. To allow the movement of NCCs through the embryo, it is necessary to modulate the activity of cell
adhesion molecules, metalloproteinases and the extracellular matrix [2,13,16].

It is important to emphasise that not all the actors involved in NC development have been discovered, and
that the GRN that orchestrates this process is constantly being updated [2,3,17]. In addition, other gene regula-
tory mechanisms, such as the regulation operated by non-coding RNA, need to be considered.

MicroRNAs

MicroRNAs (miRNAs) are short RNA molecules of ~22 nt involved in the post-transcriptional control of gene
regulation. They act mainly as repressors of gene expression by binding to the 3’ UTR of targeted mRNAs and
either cause stalling of the ribosome, or directly promote degradation of the targeted mRNAs [18].

MiRNAs were first discovered in C. elegans by Lee and colleagues in 1993 [1]. Since then, an increasing
number of miRNAs have been characterised, together with evidence of their important roles in regulating gene
expression.

The synthesis of miRNAs has been well covered in other reviews [19]. It starts with the action of
RNA-Polymerase II, which transcribes a longer primary transcript, called a pri-miRNA. In most cases, the
pri-miRNA has stem loops that are recognised by the RNase III, DROSHA, which together with DGCRS,
cleaves the pri-miRNA and generates a smaller product of ~70 nt. This RNA molecule, called the pre-miRNA,
is exported to the cytoplasm by the action of Exportin 5. Here, the pre-miRNA is cleaved again by another
RNase III, Dicer, which generates a double stranded RNA molecule of ~22 nt. Generally, only one strand of
RNA is used as mature miRNA, while the other is degraded [20].

The mature miRNA is loaded into the RNA-induced silencing complex (RISC), which is then guided to
mRNA targets and allows pairing between the ‘seed’ sequence of the miRNA (~7 nt) and the 3’ UTR of the
target mRNA. This pairing leads to reduced expression by two mechanisms: the removal of the poly-A tail of
the mRNA and the subsequent degradation by exonuclease activity, or the blocking of translation by stalling
the ribosome. The stalled ribosome then moves to subcellular organelles called P-bodies. Here, the complex can
either be stored or degraded [21-24].

Although this is the main mechanism of biosynthesis of miRNAs, other non-canonical mechanisms are known.
For example, Dicer-independent processing of miRNAs can occur using short hairpin RNAs (shRNAs) as substrate.
In this case AGO2 completes their maturation instead of Dicer [25]. Other non-canonical mechanisms of miRNA
biogenesis occur with miRNAs located in introns of transcribed genes (mirtrons) that can be produced during the
splicing process and exported by Exportin 5 [26]. Another example is the methylation of the guanosine in position
7 of the capped pre-miRNA, or 7-methylguanosine capped pre-miRNA’ [27]. This post-transcriptional modifica-
tion allows the miRNA to be exported directly to the cytoplasm by Exportin 1. In both cases (mirtrons and 7-
methylguanosine capped pre-miRNA), the nascent pre-miRNA is not processed by DROSHA/DGCRS.

A different mechanism of action of miRNAs is the so-called RNA activation (RNAa). RNAa is a pathway
that promotes the synthesis of mRNA, instead of repressing the translation. This mechanism is mediated by
AGOL1 that, once it loads the miRNA, is internalised in the nucleus and binds the promoter of specific genes,
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using the miRNA as guide. This mechanism creates a DNA-RNA duplex (R-loop) in proximity of the pro-
moter that enhances the binding of the RNA-Polymerase II to the DNA [28].

It is important to note that many different miRNAs can target one specific mRNA and specific miRNAs can
target more than one mRNA. This mechanism allows for the intricate regulation of gene expression, in particu-
lar the presence of more than one miRNA on a single mRNA could generate a stronger silencing effect [18].

The role of miRNAs in NC development

A role for miRNAs during development was first noted in 2003, when Bernstein and colleagues deleted Dicer
in mice, observing early embryonic lethality [29]. Other groups have gone on to show miRNAs to be important
in many developmental processes, such as, for example, muscle development [30].

MiRNAs associated with the NC have previously been reviewed by Weiner and colleagues [31]. Here we
summarise what is known and look at more recent literature (see Figure 1 and Table 1). A role for miRNAs in
NC development was originally shown by knocking out and knocking down Dicer in mice, thus disrupting
miRNA biogenesis. It was observed that a NC-specific knockout of Dicer using a Wnt1-CRE is lethal [32]. This
effect was due to extensive NC cell death that led to the absence of NC-derived tissues [33]. Similar effects
were observed following NC-specific inactivation of DGCRS8, an important co-factor of the endonuclease
DROSHA. In addition, cardiac defects associated with a defect in the NC were noted [34]. It is important
to note that DGCR8 is one of the genes deleted in DiGeorge Syndrome, a Neurocristopathy (NCP) that affects
1:4000 children [35].

Many individual miRNAs have now been associated with aspects of NC development. One of the first
studies was carried out by Gessert and colleagues [36]. They found that miR-130a, miR-219, miR-23b,
miR200b, miR-96 and miR-196a are involved in eye and NC development in Xenopus laevis. By using a mor-
pholino approach, they further showed that miR-130a, miR-219 and miR-23b are essential for the correct
development of the eye, while the knock-down of miR-200b, miR-96 and miR-196a cause, other than eye phe-
notypes, craniofacial defects often associated with NC defects.
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Figure 1. MiRNAs described in this review and where they act during Neural Crest development, from induction to
differentiation.
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Table 1. Neurocristopathies and associated miRNAs, with possible implicated targets Part 1 of 2
miRNA or
miRNA-related Implicated Involvement in NC
Neurocristopathy Symptoms genes target/s development Reference
CHARGE Syndrome Coloboma; Heart defects; Atresia let-7 chdz Chondrocyte [66]
choanae; Growth retardation; Genital differentiation
abnormalities; Ear abnormalities
Cleft palate Incomplete fusion of the bilateral palatal miR-140 pdgfra Chondrocyte [67]
shelves differentiation
miR-17~92 tbx1, thx3 Induction, chondrocyte
differentiation
miR-200b smad2, snaie, Specification
zeb1, zeb2
Congenital central CNS development delay; miR-204 phox2b Specification and 58]
hypoventilation syndrome  Hypoxic crisis migration
Craniosynostosis Premature fusion of two or more skull miR-23b smad3, smadb Induction [68]
bones miR-133b egfr, fgfr1 Chondrocyte
differentiation
Hirschsprung Disease Swollen belly; miR-100 ednrb EMT [69] [70]
Vomiting; miR-206 sdpr Orofacial development  [63]
Chronic constipation; miR-214 plagl2 [21]
Fatigue miR-483 fhi1 [71]
miR-124 Sox9 Sympathoadrenal [72]
development
DiGeorge Syndrome Behaviour problems; DGCR8 iRNA pathway General [73]

Hearing problems;
Feeding problems;
Congenital heart defects;

Hypoparathyroidism
Melanoma Skin tumours miR-32 mcl1 [50]
miR-579-3p mitf, braf, mdm2
(predicted)
miR-200c bmil, zeb2, Specification
tubb3, abcgb,
mdr1
miR-7 egfr, igf1r, craf Tooth development
miR-21 pten Schwann cells
differentiation [74]
miR-638 tp53inp2
miR-34a bcl2, cdk6, e2f3, EMT
mycn
miR-100 trim71 EMT [69]
miR-125b bak1, bcl2, e2f3
miR-192 zeb2
miR-193b cadké, mcl1, bmi1  Orofacial development
(predicted)
miR-514a nf1
Neuroblastoma Sympathetic nervous system (peripheral miR-17~92 cdknla Induction, chondrocyte [49]
ganglia and andrenal medulla) tumours differentiation
miR-34a e2f3, mycn, bcl2, EMT
cdk6
miR-204 bcl2, ntrk2 Specification and 53]
migration
miR-193b mycn, mcl, Orofacial development  [51]
ccend1
miR-188 kif1b (predicted) [62]
miR-125-1 e2f3, mcl1 Specification
(predicted)

Continued
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Table 1. Neurocristopathies and associated miRNAs, with possible implicated targets Part 2 of 2
miRNA or
miRNA-related Implicated Involvement in NC
Neurocristopathy Symptoms genes target/s development Reference
miR-501 bcl2, e2f3, cdké,
ntrk2 (predicted)
Neurofibromatosis Peripheral nerves and Schwann cells let-7b in28b Chondrocyte [75]
tumour differentiation
miR-143 bcl2, fgfi, igfbps, Cardiac differentiation
camk1d
miR-145 tgfr2, apc, cmyc  Cardiac differentiation
miR-135 Izts1, lats2, ndr2,
btrc
miR-889 apc
miR-128 nf1 [76]
miR-137 nf1
miR-103 nf1

In 2013, Avellino and colleagues investigated the role of miR-204 during NC migration. They found that by
modulating the expression of miR-204 in Medaka fish embryos, they were able to increase or reduce NCC
migration. They also demonstrated that Ankrd13A is a direct target of miR-204 and an important modulator of
NCC migration [37]. It is worth noting that, among the human in-silico predicted targets of miR-204, there is
Ankrd13C, a paralog of Ankrdl3A, and other genes involved in motility and extracellular matrix stability, such
as the metalloprotease, Adamts9, the cadherins, Cdh4 and Cdhll, and the collagen, Col5A3. If these in-silico
targets were validated in NCCs, it would mean that miR-204 is able to regulate NC migration by targeting
several key proteins involved in this process.

