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Lay Abstract

Spinal muscular atrophy (SMA) is a rare genetic disease that mostly affects
children, and it is characterised by the early loss of motor neurons, which are
important for the health of muscles. SMA manifests because of mutations in a
gene in our DNA, known as Survival Motor Neuron 1 or SMN1. This causes
the body to produce not enough of a protein called SMN, which is very
important for our development, especially when we are babies. SMA does not
have a definitive cure yet, but there are three treatments available that have
greatly improved the life of the patients. However, doctors have been noticing
new and unexpected changes in the brain of some young patients that they

can’t explain.

For this reason, in my thesis | focus my attention on the development of the
brain, with the aim of understanding what are the mechanisms that are not
functioning properly when the SMN protein is lost. To do this, | used a mouse
model that was genetically modified to have the same symptoms as patients
with SMA. By studying embryonic development of the brain in these mice, |
discovered that, when SMN levels are low, there are problems in translation,
which is the mechanism that cells use to build new proteins from the DNA. |
also observed that, in turn, these problems cause damage to cellular structures
called primary cilia: tiny “antennae” present on almost each cell of our body. In
the brain, these antennae help cells to sense signals and communicate to each
other to ensure the correct development of the brain. In this study, | found that
not only were there fewer primary cilia in the brain of mouse embryos with
SMA, but also, | showed that these defects were corrected when the mice were
treated with a drug able to restore the levels of the SMN protein before they

were born.



Scientific Abstract

Spinal muscular atrophy (SMA) is a rare inherited neuromuscular disease with
an incidence of around one in every 10,000 live births. In most patients, SMA
is caused by mutations in the survival motor neuron 1 gene (SMN1), resulting
in insufficient production of full-length, functional SMN protein. The SMN
protein is dynamically regulated during development, where high levels of
SMN expression during embryogenesis undergo a significant reduction after
birth, suggesting an important role for SMN prenatally. SMN has also been
shown to be a ribosome-associated protein that plays a crucial role in
translation and ribosome biology. Therefore, when SMN is depleted,
widespread perturbations of protein synthesis occur in SMA. Several
therapeutic approaches aimed at boosting SMN are now approved for use in
human patients, leading to significant improvements in lifespan and symptom
severity. However, new and unexpected phenotypes are being reported in
treated SMA patients, including significant neurodevelopmental alterations in
some individuals, indicative of changes in brain development. In this thesis, |
use a mouse model of severe SMA to explore the prenatal development of the
central nervous system (CNS). Using a combination of morphological and
molecular analyses, | reveal neurodevelopmental defects in SMA embryos and
demonstrate that these changes are accompanied by widespread
perturbations in translation. Furthermore, by performing network analysis of
the genes presenting with alterations in ribosome occupancy, | show the
involvement in processes related to primary cilia. Assessments of primary cilia
in the CNS in vivo and in primary neuronal cultures in vitro confirmed the
presence of a primary cilia phenotype in SMA. Finally, to demonstrate that this
observed novel phenotype is SMN-dependent, and amenable to therapeutic
intervention, in this work | show that prenatal transplacental treatment with
risdiplam, an approved SMN-restoring drug, can rescue primary cilia defects
in SMA mouse embryos. Using these approaches, | unveil that SMN protein is
necessary for the normal cellular and molecular development of primary cilia
in the CNS, and that prenatal treatment with SMN-restoring therapies can

address neurodevelopmental phenotypes in SMA.



Acknowledgements

The first person | would like to thank for guiding me through this PhD is
undoubtedly Tom, the supervisor that everyone would be lucky to work with.
Thank you for welcoming me into your team as both a person and a scientist,
and for always encouraging me to find my own strength and confidence. | will
always treasure your advice to find what makes me happy, because, as you
once said, “a happy researcher makes good science”.

To Nikky, who has truly made a difference to my PhD journey, inspiring me with
her passion and infinite generosity. Thank you for always being there for me
every step of the way. Thanks to you and Anna’s guidance through the initial
phases of my PhD, | always felt part of something meaningful while finding our
place in SMA research.

Thank you to all the members of the Gillingwater lab, both those who have
always been there and those whose paths | have briefly crossed, yet who have
made a profound impact. To Helena, Kiterie, Hannah, Dinja, Rachel, Kim,
Rizwan, Abdullah, Shahd, Bernat and Alaé: thank you for your constant
support, inspiration, friendship over the past four years. Every day was a good
day with you around. Special mention goes to Hattie and Hannah, my
adventure companions. Thank you for being the colleagues, friends and family
| needed. It has been an honour to share this journey with you.

| would also like to express my gratitude to the SMABEYOND Consortium. This
extraordinary network gave me the opportunity to gain invaluable professional
experience while travelling through Europe and most importantly, introduced
me to wonderful people with whom | hope to continue collaborating and
building friendships. | would like to thank Prof. Gabriella Viero for welcoming
me into her lab for four months during my secondment, and for allowing me to
discover the fascinating world of protein translation research. Your

professionalism and empathy will continue to inspire me throughout my career.



As part of the SMABEYOND family, a heartfelt thank you goes to llaria. The
months we spent together in Edinburgh are certainly among my favourite
memories of my time in Scotland. Thank you for your genuine friendship and
unconditional support.

| would also like to sincerely thank my pillar people outside the lab. To Rachel,
my gym accomplice, thank you for staying by my side during all those 6am
sessions and for our Tuesday evenings together. To Sofia, thank you for the
adventures we shared, you brought a ray of sunshine to my days. To Visia, my
dancing friend, thank you for bringing me the Italian warmth | needed.

Special thanks go to my lifelong friends back home. Thank you, laia, for visiting
me whenever you could to experience the Edinburgh life with me. Thank you,
Giulia, for our countless hear-to-heart chats, something that never changed
despite the distance. Thank you, Gloria, for always empowering me with your
inexhaustible strength. Thank you, Giuli and Andri, for all the spontaneous
aperitivi we enjoy together whenever | am in Turin. Thank you, lla, for sparking
my ambition to pursue this PhD, your passion has always been an inspiration

to me.

To Alberto, who made me feel at home away from home. Thank you for your
sincere kindness and love. | will always be grateful for your invaluable support

during the writing of this thesis and every day that followed.

Finally, | would like to dedicate this to my family, the solid foundation that has
made all my achievements possible. Thank you to my mum, Fulvia; my dad,
Calogero; and my brother, Franci. There has not been a single day when |
have not felt your love and encouragement. Thanks to my whole family, | am

incredibly lucky to have you in my life.



Table of Contents

Lay Abstract 3
Scientific Abstract 4
Acknowledgements 5
Chapter 1: General Introduction 12
1.1 Thesis structure and aims 12
1.2 Spinal Muscular Atrophy (SMA) 13
1.2.1 Overview and historical background 13
1.2.2 Genetics 14

1.2.3 Clinical subtypes 17

1.3 Mouse models to study severe SMA 19
1.4 Survival motor neuron (SMN) protein and its role in translation 23
1.4.1 Overview 23
1.4.2 Canonical functions 23

1.4.3 Non-canonical functions 24

1.5 Prenatal manifestations of SMA 27
1.6 Disease-modifying therapies 29
1.6.1 Nusinersen 30
1.6.2 Onasemnogene abeparvovec 31

1.6.3 Risdiplam 31

1.6.4 Combinatorial implementation of DMTs 34

1.6.5 Newborn screening for SMA 35

1.6.6 Limitations of current therapies and unmet needs in SMA 36

1.7 Neurodevelopmental comorbidities in SMA 39
1.7.1 The hippocampus in cognitive neuroscience and in SMA pathology 39

1.7.2 Cognitive development and functions in SMA patients 41

1.8 Hypothesis and aims of the thesis 44
Chapter 2: Materials and Methods 46
2.1 Study Design 46
2.2 Statistical analysis 46




2.3 Animals 46

2.3.1 Ethics 46
2.3.2 Breeding scheme 47
2.3.3 Embryo collection and development stage assessment 47
2.3.4 Genotyping 47
2.3.5 Embryonic sex determination 48
2.3.6 In utero SMN replacement treatment with risdiplam 48

2.4 Morphological and primary cilia investigation in the embryonic brain and

spinal cord 49
2.4.1 Microtomy 49
2.4.2 Fluorescence immunohistochemistry 49

2.5 Western blotting for SMN protein quantification 50

2.6 Primary hippocampal neuronal cultures and treatment with risdiplam 50

2.6.1 Ex vivo hippocampal neuron preparation 50
2.6.2 Pharmacological treatment with risdiplam 51
2.6.3 SMN expression levels following treatment with risdiplam 51
2.6.4 Fluorescence immunocytochemistry 52
2.7 Optical and confocal microscopy 52
2.7.1 Mouse embryonic development timeline 52
2.7.2 Hippocampus cell proliferation and ciliated cells 53
2.8 Investigation of protein translation 53
2.8.1 Polysome profiling 53
2.8.2 Fraction of ribosome in polysomes 54
2.8.3 Western blotting for protein co-sedimentation 54
2.8.4 Ribosome profiling and library preparation 55
2.8.5 Ribosome profiling data analysis 56
2.8.6 Ingenuity Pathway Analysis (IPA) 58

Chapter 3: Modelling prenatal brain development in a mouse model of

severe SMA 60
3.1 Introduction 60
3.2 Aim 62
3.3 Results 63

3.3.1 Brain late organogenesis in control mouse embryos 63
3.3.2 Hippocampal cell proliferation peaks at E14.5 66




3.3.3 Cell proliferation is disrupted in the hippocampus of E14.5 SMA mouse embryos

69
3.4 Discussion 71
Chapter 4: Prenatal disruption of protein translation in the central
nervous system of SMA mouse embryos 75
4.1 Introduction 75
4.2 Aim 77
4.3 Results 78
4.3.1 Experimental design of polysome profiling 78
4.3.2 Translation efficiency is tissue-specific in control embryos at E14.5 80
4.3.3 No changes in the global translation of SMA mouse embryos at E14.5 81
4.3.4 SMN interaction with the translational machinery showed no changes between
genotypes in E14.5 embryos 83
4.3.5 Experimental design of ribosome profiling 85
4.3.6 Ribosome profiling: quality assessment 88
4.3.7 Widespread dysregulation in translation in the prenatal CNS of SMA mouse
embryos 89
4.3.8 IPA analysis of ribosome profiling datasets identifies novel affected biological
pathways in SMA mouse embryos 91

4.3.9 IPA analysis predicts primary cilia dysfunction in the CNS of SMA mouse embryos
94

4.4 Discussion 97

Chapter 5: SMN-dependent primary cilia defects in the central nervous

system of SMA mouse embryos 102
5.1 Introduction 102
5.2 Aim 105
5.3 Results 106

5.3.1 In vivo primary cilia biology investigation in the CNS 106
5.3.1.1 Visualisation of primary cilia in the embryonic hippocampus 106

5.3.1.2 Preliminary analysis of primary cilia in the ventricular zone of the dorsal

telencephalon and the hippocampus 110

5.3.1.3 Reduced primary cilia density in the hippocampus of E14.5 SMA mouse
embryos 113




5.3.1.4 Defects in primary cilia defects are consistently present in the hippocampus
of SMA mouse embryos at E18.5 116

5.3.1.5 Primary cilia defects do not persist in the hippocampus of postnatal SMA

mice 118
5.3.1.6 Primary cilia phenotypes extend into other regions of the CNS 120
5.3.2 In vitro primary cilia morphology investigation and therapeutic rescue 122

5.3.2.1 Establishing primary hippocampal cell cultures from Taiwanese mouse

embryos 122
5.3.2.2 Optimisation of protocol to quantify primary cilia morphology in vitro ___ 125
5.3.2.3 Primary cilia length is reduced in SMA hippocampal cell culture 128
5.3.2.4 Primary cilia morphological defects affect multiple cell types in SMA primary

hippocampal cell culture 130
5.3.2.5 Risdiplam treatment in hippocampal cell cultures 132

5.3.2.6 Risdiplam treatment rescues SMN-dependent morphological defects in
primary cilia in hippocampal cell culture 134

5.4 Discussion 136

Chapter 6: In utero SMN-replacement therapy increases SMN protein

levels in the brain of SMA mouse embryos and rescues primary cilia

phenotypes 139
6.1 Introduction 139
6.2 Aim 141
6.3 Results 142

6.3.1 Efficacy and safety of in utero risdiplam treatment approach 142
6.3.2 In utero risdiplam treatment administered in early gestation 145

6.3.3 Primary cilia defects are rescued in the embryonic SMA brain following risdiplam

prenatal transplacental delivery 147

6.4 Discussion 150
Chapter 7: General Discussion 153
7.1 Summary 153

7.2 Prenatal developmental brain defects in SMA: where preclinical research

meets clinical observations 154
7.3 In utero therapeutic intervention: the emerging consensus 155
7.4 Can we consider SMA as a ciliopathy? 157

10



7.5 Future perspectives 159

7.6 Final remarks 161

References 162

11



Chapter 1: General Introduction

1.1 Thesis structure and aims

In this thesis, | present the research | have undertaken during the four years
of my PhD. The project's primary objective is to investigate the
neurodevelopmental manifestations of spinal muscular atrophy (SMA), with a
particular focus on the molecular and cellular phenotypes that underpin
disease pathogenesis.

The results obtained are divided into four chapters:

= The first chapter describes how | modelled and studied prenatal brain
development using an established mouse model of SMA.

»= The second results chapter is centred on the study of protein translation in
the embryonic stages of SMA. This work, that | performed during a
placement in Prof. Gabriella Viero’s lab in ltaly, revealed a strong
correlation between translation dysfunction and primary cilia disruption in
the central nervous system (CNS) of SMA mouse embryos.

= In the third chapter, | explore primary cilia biology in the context of
embryonic SMA, by studying the mouse hippocampus using in vivo and in
vitro systems.

= Finally, the fourth results chapter concentrates on the implementation of
prenatal in utero treatment in a mouse model of severe SMA to rescue the

hippocampal primary cilia phenotype.

In addition to the four results chapters, this thesis comprises a materials and
methods section and a final general discussion. The aim of this initial
introduction is therefore twofold: firstly, to provide the relevant background on
the thematic areas that will be discussed in this thesis, and secondly, to
contextualise the present study within the existing literature.
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1.2 Spinal Muscular Atrophy (SMA)

1.2.1 Overview and historical background

SMA is an inherited neuromuscular disorder characterised by muscle
weakness and progressive atrophy associated with loss of spinal motor
neurons (Dubowitz, 2009). The first documentation of SMA was reported in
1891 by the Austrian neurologist Guido Werdnig, who described the clinical
symptoms observed in two siblings as “early infantile progressive SMA”
(Oskoui et al., 2017; Werdnig, 1891). The two patients presented with a
progressive loss of muscular strength and atrophy of the pelvic region and
lower limbs, as well as loss of tendon reflexes and involvement of respiratory
muscles. Their post-mortem examination, respectively at 3 and 6 years of age,
revealed atrophy of anterior horn cells, with degeneration of the anterior horn
roots. Soon afterwards, Johann Hoffmann, a neurologist from Germany,
published further evidence confirming these observations, particularly with
regard to the involvement of anterior horn cells of the spinal cord in juvenile
cases (Hoffmann, 1893, 1897). However, the severity of clinical manifestations

observed in these cases varied.

The idea of distinct clinical subtypes within the disease was solidified following
the publication of a case report in 1893 by two physicians from the University
of Edinburgh, UK, Thomson and Bruce (Thompson & Bruce, 1893). This report
documented the presentation of a paediatric patients with intermediate SMA.
Dubowitz’s meticulous description of this milder phenotype led to the
subsequent naming of this intermediate SMA form as Dubowitz disease
(Dubowitz, 1964). It is an intriguing historical detail that the most severe form
of SMA was referred to as Werdnig-Hoffman disease, yet both physicians
actually described an intermediate form of SMA. The first documentation of the
most severe subtype of the disease was provided by Sylvestre in 1899 and
Beevor in 1902, who, alongside the degeneration of anterior horn cells,
described severe weakness of the intercostal muscles in patients of six months
of age (Beevor, 1902). Almost five decades later, in 1956, Kugelberg and

Welander described an additional hereditary form of motor neuron involvement
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with less severe phenotypes and compatible with ambulation (Kugelberg,
1956). This description corresponds to one of the mildest forms of the disease
described by Werdnig and Hoffman, suggesting that SMA clinical
manifestations were broader than the original report.

1.2.2 Genetics

The identification of the location of the responsible gene for SMA in 1990 was

fundamental to the understanding that the three different phenotypes
described and reported in the previous years were in fact manifestations of the
same disease, albeit presenting with a different range of severity (Gilliam et
al., 1990; Melki et al., 1990). Thus, five years later this gene was identified as
the survival motor neuron (SMN) gene located on the long arm of chromosome
5 (Lefebvre et al., 1995). The SMN gene region is structurally complex, and it
is characterised by a large duplication event, which generates two copies of
the gene that are almost identical, with the exception of five nucleotides
(Monani et al., 1999). Mutations in the telomeric copy (SMN1) are associated
with the occurrence of the disease, while the centromeric copy (SMN2) does
not directly lead to SMA, but can compensate for the loss of the telomeric copy,
influencing SMA severity (Lefebvre et al., 1997; Mailman et al., 2002).

In physiological conditions, SMN1 encodes for full-length transcripts, while
SMNZ2 produces a truncated version of the same protein. Indeed, the SMN2
gene is characterised by a C-to-T transition within its sequence, which
influence the alternative splicing of the gene, ultimately resulting in the
production of mRNA transcripts that are characterised by the absence of the
exon 7 (Lorson & Androphy, 2000; Lorson et al., 1999). However, this alteration
does not occur in all transcripts, as some transcripts retain exon 7. Therefore,
the SMNZ2 gene produces 90-95% truncated, non-functional protein and only
5-10% full-length, functional protein (Figure 1.1).

Given that the complete loss of both SMN7 and SMNZ2 is incompatible with life,
affected children possess at least one copy of SMN2 (Oskoui et al., 2017).

14



Moreover, as the centromeric gene can be present in multiple copies, SMN2
is considered to be one of the primary genetic modulators of disease severity.
In general, the presence of more copies is associated with a milder disease
phenotype (Feldkotter et al., 2002). An additional positive phenotypic genetic
modifier has been identified in patients, occurring as a single base substitution
in the exon 7 of the SMN2 gene, ¢.859G>C (Prior et al., 2009). This change
has been demonstrated to enhance exon 7 inclusion and, by consequence,
the amount of full-length protein produced. This finding serves to demonstrate
that not all SMN2 genes are equivalent, and that their copy number is not
always sufficient to accurately predict SMA severity (Oskoui et al., 2017).
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Figure 1.1 Schematic diagram detailing the genetic cause of spinal
muscular atrophy. Healthy individuals have a non-mutated copy of the SMN1
gene and at least one copy of the SMN2 gene. The SMN1 gene encodes for a
functional, full-length SMN protein, whereas the SMN2 gene produces only
10% of the full-length SMN protein due to a C-to-T transition in exon 7. As a
result, when the SMN1 gene is deleted or mutated in SMA patients, SMN2 is
unable to produce sufficient levels of the SMN protein.
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1.2.3 Clinical subtypes

As introduced above, the phenotypic spectrum of SMA ranges from the
manifestation of prenatal symptoms, characterised by the onset of early
respiratory insufficiency, to the presentation of mild proximal weakness in
adults (Oskoui et al., 2017). This has stimulated considerable ongoing debate
concerning the appropriate classification of the various SMA phenotypes. In
1992, the International SMA Consortium established two methods of
classifying the SMA clinical spectrum (Munsat & Davies, 1992). The first
approach relies on a numerical method that utilises the age of symptom onset
and lifespan to categorise cases as Type |, Il, or lll. The second approach is
based on disease severity (severe, intermediate and mild) and on the highest
motor milestones achieved (sitting, standing and walking). In view of the
considerable variability of these clinical parameters among patients, it was
soon evident that patients do not necessarily conform to a single classification
(Dubowitz, 1995). Although this limitation is acknowledged, it is important to
understand the different disease subtypes, as they are currently widely used

in clinical practice.