These results were partially confirmed by Ward and colleagues [38]. In this study Xenopus laevis embryonic
organoids, often termed ‘animal caps’ were induced to become either NC or neural tissue by injection of Wntl
and Noggin mRNA (to induce NC) or with Noggin alone (to induce neural tissue). The resulting
induced-animal caps were then subjected to small RNA next generation sequencing and differential analysis
carried out to identify miRNAs specifically expressed in NC tissue. The most abundant miRNA species
detected in NC-induced animal caps were miR-219, miR-196a, miR-218-2, miR-10b, miR-204a, miR-130b/c,
miR-23, and miR-24, with miR-219 as the most enriched miRNA in NC-induced animal caps, followed by
miR-196a. Further experiments using luciferase assays to validate targets of miR-219 found that Eyal is directly
targeted by this miRNA (Ward and Wheeler, unpublished results). Other enriched miRNAs were miR-301a
and miR-338-3, but these were also found to be expressed in blastula stage animal caps and could be involved
in maintaining pluripotency of the blastula stage ectoderm and putative NC.

Recently, we developed an efficient method to knockout miRNAs using CRISPR/Cas9. To do this, we gener-
ate two sgRNAs flanking the miRNA sequence in the genome. Introduction of these sgRNAs plus Cas9 into
the embryo leads to deletion of the whole miRNA pri-RNA sequence. Using this method, we have knocked out
miR-219 and miR-196a, showing clear NC phenotypes, including craniofacial and pigment abnormalities [39].
The observed phenotype for miR-219 could be due to the direct down-regulation of Pdgfra and Sox6 which
have been shown to be targets of miR-219 in oligodendrocyte differentiation and myelination [40].

More recent work in chick, highlighted how miR-20a, miR-200a and miR-217 contribute to NC identity by
inhibiting FGF pathway on different levels, reducing the levels of Fgf4, Fgf13 and Fgfr2 in the NC region [41].
In a similar way, other miRNAs have been shown to modulate other key pathways during NC development.
For example, Bhattacharya and colleagues showed how the Wnt signalling pathway is modulated by the Lin28/
miR-let-7 axis. In particular, high levels of Lin28a promoted by Wnt inhibit the activity of miR-let-7. When
NCCs migrate away from the Wnt source, the level of Lin28a is reduced, and this results in an increased level
of miR-let-7 activity. The effect leads to the repression of the NC multipotency factors, such as Pax3/7, FoxD3
and cMyc [42].

A number of groups have reported a role for specific miRNAs during NC differentiation [31]. For example,
Steeman and colleagues have shown that the highly conserved miR-145, which is transcribed together with
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miR-143, plays a role during craniofacial development in zebrafish. They speculated that this might be caused
by a direct interaction between miR-145 and Sox9b [43]. Zhao and colleagues, also working in zebrafish, have
shown that miR-1 plays a role in NC development, as its knock-down produces defects during craniofacial,
heart, melanocyte and iridophore development [44].

Other studies have revealed that miR-375 is up-regulated in chromaffin cells from the adrenal medulla,
another NC-derived tissue involved in the synthesis of the catecholamines adrenaline and noradrenaline [45].
It has been observed that miR-375 acts as negative regulator of TH and DBH (two key enzymes involved in the
synthesis of catecholamines). In particular, the authors showed that miR-375 targets Sp1, the regulator of TH
and DBH, in response to stress [46]. Another study conducted by Shtukmaster and colleagues demonstrated
that miR-124 is also expressed in developing sympathetic neurons and supports the maintenance of neuronal
morphology in sympathoadrenal cells [47].

Figure 1 shows various miRNAs that have been so far identified to potentially play a role in NC specification,
migration and differentiation. Future work needs to determine the specific effects of these miRNAs in NC devel-
opment. In particular, at what point in NC development do they act and how are they regulated? Also, it will be
necessary to validate functional and direct targets of the miRNAs involved in NC development. For example, a
luciferase assay shows if there is a direct interaction between a miRNA and an mRNA under a non-physiological
expression of both miRNA and mRNA, but it does not provide information about the spatial-temporal expression
of those two molecules and whether they interact in vivo. To assess the role of a miRNA in the NC-GRN, it is
necessary to investigate what factors regulates its expression and verify that the miRNA targets are expressed in
the same tissue and at the same stage of development.

miRNAs and neurocristopathies

Neurocristopathies (NCPs) are diseases that can arise due to problems occurring at any time during the devel-
opment of the NC. These defects can affect a single NC-derived tissue as in albinism that only affects melano-
cytes, or they can be syndromic and affect several NC-derived tissues as in CHARGE syndrome, which causes
coloboma, heart congenital defects and genital abnormalities [48].

MiRNAs are increasingly becoming associated with various NCPs (Table 1). Despite the fact that NCPs are
among the most studied genetic diseases, the etiopathogenesis of many NCPs remains to be elucidated, and
many factors involved are still to be discovered.

As mentioned before, a well characterised NCP that affects 1 in 4000 to 6000 live births is DiGeorge
Syndrome (DGS). The pathology of this condition is characterised by a combination of phenotypes, including
cardiac defects, abnormal facies, cleft palate and an absent or hypoplastic thymus. Other common symptoms
are renal anomalies, hearing loss and skeletal abnormalities. DGS is often caused by a deletion of 22q11.2, a
region that includes the gene that encodes for DGCRS, an important cofactor of DROSHA and essential for
proper miRNA biogenesis [35]. The fact that loss of DGCRS is associated with a syndromic NCP is a strong
indication that the miRNA pathway plays an important role at many levels of NC-development.

In recent years, de-regulated miRNAs have been associated with different types of NCPs and NC-derived
cancers (Table 1) [49-53]. Some types of cancers, in particular neuroblastoma (NB) and melanoma, are consid-
ered NCPs, as they derive from NC tissues. MiRNAs that promote tumour growth are called oncomiRs, while
miRNAs known to suppress the malignancy of the tumoral mass are called anti-oncomiRs [54]. MiRNAs asso-
ciated with NB aggressiveness include the cluster miR-17~92, which contains five miRNAs (miR-17, miR-18a,
miR-19a, miR-20a and miR-92). The overexpression of this cluster in NB is associated with high proliferation
and invasiveness, while down-regulation reduces the invasiveness and increases apoptosis in these cells. On the
other hand, miR-34a has been shown to have a protective role, as the overexpression of this miRNA induces
the arrest of cell proliferation and apoptosis in NB cells. This effect might be due to the targeting of cdknla by
miR-17-p, while miR-34a is shown to directly target E2F3, which induces cell cycle progression [49]. MiRNAs
have also been associated with melanoma. For example, miR-21 is considered an oncomiR, as its expression is
often up-regulated in melanoma cells. Its actions involve the inhibition of cell differentiation and apoptosis.
Moreover, knock-down of this miRNA in melanoma cells induces apoptosis and enhances the effectiveness of
chemotherapy and radiotherapy. Also in this case, other miRNAs have been shown to have oncosupressor
activity. MiR-32 is one of these as it promotes the arrest of melanoma growth by inhibiting the expression of
MCL-1 and, by doing so, the PI3K-AKT-mTOR pathways [50].

Given the increasing number of findings that associate an altered expression of miRNAs and cancer, research
groups are starting to give particular attention to regions of DNA harbouring non-translated genes (miRNAs,
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IncRNAs, piRNAs) and the non-coding regions of mRNAs which are, in fact, important post-transcriptional
regulators via interaction with RNA-binding proteins and miRNAs [55,56]. This trend is providing insights
into additional facets of gene regulation, mechanisms of development and mechanisms that lead to pathological
conditions.

As an example, Bachetti and colleagues (2021) made an association between the miRNA-mediated regulation
of phox2B and a pathological condition, congenital central hypoventilation syndrome (CCHS), an NCP that
affects the correct development of the CNS and which can cause sudden infant death (SUID) via hypoxic crisis
which occurs during sleep [57]. They observed a point mutation in the 3’ UTR of phox2B [58]. This generates
a potential new binding site for miR-204, which is already known to target phox2b mRNA in NB cells [59,60].
They speculated that the generation of this new binding site for miR-204 is the cause of the down-regulation of
phox2b expression, and that could contribute to the occurrence of SUID [58].

Another NCP that has recently been associated with miRNAs is Hirschsprung Disease (HD), a condition
characterised by absence of enteric ganglia. This condition impairs passing stool and can lead to a series of
signs such as swollen belly, vomiting, chronic constipation, and fatigue [61]. In 2016, a differential miRNA
expression analysis on colon tissue from HD patients was carried out. 168 differentially (up-regulated and
down-regulated) expressed miRNAs were identified between Hirschsprung and healthy tissues [62]. In recent
years, a number of miRNAs has been associated with HD, including miR-100, miR-206, miR-214 and
miR-483. For example, a point mutation in the miR-100 gene has been shown to increase HD susceptibility in
a southern China population [63].

These studies are leading the way for a new concept underpinning the diagnosis of rare diseases, in which
clinicians analyse regions of the genome producing protein coding mRNAs and/or non-coding RNAs to make
predictions. In the future, this approach might be used to treat these conditions before the appearance of symp-
toms, providing the families of these patients with an alternative that could actually cure the disease [64,65].

Perspectives
e The GRN underlying the induction, migration and specification of the NC is under constant
revision.

e Further studies that focus on the role of non-coding RNA species, such as miRNAs, during
NC development are fundamental in order to increase our knowledge of the NC-GRN.

e Understanding the role of miRNAs in NC-development can provide clinicians with more
powerful tools for the diagnosis of NCPs and other rare diseases.
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Determining miRNA Expression Patterns in Xenopus

Marco Antonaci, Alice M. Godden, and Grant N. Wheeler

Abstract

Whole-mount in situ hybridization (WISH) is a technique that enables temporal and spatial visualization of
RNA molecules in an embryo or whole tissue by using a complementary labelled probe. MicroRNAs are
short noncoding RNAs of 20-25 nt in length mainly involved in posttranscriptional regulation of gene
expression. In this chapter, we describe how to visualize miRNAs in Xenopus laevis or tropicalis by WISH
using two different approaches: LNA-WISH to visualize mature miRNAs and pri-miRNA-WISH to
visualize the immature form of miRNAs, the pri-miRNAs.