SMA Type |, also known as Werdnig-Hoffmann disease, is the most severe
and the most common form of SMA (Arkblad et al., 2009). Affected children
present with progressive proximal weakness impacting primarily the lower
limbs. Due to their inability to roll or sit independently, they are designated as
“nonsitters”. Infants presenting with symptoms within the first week of life are
classified as having SMA Type IA (also known as SMA Type 0), which is the
most severe subtype and leads to early respiratory failure and death soon after
birth (Dubowitz, 1999). Most of these infants have only one copy of the SMN2
gene (Oskoui et al.,, 2017). Children who do not reach the ability to sit
independently and who present symptoms between one and three months or
three and six months of age are classified as SMA Types IB and IC,
respectively, with two or three copies of SMNZ2 present in the majority of cases.

17



In the natural history of SMA Type [, children generally do not survive beyond
two years without respiratory and nutritional support and/or therapeutic

intervention (Oskoui et al., 2007).

Infants with SMA Type Il, also known as Dubowitz disease, have an
intermediate form of the disease, and usually present with three copies of the
SMNZ2 gene. They are classified as 'sitters’, as although they cannot walk, they
can sit independently. SMA Type Il can be subsequently classified into A and
B subcategories, based on whether the children affected by this form retain or
lose the ability to sit independently over time (Mercuri et al., 2016). The clinical
manifestations include hypotonia, absence of reflexes and weakness of the
limbs and of the intercostal muscle. This can result in the development of
scoliosis, which, in turn, can lead to the onset of restrictive lung disease and
the necessity for respiratory support. The natural course of survival in patients
with SMA Type Il is over two years old, although this can vary due to the
heterogeneity of symptoms (Oskoui et al., 2017; Zerres et al., 1997).

SMA Type lll is also known as Kugelberg-Welander disease. During their
development, children affected by this form of SMA learn how to achieve the
ability to walk independently, and for this reason are classified as “walkers”,
although progressive muscular weakness can lead to loss of ambulation in the
most severe cases (Montes et al., 2018). Most of these patients have three or
four copies of the SMN2 gene. Children diagnosed with SMA Type IlIA are
those characterised by manifestation of the symptoms prior the age of three;
when symptoms occur after 3 years of age, they are classified as Type IlIB.
Although these children exhibit proximal muscular weakness, particularly in
their lower limbs, their life expectancy is comparable to that of the general
population (Oskoui et al., 2017; Piepers et al., 2008).

Finally, the least common and mildest SMA subtype is Type IV. In these cases,

the onset of symptoms typically occurs in the thirties, manifesting as proximal
limb weakness accompanied with a gradual progressive decour that, in some
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patients, can result in loss of independent ambulation during life (Clermont et
al., 1995). Individuals diagnosed with SMA Type IV typically possess four or
five copies of the SMN2 gene, a factor which enables them to have a normal
life expectancy (Oskoui et al., 2017; Wadman et al., 2017).

1.3 Mouse models to study severe SMA

The identification of the precise genetic cause of SMA prompted researchers
to initiate exploration of how to mimic and model disease processes in animal
models, in order to facilitate a more profound understanding of SMA
pathogenesis. Furthermore, the SMN gene is characterised by a high degree
of evolutionary conservation, and it has been demonstrated that the amino acid
sequence of murine Smn gene is 82% identical to the coding sequence of the
SMN gene found in humans (Bergin et al., 1997; Didonato et al., 1997).

Initial evidence published in 1997 showed that homozygous deletion of the
Smn gene was not compatible with life and resulted in early embryonic lethality
in mice (Schrank et al., 1997). This was due to the absence of the SMNZ2 gene,
which, due to evolutionary reasons, is not generally present in species other
than humans (Rochette et al., 2001). Therefore, it soon became clear that the
successful development of an animal model able to closely recapitulate SMA
phenotypes required the introduction of a human copy of the SMNZ2 gene,
alongside endogenous Smn deletion.

As a result, a number of murine models are currently employed in SMA
research, covering the broad spectrum of disease severity. These models
range from those replicating the most severe phenotypes, such as the Delta7
and the “Taiwanese” mouse models (Hsieh-Li et al., 2000; Le et al., 2005),
which will be discussed in this paragraph, to those that exhibit milder
manifestations of disease severity, as evidenced by the 2B mouse model,
characterised by motor neuron loss and axonal degeneration, as well as by
pancreatic and liver defects (Mélissa Bowerman et al.,, 2012; Melissa

Bowerman et al., 2012; Deguise et al., 2019).
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The earliest mouse model generated to study the severe form of SMA was
reported in 2000 (Monani, 2000). In this murine model, the loss of Smn was
achieved by the insertion of 3-galactosidase gene into exon 2A of the Smn
gene, generating a mouse Smn null allele (Smn??A). To demonstrate that
SMNZ2 could rescue the embryonic lethality observed in a preceding study, this
model was characterised by the insertion of two copies of the SMNZ2 transgene
into the 2A background. This resulted in a mouse model, on a C57BL/6J
genetic background, that was able to recapitulate SMA disease, characterised
by early loss of motor neurons after 3-5 days of age and a median survival of
six days.

In 2005, a new mouse model was developed to study the severe forms of SMA:
the Delta7 (A7) mouse model (Le et al., 2005). Derived from an FVB/N
background, this model also relied on the generation of an Smn null allele
(Smn?/24) accompanied by the introduction of the SMNZ2 transgene.
Furthermore, this model involved the introduction of a SMN gene lacking exon
7 (SMNA7Y). This addition has been shown to result in increased survival up to
11 days and presenting with a phenotype comparable to severe SMA, including
manifestations such as muscle weakness, neuromuscular junction pathology

and motor neuron loss (Oskoui et al., 2017).

The mouse model employed in this study is the “Taiwanese” mouse, a model
originally established in 2000 to study severe SMA (Hsieh-Li et al., 2000). The
genetic strategy implemented to generate this model differs from the two
previously described. Indeed, while still relying on the endogenous Smn gene
deletion and the human SMNZ2 introduction, this model does not involve a null
allele. Rather, it consists of a targeted replacement of exon 7 from the Smn
gene with a hypoxanthine phosphoribosyl-transferase cassette. Furthermore,
the SMNZ2 transgene (SMNZ2 Hung) used in this model contains two tandem
copies of the SMNZ2 gene per chromosome. This model has been shown to
recapitulate the motor neuron disease proper of SMA pathology. However, the
severity of the observed phenotype is variable and dependent on the number
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of SMNZ2 copies inherited. In this regard, alongside the variation of the insertion
rate and site of the SMNZ2 transgene, the mouse genetic background has also
been documented as a major factor influencing disease severity and
symptoms presentation (Signoria et al., 2023). In this context, the “Taiwanese”
mouse model has been observed to present a less severe phenotype when
maintained on a C57BL/6J background compared to an FVB/N background
(Buettner et al., 2021). Specifically, “Taiwanese” mice on the FVB/N strain
exhibit a lifespan 25% shorter than C57BL/6J mice. Notably, the study did not
report any differences in the SMN protein levels between the two strains in this
model.

To overcome these limitations, which could potentially compromise the
reliability of the model, we use the severe “Taiwanese” mouse model
developed using an optimised breeding strategy (Riessland et al., 2010)
(Figure 1.2). In this case, the mice were acquired from Jackson Laboratory
(JAX), and each of them was characterised by four SMN2 copies, with two
copies per transgene, on an Smn null background and a pure FVB/N strain.
By carrying four human SMN2 copies, these homozygous mice (Smn”,
SMN219"9) do not manifest the SMA phenotype, however, they exhibit a short
tail and can develop necrotic ears. Therefore, upon backcrossing with mice
heterozygous for Smn deletion (Smn*"), the resultant liters comprise ~50%
pups exhibiting SMA disease, characterised by homozygous endogenous Smn
deletion and two copies of the human SMN2 gene (Smn”, SMN29°). The
remaining ~50% of pups will be control carriers, presenting with a normal
survival of approximately 24-30 months and characterised by heterozygous
deletion of Smn and two copies of SMN2 (Smn*, SMN2!9). This optimised
breeding strategy successfully generates a model which recapitulates the
severe SMA phenotype, presenting a robust and repeatable genotype and a
lifespan of 10 days on average. In addition, this approach allows for a doubling
of the number of SMA mice that have a more reliable genetic background for

disease characterisation and potential therapeutic intervention.

21



? d d ?

Thom Thom FVB Thet
Smn™;SMN2's'e Smn;SMN2t'e Smn*"* Smn*-
100% 50% 50%
Thom Thet WT
Smn”;SMN2t't Smn*- Smn**
50% 50%
TTG TTG
Control SMA
Smn*-;SMN2'9° Smn”;SMN29°

Figure 1.2 Breeding scheme and genetics of the severe SMA Taiwanese
mouse model. The breeding protocol involves Thom (transgenic
homozygous) mice backcrossed with other Thom mice, followed by a cross
with Thet (transgenic heterozygous), which are obtained from the breeding of
pure FVB mice to maintain the line. The resultant litter is the TTG (Taiwanese

transgenic), comprising 50% of carrier controls and 50% of SMA pups.
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1.4 Survival motor neuron (SMN) protein and its role in

translation

1.4.1 Overview

The survival motor neuron (SMN) protein is an evolutionarily conserved protein
that it is ubiquitously expressed in both the nucleus and the cytoplasm of all
cell types (Ewout J. N. Groen et al., 2018). Its structural composition consists
of 294 amino acids with a molecular weight of approximately 38 kilodaltons
(kDa) and it is encoded by the SMN gene (Rochette et al., 2001). Within the
cell, SMN localises to the Gemini of Cajal bodies, often also called “gems”,
where it is found in conjunction with eight proteins (Gemins 2-8 and Unrip) to
form the SMN complex, facilitating the correct splicing of pre-mRNA transcripts
(Chaytow et al., 2018; Liu et al., 1997). Furthermore, the SMN protein localises
to dendrites, synapses and axons playing a crucial role in the transport of
mRNAs (Pagliardini et al., 2000). Alongside these canonical functions, recent
research has highlighted a novel role for SMN in the regulation of protein
translation (Bernabo et al., 2017; Lauria et al., 2020; Sharma et al., 2024)
(Figure 1.3). Importantly, the SMN protein is subjected to a dynamic regulation
during the development of the organism (Burlet et al., 1998; Motyl et al., 2020).
Its peak of expression occurs during the second and third trimester of
gestation, after which it undergoes a significant reduction after birth,
suggesting its fundamental role in guiding a correct embryo-foetal
development (Ramos et al., 2019).

1.4.2 Canonical functions

Being ubiquitously expressed, SMN is an important protein characterised by
several functions involved in numerous nuclear and cytoplasmic RNA-
processing processes (Chaytow et al., 2018). The first identified role of the
SMN protein is its involvement in the SMN complex, where in conjunction with
other proteins, SMN facilitates the biogenesis of small nuclear
ribonucleoproteins (snRNPs) (Liu et al.,, 1997). snRNAs are uridine-rich
noncoding RNAs and are essential components of the spliceosome complex,
responsible for the correct splicing of pre-mRNA transcripts and therefore for
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nuclear post-transcriptional gene expression (Matera & Wang, 2014). The
biogenesis of snRNPs begins in the nucleus with the transcription of uridine-
rich snRNAs, which are then exported into the cytoplasm. The SMN protein
plays a key role in this process by guiding the biogenesis of snRNPs in the
cytoplasm and facilitating their subsequent trafficking to the nucleus.
Importantly, a decrease in SMN levels results in the disruption of shRNPs
assembly in severe SMA, highlighting the correlation between reduced snRNP
levels and disease severity (Gabanella et al., 2007). In addition, it has been
demonstrated that the SMN protein interacts with telomerase, a large RNP
complex responsible for adding repeat sequences to the ends of
chromosomes (Zhang et al., 2011). In this process, the SMN protein
contributes to telomerase biogenesis by ensuring correct assembly and
trafficking (Bachand et al., 2002). Furthermore, it has been shown that a
deficiency in the SMN protein can lead to damage to ribosomal DNA (rDNA),
resulting in impaired translation and synthesis of ribosomal RNA (rRNA)
(Karyka et al., 2022). The rRNA molecules are key components of the
ribosomes, the cellular structure where protein synthesis takes place.
Impairments to rDNA have previously been linked to other neurodegenerative
diseases, such as Huntington’s disease, Parkinson’s disease, Alzheimer’s
disease and amyotrophic lateral sclerosis. Therefore, by regulating rRNA
synthesis, the SMN protein contributes to the final structure and function of
ribosomes (Karyka et al., 2022). Further evidence supporting the interaction
between SMN and ribosomes has been found in both in vivo and in vitro
systems, suggesting an important role for SMN in protein translation (Béchade
et al., 1999; Sanchez et al., 2013).

1.4.3 Non-canonical functions

The observation of the binding of SMN to ribosomes laid the foundations for
further investigations revealing a direct role of SMN protein in translation and
its impact on SMA pathology. One pivotal study has in fact demonstrated that
reduced levels of SMN across different tissues result in translation and
ribosome biology alterations in a SMA mouse model (Bernabo et al., 2017).
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Specifically, this study investigated translation efficiency in the brain, spinal
cord, kidney and liver of the “Taiwanese” mouse model at different postnatal
stages of the disease. To perform translatome analysis, they employed
polysome profiling, a technique that enables the isolation of mMRNAs that are
actively being translated, and that are therefore bound to polysomes (Jin &
Xiao, 2018). This approach provides a high-resolution representation of
ribosome occupancy and density, which is then examined to investigate the
overall efficiency of protein translation. Indeed, by using this methodology, the
authors unveiled a systemic but tissue-specific disruption in translation
occurring at the early postnatal stages of SMA (Bernabd et al., 2017). In
addition, by performing pathway enrichment analysis, the study identified
chromatin and ribosomes as the most dysregulated molecular processes
affected by translational changes, highlighting the impact of alterations in
translation efficiency on ribosome biology.

Furthermore, subsequent research has demonstrated that SMN is a ribosome-
associated protein in vitro and in postnatal brain and spinal cord of “Taiwanese”
mice (Lauria et al., 2020). Notably, the composition of the ribosome is not
static, and can be subjected to regulatory processes, including proteins that
interact with its structure (Slavov et al., 2015). In their study, Lauria and
colleagues revealed that SMN, alongside its canonical role in RNP biogenesis
in the cytoplasm, is associated with a distinct population of ribosomes. These
SMN-primed ribosomes have been found to be located at the beginning of the
coding sequence (CDS) and associated with specific subsets of mMRNAs,
which have previously been linked to SMA pathogenesis. To obtain these
results, the researchers performed ribosome profiling, a recently established
technique that allows to determine the position of the ribosomes on the mRNA
at a codon-level resolution (Jin & Xiao, 2018). This enables the deep
sequencing of actively translating transcripts corresponding to those mRNA
fragments protected by the ribosomes. Using this methodology, they revealed
that the majority of mMRNAs exhibiting significant variations in ribosome
occupancy were downregulated in the absence of the SMN protein (Lauria et
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al., 2020). Thus, the study demonstrated that SMN associates with ribosomes
at the beginning of the CDS, thereby stabilising their conformation, proving a
rationale for the translational disruption observed when SMN levels are
significantly reduced.

The evidence presented here highlights the importance of the SMN protein in
the regulation of translation in the context of SMA. This supports the
hypothesis that one of the key consequences of SMN deficiency is the
disruption of translation processes already at the early stages of the disease.

Global Axonal
snRNP Translation Transport

import
* Ribosome
biogenesis

’ SMN protein

Figure 1.3 Schematic overview (adapted from (Sharma et al., 2024) of the
functions of the SMN protein in the neuron. In the nucleus, SMN is
responsible of guiding the snRNP biogenesis and its trafficking. Alongside this
role, the SMN protein also regulates ribosome and telomerase biogenesis. In
the cytoplasm, SMN bins to the ribosomes, stabilising their structure and
ensuring a correct global translation. Along the axon, SMN plays a crucial role
in mRNA transport, therefore regulating the proper translation of proteins
essential for axonal growth and maturation.
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1.5 Prenatal manifestations of SMA

Given the early nature of the symptomatology reported in infants presenting
with the most severe form of SMA, researchers and clinicians are becoming
progressively more interested in exploring whether the disease could manifest
even before symptom onset, potentially during embryonic development. This
hypothesis is supported by existing clinical observations showing that the
highest levels of SMN protein expression occur in the second trimester of
gestation, with lower levels after birth (Ramos et al., 2019). In addition, initial
studies on SMA preclinical models revealed that a total absence of the SMN
protein results in embryonic lethality (Schrank et al., 1997).

One of the earliest reports indicating prenatal SMA manifestations of SMA
dates back to 1997, when sonographic and maternal serum screening
revealed prenatal abnormalities such as ventriculomegaly and nuchal oedema
in two foetuses affected by SMA Type |, manifesting at 11 and 16 weeks of
gestation (Rijhsinghani et al., 1997). Furthermore, a case study from 1999
examining five babies with SMA Type | revealed a reduction in foetal
movements between weeks 30 and 36 of gestation (MacLeod et al., 1999).
Despite their preliminary nature, these observations are in line with
subsequent clinical and preclinical studies that reported muscle denervation
occurring at the prenatal stages of the disease (Martinez-Hernandez et al.,
2013; McGovern et al., 2008; Soler-Botija, 2002). Indeed, it has been
demonstrated that development of the neuromuscular system during
embryogenesis correlates with the occurrence of foetal movements that can
be detected by ultrasound from week 8 of gestation (Felsenthal & Zelzer,
2017). For instance, Soler-Botija and colleagues reported the first evidence of
progressive loss of motor neurons in the spinal cord of SMA foetuses at 12
weeks of gestation (Soler-Botija, 2002). In accordance with these clinical
findings, research performed in the “Taiwanese” mouse model of severe SMA
has shown prenatal changes in the innervation of the neuromuscular junctions
(NMJ), the fundamental connections between motor neurons and muscle

fibres, occurring as early as at embryonic day (E)18.5 (McGovern et al., 2008).
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Moreover, quantitative and qualitative examinations on prenatal human
samples revealed ultrastructural defects in NMJs in SMA Type | (Martinez-
Hernandez et al., 2013).