Key words WISH, miRNA, Xenopus, Development, Expression pattern

1 Introduction

One of the most important goals in developmental biology is to
determine where and when a gene is expressed. Xenopus laevis and
Xenopus tropicalis are powerful model species which have been used
to identify several fundamental biological processes in develop-
ment. This is due to the relative ease from which the eggs can be
collected and fertilized and by the large numbers of eggs that a
single frog can lay (over hundreds in a single use). This, combined
with the fact that many human diseases can be modelled in Xenopus
species [1], makes this animal an excellent model to study genetic
diseases and basic embryonic development. A well-established tech-
nique to visualize the expression of a gene during development is
whole-mount in situ hybridization (WISH). The general idea of
WISH is to use a digoxigenin-labelled RNA probe that pairs with
the RNA of interest. Following hybridization with this probe, the
sample is incubated with an alkaline phosphatase-labelled anti-
digoxigenin antibody. The color reaction occurs by incubating the
sample with dyes that upon dephosphorylation will generate a
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colored precipitate. This color reaction therefore only occurs in the
regions of the sample where the RNA target is expressed [2, 3]. Asa
“good” probe is usually 250-1000 nt in length, and mature miR-
NAs are around 20-25 nt in length [4 ], alternative approaches have
been developed in order to visualize their expression. The first
involves the use of locked nucleic acid (LNA) probes to stain
mature miRNAs [5, 6]. A second approach generates a probe that
pairs with the unprocessed form of the miRNA of interest (primary
miRNA or pri-miRNA) [7, 8]. Pri-miRNAs’ length can be very
different from a minimum range of 80—120 nt for isolated miRNAs.
Clustered miRNAs, such as the ones in the group miR-17-92 can
have primary transcripts longer than 1 kb. Probes that bind these
transcripts can be used the same way as probes for mRNAs. In this
chapter, we will discuss how to carry out an LNA-WISH and a
pri-miRNA WISH on Xenopus embryos.

2 Materials

2.1 Collection of
Xenopus Species
Embryos

2.2 Fixation of
Xenopus Species
Embryos

2.3 Whole Mount In
Situ Hybridization

1. PMSG.
2. Chorulon: hcG.

3. Ix MMR—100 mM NaCl, 2 mM KCIl, 1 mM MgCl,, 2 mM
CaCl,, 5 mM HEPES, pH 7.5 (se¢ Note 1).

4. 0.1x MMR—10 mM NaCl, 0.2 mM KCl, 0.1 mM MgCl,,
0.2 mM CaCl,, 0.5 mM HEPES, pH 7.5 (see Note 1).

5. 0.05x MMR—5 mM NaCl, 0.1 mM KCl, 50 pM MgCl,,
0.1 mM CaCl,, 250 pM HEPES, pH 7.5 (see Note 1)

6. 2% L-cysteine pH 7.5 in MMR (1x for X. laevis, 0.1x for
X. tropicalis) (see Note 2).

7. Xenopus laevis or tropicalis frozen sperm.

1. 10x MEM salts—1 M MOPS, 20 mM EGTA, 10 mM MgSQOy,,
pH 7.4, in DEPC-H,O (see Note 3).

2. MEMFA—3.7% formaldehyde, in 1x MEM salts (sec Note 4).
3. 100% ethanol.

4. DEPC-PBS—137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPOy,,
1.8 mM KH,PO, in DEPC-H,O (see Note 1).

PBST—0.1% Tween 20 in 1x PBS.
75% ethanol in DEPC-PBST.
50% ethanol in DEPC-PBST.
25% ethanol in DEPC-PBST.

Proteinase K solution—20 pg/mL Proteinase K in DEPC-
PBST (see Note 2).
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. RNase A solution—1 pg/mL RNase A in 2x SSC (see Note 2).

. Fixing solution—3.7% formaldehyde in DEPC-PBST (see
Note 4).

. 2x S§C—0.3 M NaCl, 30 mM Na citrate, pH 7, in dH,O (see
Note 5).

. 0.2x SSC—30 mM NaCl, 3 mM Na citrate, pH 7, in dH,O (see
Note 5).

Hybridization buffer—50% formamide, 25% 20x SSC, 1 mg/
mL torula RNA, 100 pg/mL heparin, 1x Denhardt’s, 0.1%
Tween 20, 0.1% Chaps, 10 mM EDTA in DEPC-H,O (see
Note 6).

Probe buffer—1 pg/mL DIG-labelled probe in hybridization
bufter (see Notes 6 and 7).

MAB—0.1 M maleic acid, 150 mM NaCl in dH,O (see
Note 1).

Blocking solution—2% Boehringer Blocking Reagent (BBR)
in MAB.

Antibody solution—1:3000 a-DIG (anti-digoxigenin-AP Fab
fragments, Sigma-Aldrich, REF: 11093274910) in blocking
solution (see Note 2).

NTMT—100 mM Tris-HCI pH 9.5, 100 mM NaCl, 50 mM
MgCl,, 1% Tween 20 (see Note 2).

NBT—50 mg/mL nitro blue tetrazolium in 70% dimethylfor-
mamide (DMF) (see Note 8).

BCIP—50 mg/mL 5-bromo-4-chloro-3-indolyl-phosphate in
dimethylformamide (DMF) (see Note 8).

Color solution—0.09% NBT, 0.35% BCIP in NTMT (see
Notes 2 and 8).

Imaging plate—2% agarose in dH,O (see Note 9).
100% methanol (see Note 10).

3 Methods

3.1 Collection of
Xenopus Laevis Eggs

. Females of Xenopus laevis are primed with an injection of

200 U (200 pL) PMSG onto one lymph sac 3 to 7 days before
egg collection (see Note 11). Frogs are not fed during
this time.

. Induction is then performed ~16 h before egg collection with

an injection of 500 U (500 pL) of Chorulon onto one
lymph sac.

. Once the first eggs are naturally released, frogs are gently

squeezed in order to collect eggs in a petri dish.
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3.2 Ferlilization of 1.

Xenopus Laevis Eggs

3.3 Collection of 1.

Xenopus Tropicalis

Eggs
2
3
3.4 Fertilization of 1.

Xenopus Tropicalis
Eggs

Xenopus laevistrozen sperm is collected from the —80 °Cin dry
ice and thawed for 30 s in a 37 °C water bath doing an “8”
movement (see Note 12).

. 125 pL of 0.1x MMR is added to the frozen sperm and gently

mixed with a precut tip; the mixture is then pipetted on
the eggs.

. The eggs are then incubated at 18 °C for 10 min. After this

incubation, the dish is flooded with 0.1x MMR and incubated
for 20 min more at 18 °C. At this point, fertilized eggs will turn
with the animal pole (pigmented side) on the top and vegetal
pole (nonpigmented side) on the bottom.

. The embryos are de-jellied by removing 0.1x MMR and add-

ing 2% cysteine for 7 min. During this incubation, it is useful to
gently swirl the embryos. At the end of the 7 min, cysteine is
removed by washing the embryos a minimum of three times
with 1x MMR and then a minimum of three more times with
0.1x MMR.

Females of Xenopus tropicalis are primed with an injection of
10 U (100 pL) Chorulon onto one lymph sac 24-72 h before
egg collection. Frogs are not fed during this time.

. Induction is then performed ~5 h before egg collection with an

injection of 200 U (200 pL) of Chorulon onto one lymph sac.

. Once the first eggs are naturally released, frogs are gently

squeezed in order to collect eggs in a petri dish.

Xenopus tropicalis frozen sperm is collected from the —80 °C
and thawed for 30 s in a 37 °C water bath doing an “8”
movement (see Note 12).

. 125 pL of 0.1x MMR is added to the frozen sperm and gently

mixed with a precut tip; the mixture is then pipetted on
the eggs.

. The eggs are incubated at 25 °C for 20 min. After this incuba-

tion, the dish is flooded with 0.05x MMR and incubated for
30 min more at 25 °C. At this point, fertilized eggs will
contract the pigmentation on the animal pole, making it darker
than the one of unfertilized eggs.

. The embryos are then de-jellied by removing 0.05x MMR and

adding 2% cysteine for 7 min at 25 °C. At the end of the 7 min,
cysteine is removed by washing the embryos a minimum of

three times with 0.1x MMR and a minimum of three times
with 0.05x MMR.
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Xenopus Species
Embryos
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Fertilised embryos develop at 16-21 °C (X. laevis) or 25 °C
(X. tropicalis). Once they reach the desired stage, embryos are
collected and fixed in MEMFA for 2 h at RT with gentle rock-
ing, or overnight at 4 °C on gentle rocking.

. Once fixed, embryos are washed three times with 100% Etha-

nol. At this point, it is possible to proceed with the WISH
protocol, or the embryos can be stored at —20 °C indefinitely.

3.6 LNA-Wish All steps are carried out at room temperature and with gentle
rocking, unless specified (see Notes 13, 14, 15, and 16).

1.

gt ok N

0 % N o

10.

11.

12.
13.
14.
15.
16.
17.

Table 1

Wash with 75% ethanol in DEPC-PBST for 5 min (see Notes
17 and 18).

. Wash with 50% ethanol in DEPC-PBST for 5 min.
. Wash with 25% ethanol in DEPC-PBST for 5 min.
. Wash twice with DEPC-PBST for 5 min.

. Treat with Proteinase K solution, guidelines for the incubation

time on Table 1, no rocking.

Wash twice with DEPC-PBST for 5 min.
Treat with fixing solution for 20 min.
Wash twice with DEPC-PBST for 5 min.

Treat with preheated hybridization buffer (54 °C) until the
embryos settle to the bottom of the vial, no rocking.

Replace the hybridization bufter with some new hybridization
buftfer and incubate at 54 °C for at least 3 h.

Incubate with the LNA-probe solution overnight at 54 °C (see
Note 19).