It is important to note, however, that the literature on prenatal manifestation(s)
of SMA is limited, with the majority of research focusing on neuromuscular
phenotypes. Only a small number of studies have addressed the systemic
manifestations of the disease occurring at embryonic stages. Notably, among
those, our group examined the systemic developmental components of severe
SMA and in a recent publication revealed widespread perturbations in multiple
systems and organs in E14.5 “Taiwanese” mouse embryos (Motyl et al., 2020).
Specifically, the authors explored morphological and molecular phenotypes
occurring in the brain, spinal cord, liver, heart and skeletal muscle at one
specific timepoint of embryonic mouse development. Using micro-computed
tomography for volumetric measurements and 3D reconstruction, they
observed a general decrease in size of SMA mouse embryos compared to
control littermates. Furthermore, a significant reduction in the volume of
cardiac ventricles was observed in SMA embryos. While the authors did not
detect any overt cardiac pathology, their findings are consistent with those
reported by previous studies which indicated the presence of heart defects in
mouse models of severe SMA at later stages of embryonic development
(Shababi et al., 2010). Furthermore, to examine whether the morphological
defects observed in SMA mouse embryos were accompanied by molecular
differences, Motyl and colleagues performed a proteomic investigation using
mass spectrometry on the organs of interest. The analyses revealed a
proteome-wide disruption, with differentially expressed proteins detected in all
organs, despite minimal overlap. In addition, the generation of a high-
resolution proteomic dataset enabled the identification of dysregulated
canonical pathways in each organ examined. Notably, organ-specific
disruption was observed in some of the pathways known to be essential for
development, revealing widespread developmental perturbations in SMA.
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While the prenatal developmental nature of SMA is increasingly capturing the
attention of the scientific community, the majority of recent research continues
to be predominantly focused on motor neuron degeneration (Kataoka et al.,
2023; Kong et al., 2021). The central aim of this thesis is therefore to provide
a more profound insight into the cellular and molecular mechanisms underlying
the observed manifestations of prenatal SMA, with a particular emphasis on
the neurodevelopmental aspects of the disease. Moreover, given the recent
advancements in the treatment of SMA patients using disease-modifying
therapies, this thesis explores the amenability of prenatal defects to

therapeutic intervention.

1.6 Disease-modifying therapies

At the time of the initial description of SMA and the subsequent identification
of its genetic cause, effective therapeutic measures were not available, and
SMA was the primary genetic cause of infant mortality (Moultrie et al., 2025).
In the past decades, three disease-modifying therapies (DMTs) have been
authorised by the Food and Drug Administration (FDA), in the US, and by the
European Medicines Agency (EMA), in Europe, to treat SMA patients by
targeting either SMN71 or SMNZ2 to increase SMN full-length protein expression
(Chaytow et al., 2021) (Figure 1.4). The three distinct DMTs use different
therapeutic approaches. The first one is nusinersen, an antisense
oligonucleotide that acts as a SMNZ2 splicing modifier (Finkel et al., 2017). The
second, onasemnogene abeparvovec, increases SMN protein production
through gene therapy, which involves the replacement of the SMN1 gene
(Mendell et al., 2017). The third and most recent is risdiplam, a small molecule
that modulates the splicing of the SMN2 pre-mRNA (Baranello et al., 2021). In
terms of their contribution to the SMA field, these therapies have been proven
to have a remarkable impact on the clinical management of SMA patients,
resulting in improvements in both survival rates and the quality of life (Chaytow
et al., 2021).
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1.6.1 Nusinersen
The first DMT approved by the Food and Drug Administration (FDA) in 2016

and by the European Medicines Agency (EMA) in 2017 was nusinersen, an

antisense oligonucleotide (ASO) (Finkel et al., 2017; Mercuri, Darras, et al.,
2018). ASOs are small synthetic single-stranded nucleic acids, ranging from
16 to 21 nucleotides (Collotta et al., 2023). By identifying specific RNAs
through complementary base pairing, ASOs are able to bind to a target RNA
sequence and modify protein expression. In order to enhance the production
of full-length SMN protein, nusinersen was developed to target the intronic
splicing silencer N1 (ISS-N1) in intron 7 of SMN2 (Hua et al., 2008; Singh et
al., 2006). The binding of the ASO to ISS-N1 has been demonstrated to inhibit
negative splicing factors, thus resulting in increased inclusion of exon 7
consequently enhancing the production of full-length SMNZ2 transcripts and
protein.

Numerous preclinical studies have demonstrated the efficacy and safety of
nusinersen in achieving homogenous distribution within the central nervous
system and to increasing SMN expression in a dose-dependent manner
following intrathecal infusion (Passini et al., 2011; Rigo et al., 2014). Moreover,
clinical evidence has reported improvements in motor functions and the
achievement of motor milestones (Finkel et al., 2016). Due to its inability to
cross the blood-brain barrier (BBB), the protocol for the administration of
nusinersen relies on multiple intrathecal injections (Scoto et al., 2017).
Specifically, the first three in injections are delivered at 14-day intervals, the
fourth dose is administered after 30 days and then maintenance injections are
repeated every four months. While this treatment is available for SMA patients
of all ages and subtypes, the requirement of intrathecal injections constitutes
a limitation for those patients with severe scoliosis and contractures, as well

as for those who have undergone spinal surgery (Xu et al., 2022).
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1.6.2 Onasemnogene abeparvovec
In 2019 and 2020, respectively, the FDA and the EMA approved

onasemnogene abeparvovec, the first gene replacement therapy to treat SMA

(Mendell et al.,, 2017). The gene-based therapeutic approach has seen a
marked increase in interest for the treatment of rare genetic
neurodevelopmental disorders (Chaytow et al., 2021). Specifically, it has been
demonstrated that the systemic delivery of adeno-associated viral vector
serotype 9 (AAV9)-based gene transfer via intravenous injection can
successfully cross the blood-brain barrier and efficiently transduce into the
CNS (Foust et al., 2009; Meyer et al., 2015). Thus, the monogenic nature of
SMA rendered it an optimal ideal candidate for gene therapy development
using an AAV9 approach. As a result, onasemnogene abeparvovec, a non-
replicating recombinant adeno-associated virus serotype 9 (AAV9) carrying the
wild-type SMN1 gene, was introduced as one-time treatment of paediatric SMA
patients under two years of age and carrying a bi-allelic mutations in the SMN1
gene (Mendell et al., 2017). Clinical evidence has shown significant
improvement of motor function and a decrease in the need for respiratory and
nutritional support (Day et al., 2021). Alongside these positive effects, it has
been demonstrated that high doses of onasemnogene abeparvovec can result
in liver dysfunction (Hinderer et al., 2018). Indeed, clinical trial reports have
been documented transient elevations in serum aminotransferase levels
reported in a number of cases, highlighting what it could be an immune
response to the vector capsid. Despite the fact that the underlying mechanism
of this dysfunction remains unclear, the administration of an
immunomodulatory regimen prior to and following the intravenous injection has
now been incorporated into the standard protocol for SMA patients undergoing
the treatment (Chand et al., 2021).

1.6.3 Risdiplam

The most recent drug designed to treat SMA is risdiplam, approved by the FDA
in 2020 and by the EMA in 2021 (Baranello et al., 2021). Risdiplam is a small-
molecule splicing modulator, which acts on SMNZ2 pre-mRNA and boosts exon
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7 inclusion and full-length SMN protein production (Sivaramakrishnan et al.,
2017). The development of this drug began with the RG7800 molecule, a
splicer modulator that has been shown to enhance SMN protein expression in
healthy adults and SMA patients (Kletzl et al., 2019). However, this molecule
was not further advanced due to retinal damage observed in non-human
primates (Ratni et al., 2018). Risdiplam is therefore the result of the
optimisation of this molecule. The administration protocol of risdiplam relies on
a daily oral delivery that allows for systemic distribution in the central nervous
system, muscles, blood and other tissues (Poirier et al., 2018). Moreover,
recent clinical trial results have indicated increased lifespan and improvement
of both motor and respiratory function in SMA patients, with no evidence of
retinal toxicity (Poirier et al., 2018; Sergott et al., 2021). A distinguishing
characteristic of this drug, in contrast with the two previously described, is its
method of administration. Indeed, the administration of risdiplam in the form of
an oral solution or tablet facilitates a home-based therapeutic approach with
risdiplam, thereby avoiding the necessity for invasive procedures and
hospitalisation (Kakazu et al., 2021).

Intriguingly, a recent study suggests that risdiplam could be used for the
treatment of Huntington’s disease, a rare neurological disorder caused by a
CAG trinucleotide expansion in the first exon of the HTT gene, which encodes
the huntingtin protein. In this disease context, risdiplam acts as a splicing
modifier that promotes the inclusion of a pseudoexon in the HTT gene’s
mRNA, introducing a stop signal and reducing the overall amount of the
huntingtin protein (McLean et al., 2024). This finding highlights the therapeutic
potential of risdiplam for the treatment of diseases beyond SMA and
emphasises the importance of delving deeper into its mechanism of action to

better understand its applicability and possible off-target sites.
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Figure 1.4 Schematic summary of the currently approved disease-
modifying therapies (DMTs) to treat SMA. Nusinersen has been the first
available DMT and it is a SMN2 splicing modifier. The route of administration
is via multiple intrathecal injections, and its use has been approved for infants
and adults. The second DMT to become available was onasemnogene
abeparvovec, a gene therapy treatment aimed at replaced the mutate SMN1
gene. It is administered by a one-time intravenous injection, and it is only
approved to full-term infants under the two months of age. Finally, risdiplam is
the most recent SMN2 splicing modifier, delivered daily as an oral solution or
tablet. Its administration is available for all SMA patients. (lllustrations are
adapted from (Wexler, 2025))
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1.6.4 Combinatorial implementation of DMTs

Given the coexistence of three therapeutic approaches that have been
demonstrated to be effective in alleviating clinical symptoms in SMA patients,
there have been attempts to compare the outcomes in patients who undergo
nusinersen, gene therapy or risdiplam treatment (Bitetti et al., 2023; Kokaliaris
et al., 2024). However, a direct comparison of the different approaches is
challenging due to the heterogeneity of patient symptoms and responses to
therapy. Thus, it is not possible to determine whether one DMT is superior to
another. Moreover, in recent years DMTs have been used in combinations in
trials as well as in clinical practice. Specifically, a second DMT may be
administered in the instance where the response to an initial DMT was
incomplete or suboptimal (O'Reilly et al., 2025; Oechsel & Cartwright, 2021).
Despite the absence of evidence demonstrating the long-term benefits and
cumulative effects of this add-on therapy, clinical trials have revealed the safety
of nusinersen administration following gene therapy with onasemnogene

abeparvovec (Brandsema et al., 2022).

Another combinatorial approach with DMTs to treat SMA that has been
implemented in clinical practice is known as bridge therapy (Proud et al.,
2023). In this form of therapeutic intervention, nusinersen or risdiplam are
administered in patients awaiting gene therapy. The implementation of this
approach has the potential to occur in different situations. A relevant scenario
could be represented by preterm infants diagnosed with the most severe form
of SMA (Trollmann et al., 2024). Due to the significant concerns regarding the
administration of immunomodulatory regimen with corticosteroids prior to full-
term age, onasemnogene abeparvovec gene therapy has not been approved
for administration to babies who have not reached a minimum of 37 weeks of
gestation (Lee et al., 2021). Therefore, clinicians have attempted to implement
bridge therapy and a number of case reports have highlighted the efficacy and
safety of administering either nusinersen or risdiplam while waiting for an
appropriate age for gene therapy administration (Bistritzer et al., 2025; Brown
et al., 2024; Ferrante et al., 2022; Matesanz et al., 2020; Nigro et al., 2023).
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Despite the limited availability of long-term data on combinational therapy with
DMTs, it is now clear that, in order to maximise the beneficial therapeutic
effects of the existing treatments, SMA must be diagnosed as early as possible
(Moultrie et al., 2025). Indeed, it has been demonstrated that, especially in
patients presenting with the most severe forms of SMA showing clinical
manifestations prenatally and/or at the time of birth, the initiation of an early
therapeutic interventions correlates with better outcomes (Goedeker et al.,
2024; Sumner & Crawford, 2022). In this regard, several clinical trials including
NURTURE, RAINBOWFISH, and SPR1NT, have provided solid evidence of
the safety and efficacy of nusinersen, risdiplam, and onasemnogene
abeparvovec, respectively, when administered in presymptomatic infants
(Crawford et al., 2023; R. S. Finkel et al., 2025; Strauss et al., 2022).
Collectively, these three single-arm interventional studies suggest that the
early treatment for SMA can boost motor and functional outcomes in babies
presenting with two or three copies of SMN2, compared to treatment initiated
at symptomatic stage (K. Cooper et al., 2024). This emphasises the urgent
need to identify babies with SMA before they exhibit any symptoms. A key
factor that could facilitate the early diagnosis of SMA is the implementation of
a large-scale newborn screening programme (Schwartz et al., 2024). This will
allow for the identification of SMA disease in an infant within a few hours of
birth.

1.6.5 Newborn screening for SMA

SMA genetic testing is key to identify carriers, confirming diagnosis, and
enabling early intervention through newborn and prenatal screening (Wang et
al., 2007). The gold standard methods, such as polymerase chain reaction
(PCR) and multiple ligation-dependent probe amplification (MLPA), rely on
quantitative analysis of SMN7 and SMNZ2 genes (Mercuri, Finkel, et al., 2018).
In the event both parents are asymptomatic carriers with a single mutated
SMNT1 allele, the risk of foetal SMA is 25%. Thus, prenatal screening can be
facilitated through chorionic villous sampling (CVS), amniocentesis and non-
invasive prenatal diagnosis (NIPD) (Khaniani et al., 2013; Parks et al., 2017).
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However, as these tests are usually offered to mothers who are already known
to be carriers of the mutation or who already have a child with a diagnosis of
SMA, it cannot be considered a population-wide screening tool (Prior et al.,
2010). Therefore, with the advent of disease-modifying therapies to treat SMA,
the implementation of newborn screening has emerged as a prominent subject
of discussion within the field (Katy Cooper et al.,, 2024). The fundamental
objective of newborn screening is to identify children affected by SMA prior to
symptomatic manifestations. This is of particular relevance in the context of
SMA, as infants affected by the most severe forms typically manifest
symptoms within the initial few months of life and, therefore, treatment
administration at an earlier stage within the newborn period would be more
beneficial (Strauss et al., 2022). As reported by the European Alliance for
Newborn Screening, to date, 66% of newborns in Europe are screened for
SMA at birth. Unfortunately, despite a general consensus among SMA families
and the public, the UK does not yet have a newborn screening programme for
SMA (Boardman et al., 2018; Gillingwater et al., 2022).

1.6.6 Limitations of current therapies and unmet needs in SMA

As discussed above, the three available therapies recently approved to treat
SMA have shown to provide a broad range of benefits to patients, notably
extending lifespan and facilitating the achievement of advanced motor
milestones (Chaytow et al., 2021). Furthermore, the exploration of the
combinatorial effects of DMTs has been implemented to boost therapeutic
responses, and the application of early pre-symptomatic intervention has been
found to have a significant impact on the quality of patients’ lives (Moultrie et
al., 2025; Yeo et al., 2024). Nonetheless, despite the undeniable advancement
represented by DMTs, SMA remains a disease without a cure and is
accompanied by several unresolved challenges yet to be addressed. Indeed,
even with the employment of pre-symptomatic therapeutic intervention, some
SMA patients do not fully regain optimal neuromuscular functions, but they
continue to exhibit signs of impaired motor functions, respiratory difficulties and
limitations in daily activities (Song & Ke, 2025). Moreover, from a logistical
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perspective, the financial costs of the treatments, in addition to the individual
regional or national regulations on healthcare, prevent inclusive access for
SMA patients to therapeutic intervention (Dangouloff et al., 2021; Xiao et al.,
2023).

Notably, the advent of newborn screening programmes in multiple countries
has facilitated the early diagnosis of SMA in patients presenting with the most
severe forms of the disease (Katy Cooper et al., 2024). Consequently, these
patients are now receiving treatment at the early stages of the disease,
resulting in an increased survival rate to ages that were previously unreported
in the natural history of the disorder (Pera et al., 2024). This observation has
led to the identification novel developmental symptoms in some SMA patients,
including the presence of neurodevelopmental comorbidities (Baranello et al.,
2024; Buchignani et al., 2025; Masson et al., 2021).

In consideration of this recent evidence, it is now apparent that SMA remains
without a definitive cure, and that further investigation into the emerging clinical
manifestations observed in some treated patients is needed. The remarkable
milestones achieved in the understanding of SMA, from the initial clinical
description of the symptoms to the approval of three disease-modifying
therapies (Figure 1.5), highlight the current need to further understand the
underlying cellular and molecular mechanisms causing these novel
neurodevelopmental phenotypes. This knowledge is therefore key to establish
a new gold standard for clinical monitoring and to guide the next generation of

therapeutic intervention.
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Figure 1.5 Schematic timeline of the key milestones achieved in the
understanding and treatment of SMA. The first clinical documentation of
SMA was reported in 1891 by the neurologist Guido Werdnig, who described
the symptoms of early-onset progressive SMA in infants. Further observations
led to the concept of distinct clinical subtypes based on the age of symptoms
onset and the motor milestones achieved. This method of classification was
introduced at the International SMA Consortium in 1992. Meanwhile, the
chromosomal location of the gene responsible for SMA was identified in 1990,
leading to the subsequent discovery of the SMN gene in 1995. Understanding
the genetic cause of SMA enabled researchers to develop animal models that
mimic disease processes and phenotypes. As a result, various murine models
are now used in SMA preclinical research, including the severe and the
“Taiwanese” mouse models, which were established in 2000; the A7 mouse
model in 2005; and the 2B mouse model, developed in 2012. The advanced
and ongoing understanding of SMA, achieved through these animal models,
has led to the development of three disease-modifying therapies for the
treatment of SMA patients: nusinersen, onasemnogene abeparvovec, and
risdiplam.
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1.7 Neurodevelopmental comorbidities in SMA

Since the advent of disease-modifying therapies to treat SMA, the most
studied outcomes have been motor and respiratory symptoms, with very
limited attention to the brain and cognitive development (Dangouloff & Servais,
2019; Giannotta et al., 2024). Notably, however, it has been observed that the
SMN protein is highly expressed in the brain and has been hypothesised to
play a crucial role in the early stages of brain development (Battaglia et al.,
1997; Tizzano et al., 1998). This raised the question of whether reduced levels
of SMN could have deleterious effects on the development of the central

nervous system (CNS), particularly during the prenatal stages.

1.7.1 The hippocampus in cognitive neuroscience and in SMA patholoqy

Recent neuropathological studies in both animal models and SMA patients
have revealed significant abnormalities in several areas of the CNS, including
the hippocampus. In this context, this area of the brain is of particular interest,
given its pivotal role in the study of cognitive neuroscience (Rubin et al., 2014).
One of the most extensively studied roles of the hippocampus is its
involvement in learning and memory. Indeed, as was first documented in a
case report published in 1957, which described how a patient, H.M., developed
a severe anterograde and retrograde amnesia following a Dbilateral
hippocampal resection, the hippocampus has been linked to the ability to
create and retain memories (Scoville & Milner, 1957; Squire, 2009).
Furthermore, recent findings have indicated that the presence of hippocampal
atrophy has been identified as a hallmark of Alzheimer’s disease (Rao et al.,
2022).