Wash with hybridization buffer once for 10 min at 54 °C.
Wash three times with 2x SSC for 20 min at 54 °C.

Wash twice with 0.2x SSC for 30 min at 54 °C.

Wash with MAB for 10 min.

Block in blocking solution for at least 1 h.

Incubate in the antibody solution overnight at 4 °C (see Note
20).

Time in minutes of incubation with Proteinase K solution. This is a guideline; every time a new batch
of Proteinase K is prepared, it should be tested with known probes on different stages of
development. The staging is performed according to the standard Nieuwkoop and Faber staging

system

Stage (NF) 1-10 10.5-12 13-16 17-20 21-25 26-30 31-33 34-36 3740 4145

Time (min) 05 1

2 3 4 5 6 8 18 20
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18.
19.
20.
21.
22.
23.

24.

25.

26.
27.

Wash twice with MAB for 5 min.

Wash six times with MAB for 30 min.

Wash with MAB overnight at 4 °C.

Wash three times with MAB for 5 min.

Wash twice with NTMT solution for 10 min.

Incubate in color solution protected from light. At this point,
keep the embryos in color solution until the control
LNA-probe starts developing color. It is possible to replace
the Color solution if the solution starts changing color from
pale yellow to purple. This will speed the reaction and reduce
the background staining.

Stop the solution by washing three times with PBST (see Note
21).

It is possible to remove some of the background by incubating
the embryos overnight at 4 °C in 100% methanol. Embryos can
be stored at —20 °C indefinitely.

Rehydrate by washing twice with PBS for 10 min.
Acquire images on a 2% agarose plate with PBS (see Fig. 1).

A LNA-Probes B Antisense Sense
o .
=0
5 N ﬂ
£
E - {iv] o
= K
St.35 'S St.7 St.7
o — 2
£
- N . *
é U
=
St. 35 St.4 St. 4

Scramble-miR
-

St.33

Fig. 1 Example of LNA-WISH and pri-miRNA WISH. (a) LNA-WISH: from top to bottom, expression of xtr-miR-
30-5p, xtr-miR-124, and control, scramble miRNA at tailbud stages. (b) Pri-miRNA-WISH on xtr-miR-196a. On
the left side, WISH on xtr-miR-196a anti-sense probe at NF stage 7 (top) and NF stage 4 (bottom). On the right
side, WISH on xtr-miR-196a sense probe at NF stage 7 (top) and NF stage 4 (bottom)
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3.7 Pri-MiRNA WISH  All steps are carried out at room temperature and with gentle
rocking, unless specified (see Notes 13, 14, 15, 16, and 22).

1.

92 BN "IN I )

R

10.

11.
12.
13.
14.
15.
16.
17.
18.
19.

20.
21.
22.
23.
24.
25.

26.

Wash with 75% ethanol in DEPC-PBST for 5 min (see Notes
17 and 18).

. Wash with 50% ethanol in DEPC-PBST for 5 min.
. Wash with 25% ethanol in DEPC-PBST for 5 min.
. Wash twice with DEPC-PBST for 5 min.

. Treat with Proteinase K solution, guidelines for the incubation

time on Table 1, no rocking.

. Wash twice with DEPC-PBST for 5 min.

Treat with fixing solution for 20 min.
Wash twice with DEPC-PBST for 5 min.

Treat with preheated hybridization buffer (60 °C) until the
embryos settle to the bottom of the vial, no rocking.

Replace the hybridization bufter with some new hybridization
buffer and incubate at 60 °C for at least 1 h.

Incubate with the probe solution overnight at 60 °C.
Wash with hybridization buffer once for 10 min at 60 °C.
Wash three times with 2x SSC for 20 min at 60 °C.

Treat with RNAse A solution for 30 min at 37 °C.

Wash with 2x SSC for 10 min.

Wash twice with 0.2x SSC for 30 min at 60 °C.

Wash with MAB for 10 min.

Block in blocking solution for at least 1 h.

Incubate in the antibody solution overnight at 4 °C (see Note
20).

Wash twice with MAB for 5 min.

Wash six times with MAB for 30 min.

Wash with MAB overnight at 4 °C.

Wash three times with MAB for 5 min.

Wash twice with NTMT solution for 10 min.

Incubate in color solution protected from light. Keep checking
the embryos every 20-30 min until a signal is seen. It is
possible to replace the color solution if the solution starts
changing color from pale yellow to purple. This will speed
the reaction and reduce the background staining.

Stop the solution by washing three times with PBST (see Note
21).
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27.

28.
29.

It is possible to remove some of the background by incubating
the embryos overnight at 4 °C in 100% methanol.

Rehydrate by washing twice with PBS for 10 min.

Acquire images on a 2% agarose plate with PBS.

4 Notes

10.
11.

12.

13.

14.

. MMR, DEPC-PBST, and MAB can be prepared as stock solu-

tion of 10x and stored at 4 °C.

. 2%, MEMFA, Proteinase K solution, RNase A solution, fixing

solution, antibody solution, NTMT], and color solution should
be prepared fresh.

. MEM salts are photosensitive and should be stored at 4 °C

wrapped in aluminum foil.

. MEMFA and fixation solution contain formaldehyde, which is

toxic; handle with care.

. §SC can be prepared as stock solution of 20% and stored at 4 °C.

. Hybridization buffer and probe buffer contain formamide,

which is toxic; handle with care. Both can be prepared in
advance and stored at —20 °C.

. LNA probes need to be prehybridized against a mixture of

different stage embryos up to six times before first use in
order to minimize background staining. Both LNA probe
and pri-miRNA probe can be used multiple times and stored
at —20 °C. Usually, probes that have been used at least 1-2
times show cleaner staining.

. Color solution, BCIP, and NBT contain dimethylformamide,

or DME. All are toxic; handle with care.

. A thicker agarose layer on the plate will show a nicer blue

background during the acquisition of the picture.
Methanol is toxic; handle with care.

An alternative to the use of PMSG is to prime X. [aevis with a
diluted Chorulon, injecting 50 U/frog of Chorulon in the
same way.

For more detailed information on how to use frozen sperm to
fertilize Xemopus eggs, see https://xenopusresource.org,/
using-frozen-sperm-4.

Fixed embryos are particularly fragile; while changing solution,
it is better to leave a bit of the previous solution but not to ruin
the embryos, rather than removing all of it.

Embryos should never be let to dry.



15.

16.

17.

18.

19.

20.

21.

22.
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The whole experiment can be performed in glass vials, but is
also possible to use normal 2-mL tubes and, before the color
reaction, transfer the embryos in glass vials. This way it will be
possible to look at the embryos during the color reaction.

Usually, 10-15 embryos per sample are a good number for
each WISH.

Usually, 0.5-1 mL of solution is enough to completely cover all
the embryos.

While rocking, glass vials can be kept standing. This can be
optimal since, if they get stock on the lid of the vial, they will
not be in contact with the solution and will dry out.

LNA probes should be used 4-6 times before they lose their
nonspecific staining. Before starting an experiment, it should
be better to perform mock LNA-WISH with that specific
probe, in order to obtain the best results.

After the incubation with primary antibody, the use of DEPC-
treated solutions is no longer necessary.

It is possible to stop and restart the color reaction by washing
three times with PBST and leaving the embryos on at 4 °C. The
day after, it is possible to incubate again twice with NTMT and
then start again the color reaction.

For the list of primers used to produce xtr-miR-219
pri-miRNA probe, see Godden et al. [7].
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Check for
updates

An Efficient CRISPR-Cas9 Method to Knock Out MiRNA
Expression in Xenopus Tropicalis

Alice M. Godden, Marco Antonaci, and Grant N. Wheeler

Abstract

In recent years CRISPR-Cas9 knockouts (KO) have become increasingly utilized to study gene function.
MicroRNAs (miRNAs) are short noncoding RNAs, 20-25 nucleotides long, which affect gene expression
through posttranscriptional repression. As miRNAs are so small and due to the limitations of known PAM
sequences, it is difficult to design CRISPR sgRNAs that reproducibly lead to a KO. We have therefore
developed a novel approach using two guide RNAs to effectively “drop out” a miRNA. Validation of
efficient CRISPR miRNA KO and phenotype analysis included use of q-RT-PCR and Sanger sequencing.
To show specificity of the phenotype, we provide a protocol to use miRNA mimics to rescue the KO
phenotype.

Key words CRISPR-Cas9, Xenopus tropicalis, Knock-out, Micro RNA, Rescue

1 Introduction

Recently, CRISPR-Cas9 gene editing has become increasingly pop-
ular and more mainstream for manipulating gene expression in
model organisms such as Xenopus. CRISPR-Cas9 utilizes a highly
specific targeted nuclease to induce genomic editing by nonhomol-
ogous end joining (NHE]) or homology-directed repair (HDR).
CRISPR therefore is an efficient method that can rapidly generate
KO Xenopus embryos and lines of frogs for phenotype and geno-
type analysis [1, 2].

CRISPR genome editing works by using single-guide RNAs
(sgRNAS) to target Cas9 endonuclease to induce genomic cleavage
[3]. SgRNAs are part of the CRISPR RNA (crRNA) and are the
region that is complementary to the genomic DNA (gDNA) that is
being targeted. The sgRNA will bind to the genomic target region
if it has a protospacer adjacent motif (PAM), NGG sequence,
present. This helps guide the Cas9 endonuclease to its cleavage
site. The PAM region can limit the sgRNA designs for the end

Tamas Dalmay (ed.), MicroRNA Detection and Target Identification: Methods and Protocols,
Methods in Molecular Biology, vol. 2630, https://doi.org/10.1007/978-1-0716-2982-6_15,
© The Author(s), under exclusive license to Springer Science+Business Media, LLC, part of Springer Nature 2023

231



232 Alice M. Godden et al.

user; however, more Cas9 endonucleases are being engineered and
refined, which will give the user more flexibility and sgRNA options
[4]. Additionally, crRNA pairs with a trans-activating CRISPR
RNA (tracrRNA) and recruits the Cas9 endonuclease to the target
site for mutagenesis [2, 5]. X. tropicalis are a diploid species of
Xenopus and so are the optimal Xenopus model for this project
using targeted mutagenesis techniques such as CRISPR/Cas9
[2, 6]. Both mosaic knockouts and generation of stable lines
could be achieved with this approach.