In addition, since the discovery of the “place cells” in 1971, the hippocampus
has also been demonstrated to play a role in spatial navigation (O'Keefe &
Dostrovsky, 1971). In this early publication, the authors demonstrated that
specific neurons located in the rat hippocampus were indeed responding to
the animal’s location. In other words, these cells were found to be in an active

state when the rat was in a specific place. Subsequent research revealed a
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similar finding, where it was demonstrated that total lesions to the hippocampal
could result in place-navigational impairments (Morris et al., 1982).

While initial studies on spatial navigation were exclusively limited in terms of
physical space, in 1948 Tolman proposed the concept of a “cognitive map” as
a representation of the social environment, thereby establishing the foundation
for further research focused on the role of the hippocampus in contributing to
the navigation of social interactions (Montagrin et al., 2018; Tolman, 1948). In
this context, recent studies have explored the potential correlation between the
hippocampus and disorders characterised by social and cognitive deficits,
including autism spectrum disorder (ASD) (Banker et al., 2021). Despite the
challenges in evaluating of such a complex condition, one of the main hallmark
features of ASD is the impairment in social functioning, as well as spatial
reasoning and episodic memory, suggesting a role for the hippocampus in
contributing to the clinical manifestations of the spectrum (Bangerter et al.,
2017). Thus, recent studies have reported hippocampal structural alterations,
with evidence of altered volume, shape and texture in children diagnosed with
ASD compared to healthy controls (Chaddad et al., 2017; Dager et al., 2007,
Reinhardt et al., 2020).

Given its key role in regulating memory processes, spatial cognition and social
behaviour, as well as its contribution in cognitive disorders, the hippocampus
represents a highly relevant structure when explored in the context of SMA.
Indeed, it has been demonstrated that the hippocampus is highly vulnerable to
low levels of SMN during the early stages of SMA disease. For example, one
prior research study showed a significant reduction in cell density and impaired
neurogenesis in a severe mouse model of SMA (Wishart et al., 2010). Similarly,
a clinical investigation observed substantial neuronal degeneration in the
hippocampus of children with SMA Type | (Harding et al., 2015). In addition,
these clinical brain manifestations were supported by neuroimaging studies

that, by using MRI, revealed hippocampal atrophy and overall brain
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macrostructural abnormalities in children with SMA Type | (Groulx-Boivin et al.,
2024; Mendonga et al., 2019).

The identification of abnormalities in the hippocampus of both SMA patients
and animal models suggests a pivotal role of this structure in the pathogenesis
of the disease. In addition, these findings may also provide a biological
underpinning contributing to the recent observations of neurodevelopmental
comorbidities in some young patients with the most severe cases of the
disease.

1.7.2 Cognitive development and functions in SMA patients

A considerable amount of evidence is now suggesting that
neurodevelopmental comorbidities are becoming increasingly apparent in
SMA patients, particularly in children with the most severe forms of the
disease. Furthermore, these observations are highlighted by the increased

survival rates of patients who are now able to receive treatment.

Despite the recent growth in interest concerning cognitive functions in SMA, a
limited number of clinical case reports had already examined these
manifestations as early as 1992. As illustrated in two publications by the
neurologist Catherine Billard and her collaborators, the primary focus of their
investigation was Duchenne muscular dystrophy (DMD), a X-linked recessive
disease characterised by a severe pathology of the skeletal musculature and
caused by the absence or disruption of dystrophin (Billard et al., 1998; Billard
et al., 1992). To clarify whether DMD patients exhibited cognitive deficits, they
compared them with SMA patients, who at the time were not known to present
with cognitive impairments. The assessments covered diverse cognitive areas,
including language, visuospatial abilities, attention and memory. Despite the
absence of appropriate statistical analysis, the tests revealed normal
performances by children with SMA, with higher scores compared to the those

reported by DMD patients. Despite the preliminary nature of the two studies,
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they contributed to the idea, that would last for several years, of optimal
cognitive functions in SMA patients, at times even above the normal average.

The first and most differentiated study to focus on intelligence and cognitive
functions specifically in SMA patients was published by von Gontard and
collaborators in 2002 (von Gontard et al., 2002). The investigation covered
vocabulary, memory, executive function, reading and arithmetic. Despite the
reported bias in the selection of participants, the patients involved were
representing a heterogenous group of children and adolescents presenting
with SMA Type [, Il or Ill. While the clinical subtype was not found to have an
impact on cognitive performances, the authors hypothesised that the higher
intelligence noticed in adolescents compared to the control group may be due
to compensatory mechanisms to their difficulties in motor functions. A similar
observation was reported in a subsequent study focused on the assessment
of spatial language in children with SMA Type Il (Riviére et al., 2009). The
authors reported that SMA patients exhibited superior performance in
producing spatial terms compared to a control cohort.

In contrast to these earlier studies, one of the first case reports to highlight
potential cognitive defects in SMA patients was published in 2017 by Polido
and colleagues (Polido et al., 2017). In this study, the authors assessed levels
of attention, spatial location and executive functions in a cohort of children with
SMA Type |. The results of the analyses demonstrated that these children
performed below the normal average and had greater difficulties compared to
controls when the complexity of the task was increased. Despite the absence
of an ophthalmology evaluation prior the cognitive assessment, the study
introduced a novel methodology by utilising an eye-tracking device to record
the responses of those patients exhibiting severe motor dysfunction.

A retrospective study published in 2021 used a similar approach (Zappa et al.,

2021). Here, the clinicians administered tests designed to evaluate cognitive
functions, language comprehension and speech, specifically adapted to
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enable children affected with the most severe forms of SMA to communicate
in a coded way to respond yes or no to the questions. The aim of this study
was to provide a baseline of the cognitive profile of SMA Type | patients prior
to the therapeutic intervention with DMTs.

One of the first multicentre case reports investigating the possible correlation
between cognitive development and motor functions in treated patients with
SMA Type Il and lll was published in 2023 (Buchignani et al., 2023). In this
context, only a small proportion of the assessed individuals exhibited
intellectual disability, with no significant difference in relation to SMA subtype.
Given the highly heterogenous cohort regarding time and type of treatment
intervention, DMTs were not considered a variable in the study.

In the same year, a different longitudinal monocentric study explored cognition,
expressive language and motor skills in 18 SMA Type | patients that received
treatment either pre- or post-symptoms onset (Ngawa et al., 2023). By
demonstrating that patients treated post-symptomatically generally exhibited
scores below average, this study highlighted the necessity of including
intellectual development assessment as one of the treatment outcomes for
SMA patients.

Notably, another study included the variable of DMTs to evaluate language,
verbal fluency, executive functions, memory and visuospatial functions in adult
patients with SMA Type Il and |l treated with nusinersen (Vidovic et al., 2023).
While the authors did not observe any differences in cognition between
subtypes, the assessment after treatment revealed an overall improvement in

several cognitive domains, although this was not statistically significant.

Subsequent cohort investigations explored cognitive development, expressive
language and motor skills in groups of patients who had been diagnosed with
SMA through newborn screening and who received treatment in accordance
with healthcare regulations (Kdlbel et al., 2024; Steffens et al., 2024). In these
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studies, a considerable proportion of patients demonstrated subnormal
cognitive development. Furthermore, the cognitive scores appeared to be
proportionate to the number of SMNZ2 gene copies, indicating a more
pronounced impairment in children with only two SMNZ2 copies. Intriguingly, in
both studies female patients were observed to obtain higher scores than

males.

Finally, early this year, the multidisciplinary team lead by Professor Baranello
and Mercuri published a study aimed at exploring the neurobehavioral profile
in children with SMA Type | and young infants diagnosed by newborn
screening (Buchignani et al., 2025), all treated with at least one DMT. By
assessing  neurodevelopmental  behaviour, cognition and  social
communication, the authors demonstrated that, alongside less frequent
neurobehavioral difficulties, 10% of SMA patients showed the presence of
ASD. Despite the need for a cautious interpretation of the findings, this study
provided novel insights into the social and behavioural functioning of children
with severe forms of SMA. This was achieved by the administration of
comprehensive clinical evaluations and, most importantly, by adapting well-
established and standardised tests, such as the ones routinely used to

diagnose autism.

The evidence presented here collectively reports the ongoing efforts to
enhance our comprehension of the neurodevelopmental comorbidities of SMA
pathology, with a particular focus on the patients presenting with the most
severe forms of the disease, highlighting the urgent necessity of the
development of suitable tools to reliably assess these manifestations.

1.8 Hypothesis and aims of the thesis

The natural history of SMA has been shifted by the advent of the disease-
modifying therapies currently available to treat patients (Yeo et al., 2024).
Despite the undeniable benefits that these treatments are providing, SMA does

not have a definitive cure yet. Indeed, a great amount of evidence has been
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revealing novel phenotypes in SMA pathology, including neurodevelopmental
comorbidities occurring in some of the treated patients, especially those
presenting with the most severe forms of the disease (Baranello et al., 2024;
Buchignani et al., 2025; Giannotta et al., 2024). These recent observations
have raised the question of whether insufficient levels of SMN protein during
the critical period of prenatal brain development could be responsible for these
novel neurodevelopmental phenotypes.

Taken together, this evidence indicates the presence of crucial unanswered
questions that need to be addressed. As a result, alongside an increased focus
on the cognitive aspects in the clinical setting, there is the parallel need for
further preclinical research with the aim of deepening the understanding of the
early developmental stages of the brain in SMA disease.

Therefore, in this thesis, by using a well-established mouse model of severe
SMA, | will explore the prenatal stages of the development of the brain, with a
particular focus on protein translation. With this approach, | will test the
hypothesis that the presented preclinical model can be reliably employed to
study the prenatal manifestations occurring in the central nervous system of
SMA embryos and to investigate the underlying molecular defects
underpinning SMA  pathogenesis, possibly contributing to the
neurodevelopmental phenotypes observed in human patients.
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Chapter 2: Materials and Methods
2.1 Study Design

This study was designed to investigate the prenatal developmental defects of
SMA in the “Taiwanese” mouse model, with a particular focus on the role of
protein translation. By exploring the development of the embryonic brain
throughout the late organogenesis and by performing polysome and ribosome
profiling, we unveiled primary cilia as a molecular mechanism underlying
embryonic SMA pathogenesis. Sample size was determined by preliminary
data and power calculations. All data were quantified and assessed blinded to

genotype/treatment.

2.2 Statistical analysis

All statistical results are expressed as mean and SEM from at least five
independent samples per group. For each embryo, three consecutive brain
sections were analysed and averaged together. Differences between the two
genotype groups (CTRL and SMA) were analysed by a one- or two-tailed
unpaired parametric t-test. Difference among groups (CTRL, SMA
vehicle/untreated and SMA risdiplam treated) were analysed by ordinary one-
way ANOVA using Tukey’s correction for multiple comparisons. All statistical

analyses were performed using GraphPad Prism 10.

2.3 Animals

2.3.1 Ethics

All animals were bred and handled following the UK Animals (Scientific
Procedures) Act, 1986. Procedures were approved by the internal ethics
committee at the University of Edinburgh and following UK Home Office
regulations. This work was performed under the PPL (Procedure Project
Licence) P92BB9F93, and PIL (Personal Licence) 165376428.
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2.3.2 Breeding scheme

The “Taiwanese” model of severe SMA was maintained as previously
described, and it was originally obtained from Jackson Laboratories (strain
005058) (Hsieh-Li et al., 2000; Riessland et al., 2010). Embryos with the
genotype Smn*~; SMNZ29° are indicated as healthy controls, while SMA
embryos have the following genotype Smn~~; SMN29°. The morning of
vaginal plug found was counted as embryonic day 0.5 (E0.5), and the embryos
were collected when they reached the age of interest (from E12.5 to E18.5).

2.3.3 Embryo collection and development stage assessment

Pregnant dams were sacrificed at the desired time point and then embryos
were collected individually. Each embryo was weighed, and the stage of
development was assessed following the Theiler Staging Criteria for Mouse
Embryo Development (Richardson et al., 2014). Prior to fixation, embryos’
heads were separated from the bodies. Tail tips were collected during the
dissection and used for genotyping. Both genders were included and
combined throughout the entire study.

2.3.4 Genotyping

Genotyping was performed following the laboratory’s protocols. DNA was
isolated and extracted from tail tips collected during the micro-dissections.
TTLB lysis buffer (100 mM Tris pH 8, 200 mM NaCl, 5 mM EDTA pH 8, SDS
0.2%) with proteinase K (50 pg/mL) was used to digest the tissue overnight.
The following day, DNA was purified using isopropanol-mediated precipitation
and used for PCR with the following programme and primers (Hsieh-Li et al.,
2000):

94°C 94°C 94°C 58°C 72°C 72°C 12°C
2’ 2’ 30sec 30sec 30sec 5 0

36 cycles
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Primers:

Hung SMN F: ATAACACCACCACTCTTACTC
Hung SMN R1: GTAGCCGTGATGCCATTGTCA
Hung SMN R2: AGCCTGAAGAACGAGATCAGC

2.3.5 Embryonic sex determination

Embryonic sex determination was performed on tail tips collected during the
micro-dissections. Although both genders were used throughout the entire
study, sex was not considered as a biological variable. Sex was determined by
PCR amplification of X chromosome genes with divergent Y chromosome
gametologs. Extracted genomic DNA was then used for PCR with the following

programme and primers (Tunster, 2017):

94°C 94°C 60°C 72°C 72°C 12°C
2’ 20sec 20sec 30sec 5 0
30 cycles
Primers:

Rbm31 F: CACCTTAAGAACAAGCCAATACA
Rbm31 R: GGCTTGTCCTGAAAACATTTGG

2.3.6 In utero SMN replacement treatment with risdiplam

For in vivo pharmacological intervention with risdiplam, four pregnant dams
were administered the drug at a concentration of 5 mg/kg for five consecutive
days by oral gavage (PO). Brain tissues were then micro-dissected and
collected at E14.5 or E15.5. Risdiplam was dissolved in 0.5%
hydroxypropylmethylcellulose, 0.1% Tween-80 as previously described
(Poirier et al., 2018).
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2.4 Morphological and primary cilia investigation in the

embryonic brain and spinal cord

2.4.1 Microtomy

Whole embryos’ heads and bodies were fixed in 4% paraformaldehyde (PFA)
overnight at 4°C. On the next day, tissues were rinsed with PBS and stored in
70% ethanol prior paraffin-embedding. Samples were dehydrated using an
automated tissue processor and then infiltrated with histological wax. 10pm-
thick coronal (heads or brains) and sagittal (bodies) sections using microtome

were collected on SuperfrostTMPIlus slides and kept overnight at 37°C.

2.4.2 Fluorescence immunohistochemistry

Wax sections were deparaffinised and rehydrated with Xylene and ethanol,
respectively. Antigen retrieval was performed by maintaining the slides at a
sub-boiling temperature for 20 minutes in Tris-EDTA or sodium citrate buffer
depending on the primary antibodies. (10 mM Tris-base and 1mM EDTA
solution pH 9.0 for ARL13B and y-tubulin; 10 mM sodium citrate buffer, pH 6
for Ki67). Slides were then left to cool down at room temperature for 30
minutes. The sections were washed two times in 0.1% Triton X-100 in TBS and
immersed in corresponding blocking solution at room temperature for one hour
(10% donkey serum in TBS for anti-ARL13B and anti-y-tubulin; 1% BSA, 10%
donkey serum in TBS for K67). The sections were then incubated with primary
antibodies overnight at 4°C (anti-ARL13B and anti-y-tubulin were diluted in 5%
donkey serum in TBS; anti-Ki67 was diluted in 1% BSA, 10% donkey serum in
TBS). Primary antibodies used in this experiment were: rabbit polyclonal anti-
Ki67 antibody (Abcam ab15580, 1:200); rabbit polyclonal anti-ARL13B
antibody (Protelntech 17711-1-AP, 1:200); and mouse monoclonal anti-y-
tubulin antibody (Sigma T6557, 1:500). After three washes of 10 minutes each
in 0.025% Triton X-100 in TBS, sections were then incubated with secondary
antibody at room temperature for two hours (1:400 donkey anti-rabbit Alexa
Fluor 488 for Ki67 and ARL13B; 1:400 donkey anti-mouse Alexa Fluor 594 for
y-tubulin). After three washes of 10 minutes each in 0.025% Triton X-100 in
1xTBS, slides were counterstained by DAPI and mounted with Mowiol.
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2.5 Western blotting for SMN protein quantification

Tissue collection and western blot procedures were performed as previously
reported (E. J. N. Groen et al., 2018). Briefly, tissues were snap-frozen in dry
ice and stored at -80 °C freezer until use. Tissues were homogenized in
radioimmunoprecipitation assay buffer (ThermoFisher Scientific) with Halt™
protease inhibitor (#78429, ThermoFisher Scientific). Protein concentrations
were determined using the bicinchoninic acid method. 30 ug of total protein
was used in in utero SMN replacement experiment. After electrophoresis,
proteins were transferred to a polyvinylidene difluoride membrane (iBlot2,
ThermoFisher Scientific). Total protein was quantified by RevertTM Total
Protein Stain (520nm or 700nm, LI-COR). Membranes were then blocked in
Odyssey PBS blocking buffer (LI-COR) or EveryBlot blocking buffer (Bio-Rad),
followed by incubation anti-SMN antibody solution (BD Bioscience #610646,
1:1500) overnight at 4°C. The next day, membranes were washed with 1x PBS
at RT before and after and secondary antibody incubation (LI-COR).
Membrane is dried followed by image acquisition on an LI-COR Scanner
Odyssey M.

2.6 Primary hippocampal neuronal cultures and

treatment with risdiplam

2.6.1 Ex vivo hippocampal neuron preparation

Primary hippocampal cell cultures were prepared as previously described
(Brewer et al., 1993). Hippocampal tissues from E17.5 Taiwanese mice
embryos were dissociated with papain (Worthington Biochemical PAPZ2,
reconstitute to 10U/mL in PBS) and placed in a 37°C waterbath for 20 minutes.
Supplemented DMEM/F12 (with 5mL penicillin/streptomycin solution and
50mL sterile filtered foetal bovine serum (Life Technologies 21331-020) was
then added to the dissociated tissues to a final volume of 5mL followed by
centrifuging at 1500rpm for 5 minutes at room temperature. The pellet
containing hippocampal cells was resuspended in pre-warmed supplemented
Neurobasal (with 10mL B-27 supplement, 1.25mL 0.5mM L-glutamine and
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5mL 1% v/v penicillin/streptomycin solution) media. Each embryo’s
hippocampus was individually dissociated and plated on individual 6-well
plates. 6x10* cells per well were plated onto poly-D-lysine coated coverslips in
a 6-well plate. The cells were allowed to adhere in a 37°C/5% CO2 incubator
for one hour. Supplemented Neurobasal (2mL) was then added to each well
and cells further incubated at 37°C/5% CO2. Two days later, Cytosine 3-D-
arabinofuranoside (Ara-C) was added to the culture at a final concentration of
1uM per well to prevent glial proliferation.

2.6.2 Pharmacological treatment with risdiplam

Hippocampal neurons were treated for 72h from day in vitro 5 (DIV5). For each
6-well plate, half (3 wells) were treated with risdiplam (Cayman Chemical
29028), while the other half received the same quantity of sterile deionised
water as control. Following a protocol previously described by Signoria and
colleagues, risdiplam dissolved in deionised water was used at final
concentration of 0.5 pM and treatment was refreshed every 24h (Signoria et
al., 2024).

2.6.3 SMN expression levels following treatment with risdiplam

Total RNA was extracted from cultured hippocampal cells using a RNeasy Plus
Kit (Qiagen). Total RNA (80 ng) was used for first strand cDNA synthesis, using
a Maxima First Strand cDNA Synthesis Kit for RT-gPCR (Thermo). Quantitative
real-time PCR was performed on CFX Opus Deepwell system (Bio-Rad) using
PowerUp™ SYBR™ Green Master Mix for gqPCR (Thermo) according to the
manufacturer’s instruction.
Human-specific full-length SMN2 primers [133 bp]:

Forward, 5-ATA CTG GCT ATT ATATGG GTT TT-3’,

Reverse, 5-TCC AGATCT GTC TGATCG TTT C-3’;
Human-specific SMN delta7 primers [125 bp]:

Forward, 5-TGG ACC ACC AAT AAT TCC CC-3,

Reverse, 5-ATG CCA GCATTT CCA TAT AAT AGC C-3’;

51



Mouse-specific GAPDH primers [83 bp]:

Forward, 5-AAT GTG TCC GTC GTG GAT CTG A-3’,

Reverse, 5- GAT GCC TGC TTCACCACCTTCT -3
(Ruggiu et al., 2012; Zhou et al., 2013).
The program includes an activation at 50°C for 2 min, amplification and
detection by 40 cycles of 95°C for 10 sec, and 60°C for 30 sec, followed by the
melt curve protocol with 5 sec each at 0.5°C increments between 65°C and
95°C. Four biological samples (embryos) for each condition were run in
triplicate. The cycle at which the amount of fluorescence was above the
threshold (Ct) was detected. Relative full length and delta 7 SMN expression
for each sample was firstly normalised to its GAPDH level then compared to

controls.

2.6.4 Fluorescence immunocytochemistry
After 8 days in vitro (DIV8), cells were fixed in 4% PFA for 15 minutes. The
coverslips were treated in 0.1% Triton X-100 in TBS for permeabilization for 20

minutes and immersed in blocking solution (20% donkey serum in TBS) at
room temperature for one hour. The coverslips were then incubated with
primary antibodies overnight at 4°C in 10% donkey serum in TBS (anti-
ARL13B 1:500, anti-y-TUBULIN 1:2000, anti-GFAP ThermoFisher 13-0300
1:200, anti-NeuN Merck MAB377 1:100). After three washes of 10 minutes
each in 0.025% Triton X-100 in TBS, coverslips were incubated with secondary
antibody at room temperature for two hours. After three washes of 10 minutes
each in 0.025% Triton X-100 in TBS, the coverslips were counterstained by
DAPI then mounted with Mowiol.

2.7 Optical and confocal microscopy

2.7.1 Mouse embryonic development timeline

Immunofluorescent whole brain sections from control embryos stained with the
proliferation marker Ki67 were imaged on LI-COR Scanner Odyssey M
(LICOR-ODM-0307) using 5 ym resolution and 2.50 mm focus offset.
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2.7.2 Hippocampus cell proliferation and ciliated cells

Immunofluorescent sections were imaged on an inverted confocal microscope
(Nikon A1R). For Ki67 and DAPI staining, were imaged using a 40x
magnification oil-immersion lens and z-stacks were acquired with Galvano
scanning at 1 ym step. For ARL13B, y-TUBULIN and DAPI staining used for
primary cilia investigation, three consecutive sections per mouse were imaged
using a 60x magnification oil-immersion lens. Z-stacks were acquired with
Galvano scanning at 0.3 ym step. The precise sections used for the analysis
were selected by the identifications of neuroanatomical landmarks illustrated
in the Schambra Prenatal Mouse Brain Atlas. Cilia quantification was
performed by collapsing five z-stacks in a max intensity z-projection on
Imaged. The field of view was divided in three 60x60 um squares, randomly
distributed around the anatomical region of interest. DAPI and ciliated cells
quantification was performed in each of the squares and then averaged.

Immunofluorescent hippocampal cell cultures stained for ARL13B, y-TUBULIN
and DAPI were imaged on a Nikon A1R confocal microscope using a 60x
magnification oil-immersion lens and z-stacks were acquired with Galvano
scanning at 0.3 pym step. Cilia morphological measurements were performed
on the entire field of view (208x208 um) by collapsing all z-stacks in a max

intensity z-projection on ImageJ.

2.8 Investigation of protein translation

2.8.1 Polysome profiling

For sucrose gradient preparation, solutions were prepared using a specific
buffer composition (10 mM Tris-HCI pH 7.5, 10 mM MgCI2, 10 mM NaCl) with
varying sucrose concentrations. Small gradients (4 mL) were prepared by
overlaying 1.6 mL of 40% (w/v) sucrose buffer and filling the tube with 10%
(w/v) sucrose buffer. The gradient was formed by keeping the tube horizontally
for 120 minutes at 4°C. For cytoplasmic lysates preparation mouse-frozen
tissues were used following the protocol described in 2017 study (Bernabo et
al., 2017). Tissues were pulverized in liquid nitrogen using a pestle and a

mortar. After pulverization, tissue polysome lysis buffer (Bernabo et al., 2017)
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was added to resuspend the powder. Lysates were kept for 17-20 min on ice
for cell lysis. Then samples were centrifuged twice at 12,000 rpom in Eppendorf
Centrifuge 5417 for 10 mins and the supernatant was collected. Samples were
loaded on 4mL polyallomer ultracentrifuge tubes (Beckman) containing 10%-
40% (w/v) linear sucrose gradient and ultracentrifuged for 1 h 30 mins at
40,000 rpm at 4 °C in Beckman Optima XPN-100 Ultracentrifuge in SW41
rotor. Sucrose fractions were collected using Teledyne Isco model 160 gradient
analyser equipped with a UA-6 UV/VIS detector to measure the absorbance at
254 nm. Plotting absorbance vs fraction number yields a polysome profile.

2.8.2 Fraction of ribosome in polysomes

The fraction of ribosomes in polysomes (FRP) is measured based on the
polysome profiling curve. FRP in percentage is calculated dividing the area
under the polysomes by the sum of the areas under the 80S, corresponding to
the single ribosome unit, and the area under the polysomes, the result
multiplied by 100.

2.8.3 Western blotting for protein co-sedimentation

From each sucrose fractions, proteins were extracted and purified using
methanol/chloroform precipitation, as previously described (Bernabo et al.,
2017). Briefly, 600 pL of methanol, 150 pL of chloroform, and 450 pL of distilled
water were added to each 1 mL fraction. Samples were mixed and centrifuged
at 12,000 rpm for 2 min at 4°C. After centrifugation, the aqueous-methanol
phase was discarded. To promote protein precipitation, 450 uL of methanol
were added to the protein-chloroform phase. Samples were then mixed and
centrifuged for 7 minutes at 4°C. The supernatant was removed, and the
protein pellet dried under the hood for 45 min to be finally resuspended in 1X
electrophoresis sample buffer (Santa Cruz Biotech) for immunoblotting.

Proteins from each fraction were denatured for 10 minutes at 99°C and loaded
on polyacrylamide gels and run in a running buffer for 20 minutes at 80 V,
followed by 100 V for 20 mins, and finally at 120 V. Proteins were transferred
to nitrocellulose membrane in transfer buffer at 200 mA for 90 mins at 4°C.

54



Membrane was then immerged in blocking solution (3% non-fat milk in TBS-
Tween) for 4 hours at room temperature on a shaker. The membrane was
incubated overnight at 4°C with the following primary antibodies diluted in the
blocking solution: SMN (1:2000, BD Transduction Laboratories #610646);
RPL26 (1:2000, Cell Signaling #2217); RPS6 (1:2000, Thermo Scientific
#PA5-275451). The following day, after removal of the primary antibody, three
washes of 20 minutes each were performed in TBS-Tween. Next, the
membrane was hybridized for 1Th30 at room temperature with the appropriated
secondary antibody: HRP goat anti-mouse (for SMN, 1:2500, Thermo
Scientific #31430); HRP goat anti-rabbit (for RPL26 and RPS6, 1:2500,
Thermo Scientific #31460). Next, two washes of 15 minutes each were
performed with TBS-T, followed by one 20-minute wash with TBS. The
acquisition was performed with a ChemiDoc MP imaging system (Bio-Rad).
The co-sedimentation profiles of proteins with the translational machinery were

calculated and obtained as previously described (Bernabo et al., 2017).

2.8.4 Ribosome profiling and library preparation

Brain and spinal cord were collected from control and SMA embryos at E14.5,
snap frozen and then stored at -80°C until used. Cytoplasmic lysates were
prepared as described previously (Bernabd et al., 2017). Briefly, the tissues
were pulverised with a sterile pestle and mortar in liquid nitrogen, and then
400-800 pL of tissue was added to ribosome lysis buffer (10mM Tris-HCI pH
7.5, 10mM MgCl2, 10mM NaCl, 1% w/v TritonX-100, 5 U/mL DNAsel, 800
U/mL RiboLock RNAse Inhibitor, 1mM DTT, 200 pg/mL cycloheximide, 1% w/v
Na-deoxycholate). To facilitate cell lysis, lysates were incubated on ice for 17-
20 mins followed by centrifuging twice at 12,000 rpm for 10 mins at 4°C to
remove tissue debris, mitochondria, and nuclei. Supernatants were measured
for the 260nm absorbance, the final NaCl salt concentration of the lysate was
adjusted to a final salt concentration of 100 mM.

Ribosome purification was achieved by treating lysates with 10 U/Abs RNAse
at room temperature for 45 mins followed by addition of 5 yL of SUPERase-In

RNase inhibitor (Thermo Fisher Scientific) to halt the reaction. Lysates were
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loaded onto 13.2 mL polyallomer ultracentrifuge tubes (Beckman) containing
a 10%-40% (w/v) linear sucrose gradient (10mM Tris-HCI ph7.5, 10mM MgCl>,
10mM NaCl). After ultracentrifugation for 90 mins at 40,000 rpm, 4°C in a
Beckman Optima XPN-100 ultracentrifuge with an SW41 rotor, the fraction
corresponding to the 80S monosomes was collected using a Teledyne ISCO
model 160 fractionator equipped with a UA-6 UV/VIS detector. The fraction
was then used for RNA purification using the phenol/chloroform protocol.
Ribosome-protected fragments (RPFs) measuring 28-32 bps were separated
and purified using a 15% Urea-TBE gel. After RNA extraction from the gel,
RPFs were then dephosphorylated using 120U T4 polynucleotide kinase (New
England Biolabs #M0201S) and 20U of SUPERase-InTM Rnase inhibitor in T4
PNK polynucleotide kinase buffer (New England Biolabs) at 37 °C for 1 hour
followed by 10 mins incubation at 70 °C to inactivate the enzymes. After RPFs
purification, the libraries were prepared as previously described (Lauria et al.,
2020). Experiments were performed in triplicate.

2.8.5 Ribosome profiling data analysis

Libraries from E14.5 brain and spinal cord tissues of Taiwanese mouse
embryos were sequenced at the CIBIO NGS facility of the University of Trento,
Italy, using an lllumina NovaSeq6000 system.

Reads Clipping and Trimming

Trimming of reads was performed with Cutadapt (v4.1)(Martin, 2011). The first
three nucleotides (5 end) were trimmed and the adapter sequence of 15 As
was removed (3’end). Reads shorter than 15 nucleotides were discarded.
Maximum error rate and minimum overlap parameters were set at 0.15 and

10, respectively.

Reads Alignment

Reads mapping on the collection of Mus musculus rRNAs (from the SILVA
rRNA database, release 119) and tRNAs (from the Genomic tRNA database:
gtrnadb.ucsc.edu/) were removed. The remaining reads were mapped on the
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mouse genome (using the Gencode M22 annotations ensembl 97) allowing a
maximum of 5 multiple alignments for each read. All alignments were
performed with STAR (v2.5.3a) employing default settings. Reads mapping on
the same position with respect to transcript coordinates were then removed
before proceeding with positional analyses. The identification of reads P-site
position on the transcript was performed using riboWaltz (Lauria et al., 2018).
Duplicated reads mapping on the same position with respect to transcript

coordinates were also removed.

Positional Analysis

After having identified the P-site position of reads on the transcripts, riboWaltz
was used to inspect the good quality of the ribosome profiling libraries. The
read length distribution of ribosome footprints was computed by averaging
replicas of each condition (SMA and controls).

RiboWaltz was used to inspect the trinucleotide periodicity along the coding
sequence and investigate potential differences in the localization of the
ribosomes between control and SMA mice. Overlaid meta-profiles were
computed at single nucleotide resolution, based on P-site position of
ribosomes. To compare the meta-profiles, we displayed the frequency of the
signal around the translation initiation and translation termination sites, so that
the area under each meta-profile (composed by the portion around the start
codon and the portion around the stop codon) is equal to one. Meta-profiles
were computed on all protein-coding transcripts. Stars are reported on
nucleotide positions with significant differences between SMA and control
signal, based on pair-end T-test (* P-value < 0.05). Genes with signal lower
than a specified threshold were filtered out. This specific threshold value was
computed for each replicate as it follows. First, genes with zero counts for all
the replicates were removed from the gene count table. We computed
fragments per kilobase of transcript per million mapped reads (fpkm) with the
EdgeR package (Chen et al., 2016; McCarthy et al., 2012; Robinson et al.,
2010). We then computed the 80" quantile of the fpkm distribution for each
replicate and used the resulting values as cut-off in the filtering step. Genes
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with fpkm values below the threshold values for all the replicates of a condition
(control or SMA) were filtered out, resulting in a total amount of 10481 genes.
A multidimensional scaling plot was computed using fpkm values of genes
(n=10,481) to display the differences between the expression values of
different replicates in two dimensions. Normalization among replicates was
performed with the trimmed mean of M-values normalization method (TMM)
implemented in the EdgeR Bioconductor package. Pairwise differential
analyses (SMA vs control) were performed independently for each tissue.
Significantly differential genes were defined by the following cut-off values:
cpm_thr=0.05, log>FC thr=0.5 and pval thr=0.05.

2.8.6 Ingenuity Pathway Analysis (IPA)

Differentially expressed genes (DEGs) datasets combined from brain and
spinal cord were inputted into the IPA application (Ingenuity System, Silicon
Valley, CA), applying log2FC_thr=0.3 and pval_thr=0.05 as cut-off values. To
identify affected canonical pathways, IPA assigns input gene IDs to their
equivalent entries within the Ingenuity’s Knowledge Database, thereby
enabling accompanying mapping of each input gene ID against a curated
library of accompanying molecular interactions, pathways, and targets
reported in the literature. As output, IPA not only calculates the ratio of the
number of molecules in the dataset per pathway to the total number of
molecules assigned to that pathway, but also through a weighted calculation
accounting for pathway size, molecule hierarchy and total number of
interactions constituting the pathway, reports upon the likelihood of the entire
pathway itself being inhibited or activated. We identified the top 10 most
affected canonical pathways represented by our DEGs, including the cilium
assembly pathway. We therefore selected the specific molecules IPA ascribed
to this pathway (20 genes in total) and we performed a deeper enrichment
analysis not restricted to the Ingenuity’s Knowledge Database. From this
analysis, IPA revealed the top two functional terms showing a strong
enrichment in cilia (Formation of cilia pval 5.02E-'* and Assembly of non-motile
cilium pval 1.60E1°). The directionality of the enrichment was predicted by
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applying an overlay of the identified functional terms and the log2FC and p-
value of the genes identified in the canonical pathway.
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Chapter 3: Modelling prenatal brain

development in a mouse model of severe SMA

3.1 Introduction

Understanding the prenatal manifestations of SMA is key to gaining a
comprehensive knowledge of how and when the disease begins to emerge,
and to identify the underlying causes. The expression of SMN protein is
dynamically regulated during development, presenting with higher levels
during embryogenesis and a significant reduction after birth, highlighting a
potential role of SMN for correct embryonic development (Ramos et al., 2019).
As a result, prenatal aspects of SMA have gained increasing attention in the
recent years. Post-mortem studies on human prenatal samples have identified
deep defects in muscle innervation and motor axon development showing that
the degeneration begins in utero and that foetal therapeutic intervention is
required to improve axonal function and motor behaviour (Kong et al., 2021;
Martinez-Hernandez et al., 2013).

To provide additional knowledge on prenatal SMA, a recent study from our lab,
using one of the most established mouse models, the “Taiwanese” mouse
model for severe SMA (Hsieh-Li et al., 2000; Riessland et al., 2010), revealed
that SMN depletion leads to a broad spectrum of morphological and molecular
perturbations in the brain, spinal cord, liver, heart and muscle of SMA embryos,
long before symptoms appear (Motyl et al., 2020). By focusing on overall
morphology, the study showed that at the embryonic age of E14.5 SMA
embryos were smaller than littermate controls with internal organs differentially
affected, revealing clear embryonic developmental defects.

Taken together, this evidence highlights the prenatal effects of SMN level
insufficiency, revealing that the embryonic defects are not limited to motor
neurons but extended to different peripheral organs, leading to a widespread
systemic developmental delay.
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During organogenesis, SMN protein is highly expressed across the central
nervous system (CNS) and in particular in the forebrain and hippocampus
(Briese et al., 2006). Here, SMN protein contributes to several fundamental
biological processes such as cell proliferation, migration and differentiation.
Mouse studies on SMA brain during postnatal development revealed selective
morphological changes in brain morphology and hippocampal neurogenesis,
highlighting the critical role of SMN in brain development, formation, and
maintenance (Wishart et al., 2010).

It became, therefore, crucial to deepen the understanding of whether and how
SMN deficiency during the prenatal period might contribute to long-term
neurological outcomes. Recent clinical observations suggest that some SMA
patients, particularly those with severe forms of the disease, may present with
delays in cognitive development and difficulties in attention, problem-solving,
and memory even after receiving an SMN-restoring therapy (Baranello et al.,
2024; Bitetti et al., 2024; Buchignani et al., 2024; Buchignani et al., 2025;
Cottam et al., 2023; Kolbel et al., 2024; Masson et al., 2021; Ngawa et al.,
2023; Steffens et al., 2024; Tosi et al., 2023; Yang et al., 2023). These
emerging developmental phenotypes in SMA are largely unexplored and the
reason why they manifest, particularly in patients with SMA type | and Il, is still
unknown. This is partly due to the lack of a standardised assessment, and
partly due to the challenges of accessing human samples (Akodad et al.,
2024). Therefore, because of the complexities and ethical challenges of
studying cellular and molecular processes directly in the human brain, animal

models serve as a critical tool for investigation.