MiRNAs are short noncoding RNAs, 20-25 nucleotides long
mainly involved in posttranscriptional regulation of gene expression
[7]. To KO a miRNA in X. tropicalis, the technical limitation of
generating a viable embryo with a clean KO is that designing a
sgRNA close to or in the miRNA is difficult due to their small size.
In addition an insertion /deletion (INDEL) mutation could lead to
generation of a novel miRNA as well as losing the original miRNA
[8]. In our approach we design sgRNAs flanking the stem-loop of
the miRNA. These are predicted to simultaneously create double-
strand breaks in the genome to “drop out” the entire miRNA stem-
loop and give a clean miRNA KO (see also Godden et al., 2021).
This method can be used to knock out miRNAs that are single
genes, located in introns or part of multiple miRNA transcripts.

2 Materials

2.1 Embryo
Acquisition

2.2 Embryo Fixation

2.3 Embryo Injection

1. Chorulon: hcG, (Intervet).

1x MMR: 100 mM NaCl, 2 mM KCI, 1 mM MgCl,, 2 mM
CaCl,, 5 mM HEPES, pH 7.5.

BSA: 1.5% bovine serum albumin dissolved in 0.05x MMR.
Cysteine: 2% L-cysteine in 1x MMR, pH 7.8-8.0.

Ficoll: 3% Ficoll in 0.05x MMR.

Frozen sperm: obtained from the EXRC, Portsmouth.

N

SRR

1. 10x MEM salts: 1 M MOPS, 20 mM EGTA, 10 mM MgSQOy,,
pH 7 4.

2. MEMFA: 3.7% tormaldehyde in MEM salts.

3. 10x PBS: 100 mM Na,HPO,H,0, 18 mM KH,POy,, 1.37 M
NaCl, 27 mM KCI.

4. PBST: PBS, 0.1% Tween-20.

1. Harvard apparatus injector (Medical Systems Research); set the
injector to the following parameters: P,y = 90, Ppaance = 0.6
and Pipjece = 16. For X. tropicalis, the maximum injection
volume was 4.2 nL.



2.4 sgRNA
Generation

2.5 MiBNA Mimics

2.6 Genomic DNA
Isolation

2.7 Subcloning of
PCR Products

2.

3.

4.
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Glass capillaries: borosilicate standard wall with filament. OD
1 mM, ID 0.58 mM, 15 cM long, G100F-6, multichannel
systems.

Cas9 protein, M0646M, EnGen Cas9 NLS 20 pM, (New
England Biolabs).

Capped RNA tracer generation: mMESSAGE mMACHINE
SP6 Transcription (Ambion).

Guide RNAs are initially synthesized from PCR-amplified oligo
sequences. These sequences contain the T7 promoter, the sgRNA
sequence, and the CRISPR guide RNA assembly. The sequences to
order as oligos are in Table 1. See Subheading 3.2.2 for sgRNA
synthesis.

G W

—

O

il A

Materials for sgRNA synthesis:

GoTaq Green.

T7 MegaSHORT Script kit (Ambion).
PCR purification Kkit.

Nanodrop 1000.

Custom oligos.

hsa-miR-219a-5p miRCURY LNA miRNA mimic, compatible
with  xtr-miR-219 sequence: 5" UGAUUGUCCAAACG
CAAUUCU (339173 YM0047076-ADA, MIMAT0000276,

Qiagen).

. Negative-control miRNA mimic, as recommended by manu-

facturer, was cel-miR-39-3p, sequence 5" UCACCGGGU
GUAAAUCAGCUUG (331973, YMO00479902-ADA,

Qiagen).

Micropestles and 1.5-mL Eppendorf tubes.

Vortex.

PureLink gDNA Mini Kit, K1820-00 (Invitrogen).
PCR primers for genotyping can be found in Table 3.

Gene]ET Gel Extraction Kit (Thermo Scientific).
UV gel visualizer.

. Agarose gel electrophoresis tanks and peripherals.

. pGEM-T easy kit (Promega).

GoTaq G2 DNA polymerase.

PCR primers can be seen in Table 2. M13 primers are used for
sequencing of subcloned products into pGEM-T plasmids.
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Table 1

SgRNA sequences used. Common oligo taken from [2]. The first part of the sequence is in lowercase
if the T7 promoter sequence, the capital letter sequence is the sgRNA complementary binding region
sequence, and the last lowercase sequence is for the tracR part of the sgRNA assembly

SgRNA (sgRNA) oligo

Sequence 5’ to 3’

$g219-5
$g219-9
$g219-8
$g219-10

taatacgactcactataGGTGAATTTTCCACAGCAAT gttttagagctagaa
taatacgactcactataGGGTCTTCAGAATCAGCGACgttttagagctagaa
taatacgactcactataGGGTGTGTTGGGGGGGTTGGgttttagagctagaa
taatacgactcactataGGAAAGATTGTAAGTCCAAGgttttagagctagaa

Common oligo (reverse AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGAC

primer)

TAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC

Table 2

Table of primers and sequences. Primers used for sequencing and PCR of genomic DNA

Primer Sequence 5’ to 3’

miR-219 R3 GGTAGGCAACACACTCTTCAAC

miR-219 R2 GCCCTGGCAATGCTGGAAATG

miR-219 R4 GAAGGCTGTATTTTAGCCCTGGC

miR-219 6F CCCAGTCTTGGAAGGAGTAGAC
Table 3

Primers used for miRNA q-RT-PCR

Product code/accession

Primer name Sequence 5’ to 3’ number for design
ipu-miR-219a (for use with miR-219 KO AGAAUUGUGCC YP02101832 (Qiagen)
samples) UGGACAUCUGU
U6 snRNA CTCGC YP00203907 (Qiagen)
TTCGGCAGCACA
hsa-miR-219a-5p (for use when miR-219 UGAUUG YP00204780 (Qiagen)
mimic has been used) UCCAAACGCAAUUC
U

28 qRT-PCR

1. Quick-RNA Miniprep Plus Kit (Zymo).
2. ¢cDNA synthesis: miRCURY LNA RT kit (Qiagen).
3. SYBR Green qPCR Master mix (Applied Biosystems).
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. MicroAmp® Optical 96-Well Reaction Plate (Applied Biosys-

tems) and plate seals.

. Primers and product codes can be seen in Table 3.

3 Methods

3.1 Xenopus
Husbandry and
Embryo Acquisition

3.2 CRISPR-Cas9
3.2.1 Design of sgRNA

3.2.2 Generation of
SgRNAs and CRISPR
Reagents

. Obtain X. tropicalis embryos by priming females up to 72 h

before use with 10 U of Chorulon and induce on the day of use
with 200 U of Chorulon [9, 10].

2. Collect eggs manually and fertilize in vitro.

. Remove the jelly from the embryos in 2% L-cysteine, incubate

at 26 °C, and microinject in 3% Ficoll into 1 cell at the 24 cell
stage in the animal pole.

. Leave embryos to develop at 26 °C. Embryo staging is accord-

ing to Nieuwkoop and Faber (NF) normal table of Xenopus
development [11].

. Design sgRNAs to incorporate the T7 promoter, as in

[2]. SgRNAs are designed using CRISPRScan (https: //www.
crisprscan.org/) [ 12 ]. MiRNA sequences can be obtained from
miRbase (http://www.mirbase.org/). In this example we are
using miR-219, accession number: Xtr-miR-219 MI10004873.
SgRNAs are designed up- and downstream of the miRNA
stem-loop. miRNA stem-loop structures can be predicted com-
putationally using the Vienna RNA fold tool (http://rna.tbi.
univie.ac.at/forna/) (Fig. 1) (sec Note 2).

. Capped GFP RNA to be used as a tracer for injections is

prepared using the SP6 mMESSAGE mMACHINE kit. Inject
5 ng per embryo.

. sgRNAs are ordered as oligonucleotide templates (see Table 1).

These templates are then amplified by PCR (with GoTaq poly-
merase) with the following thermocycler program: stage 1,95 ©
C for 5 min (x1); stage 2,95 °C for 20 s; 66 °C for 20 s (ramp)
to 68 °C for 15 s (x13); and stage 3, 94 °C for 20 s and 58 °C
for 20 s (x30). PCR reaction mix includes 10 pL. GoTaq Green,
2 pL forward primer (sgRNA oligomer template), 0.4 pL
reverse primer, and 7.6 pL nuclease-free water. Products are
run on 2% agarose gel to check integrity.

. The T7 MegaSHORT Script kit is used according to manufac-

turer’s instructions to transcribe RNA from the PCR product
template with T7 polymerase.

. Transcription product is cleaned up with a PCR purification kit,

run on a 2% agarose gel and is quantified on a Nanodrop 1000.
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F primer

miR-219

R primer

XX FoOX R LI 847 bp

F primer2

¢ R primer2

| l Approx 263 bp, -584bp

Fig. 1 Schematic of sgRNA design and primer location around pri-miRNA stem-loop. In this example we show
the primers required to KO miR-219, as used in [13]. This approach can target miRNAs in genic or intronic

regions. It is best to design multipl

e SgRNAs, at least four, and select the most efficient two by experimentation

as the best pair for miRNA KO. Primers for genome PCR are designed up- and downstream of the stem-loop
outside of the sgRNA binding sites for genotyping. Multiple primers may need to be designed

5.