In this chapter, | explored the potential to study prenatal brain development in
the “Taiwanese” mouse model for severe SMA, previously shown to have
reduced embryonic levels of SMN (Hsieh-Li et al., 2000; Motyl et al., 2020;
Riessland et al., 2010).
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3.2 Aim

The aim of this chapter was to establish whether it is possible to model and
study embryonic brain development using an established mouse model of
severe SMA: the “Taiwanese” mouse model (Hsieh-Li et al., 2000; Riessland
et al.,, 2010). | investigated the gross morphology of the healthy mouse
(control) brain throughout organogenesis, spanning from embryonic day 12.5
(E12.5) to embryonic day 18.5 (E18.5). At each timepoint | quantified levels of
cell proliferation using Ki67 as a marker (Gerdes et al., 1984). For this analysis,
| focused on the hippocampus, particularly on the area corresponding to the
dentate gyrus. This brain region is known to be affected in the postnatal SMA
mouse brain (Wishart et al., 2010), and additionally, it plays a key role in the

development of cognitive skills in humans (Rubin et al., 2014).
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3.3 Results

3.3.1 Brain late organogenesis in control mouse embryos

To investigate the gross morphology of the embryonic mouse brain, | started
with the collection and microdissection of embryos at the timepoints of interest
(E12.5, E14.5, E16.5, E18.5). During this process | became confident in
understanding the anatomy of the embryonic mouse, how to perform a full-
body dissection and the fixation protocol to preserve and study organs. The
embryonic development of the mouse is rapid, as gestation lasts about 20 days
(Qiu et al., 2024). For this reason, it is important to be precise in selecting the
correct timepoint when collecting embryos, especially when considering
including more than one litter. To perform a reliable investigation, the stage of
development was assessed following the Theiler Staging Criteria for Mouse
Embryo Development (Richardson et al., 2014) (Figure 3.1A), and each
collected embryo was weighed on a scale (Figure 3.1B). The embryos were
then dissected, separating the head from the body, in order to obtain more
homogenous penetration of the fixative solution.

To assess the most appropriate approach for tissue sectioning and staining, |
performed a series of protocol optimisations. At first, the fixed brains were
embedded in a solution of cryo-embedding matrix (OCT) designed for cryostat
sectioning. Frozen tissue sections are largely used for immunohistochemistry
as they preserve cellular antigens and lipids. However, at the time | performed
the experiment, the appropriate tools to collect brain sections were not
available in the facility. Because of this technical problem, | switched to a
different tissue preparation involving dehydration and infiltration of paraffin.
This process allowed me to use different histological equipment: the
microtome. Although requiring more intricate tissue preparation, paraffin
sections are more physically stable than frozen sections and better at
preserving tissue morphology (Qin et al., 2018). Therefore, after paraffin
embedding the heads, | collected consequent brain sections of each embryo.
During my training, | experimented with two different sectioning methods: one
in the coronal plane and the other in the sagittal plane. After several pilot

experiments on sagittal brain sections, | decided to consistently adopt a
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coronal sectioning approach. Although both orientations would have allowed
me a good visualisation of the hippocampus, | chose to work with coronal brain
sections as they provided me with a clearer view for a frontal plane evaluation
of bilateral brain structures, such as the hippocampus (Lang et al., 2024).
Having optimised the tissue preparation and sectioning protocols, | drafted a
list of possible cellular markers that would have allowed me to investigate
embryonic brain development. Among those, | selected Ki67 primary antibody
to perform fluorescence immunohistochemistry. Ki67 is widely used in
research to study neurogenesis in the developing and adult brain (Mandyam
et al., 2007). Notably, Ki67 is a nuclear protein detectable in proliferating cells,
as it is expressed during the G1, S, G2 and M phases of the cell cycle but not
in the GO phase (Gerdes et al., 1984).

Due to the exploratory nature of this study, | initially assessed whether this
mouse model was suitable for investigating embryonic brain development by
focusing exclusively on overall structural changes in the brains of control
embryos over time. To achieve this, | used the LI-COR Odyssey M scanner
with a resolution of 5 ym and a focus offset of 2.50 mm to image the labelled
tissue sections. These imaging parameters were chosen to provide high-
resolution visualization of brain architecture across the four selected
timepoints of late organogenesis, allowing for detailed observation of structural
changes over time (Figure 3.1C). The Ki67 marker revealed several brain
regions presenting with a strong proliferative signal in green, including the

cortex, the ganglionic eminence and the hippocampus.
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Figure 3.1 Late organogenesis of the brain in control mouse embryos.
(A) Graphical timeline of mouse embryonic development from E12.5 to E18.5.
The dotted lines are linking each timepoint to the corresponding brain section
in panel C. (B) Body weight from control mouse embryos at timepoints of
interest. E12.5 N =22; E14.5N = 21; E16.5 N = 18; E18.5 N = 25. Scatter dot
plot, mean with SEM. (C) Representative coronal paraffin sections from control
mouse embryos at E12.5, E14.5, E16.5 and E18.5 to demonstrate whole brain
topography in the mouse embryo. The shape of the brain is highlighted by a
yellow line. HP = hippocampus; CX = cortex; GE = ganglionic eminence. Scale
bar 500 ym (E12.5), 1 mm (E14.5-E18.5). Cells positively labelled by the
proliferative marker Ki67 are shown in green.
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3.3.2 Hippocampal cell proliferation peaks at E14.5

Cell proliferation is a fundamental biological process with a key role in growth,
tissue formation and differentiation, and its disruption can lead to
developmental abnormalities (Ciemerych & Sicinski, 2005). In the embryonic
brain, cell proliferation is crucial starting from the early stages of its
development, and even small changes can have major consequences on its
final morphology and function (Cheffer et al., 2013). To investigate cell
proliferation in the developing mouse brain, | used the previously mentioned
Ki67 maker to label proliferative cells in the brain of Taiwanese mouse
embryos, and littermate control animals, from the age of E12.5 to E18.5. With
this analysis | was able to evaluate how cell proliferation is modulated during
late organogenesis.

| decided to focus on the study of the hippocampus, that during this specific
time-window acquires its distinctive anatomical structure and begins to mature
(Urban & Guillemot, 2014). The decision of focusing on the hippocampus was
guided by two main rationales. First, previous research demonstrated that
reduced levels of SMN protein result in abnormal postnatal hippocampal
development in a severe SMA mouse model (Wishart et al., 2010). Second,
the hippocampus is a critical region with a key role in memory and cognition in
humans (Rubin et al., 2014). This focus is particularly relevant in the context
of severe SMA, given the emergence of novel neurodevelopmental
phenotypes recently identified in patients, highlighting cognitive and mental
disorders present in some SMA infants (Akodad et al., 2024; Baranello et al.,
2024; Buchignani et al., 2025).

The development of the hippocampus is a highly coordinated process that
begins early in embryogenesis and continues into postnatal stages (Urban &
Guillemot, 2014). Hippocampal field patterning begins at E10.5 in mice and
becomes well-established by E12.5. At this age, the ventricular zone
comprises the hippocampal neuroepithelium (HNE), the dentate
neuroepithelium (DNE) and the cortical hem (CH), where neural stem cells
begin to differentiate into neurons and glia. By E14.5, the DNE starts forming,
and dentate precursors begin their migration under the influence of signals
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such as WNT and BMP from the CH. At this stage, hippocampal regions like
the CA1 and CA3 areas start to emerge. By E17.5, hippocampal neurons
organize into layers, and the dentate gyrus (DG) begins to develop, driven by
the migration of dentate precursor cells (Urban & Guillemot, 2014). By E18.5,
the hippocampal architecture is largely established; although neurogenesis
continues postnatally, particularly in the DG, where progenitors from primary,
secondary, and tertiary matrices contribute to its formation (Altman & Bayer,
1990) (Figure 3.2A).

Therefore, | started with analysis of proliferating cells in the hippocampus of
control embryos at the four timepoints of interest. After normalising the number
of Ki67-positive cells to the number of total nuclei stained with DAPI, | was able
to observe how cell proliferation is regulated during late organogenesis
(Figure 3.2B). Hippocampus proliferation revealed its peak at E14.5, while the
number of proliferating cells seemed to be comparable at the other ages
(Figure 3.2C). This finding is consistent with previous literature and reports of
mouse brain development (Fuentealba et al., 2015; Martynoga et al., 2012),
and more importantly, it highlights E14.5 as a crucial timepoint for the prenatal
development of mouse hippocampus.
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Figure 3.2 Prenatal hippocampus development and cell proliferation
peak at E14.5. (A) Schematic representation of the embryonic development
of mouse hippocampus, highlighting the morphological changes of the
ventricular zone (VZ), including the hippocampal neuroepithelium (HNE), the
dentate neuroepithelium (DNE), the cortical hem (CH) and the dentate gyrus
(DG). (Adapted from (Urban & Guillemot, 2014)). (B) Representative images
of cell proliferation in the hippocampus of controls Taiwanese mouse embryos
at E12.5, E14.5, E16.5 and E18.5 shown using Ki67 and DAPI labelling.
Region of interest corresponding to the dentate gyrus is indicated by the white
squares. Scale bar 10 um. Total and proliferative cells are labelled by DAPI in
blue and Ki67 in green, respectively. (C) Spike of cell proliferation in E14.5
hippocampus of control mouse embryos. Each datapoint corresponds to one
embryo. N = 10 for E12.5; N = 9 for E14.5; N = 8 for E16.5; N = 5 for E18.5.
****p-value < 0.0001, one-way ANOVA with Tukey’s correction for multiple
comparisons, scatter dot plot, mean with SEM.
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3.3.3 Cell proliferation is disrupted in the hippocampus of E14.5 SMA

mouse embryos

In this chapter so far, I've demonstrated that it is possible to model and study
prenatal brain development in control mouse embryos. Moreover, using well-
known cellular markers, Ki67 and DAPI, | identified E14.5 as a critical timepoint
in prenatal developmental of the mouse hippocampus.

To bring these findings in the context of embryonic SMA, next | compared the
cell proliferation data obtained from controls (Figure 3.3A) with those from
SMA littermates (Figure 3.3B). Using the same approach and analysis, |
calculated the ratio between proliferating cells (labelled with Ki67) and DAPI-
positive nuclei in the hippocampus of mouse embryos at different stages of
development.

Notably, E14.5 was the only embryonic timepoint at which the quantitative
analysis of Ki67 labelling in the hippocampus revealed a statistically significant
decrease of cell proliferation in SMA (Figure 3.4C). More specifically, the
quantification performed at E12.5, E16.5 and E18.5 showed no difference in
cell proliferation rate between the two genotypes, while the analysis performed
on E14.5 brain samples revealed an approximate 20% decrease of Ki67 cells
in SMA compared to littermate controls.

This finding provides further support for the hypothesis that E14.5 is a key age
for brain organogenesis in mice, and shows that defects in cell proliferation
defects are already present at this stage of the embryonic development,
consistent with previously published data highlighting molecular disruption in
the SMA mouse brain (Motyl et al., 2020).

69



CTRL

vy

SMA

-

=
1
*

-

=
1

-

=
]

o

©

1
=) -
© =]
1 1

Ki67*cells/DAPI*cells
o
(-]
1

4
®
1

o
o
1
[
o
1
e
o
1

|

=}
a
1
e
K
1

o
»
L
Ki67*cells/DAPI*cells

o o
o N
| 1
|
‘ | I

Ki67*cells/DAPI*cells

o o o
o N »
| 1 1
o
o
I
o
o
|

|
Ki67*cells/DAPI*cells

o
N
1
=)
()
1

CTRL SMA ’ CTRL SMA CTRL SMA CTRL SMA

Figure 3.3 Proliferation defects in the SMA mouse hippocampus at E14.5.
(A-B) Representative images of cell proliferation in the hippocampus of control
(A) and SMA (B) Taiwanese mouse embryos at E12.5, E14.5, E16.5and E18.5
shown using Ki67 and DAPI labelling. Region of interest corresponding to the
dentate gyrus is indicated by the white squares. Scale bar 10 ym. Total and
proliferative cells are labelled by DAPI in blue and Ki67 in green, respectively.
(C) Quantification of cell proliferation in the hippocampus of control (data
replotted from Figure 3.2C) and SMA Taiwanese mouse embryos at E12.5,
E14.5, E16.5, E18.5, revealing a significant decrease in SMA mice at E14.5.
Each datapoint corresponds to the average values from three sections per
embryo (10 each for control and SMA at E12.5; 9 for control and 8 for SMA at
E14.5; 8 each for control and SMA at E16.5 and 5 for control and 6 for SMA at
E18.5). *p-value < 0.05, unpaired t-test, scatter dot plot, mean with SEM.
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3.4 Discussion

For several years there has been discussion about SMA being reframed as a
developmental disease (Tizzano & Zafeiriou, 2018; Wishart et al., 2010).
Despite the more traditional description of SMA as a neurodegenerative, motor
neuron disease, the current literature and research is increasingly
demonstrating how SMA presents with systemic prenatal defects that may
disrupt the correct development of the foetus and contribute to the clinical
manifestations observed in children (Kong et al., 2021; Martinez-Hernandez et
al., 2013; Motyl et al., 2020).

In view of the recent evidence from cohort studies and clinical trials highlighting
the presence of cognitive developmental defects in some SMA patients
(Baranello et al., 2024; Bitetti et al., 2024; Buchignani et al., 2024; Buchignani
et al., 2025; Cottam et al., 2023; Kolbel et al., 2024; Masson et al., 2021;
Ngawa et al., 2023; Steffens et al., 2024; Tosi et al., 2023; Yang et al., 2023),
It has become crucial to explore the underlying mechanisms that underpin
these phenotypes. A comprehensive understanding of the early developmental
stages of the brain in SMA disease is therefore essential.

Given the current practical and ethical challenges to perform this investigation
in newborns and to access foetal human samples, it is essential to exploit the
animal models available to study SMA. The aim of this chapter was therefore
to demonstrate the relevance of studying prenatal brain development in a
mouse model of severe SMA, and to provide a valuable foundation for pursuing
more complex and mechanistic investigation.

To achieve this, in this project | examined whether the “Taiwanese” mouse
model, well-established in the SMA research field (Hsieh-Li et al., 2000;
Riessland et al., 2010; Signoria et al., 2023), was a suitable model for this
purpose.

The timepoints of interest of this study are E12.5, E14.5, E16.5 and E18.5. The
length of this period corresponds to the late stages of mouse organogenesis.
The late organogenesis involves a significant amount of progenitor cell
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proliferation, migration, and differentiation into various specialized cell types,
which in turn lead to the formation of functional adult organs (Chen et al.,
2022). Studying late organogenesis in mice, therefore, provides a powerful tool
for understanding both normal development and disease. During this period,
the brain undergoes a substantial growth characterised by the differentiation
of specific neuronal and glial cell types, the establishment of neural circuits,
and the maturation of brain structures, including the hippocampus (Cheffer et
al., 2013).

Investigating how the brain forms and develops before birth is therefore crucial
when studying developmental diseases, as demonstrated by several studies
of different developmental and cognitive disorders, such as autism, Down
syndrome and Rett syndrome (Bedogni et al., 2016; Chakrabarti et al., 2007;
Munz et al., 2023). Therefore, establishing the possibility of investigating
embryonic brain development in a severe SMA mouse model represents a
novel and significant contribution. This approach will contribute addressing the
existing gap in our understanding of brain development during the embryonic
stages of the disease.

By studying the hippocampal gross morphology over time and focusing on cell
proliferation, | obtain more detailed information on the development of this area
of the brain. Here, | confirmed that the peak of neurogenesis occurs at E14.5,
as shown in previous studies, highlighting this age as key for a correct
embryonic brain development (Fuentealba et al., 2015; Martynoga et al.,
2012). Strikingly, when comparing hippocampal cell proliferation in control and
SMA embryos, the analysis revealed a significant reduction in proliferation in
the hippocampus of E14.5 SMA embryos compared to controls. Since these
defects were observed exclusively at E14.5, with no cell proliferation
abnormalities detected at earlier (E12.5) or later stages of organogenesis
(E16.5, E18.5), more in-depth studies are certainly needed to further

investigate and elucidate the potential clinical implications of these findings.
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There are several hypotheses may explain what was observed in this study.
One potential explanation is that SMN protein expression is significantly higher
during prenatal development compared to postnatal stages, as demonstrated
by studies showing elevated SMN levels in the foetal brain (Motyl et al., 2020;
Ramos et al., 2019). This may reflect the critical role of SMN in early brain
development and cell proliferation. Therefore, insufficient SMN levels in SMA
could result in impaired proliferative processes during key embryonic stages,
as we observed in the hippocampus of “Taiwanese” mouse embryos at E14.5.
However, at E12.5, E16.5, and E18.5, compensatory mechanisms may occur,
potentially involving changes in the regulation of the cell cycle. At these
timepoints, low levels of SMN could impact the expression of key regulators of
cell cycle progression, such as cyclins and cyclin-dependent kinases (CDKs),
and ultimately disrupt the lengthening of neural progenitor cells division
(Hardwick et al., 2015). While these compensatory pathways may allow
progenitor cells to maintain an overall proliferative activity at earlier (E12.5)
and later (E16.5, E18.5) developmental stages despite reduced levels of SMN,
they may be insufficient at E14.5, a crucial stage for embryonic brain
development, leading to observable defects. Despite their transient nature,
these early disruptions could contribute to postnatal neurodevelopmental
phenotypes. Indeed, the dynamic and rapid changes occurring during
embryonic brain development suggest that even minor disruptions could lead
to severe consequences and phenotypes, as observed in neurodevelopmental
disorders, including autism spectrum disorder (ASD) (Stoner et al., 2014,
White et al., 2024).

Future evaluations should also focus on cell proliferation in different areas of
the brain. Moreover, while this cellular process is critical for the embryonic
development of the hippocampus, it represents only one of the several
mechanisms contributing to this process (Urban & Guillemot, 2014). For
example, in the later stages of the brain, organogenesis, cell differentiation and
migration become fundamental. To have a comprehensive understanding of

hippocampus and brain development, these cellular mechanisms should be
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investigated with additional immunohistochemistry using well-known markers,
such as NeuN and NeuroD1 (Duan et al., 2016; Gao et al., 2009).

Ultimately, in this chapter | showed that the severe SMA “Taiwanese” mouse
model can be used to investigate the embryonic development of the brain
throughout the entire period of late organogenesis. By using this approach, |
identified cell proliferation defects in the hippocampus of SMA embryos at one
specific timepoint, E14.5, highlighting this age as crucial for correct brain
development.

The findings revealed in this study raise the intriguing question of whether the
cellular phenotype observed is driven by underlying molecular defects. This
hypothesis lay the foundation for the next chapter of this thesis, in which | will
deepen the investigation into the potential molecular mechanisms contributing
to prenatal SMA pathogenesis.
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Chapter 4: Prenatal disruption of protein
translation in the central nervous system of

SMA mouse embryos

4.1 Introduction

As illustrated in the previous chapter, E14.5 represents a key stage in prenatal
brain development and, when SMN levels are insufficient, cell proliferation
defects occur in the hippocampus of SMA mouse embryos. To deepen the
investigation on the impact of SMA on brain development, | next decided to
explore the molecular mechanisms driving these SMN-dependent changes. To
achieve this, | had the opportunity to organise a placement at the Institute of
Biophysics in Trento, Italy, under the supervision of Prof. Gabriella Viero,
where we performed a comprehensive study of protein translation in

Taiwanese mouse embryos at the age of E14.5.