3.2.3 Embryo Injection 1.

CRISPR reagents for embryo injection are prepared as follows:

(a) CRISPR-KO cocktail:
sgRNAs are prepared to give a final concentration of
300 ng/pL (150 ng/pL each sgRNA), 500 ng/pL of
GFP capped RNA tracer and Cas9 protein, and 0.8 pL
to give a final concentration of 2.4 mM and topped up to
3 pL with nuclease-free water.

(b) CRISPR rescue cocktail:
As above, but with addition of miRNA mimic. Mimics
are used at a final concentration of 11 pM dose with
CRISPR reagents to a final volume of 4 pL.

Once X. tropicalis embryos have been fertilized, line up
embryos in a gridded petri dish with Ficoll solution in the
dish. Figure 2 shows example of how this would work.

. Load CRISPR reagents into a glass capillary, by backfilling

calibrated to 4.2 nL/injection.

. Inject CRISPR reagents and GFP cRNA tracer with calibrated

needle. See Note 3 for needle calibration. Harvard apparatus
injector (Medical Systems Research) is set to the following
parameters: Py = 90, Ppaance = 0.6, and Pjpjeee = 16. For
X. tropicalis, the maximum injection volume is 4.2 nL.

. Put embryos back in a 26 °C incubator for 2 h or until embryos

have reached the 16-32 cell stage.
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Fig. 2 Microinjection setup of Xenopus embryos. (a) Microscope and
micromanipulator setup. Harvard pli-100 injector is used, connected to a
nitrogen gas supply system. (b, ¢) Embryos are lined up in rows in a gridded
dish, with a minimal amount of Ficoll in to prevent embryo rupture upon injection

5.

Once they have reached the 16-32 cell stage, gently remove
Ficoll solution and replace with 0.05x MMR pre-warmed to
26 °C.

. Leave embryos to develop in a 26 °C incubator until desired

stages for morphological analysis are reached, or until tadpole
stages for genotyping.

. Select out GFP-positive from GFP-negative embryos after

embryos have undergone gastrulation, as the level of fluores-
cence can be weaker during these stages, as it is obscured by
lipids.

. Once embryos reached the desired stage, they are imaged for

phenotype analysis; to do this some embryos are fixed in
MEMFA for 2 h at RT with gentle rocking.

. After 2 h, MEMFA is removed and replaced with 2x 5-min

washes of PBST and washed twice in 100% ethanol, before
storage at —20 °C (if not needed for downstream analysis).

. If embryos are needed for nucleic acid extraction, embryos

were frozen individually in 1.5-mL Eppendorf tubes on dry
ice for 30 min, before transfer to —80 °C.
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4. Genomic DNA is extracted from individual embryos (sec Notes
1 and 4).

5. Genomic DNA is then processed for genotyping PCRs. Fur-
ther, 100 ng of template gDNA is used per PCR. Examples of
primers are in Table 2. For wild-type samples, the PCR pro-
gram is set up on the thermocycler as follows: stage 1, 95°C
5 min (X1); stage 2,95°C for 205,57 °C for 30 s, and 72°C for
30 s (X35); and stage 3, 72°C for 5 min (X1). For mutant
samples, the following program is used: cycle 1, 98°C for 5 min
(X1) and cycle 2, 95°C for 20 s, 57°C for 30 s, and 72°C for
10-30 s (X45) (see Note 5).

6. The PCR product is removed at the end of the program and
incubated for 15 min with 1 pLL of Taq polymerase (se¢ Note 6).

7. PCR amplicons are run on a 2% agarose gel for 40 min at 90 V
(see Note 7).

8. Bands are visualized and excised on a UV gel visualizer.
9. Gel bands are then purified using a gel extraction kit.

10. TA cloning kit with pGEM-T Easy Vector is used as recom-
mended by manufacturer for subcloning PCR products.

11. Ligated construct is then transformed into DH5a onto X-Gal
ampicillin plates.

12. Blue/white selection is used, with white colonies selected for
colony PCR validation with M13 primers.

13. Successful subclones are then cultured in starter cultures of
50 mL LB media with 50 pL of ampicillin 10 mg/mL.

14. Plasmids are extracted from cultures using a Midi plasmid
purification kit.

15. Samples are sent for Sanger sequencing, with 100 ng of plas-
mid and vector backbone primers (M13) at a concentration of
10 pM.

16. Resulting sequence products are then analyzed for deletions
using sequence alignment tools on Clustal and SnapGene.
Sequences are compared between wild type and KOs from
sibling samples (see Note 8).

3.4 Q-RT-PCR 1. To validate sgRNA efficiency and knockout of target miRNA,
Validation of MiRNA q-RT-PCRis needed. First, five embryos at a specific stage are
Ko pooled (see Note 9) and frozen on dry ice for 30 min before

transfer to —80 °C.

2. RNA is extracted, from pooled samples, using a standard RNA
extraction kit.

3. cDNA is synthesized using 50 ng of total RNA using miR-
CURY LNA RT Kit (Qiagen). To generate the cDNA, a ther-
mocycler is set with the following program: 42 °C for 60 min
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and 95 °C for 5 min. cDNA was diluted 1:40 for q-RT-PCR.
cDNA can be stored at —20 °C (see Note 10).

4. q-RT-PCR master mix is prepared as follows: SYBR Green
PCR master mix (Applied Biosystems), 5 pL; miRNA-q-RT-
PCR LNA primer, 1 pL; and cDNA template (1:40 diluted),
4 pL/well.

5. cDNA is pipetted on a MicroAmp® Optical 96-Well Reaction
Plate, and then master mix is added and the plate spun down
briefly. Plate and master mix are kept on ice, with cDNA
thawed and kept on ice. Set up experiments with biological
and technical triplicates.

6. q-RT-PCR is run on a 7500 standard PCR thermocycler
(Applied Biosystems) using the following program: cycle
1, 50 °C for 2 min (X1), 95 °C for 10 s, 95 °C for 10 s, and
60 °C for 1 min (X45). Melt curve analysis was set to 95 °C for
15 s; 60 °C for 1 min; 95 °C 30 s, ramp rate 1%; 60 °C for 15 s.

7. Raw CT values are downloaded for analysis by the Delta Delta
CT method to calculate fold change. U6 is used as housekeeper
control reference for normalisation of miRNA expression.

To validate specificity of miRNA KO, a novel rescue experiment was
developed [13]. This needs to be carefully controlled, with use of a
negative control miRNA mimic. This needs to be tested and
injected into embryos alone to observe for any nonspecific pheno-
types and dosed the same as experimental miRNA mimic, in this
case the miR-219 mimic. The phenotype for your miRNA KO
experiment should still be prevalent and unchanged in the control
miRNA mimic-injected set of embryos, as in the miRNA KO. This
phenotype observed in the miR KO and control miRNA mimic +
miRNA KO group should then be rescued with experimental
miRNA mimic + experimental miRNA KO. Careful phenotype
analysis can be used to measure the extent of the rescue, along
with q-RT-PCR.

4 Notes

1. Xenopus embryos are lipid-rich at younger neurula stages.
When performing nucleic acid extractions, this can reduce
your yield and 260:230 ratios. RNA 260:230 ratios can be
low but generally do not interfere with the following experi-
mental steps.

2. When designing sgRNAs, it is preferred to make sure they are
at least 50 bp away from the start of the stem-loop structure to
enable a clean dropout of the miRNA stem-loop and thus a
clean miRNA KO. Likewise, if sgRNAs are designed far away
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10.

from the stem-loop, this could be suboptimal. When designing
primers to amplify pri-miRNA, we have deliberately tried to
design primers within 100-200 bp of the miRNA stem-loop.
Shorter distances would reduce chance during Sanger sequenc-
ing of getting clean sequence data.

. Needle calibration: capillaries were calibrated using a graticule

eyepiece and measuring the size of the bubble generated care-
fully on a calibrated injector setup. The equipment we used in
our lab was the Harvard apparatus injector (Medical Systems
Research), and the injector was set to the following parameters:
Pour = 90, Ppgance = 0.6, and Pjyjeee = 16. Injections can be
targeted at the right dorsal blastomere at the four-cell stage of
development to target presumptive neural crest. For testing
sgRNAs, the two-cell stage, injecting into one, blastomere is
recommended so you can compare WT vs mutant PCR ampli-
cons later on. For q-RT-PCR testing efficiency of sgRNAs,
target both blastomeres at the two-cell stage of development
to target the whole embryo.

. Lower elution volumes recommended by nucleic acid extrac-

tion kits are recommended, 30 pL. minimum to maximize yield.

. High-fidelity polymerases are recommended for detecting

smaller mutations with higher accuracy.

. Incubation with Taq polymerase is only necessary if proceeding

to subclone PCR products for sequencing, into a TA vector. We
find products have a better sequence quality if subcloned.

. To bias the PCR towards the mutant, smaller miRNA KO

amplicon, set up your PCR to generate a smaller amplicon.
Set the elongation stage time to as short as possible. This is
because the most abundant product, in our case WT if inject-
ing/mutating half the embryo, will be amplified the most, and
thus, the KO band will appear much weaker on a gel. To
overcome this further, a nested PCR can be performed on gel
extracted or purified products.

. A good experiment to do is to genotype your own frog colony

to identify your genome region of interest for your own
miRNA to identify if your colony has any single-nucleotide
polymorphisms compared to the current reference genome.

. The stage chosen may vary depending on when the miRNA of

interest is expressed; we had previously analyzed the temporal
expression of our miRNAs and knew they were highly
expressed enough at neurula stages to perform the analysis.

Keep cDNA in aliquots to avoid repeat freeze-thawing cycles as
this will degrade your sample.
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Neural crest development and disorders: from patient to model
system and back again — the NEUcrest conference

Marco Antonaci'*, Amy Kerr!, Merin Lawrence?, Francesca Lorenzini, Nitin Narwade®, Chloé Paka®® and

Anna Magdalena Wulf®

ABSTRACT

The neural crest (NC) is an embryonic multipotent and transitory
population of cells that appears during late gastrulation/early
neurulation in the developing embryos of vertebrate organisms.
Often called “the fourth germ layer”, the NC is characterised by
incredible mobility, which allows the NC cells to migrate throughout
the whole embryo, giving rise to an astonishing number of different
derivatives in the adult organism, such as craniofacial skeleton,
adrenal gland, enteric nervous system and melanocytes. Because
of these properties, neurocristopathies (NCPs), which is the term
used to classify genetic diseases associated with NC developmental
defects, are often syndromic and, taken all together, are the most
common type of genetic disease. The NEUcrest consortium is an EU
funded innovative training network (ITN) that aims to study the NC
and NCPs. In March 2024, the early stage researchers (ESRs) in the
NEUcrest consortium organised an in-person conference for well-
established and early career researchers to discuss new advances
in the NC and NCP's field, starting from the induction of the NC, and
then moving on to migration and differentiation processes they
undergo. The conference focused heavily on NCPs associated with
each of these steps. The conference also included events, such as a
round table to discuss the future of the NC research, plus a talk by a
person living with an NCP. This 3-day conference aimed to bring
together the past, present and future of this field to try and unravel the
mysteries of this unique cell population.

KEY WORDS: Neural crest (NC), Neurocristopathies (NCPs),
Development, Migration, Epithelial to mesenchymal transition (EMT)

Introduction

The neural crest (NC) is a transient cell type that originates
during late gastrulation/early neurulation of a developing embryo.
During development, neural crest cells (NCCs) are induced at
the neural plate border, and then undergo a process called epithelial
to mesenchymal transition (EMT), which allows them to migrate
throughout the embryo. These cells then differentiate into an
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astonishing number of derivatives, which include (but are not
limited to) craniofacial skeleton, teeth, melanocytes, enteric
ganglia, and adrenal medulla (Fig. 1) (Bronner and LeDouarin,
2012). Such an incredible cell population is necessarily controlled
by very complex gene regulatory networks (GRNs), which are
constantly being updated with the addition of new transcription
factors, signalling molecules and non-coding RNAs (Simoes-Costa
and Bronner, 2013, 2015; Seal and Monsoro-Burg, 2020; Pla and
Monsoro-Burg, 2018; Antonaci and Wheeler, 2022).

Diseases associated with problems during NC development are
often syndromic, like Waardenburg syndrome (Huang et al., 2022),
CHARGE syndrome (Usman and Sur, 2021), or DiGeorge syndrome
(Lackey and Muzio, 2021). However, if the problem occurs later
during NC development, it can give rise to NCPs with very specific
phenotypes, such as Hirschsprung disease (Lotfollahzadeh et al.,
2021), craniosynostosis (Goos and Mathijssen, 2019) or even give
rise to some NC-specific cancer types, such as neuroblastoma (Wulf
et al., 2021), pheochromocytoma (Gimenez-Roqueplo et al., 2023)
and melanoma (Castro-Perez et al., 2023). Given this incredible
heterogeneity of disorders, NCPs are, collectively, the most prevalent
type of genetic diseases (Vega-Lopez et al., 2018).

Because of the high medical importance, and intriguing nature of
the NCCs, in 2019 Professors Anne-Helene Monsoro-Burq, Karen
Liu, Grant Wheeler and Gerhard Schlosser organised an innovative
training network (ITN), funded by the EU program Horizon2020,
NEUcrest — Training European Experts in Multiscale Studies on
Neural Crest Development and Disorders: from Patient to Model
System and Back again.

With a total of 11 beneficiaries, and nine associated partners (both
in academia and industry), NEUcrest has the objective of training 15
early stage researchers (ESRs) and exploring different aspects of NC
biology, from its physiology to pathological conditions (https:/
neucrest.curie.fr/index) (Fig. 2).

The conference ‘Neural crest development and disorders: from
patient to model system and back again’, held in the peninsula of
Giens (France), at the Belambra Club, between the 3rd and the 6th
of March 2024, celebrated the culmination of this program.
Organised by selected members of the ESRs with help from the
PIs, this in-person conference aimed to bring together well-
established experts with scientists just starting their careers in this
exciting field. Alongside talks from many invited speakers, this
conference, gave the ESRs in the consortium the chance to present
the results that they had obtained during the course of their PhD
projects within the NEUcrest.

In this Meeting Report, we highlight the exciting content of this
friendly conference of 100 people, in which established scientists
from across the globe reunited with old friends, and young
researchers had the chance of engaging for the first time with
fellow scientists that they will, hopefully collaborate with in the
future.
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Fig. 1. Neural crest contribution in the adult organism. (A) NC separation in different animal models during embryogenesis (from left to right: human,
mouse, zebrafish and frog). (B) Examples of NC contribution to the adult organism, specific for the different NC populations. All the NC populations give rise
to melanocytes in the adult organism.

From induction to differentiation: a neural crest trip The way the NEUcrest conference was organised aimed to
As a conference opener and keynote speaker we had the honour of  transport the attendees on a journey, following the developmental
hosting Professor Marianne Bronner (Caltech, USA). She and her steps of the NCCs. Because of this, the early sessions were mainly
lab are one of the leading forces in to NC development in all of its ~ focused on the induction and specification of the NC and as the
facets (Martik and Bronner, 2021; Solovieva and Bronner, 2021;  conference progressed the talks shifted more towards differentiation
Tang and Bronner, 2020). Her presentation introduced the inspiring  of the NC.

work that her lab is carrying out on the contribution of the NCCs to One important aspect that emerged during the conference was that
cardiac development. Using a variety of techniques, in zebrafishand  no matter the stage of NC development that the research group is
chick embryos, they have found that 7gif/ and its downstream investigating, a great importance is given to the medical impact that

targets are required to induce the cardiac identity of NCCs. the research can lead to. The talk from Dr Anestis Tsakiridis
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(University of Sheffield, UK), was a perfect example of this. His lab is
interested in the use of hiPSCs-induced NC with the aim of modelling
human diseases, and to potentially use these reprogrammed cells to
perform cell replacement therapy for people affected by Hirschsprung
disease (Cooper et al., 2024). This neurocristopathy affects the enteric
nervous system, generating several symptoms that range from severe
constipation to malnutrition.

Historically speaking, developmental biology has focused much
on transcription factors, whose expression and regulatory networks
have been extensively studied for decades. Because of this, it was
good to see that many of the talks were also diversified, pointing at
different aspects of cell biology. Dr Eric Theveneau (Centre for
Integrative Biology, France), one of the invited speakers, talked
about the role that metalloproteases (and MMP14 in particular) play
in NC delamination and migration (Barriga and Theveneau, 2020).
Another example was given by Dr Ruth Palmer (University of
Gothenburg, Sweden) and Anna Wulf (King’s College London,
UK), who both gave an insight into ALK (anaplastic lymphoma
kinase) biology. ALK is the major player involved in the onset of
neuroblastoma, a cancer of the sympatho-adrenal lineage which
mostly affects children aged 5, or younger. While Palmer uses the
Drosophila model to study pathological mutations in the ALK gene
and its involvement in the DNA-damage response (Borenas et al.,
2024), Wulf focused on its interaction with GSK3 (glycogen
synthase kinase 3), and how the migration of NCCs is affected by
pathological mutations of ALK (Wulf et al., 2021). The talk from
another ESR, Marco Antonaci (University of East Anglia, UK),
presented his data that show the dual role of miR-204-1-5p and miR-
204-1-3p during the development of the eye (Antonaci and Wheeler,
2022). Also with the aim of studying human conditions, Dr Ruth
Williams (University of Manchester, UK) talked about the role of the
chromatin remodelling factor Chd?7, the causative gene of CHARGE
syndrome, using chicken embryos.

As Next Generation Sequencing progresses and becomes
more and more accessible, the number of labs that are generating
and processing this kind of data keeps increasing. The merging
of different datasets produced by RNA, ATAC, ChIP, and Hi-C
sequencing has the potential to drawing a clearer image of the
molecular mechanisms that drive embryo development. A useful tool
has been developed by Nitin Narwade, bioinformatician in Angela
Nieto’s lab (Institute of Neuroscience, Spain), which is capable of
predicting cell fate trajectories in case of perturbation (introduction
or removal) of a transcription factor from a still-undifferentiated
cell type.

Speaking about cutting-edge technologies, it is impossible not to
mention the contribution to the field (and to this conference) given
by Professor Igor Adameyko. With his lab’s single-cell OMICS,
fate mapping and lineage tracing, he is currently one of the leading
scientists when it comes to cell fate determination. Several people
from his laboratories, located at the Medical University of Vienna
(Austria) and at the Karolinska Institute (Sweden), presented their
innovative data. One of the invited speakers, Dr Maria Elena
Kastriti, is part of his team in Vienna. She presented data from one of
her recent publications about the finding of a “hub state” of the
Schwann cell precursors, that allows these cells to differentiate into
a variety of cell type during mouse embryogenesis (Kastriti et al.,
2022). Following that cell lineage, but looking at frog embryos,
Amy Kerr (University of East Anglia, UK) presented her work on
the characterisation of the development of the adrenal gland. She
showed that chromaffin-like cells start appearing very early during
development, and hinted that NCCs might be able to migrate even
further than originally thought.

Also from the Adameyko lab, another ESR, Irina Poverennaya,
introduced her bioinformatical analysis that highlighted the
importance of ribosomal RNA and ribosomal assembly transcripts
in NC fate decision. Next, Merin Lawrence (University of Galway,
Ireland) presented her CUT&RUN data integrated with RNA-seq,
aimed to shed light on the role of SOX70 in placode and NC
development.