Thanks to previous studies, it is widely known that SMN plays a role in the
biogenesis of ribonucleoprotein complexes and RNA splicing (Fischer et al.,
1997; Pellizzoni et al., 2001; Pellizzoni et al., 1998). In addition, increasing
evidence shows that SMN interacts with the translational machinery
influencing protein synthesis (Bernabo et al., 2017; Lauria et al., 2020;
Sanchez et al., 2013). These studies revealed the direct role of SMN in
translation and ribosome biology, where SMN establishes a platform within the
ribosome regulating the translation of mRNAs functionally linked with
neurogenesis, lipid metabolism, ubiquitination, and chromatin regulation; all
processes known to be affected in SMA (Lauria et al., 2020; Sharma et al.,
2024). Therefore, it is not surprising that proteomic investigations revealed
significant changes in global proteomes in both animal models of SMA and
patient-derived fibroblasts (Fuller et al., 2016). While most of these studies
have focused on postnatal symptomatic stages of the disease, recent research
from our lab highlighted proteomic changes even during prenatal stages, well
before symptoms onset (Motyl et al., 2020).
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Nonetheless, investigations into prenatal SMA have not yet examined whether
the observed defects occurring at the proteome level are accompanied by
changes in translation. Therefore, with this work | aim at deepening our
understanding on the impact of reduced levels of SMN protein on the

regulation of translation in different organs of SMA mouse embryos.
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4.2 Aim

To explore more detailed processes of protein translation during embryonic
development, in collaboration with the Viero lab, | performed polysome and
ribosome profiling on prenatal tissues from E14.5 control and SMA
“Taiwanese” mouse embryos.

While polysome profiling was performed on E14.5 brain, spinal cord and liver
to provide a global estimation of the engagement of the ribosomes on total
MmRNAs present in the tissue, ribosome profiling was necessary to gain
detailed information on the position of the ribosomes on specific mMRNAs,
giving precise insights on gene dysregulation. For this second approach we
decided to focus our investigation on the central nervous system (CNS), so
ribosome profiling was performed on E14.5 whole brain and spinal cord only.
Finally, | used Ingenuity Pathway Analysis (IPA) software to analyse and
interpret the datasets obtained from these experiments.
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4.3 Results

4.3.1 Experimental design of polysome profiling

As this represents the first study aimed at investigating protein translation in a
severe model for SMA during prenatal development, we initially decided to
provide insights into the overall efficiency of this molecular process in controls
and SMA E14.5 embryos. To achieve this, we performed polysome profiling, a
technique that allows quantification of variations in ribosome recruitment on
MRNAs (Sharma et al., 2024). This method relies on the separation of mMRNAs
based on the number of ribosomes linked to them by using sucrose density
separation centrifugation.

The experimental setting | employed was based on the protocol developed and
described in a recent study from the Viero lab (Bernabo et al., 2017). More
specifically, | started with the pulverisation of previously dissected embryonic
tissues, in this case whole brain, spinal cord and liver, from E14.5 control and
SMA embryos. The pulverised tissue was then lysed using a tissue polysome
lysis buffer and centrifuged to allow supernatant collection. At this point,
samples were loaded on 10%-40% sucrose gradient tubes and
ultracentrifuged. This crucial step will separate ribosomes and polysomes
along the gradient based on their size and density. As illustrated in the
schematics (Figure 4.1), ribonucleoproteins (RNPs) and ribosome subunits
(40s and 60s) sediment at the top of the gradient, as they are smaller and less
dense, while monosome (80s) and polysomes will travel farther into the
gradient. Once all the ribosomal species were separated into the gradient, we
collected the different sucrose fractions by using a gradient fractionator
connected to an UA-6 UV/VIS detector. This step was performed by carefully
removing the centrifuge tubes containing the sucrose gradient from the
centrifuge rotor and then mounted on the fractionator collector device. From
the top to the bottom of the sucrose gradient, 1 mL fractions were then
collected in ~15 tubes. The result of this measurement is a polysome profile
showing peaks corresponding to free RNPs, 40S and 60S ribosome subunits,
80S monosomes and polysomes. The isolation of the different translation

compartments allows to therefore calculate the fraction of ribosomes in
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polysomes (FRP) and to investigate how different proteins of interest sediment

within these compartments.
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Figure 4.1 Schematic overview of polysome profiling experimental
design of E14.5 brain, spinal cord and liver from control and SMA mouse
embryos. After tissue dissection and cytoplasmic lysis, samples are loaded
onto sucrose gradients. Following ultracentrifugation, the translational
machinery compartments separate through the gradient based on their size
and density. Ribonucleoproteins (RNPs) and ribosome subunits (40s and 60s)
sediment at the top of the gradient, monosome (80s) and polysomes will travel
farther into the gradient. While measuring their absorbance, a fractionation will
then separate and collect the different compartments. The result of this
measurement is a polysome profile showing peaks corresponding to RNPs,
40S, 60S, 80S and polysomes. These samples will then be used for FRP
calculations and protein co-sedimentation.
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4.3.2 Translation efficiency is tissue-specific in control embryos at E14.5

After performing polysome profiling protocol as described above, we
subsequently investigated and compared global translation efficiency in
different tissues from control mouse embryos at E14.5. Therefore, we started
comparing the profiles obtained from control brain and spinal cord tissues,
focusing on the 80S and the polysome peaks. From the initial observation of
the structure of the profiles, we noticed a higher 80S peak and less pronounced
polysome peak in control brain compared to control spinal cord (Figure 4.2A).
To obtain quantitative information, we then analysed the polysome profiling
curve by measuring the fraction of ribosomes in polysomes (FRP). The FRP in
percentage is calculated dividing the area under the polysomes by the sum of
the areas under the 80S, corresponding to the single ribosome unit, and the
area under the polysomes, the result multiplied by 100 (see materials and
methods in chapter 2 for details).

The FRP is a key indicator of global translation activity within the tissue of
interest. Ribosomes actively synthesising proteins are found within polysomes,
while ribosomes that are not currently translating proteins are either free 40S
and 60S subunits or monosomes (80S) (Bernabo et al., 2017). As a result, a
higher percentage of ribosomes associated in polysomes indicates an overall
higher translational activity.

The polysome profiling curves and the quantification of the FRP both revealed
significant differences in the translational efficiency between the brain and the
spinal cord from healthy embryos (Figure 4.2B). Specifically, the brain was
found to be characterised by a lower percentage of ribosomes in polysomes
compared to spinal cord, thus suggesting a lower translational activity.

Taken together, these findings indicate that protein translation rate is highly

tissue-specific already at embryonic stages.
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4.3.3 No changes in the global translation of SMA mouse embryos at
E14.5

Having observed differences in the global translation efficacy in controls

among different embryonic tissues, we next wanted to investigate whether we
could detect any changes when comparing control to SMA embryos. To do this,
we performed polysome profiling on brain and spinal cord from E14.5 SMA
mouse embryos using the same technique and protocol described above.
Consistently to what was previously observed by Bernabd and colleagues in
postnatal pre-symptomatic mice, polysome profiles and FRP quantification in
the prenatal brain and spinal cord of SMA embryos did not show a significant
difference compared to controls at E14.5 (Fig.4.2 C and D). Specifically,
focusing on the polysome profiles obtain form the brain of control and SMA
embryos, we can appreciate how the 80S and polysomes peaks are following
the same trend (Figure 4.2C). Moreover, when performing quantitative
analysis by measuring the FRP, we found no differences between the two
genotypes (Figure 4.2D). The same quantitative analysis gave a similar
conclusion after analysing polysome profiles from E14.5 control and SMA
spinal cord samples (Figure 4.2D).

To further investigate translation efficiency in our prenatal model, | performed
the equivalent experiment following the same protocol on one additional organ,
the liver. In Figure 4.2E can be appreciated how the FRP quantification
revealed a different trend in the overall translation in the three organs from
control embryos, reinforcing the idea that this cellular process is highly tissue-
specific during embryonic development. However, neither of the three organs
revealed changes in the global translation levels when the two genotypes were
compared.
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Figure 4.2 Polysome profiling revealed changes in the overall translation
efficiency in different organs of E14.5 control embryos, but not between
genotypes. (A) Polysomal profiles of E14.5 brain and spinal cord from control
mouse embryos. (B) Fraction of ribosome in polysome expressed in
percentage of E14.5 brain and spinal cord from control mouse embryos. (C)
Polysomal profiles of E14.5 brain from control and SMA mouse embryos. (D)
Fraction of ribosome in polysome expressed in percentage of E14.5 brain and
spinal cord from control and SMA mouse embryos. (E) Fraction of ribosome in
polysome expressed in percentage of E14.5 brain, spinal cord and liver from
control and SMA mouse embryos. Brain and spinal cord data are replotted
from panel (D).
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4.3.4 SMN interaction with the translational machinery showed no

changes between genotypes in E14.5 embryos

As already mentioned, SMN is a ribosome-associated protein with a direct role
in regulating translation, and the loss of this association has already been
observed at postnatal ages in the “Taiwanese” mouse model (Bernabo et al.,
2017; Lauria et al., 2020). To investigate how SMN associates with the
translation machinery prenatally, during my secondment in the Viero lab, |
performed western blotting on the sucrose fractions obtained by polysome
profiling to study the co-sedimentation of the SMN protein with ribosomes. This
experiment was performed by myself on spinal cord and liver samples from
E14.5 control and SMA mouse embryos, while brain samples were processed
in collaboration with colleagues from the Viero lab. Here, | report data from all
three organs to provide an overview of the interaction of SMN protein with the
translational machinery at a systemic level, and to facilitate inter-organ
comparisons.

After protein purification from the sucrose fractions using methanol/chloroform
precipitation (Bernabd et al., 2017), | performed western blotting to quantify
SMN, RPL26 and RPSG6 protein levels in each fraction from each of the organs
of interest. RPL26 and RPS6 are ribosomal proteins used as markers for the
large (60S) and small (40S) ribosomal subunits, respectively (Lauria et al.,
2020). These proteins were used as sedimentation controls to facilitate the
identification of the different sucrose fractions. Consistent with previous
observations, the co-sedimentation profiles did not reveal genotype-specific
differences in any of the three organs investigated. However, each organ
exhibited its own trend (Figure 4.3). More specifically, co-sedimentation
profiles and relative quantitative analysis of E14.5 brain showed that SMN co-
sediments primarily with RNPs and 40S in both control and SMA (Figure 4.3
A and B). Similarly, E14.5 spinal cord profiles and quantification revealed that
SMN is highly present in correspondence to RNPs, 40S and 60S in both
genotypes (Figure 4.3 C and D). Furthermore, SMN in the liver of E14.5
control and SMA mouse embryos appears to reach peak co-sedimentation with
RNPs and 40S, with no changes between genotypes (Figure 4.3 E and F).
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Figure 4.3 SMN protein co-sedimentation with the translation machinery
in the brain, spinal cord and liver of E14.5 control and SMA mouse
embryos. (A, C, E) Co-sedimentation profiles of SMN from control and SMA
brain (A), spinal cord (C) and liver (E). (B, D, F) Relative distribution of SMN,
RPL26 and RPS6 along the profiles of E14.5 brain (B), spinal cord (D) and
liver (F) in control and SMA. SMN' and SMN" indicates the immunoblot
exposure times during acquisition, auto and high respectively. RPL26 and
RPS6 are ribosomal proteins used as markers for the large (60S) and small
(40S) ribosomal subunits, respectively. They were used as sedimentation
controls to facilitate the identification of the different sucrose fractions.
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4.3.5 Experimental design of ribosome profiling

As polysome profiling only provides an indication of the overall translation
status in a given tissue at a given timepoint, | therefore decided to deepen our
investigation on the effects of prenatal SMN deficiency on translation in the
CNS by performing a more sophisticated technique: ribosome profiling.

In collaboration with the Viero lab, | performed ribosome profiling on brain and
spinal cord samples from controls and SMA mouse embryos at E14.5. We
chose these two organs to tailor our experimental question, which focused on
determining whether the proliferation defects observed in the brains of E14.5
SMA embryos (illustrated in chapter 3) could be explained by changes at the
translational level.

Ribosome profiling is a technique that allowed us to obtain a genome-wide and
more detailed measurement of possible alterations in ribosome engagement
on MRNAs by specifically isolating ribosome-protected fragments (RPFs),
followed by the next generation sequencing, and investigating the differentially
translated mRNAs, determining the position of the ribosomes at codon
resolution (Ingolia et al., 2009). Ribosome profiling differs from polysome
profiling for its specificity and for the type of information it provides (Ingolia,
2014; Jin & Xiao, 2018). Consequently, the experimental protocol also
presents a few critical differences and additional steps, illustrated in the
reported schematics (Figure 4.4).

As for polysome profiling, after preparing the sucrose gradients, embryonic
brain and spinal cord tissues were pulverised with a sterile pestle and mortar
in liquid nitrogen, and then ribosome lysis buffer was added followed by
centrifuging to remove tissue debris, mitochondria, and nuclei. One of the most
crucial steps of the protocol is ribosome purification achieved with RNAse and
then followed by a RNase inhibitor to stop the reaction. This action, defined as
a limited RNA digestion, is exceptionally sensitive and important while
performing ribosome profiling. RNAse are essential to degrade all mMRNAs not
protected by ribosomes, this includes both free RNAs and mRNAs in between

ribosomes. This step will result into the disassembly of all polysomes into
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isolated monosomes (80S), each of which remains bound to the corresponding
mRNA fragment undergoing translation.

As ribosomes also contain RNA (rRNA), the treatment with RNase inhibitor is
necessary to halt the digestion, an excessive RNase activity can cause the
degradation of the rRNA within the ribosomes, leading to a compromised
structural integrity and loss of the RPFs. Following the ribosome purification
step, the lysates are loaded into ultracentrifuge tubes containing a 10%-40%
linear sucrose. After ultracentrifugation, the fraction corresponding to the 80S
monosomes is collected using a fractionator equipped with a UA-6 UV/VIS
detector. The sucrose gradient fractionation process is similar to the one
described above for polysome profiling, with the difference that in this case
only one tube containing the 80S fraction is collected. Consequently, on the
output profile, only one peak corresponding to the 80S monosomes is
observed. The collected 80S fraction was then purified from rRNA and then the
mMRNA was extracted using a phenol/chloroform protocol. At this point, | had to
select and extract only the mRNAs corresponding to the RPFs. To do this, |
used a 15% Urea-TBE gel to separate and select the bands measuring 28-
32bp which were then extracted from the gel. Once obtained the RNA samples,
| used the “Takara Kit” protocol for polyadenylation and cDNA synthesis (Lauria
et al., 2020). After the amplification and purification, the cDNA libraries were
prepared and then sequenced at the CIBIO NGS facility of the University of
Trento, Italy, using an lllumina NovaSeq6000 system.
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Figure 4.4 Schematic overview of experimental design to facilitate
ribosome profiling of E14.5 brain and spinal cord from control and SMA
mouse embryos. After tissue preparation and lysis, samples undergo a
limited RNAse digestion to purify ribosomes. The 80S monosomes were
therefore isolated by sucrose gradient and fractionation. To purify ribosome-
protected fragments (RPFs), mRNA was run on a 15% Urea-TBE gel. Only
fragments corresponding to 32-28 bp were extracted by incision from the gel
and then converted into cDNA, which was amplified and purified using an 8%
TBE gel. cDNA libraries were then sequenced and the datasets used to identify
differentially translated mRNAs and for positional analysis.
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4.3.6 Ribosome profiling: quality assessment

To ensure the optimal quality of the datasets obtained from ribosome profiling
and sequencing, we evaluated two important metrics: the distribution of the
RPF lengths and the trinucleotide periodicity of ribosomes along the coding
sequences (Figure 4.5 A and B).

As genuine and non-contaminated RFPs are approximately 28-30 nucleotides
long (Ingolia et al., 2009), the analysis of their distribution in the datasets
allowed us to validate our experimental design and to assess the good quality
of the libraries obtained from brain and spinal cord from both control and SMA
embryos (Figure 4.5A).

To ensure that the RFPs analysed were genuinely representing mRNA
fragments translated by ribosomes in the correct reading frame, we examined
the trinucleotide periodicity by identifying the ribosome’s P-site, corresponding
to the site holding the t-RNA associated to the growing polypeptide chain
during translation (Lauria et al., 2018). As ribosomes translate mMRNAs by
moving along the transcripts in steps of three nucleotides (one codon), a good
quality dataset should be characterised by a strong trinucleotide periodicity
pattern, a hallmark of actively translating ribosomes, as observed in figure
4.5B. In addition, as the trinucleotide periodicity analysis enables to identify
the actively translating open reading frames, we inspected the trinucleotide
periodicity along the coding sequence to investigate the potential differences
in the localisation of the ribosomes between control and SMA embryos.
Notably, SMA mouse embryos showed statistically significant alterations in
ribosome positioning at the start and end of the coding sequence of mMRNAs
when compared to littermate controls in both the brain and spinal cord (Figure
4.5B).

88



4.3.7 Widespread dysrequlation in translation in the prenatal CNS of SMA

mouse embryos

As the aim of ribosome profiling and sequencing is to investigate translation at
gene-specific level, | collaborated with Dr. Martina Paganin from the Viero lab
to perform differential analyses on both datasets obtained from brain and
spinal cord of E14.5 controls and SMA embryos to identify specific transcripts
with altered ribosome occupancy.

For this analysis, only genes that met both a log2 fold change (log2FC)
threshold of £0.5 and a p-value below 0.05 were considered differentially
expressed. In other words, genes were classified as dysregulated if they
showed an expression increase of approximately 40% or a decrease of around
30% between the two genotypes.

The analysis revealed numerous differentially expressed genes (DEGs) in both
tissues, the majority of which were downregulated (Figure 4.5 C and D). More
specifically, in brain, 116 out of with 151 genes with dysregulated translation
(DEGs) showed decreased ribosome occupancy (Figure 4.5C). Similarly, in
the spinal cord, out of 304 dysregulated genes 231 showed decreased
ribosome occupancy (Figure 4.5D). The overwhelming bias towards mRNAs
with decreased ribosome occupancy is in line with previous observations from
postnatal stages of disease, reinforcing the hypothesis that SMA pathogenesis
is caused by a loss of function in translation (Bernabo et al., 2017; Lauria et
al., 2020).
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Figure 4.5 Ribosome profiling revealed a widespread disruption in
translation throughout the CNS of E14.5 SMA mouse embryos. (A-B)
Quality assessment of CNS libraries. (A) Distribution analysis of the lengths
of ribosome-protected fragments in E14.5 brain and spinal cord from control
and SMA samples. (B) Trinucleotide periodicity along the coding sequences in
E14.5 brain and spinal cord from control and SMA samples. Asterisks indicate
nucleotide positions with significant differences between SMA and control
signal, based on pair-end t-test. *p-value < 0.05. (C-D) Volcano plots showing
the variations in ribosome occupancy of genes identified in brain (C) and spinal
cord (D) of E14.5 controls and SMA mouse embryos. In brain, dark red dots
represent DEGs with decreased ribosome occupancy, while pink dots with
increased ribosome occupancy. In spinal cord, blue dots represent DEGs with
decreased ribosome occupancy, while light-blue dots with increased ribosome
occupancy. Significantly differential genes were defined by the following cut-
off values: log2FC_thr=0.5 and pval_thr=0.05. DEG: differentially expressed
genes. N = 3 embryos each for control and SMA.
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4.3.8 IPA analysis of ribosome profiling datasets identifies novel affected

biological pathways in SMA mouse embryos

The differential analysis performed in collaboration with Dr. Paganin revealed
that both SMA brain and spinal cord present with a widespread disruption in
translation during the prenatal stages of the disease. This novel finding laid the
foundation for a more in-depth investigation to identify the specific genes and
biological pathways affected in the CNS of SMA mouse embryos.