Ethical science, stem cells and animal models: the Yin and
Yang of research

In the past years, the advent of stem cells and iPSCs technology has
revolutionised the entirety of biological science. This is particularly
true for the field of developmental biology. The possibility to
produce, in vitro, NC-induced pluripotent stem cells (NC-iPCs) has
encouraged an increasing number of scientists to use less animals in
their experiments. Of course, researchers are aware that the use of
NC-iPCs is not completely accurate in the recapitulation of the
biological context of the NC development in a living organism. It is
undeniable, though, that this model has the potential of reducing
(but not completely replacing) the number of animals used in
science every year.

In a society where the general opinion towards science is torn
between the use or not of animals in science, it is important
to make an effort and move towards this direction, whenever
possible.

For this reason, an entire session of the NEUcrest conference
was dedicated to research that uses biological models alternative to
animals. During the session called ‘Exploring neural crest biology
with 3Rs strategies’, speakers explained their research which
gives particular importance to the 3Rs principles of Replacement,
Reduction and Refinement of animals in research.

As an example of replacement, one of the ESRs, Ana Filipa
Duarte (Erasmus Medical Centre, Rotterdam, Netherlands),
described the generation of hiPSCs derived from a person affected
by craniosynostosis. This person carries a potentially pathological
variant on FUZ gene (FUZR?%*P), which she reverted using
CRISPR-prime editing, before further differentiation into the
osteogenic lineage (Barrell et al., 2022).

Filipa was not the only NEUcrest member working on hiPSCs.
Chloe Paka (Stemcell Technologies, UK) and William Bertani-
Torres (Imagine Institute, France) are also modelling human
neurocristopathies in vitro. Chloe, who works closely with Karen
Liu’s research team, has developed a cell line harbouring a mutation
in ALK gene, that recapitulates a human mutation that has been
found in patients with neuroblastoma. In a similar fashion, William
is working on the characterization of a novel human mutation in
ADAMTS20 that has been found in a patient affected by
Waardenburg syndrome (Bertani-Torres et al., 2023).

Similarly, Ayat Ahmed (a PhD student at the University of
Heidelberg, Germany), also described work using hiPSCs-derived
NC to generate cortical neurons or neural progenitor cells. Her aim
was to investigate the role of the transcription factor NR2FI (‘A
gene to rule them all’) and its long non-coding RNA (/ncNR2F1) in
chromatin organisation. By using high throughput techniques, such
as Hi-C, 4C-seq, ATAC-seq and ChIP-seq, her goal is to shed light
into the etiopathogenesis of the Bosh-Boonstra-Schaaf Optic
Atrophy Syndrome (BBSOAS). This rare syndrome is caused by
deletions or mutations in NR2FI locus, and causes typical
craniofacial dysmorphism, autism spectrum disorder, and optic
nerve atrophy.

Melanoma is a major cancer in Western society. Francesca
Lorenzini (Azelead, Montpellier, France), presented beautiful
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images generated during her PhD, using zebrafish embryos to study
the microenvironment of melanomas by using patient-derived
xenograft imaging (Marines et al., 2023).

The urge for more cooperation between scientists and
people affected by NCPs

A particularly special moment of the conference was the
presentation of Charlotte Ashby, which was followed by a small
discussion round. Charlotte lives with unicoronal Craniosynostosis
and was invited to represent people living with these kinds of
conditions. She talked about her experience, how it is to go through
endless rounds of surgeries and medical discussions and also
introduced the foundation she is part of: Headlines Craniofacial
Support UK (https:/www.headlines.org.uk/). Charlotte is a
sociology graduate from the University of Bath and became the
youngest-ever trustee of Headlines, at the age of 19.

Charlotte first talked about the troubles her parents encountered
when she was a baby, regarding the initial struggle to find a diagnosis,
and her parents having to watch their young child go through various
medical procedures right after birth. Something that struck us in
particular, was Charlottes admittance, that she didn’t quite have a
good understanding of her own diagnosis when she started being in
charge of her own medical treatment courses as a young adult. It made
all of us smile, but also reflect, to hear Charlotte opening’s sentence:
“I have to admit, before being invited at this conference, I had no idea
what the neural crest was”. It highlighted an old and deep-rooted
problem between scientists and the general public, even with respect
to those closely affected by scientific research.

Her knowledge of the condition was mostly based on her own
reading and basic explanations of doctors but never went into great
detail. She also told us that she was fascinated listening to some of
our speakers, talks that were focused on background research on
craniosynostosis and their work, and how much work is already
being done.

Charlotte then introduced us to the work of Headlines. This
charity was initially funded by a group of parents of children
with craniosynostosis in 1993. It is currently run mostly by those
living with craniosynostosis. Headlines is focused on providing
support for people living with craniofacial conditions, raising
awareness, educating people to improve public understanding of
such conditions and facilitating research on craniosynostosis and
other rare craniofacial conditions.

THANK YoU!

www.headlines.org.uk

charlotte.ashby@headlines.org.uk

www.Iinkedin.com/inlcharlotte-ashby

After the talk, there followed a question and discussion
round with Charlotte, and the overall consensus seemed to be a
wish on both sides to be more involved with each other. Researchers
were keen to meet patients and to be able to explain their work.
On the other hand, Headlines is interested in raising more awareness
of the patient experience but also having more contact and
events with researchers to create a greater understanding of such
conditions.

Someone asked how many people in the room had worked with
patients in any form before, and about 20% of the attendees raised
their hand. Overall, this was a unique experience for both Charlotte
and for all researchers in attendance and it added depth and meaning
to the work presented at the conference. We are very grateful
to Charlotte for bravely talking to a room full of scientists
for the first time and allowing us to hear her story and about
Headlines’ work.

Attendees at the conference: statistics

With its 95 participants, “Neural crest development and disorders:
from patient to model system and back again” was a medium-small
sized conference that aimed at creating a sense of community among
the participants.

Using a combination of short talks and flash talks, 46 of the
participants were given the opportunity to give an oral
presentation. Also, with a total of 54 posters and eight invited
speakers, more than half of the participants to the conference had
the chance to present their work (either orally, or with a poster
presentation). Of these oral presentations and posters, 12 were
provided by the NEUcrest ESRs. This means that 60% of the
participants had the chance to present their work, or the work
conducted in their lab, through an oral or poster presentation (or
both). Of these fractions, the NEUcrest ESRs accounted for 26% of
the oral presentations, and 21% of the poster presentations
(Fig. 4A). About the country of origin of the attendees, the
biggest fraction of them was based in France, as expected (a total
of 27 people), 58 people came from a European Country (other
than France), and 10 attendees joined from extra European
countries (USA and the Republic of China) (Fig. 4B).

Overall, given the length of the conference (2.5 days in total), it
was expected that not so many people would have joined from
countries other than European ones. However, people gave positive
feedback to the organisers about the number of participants, and

Fig. 3. Picture of Charlotte Ashby’s talk, chaired by
Professor Grant Wheeler (University of East Anglia,
UK). Charlotte Ashby was born with unicoronal
craniosynostosis and became Headlines’ youngest-ever
trustee in 2020, at the age of 19. She runs the charity’s
Young Person’s Network, which allows people aged 16-
30 with craniofacial conditions to connect. Charlotte is
passionate about advocating for young people and
adults with craniofacial conditions and utilizing her
experiences of growing up and living with a
craniosynostosis to raise awareness of the condition.
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Presentations overview

"VA

m Invited speakers

= ESRs presentations

m Oral and poster
presentations
Flash talks

= Poster presentation

= Did not present

Attendees Countries of origin

= France

® EU - excluding
France

= Non EU countries

Fig. 4. Attendees at the “Neural Crest Development and Disorders: From Patient to Model System and Back Again” conference. (A) Breakdown of
the number of attendees who had the chance of presenting their work through an oral presentation. Over half of the attendees had the possibility to present
with an oral or poster presentation, or both. (B) Country of origin of the attendees. Most of them joined from a European country (58/95), with a prevalence of
France institutions (27/95). In green, the number of attendees from extra European Countries (mainly USA and Republic of China).

said that they had the chance of talking with most of the other
attendees during the breaks, or the evenings.

Conclusion

In March 2024, the conference: ‘Neural crest development and
disorders: from patient to model system and back again’ was
organised as final milestone and a celebration of the NEUcrest
project. This conference, mainly organised by the early career
researchers in the NEUcrest consortium, had different goals: to
give the chance to young researchers to share their work to a
community of experts in the field, and to interact with each other; to
bridge the gap between scientist and people affected by rare
conditions; discuss the evolution of the NC and, more broadly, the
developmental biology field; lastly, to share with the scientific
community the goals and achievements obtained by the NEUcrest
consortium.

With discussions, sharing of ideas, point of views and vibrant
debates, we believe these goals were achieved. Almost 100
participants from across the globe joined the conference. Most of
them had the chance to share their results and ideas, either during the

poster sessions or during the oral presentations, kept short
specifically to allow most people to give a talk, which included
some excellent flash talks of 2-3 min each. Unfortunately, in this
report, we have not been able to mention every talk from the
attendees. Developmental Dynamics had kindly offered prizes of
2508 each for the best talk and poster. These were awarded at the end
of the conference to Dennis Pang (University of Hong Kong) for his
poster titled: “Elucidating the mechanistic role of STRAP in
regulating SNAI2 stability for proper onset of cranial neural crest
epithelial to mesenchymal transition” and Sydney Arlis (University
of Iowa) for her talk titled: “Defining the role of ISM1 in
craniofacial development”.

While the future cannot be foreseen, after this conference we
can at least predict the direction that this exciting field is taking:
a more ethical science, with an increased level of resolution,
but without forgetting clever experimental design and the reasons
why we are asking our questions. Either way, with the exciting
science that the attendees showed during the conference, we can
be quite sure that the future of the neural crest research is in good
hands.

Fig. 5. Group picture of the attendees at the ‘Neural crest development and disorders: from patient to model system and back again” conference.
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