To achieve this, | analysed the combined DEGs datasets obtained from brain
and spinal cord using Ingenuity Pathway Analysis (IPA) software. IPA is a
widely used bioinformatics tool developed by QIAGEN used to analyse and
interpret gene expression data. By exploiting a manually curated knowledge
base derived from peer-reviewed literature, the Ingenuity’s Knowledge
Database, IPA can map input datasets to identify significantly enriched
canonical pathways, upstream regulators, and disease-associated processes
(Kramer et al., 2014). Thus, using IPA | performed an enrichment analysis to
identify the biological pathways that were significantly associated with the
differentially expressed genes provided by the input dataset. This analysis
revealed a widespread disruption in several biological pathways already
known to be involved in the postnatal pathogenesis of SMA, including cell cycle
regulation (Sheng et al., 2018), cytoskeleton signalling pathway (Bowerman et
al., 2009; Bowerman et al., 2007; Hensel et al.,, 2014) and p53 signalling
(Courtney et al., 2019; Simon et al., 2017) (Figure 4.6A).

While there is extensive literature describing these SMA-linked pathways,
these results provided valuable insights, highlighting that these molecular
defects can be explained by translational dysfunctions, and, more importantly,
that they are already present prenatally.

Surprisingly, in addition to these well-characterised pathways, IPA identified
changes in the translation of genes of a biologically interesting pathway not
previously associated with SMA: the cilium assembly pathway (highlighted in
purple in Figure 4.6A). Based on the IPA scoring, this canonical pathway is
highly significantly enriched with a p-value of 3.5 x 10-°and a z-score of -1.789.
As the z-score value indicates the direction of the pathway regulation, IPA
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predicted that the cilium assembly pathway is inhibited in the CNS of SMA
mouse embryos. Accordingly, the investigation of the individual genes ascribed
to this pathway revealed changes in 20 genes involved in the structure and
function of primary cilia, the majority of them being downregulated (Figure
4.6B).

As primary cilia have a critical role in coordinating key signalling pathways to
ensure a correct embryonic development, tissue homeostasis and organ
function (Anvarian et al., 2019), | decided to pursue the investigation of these
important cellular organelles further, with the hypothesis that their dysfunction,
due to translational defects, could represent one of the molecular causes

underlying CNS prenatal defects in SMA.
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Figure 4.6 Translational defects of genes involved in the cilium assembly
pathway in the CNS of SMA mouse embryos. (A) Top ten canonical
pathways identified by IPA as being dysregulated in the CNS of E14.5 SMA
mouse embryos compared to controls. (B) Bar chart showing the dysregulated
genes associated to the “cilium assembly” canonical pathway identified by IPA.
Light purple bars represent downregulated DEGs; dark purple bars represent
upregulated DEGs. Statistical significance was defined using the following cut-
off values: log>FC_thr=0.3 and pval thr=0.05. *p-value < 0.05, **p-value <
0.01, ***p-value < 0.001.
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4.3.9 IPA analysis predicts primary cilia dysfunction in the CNS of SMA

mouse embryos

Primary cilia are non-motile sensory organelles extending from the cell
membrane, containing a microtubule-based axoneme originating from the
basal body (Fry et al., 2014). The cilia cytoplasm is isolated from the cell by a
specialised structure, the transition zone, which acts as a ciliary gate filtering
the passage of molecules into or out of the cilium (Wang et al., 2022). The
molecules that pass the transition zone are carried along the axoneme by two
intraflagellar transport complexes (IFT A and B) (Jensen & Leroux, 2017)
(Figure 4.7A).

As previously mentioned, primary cilia play a vital role in coordinating the
fundamental signaling pathways that promote proper embryonic development
(Anvarian et al., 2019). Dysfunction in these subcellular organelles leads to
multisystemic disorders known as ciliopathies and several studies have
demonstrated a crucial role for primary cilia in brain development and
neurodevelopmental disease, often accompanied by cognitive impairment
(Andreu-Cervera et al., 2021; Karalis et al., 2022; Ma et al., 2022; Mill et al.,
2023; Park et al., 2019).

Interestingly, several dysregulated genes identified in our dataset have been
extensively described in the literature and associated with well-known
ciliopathies. ARL6 and CEP290 are two of the most frequently mutated genes
in Bardet-Biedl syndrome, a multisystem primary ciliopathy characterised by
heterogenous clinical manifestations, including cognitive impairment and
developmental delay (Florea et al., 2021). Moreover, CEP290 has also been
linked to Joubert Syndrome, a primary ciliopathy presenting with a distinctive
midbrain-hindbrain malformation, leading to motor and cognitive impairments
that manifest in early life (Aksu Uzunhan et al., 2023; Brancati et al., 2010).
Notably, mutations in B9D1 gene are implicated in Meckel syndrome, a severe
ciliopathy that is perinatally lethal due to polydactyly, kidney disease, liver
fibrosis and central nervous system defects (Dowdle et al., 2011).
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By selecting the 20 specific genes IPA ascribed to the cilium assembly
canonical pathway described above, | performed an additional analysis
consisting of a deeper pathway enrichment not restricted to Ingenuity’s
Knowledge Database. This more specific IPA function allowed me to identify a
strong correlation between the identified ciliary genes and the top two
independent functional terms with a strong enrichment in cilia. Specifically,
these two terms were “formation of cilia” and “assembly of non-motile cilium”
with a p-values of 5.02 x 10"'* and 1.60 x10°, respectively (Figure 4.7B).

To appreciate the directionality of the changes predicted by IPA, | applied an
overlay of the identified functional terms with the log2FC and p-value of the
genes identified in the canonical pathway. Importantly, this in silico analysis
revealed a predicted inhibition of these two pathways, thereby indicating
primary cilia dysfunction in the CNS of SMA mouse embryos (Figure 4.7B).
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Figure 4.7 IPA enrichment analysis revealed inhibition of primary cilia-
related functional terms. (A) Schematic of a primary cilium highlighting the
main structural components: Intraflagellar Transport Proteins (IFT) complex A
and B, transition zone and fibres, basal body and cell membrane. (B)
Functional enrichment analysis network of cilium assembly DEGs.
Downregulated molecules in light purple; upregulated molecules in dark
purple. Different shapes indicate molecules with distinct biological functions.
Dotted black arrows show the enrichment of individual molecules to the
functional terms “Formation of cilia” and “Assembly of non-motile cilium”. Blue
arrows indicate a predicted inhibition state on the specific functional term. Both
functional terms are highlighted in blue, indicating an overall inhibition.
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4.4 Discussion

Recent findings have provided further insights into the role of SMN protein in
both translation and ribosome biology, contributing to a more advanced
understanding of SMA pathology (Bernabo et al., 2017; Lauria et al., 2020;
Sanchez et al., 2013; Thelen et al., 2020). Among others, the research group
led by Prof. Gabriella Viero have provided substantial evidence demonstrating
the function of SMN as a ribosome-associated protein, thereby playing a direct
role in translation (Bernabo et al., 2017; Lauria et al., 2020; Sharma et al.,
2024).

Given the pivotal role of the Viero’s lab into investigating mRNA translation and
its role in SMA, during the second year of my PhD | had the invaluable
opportunity to embark on a four-month secondment at the Institute of
Biophysics in Trento, Italy, under the supervision of Prof. Gabriella Viero. This
collaborative study allowed me to deepen the understanding of the
consequences at the molecular level of SMN protein insufficiency during the
prenatal stages of SMA. To achieve this, | learned how to perform two
challenging molecular techniques: polysome and ribosome profiling.
Polysome profiling allows the investigation of the overall translation level in a
tissue by quantifying the percentage of ribosomes engaged in polysomes, and
therefore actively translating. Nevertheless, this technique does not provide
ribosome positional information and does not allow the identification of
differentially expressed genes. The acquisition of such detailed information is
possible through the implementation of ribosome profiling, a technique that
enables the specific isolation and sequencing of mMRNA fragments protected
by ribosomes.

To date, and to the best of my knowledge, no studies have examined
translation defects in prenatal SMA. Therefore, in this chapter | illustrated how
| first used polysome profiling to obtain an overview of the translation activity
in three main organs from Taiwanese mouse embryos at E14.5, and secondly,

how | used ribosome profiling to specifically identify the dysregulated
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transcripts in the mouse embryonic brain and spinal cord. Ultimately, |
performed IPA enrichment analyses on the omics datasets generated to

investigate the biological causes of SMA-related brain development defects.

Polysome profiling of E14.5 brain, spinal cord and liver revealed that
translation is a process with tissue-specific characteristics. Specifically, the
fraction of ribosomes in polysomes (FRPs), aimed at studying how active
translation is, showed that each organ from control embryos presents with a
unique trend, with the liver profile being strikingly different from those of the
brain and spinal cord. The higher levels of translation activity in the liver could
be justified by the intense protein synthesis occurring in this organ during
embryonic development. Although a direct correlation would have to be
established by further studies, the foetal liver has a high metabolic activity, and
it is the predominant site of haematopoiesis and other essential factors
required for systemic growth (Zhao & Duncan, 2005). By contrast, the reason
why the embryonic brain and spinal cord present with a lower translation
activity could be due to their specific and more tailored protein synthesis
allowing neural development and signalling (Holt et al., 2019).

While we were able to appreciate tissue-specific changes in translation
between different organs from control embryos, polysome profiling did not
show any differences in the overall translation activity when comparing control
with SMA. However, while polysome profiling represents a powerful technique
to obtain a direct measurement of the translational activity, it lacks high-
resolution and ribosome positional information (Jin & Xiao, 2018). For this
reason, | therefore performed ribosome profiling. This time the focus was on
E14.5 brain and spinal cord only, as the main aim of this study and thesis is to
investigate the morphological and molecular causes of CNS development
defects in SMA embryos. Ribosome profiling allowed us to identify several
genes presenting with a dysregulated ribosome occupancy in both brain and

spinal cord from SMA mouse embryos at E14.5.
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As mentioned in this chapter, these sophisticated techniques were performed
using whole embryonic tissue rather than isolated regions, such as the
hippocampus or specific tracts of the spinal cord. The reason of this
experimental design lies in the technical challenges involved. Despite the high
level of sensitivity of these methods, a substantial amount of input material is
necessary to guarantee reliable functionality and outcomes (Tomuro & lwasaki,
2025). In this regard, the prenatal organs that were dissected from mouse
embryos at E14.5 and used in this study are relatively small. Therefore,
obtaining sufficient material from specific subregions would have been
technically challenging, potentially compromising the quality and
reproducibility of the data. Nevertheless, this methodological approach may
have limitations. It is well documented that brain and spinal cord are highly
heterogenous tissues, and for this reason translational changes occurring in
specific regions may not be detected when using lysates obtained from whole
tissues (Sultana et al., 2024; Zhu et al., 2025). Consequently, the results
presented in this chapter should be interpreted as an assessment of the
translational activity across the entire organ, rather than effects limited to a
specific area.

Taken together, the results | obtained during my secondment by performing
polysome and ribosome profiling reveal that SMN is essential to ensure normal
translation activity throughout the brain and spinal cord during embryonic
development, with tissue/organ-specific translational defects observed in SMA
mice. To further expand on the biological significance of these findings, |
employed IPA to identify the canonical signalling pathways enriched with the
differentially expressed genes revealed by ribosome profiling. This analysis
provided some unexpected insights. Among the well-characterised pathways
that are already linked to postnatal SMA, | also noticed the relevance of a key
biological pathway that has never before been analysed in the context of SMA:
cilium assembly. Given the fundamental role of primary cilia to guide and

ensure the correct course of prenatal development (Anvarian et al., 2019), |
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decided to further study and focus on this subcellular organelle to uncover their
role in the CNS of SMA embryos.

Primary cilia are sensory organelles that capture extracellular signals and
transduce them into intracellular responses (Mill et al., 2023). To undertake
their role, they are characterised by a specialised structure in which each
component is essential for their correct functioning. One of the most relevant
element of primary cilia architecture is the transition zone (TZ), which plays a
crucial role in controlling the entry and exit of cargo proteins essential for cilia
assembly and signalling (Wang et al., 2022). Thanks to ribosome profiling and
IPA enrichment analyses, here | found that several genes that encode for
proteins that form the TZ, such as ARL6, B9D1 and CEP290, have decreased
ribosome occupancy in the CNS of SMA mouse embryos at E14.5.

Alongside the TZ, the Intraflagellar Transport (IFT) proteins are also essential
for the correct assembly and maintenance of cilia. These proteins are indeed
responsible of the bidirectional transport of structural and signalling molecules
along the microtubular axoneme (Ma et al., 2023). Interestingly, two genes that
encode for crucial components of the IFT system, IFT140 and IFT25, were
also found in our dataset as downregulated in the CNS of SMA mouse
embryos. Importantly, IFT25 ensure the correct anterograde transport to the
tip of the cilium of SMO and GLI, two well-known proteins essential for the
activation of Sonic Hedgehog (Shh) signalling pathways, a key modulator of
embryonic development and tissue homeostasis (Andreu-Cervera et al., 2021;
Brian et al., 2012; Eguether et al., 2018).

As previously mentioned, primary cilia dysfunction can lead to ciliopathies, a
spectrum of severe prenatal and developmental diseases often characterised,
among other symptoms, by brain malformations and cognitive defects (Karalis
et al., 2022; Ma et al., 2022; Mill et al., 2023; Park et al., 2019). Therefore, the
study of primary cilia biology in the context of embryonic SMA could provide

novel insights and advance our understanding of the underlying causes of
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CNS prenatal defects and neurodevelopmental phenotypes observed in some
SMA patients.

The following chapter of this thesis will thus concentrate on primary cilia. By
employing in vivo and in vitro models of prenatal SMA, | will explore primary
cilia phenotypes in the embryonic CNS, highlighting the effects of insufficient
SMN protein levels on these organelles and exploring how these can be

rescued by therapeutic intervention.
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Chapter 5: SMN-dependent primary cilia defects
in the central nervous system of SMA mouse

embryos

5.1 Introduction

Historical evidence attributes the first observation of cilia to Antony van
Leewenhoek in 1677. who, in a letter to the Royal Society of London, described
the observation of protozoa provided with “thin little feet” (Bloodgood, 2009;
Van Leewenhoeck, 1677). While the term “cilium” to refer to these cellular
structures was later introduced by Otto Friedrich Muller in 1786 (Muller, 1786),
it was only in 1898 when the scientist Karl Wilhelm Zimmermann, working at
the Institute of Anatomy of the University of Bern, in Switzerland, first
recognised primary cilia in mammals and correctly predicted their sensory
function (Zimmermann, 1898). This discovery established the foundation for a
research field that would continue for many years. As a result of these
preliminary observations, it has now been established primary cilia are
conserved non-motile cellular organelles present on nearly all nucleated

eukaryotic cells (Fry et al., 2014).

As a solitary extension protruding in continuity with the plasma membrane, the
cilium structure consists of a microtubule core composed of nine microtubule
doublets, called axoneme, that extend from a specialised centriole, the basal
body, into the extracellular space (Hoey et al., 2012). Despite their small size
(~200-300 nm in diameter and ~1-10 pym long), primary cilia have a crucial
role in sensing extracellular stimuli and converting them into intracellular
signalling responses (Ko, 2012). Current evidence highlights the multitude of
signalling pathways regulated by primary cilia, including Sonic Hedgehog
(Shh), WNT and mTOR to control developmental processes, tissue plasticity
and organ function (Anvarian et al., 2019). Specifically, in the brain, the Shh

signalling is essential for the spatial patterning of the developing
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neuroepithelium, for the correct cellular identity in the CNS, for axonal
guidance and neuronal activity. As the proteins involved in Shh signalling are
localised within the cilium, it has been demonstrated that defects in primary
cilia lead to Shh signalling dysfunction resulting in compromised brain
development in mice, causing defects in neural patterning, cerebellar
hypoplasia, and impaired hippocampal neurogenesis (Ferent & Traiffort, 2015;
Park et al., 2019). The correct functioning of primary cilia is closely linked to
another key developmental signalling pathway: WNT signalling. In this regard,
several studies have reported abnormal WNT signalling accompanied by
impaired neuronal migration and defects in synapse formation in the
hippocampus when neuronal ciliogenesis is compromised (Kumamoto et al.,
2012; Park et al., 2018). In addition, mTOR signalling pathway has also been
shown to be involved in several cellular processes essential for the correct
development of the brain (Park et al., 2019). Studies have revealed that
impaired cilia increase mTOR signalling, resulting in the formation of enlarged
brain ventricles (Foerster et al., 2017). Furthermore, mTOR signalling
disruption linked to impaired neuronal ciliogenesis has been described in
patients with focal malformations of cortical development (FMDC) (Park et al.,
2018).

As a result, acting as signaling hubs, primary cilia play a key role during
embryogenesis and development by coordinating fundamental biological
processes as cell cycle progression and cell proliferation (Gopalakrishnan et
al., 2023; Mill et al., 2023).

Dysfunctions in primary cilia gives rise to ciliopathies, a heterogeneous group
of diseases and multisystemic disorders (Hildebrandt et al., 2011; Waters &
Beales, 2011). Ciliopathies can affect nearly every major organ in the body,
causing brain malformations, cardiac defects, renal malformations, liver
disease and musculoskeletal abnormalities, as described in well-characterised
ciliopathies such as Joubert, Meckel-Gruber and Bardet Biedl Syndromes
(Elawad et al., 2022; Hartill et al., 2017; Parisi, 2009). Furthermore, in addition
to these severe clinical manifestations, defects in primary cilia have been
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associated with neurodevelopmental phenotypes, including intellectual
disabilities (Bennouna-Greene et al., 2011; Berbari et al., 2014; Ma et al., 2022;
Mill et al., 2023; Rhee et al., 2016).

As in the previous chapter of this thesis | have identified prenatal translational
disruption in genes involved in primary cilia biology and, in addition, primary
cilia dysfunction has never been investigated in the context SMA pathology,
here | explore whether the observed embryonic defects could be explained by
changes in primary cilia occurring in the CNS of Taiwanese SMA mouse
embryos.
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5.2 Aim

The primary aim of this chapter is to investigate primary cilia biology in the
CNS of SMA mouse embryos using in vivo and in vitro approaches.

An in vivo primary cilia study was performed to identify and quantify primary
cilia density in the embryonic hippocampus and spinal cord at two different
timepoints of prenatal development (E14.5 and E18.5). This was carried out
via fluorescence immunohistochemistry using two well-established ciliary
markers: ARL13B, labelling the axoneme, and y-tubulin, labelling the basal
body.

An in vitro model was established to permit more detailed examination of the
morphology of primary cilia. In collaboration with Prof. Mike Cousin (UoE), |
generated primary hippocampal cell cultures from control and SMA Taiwanese
mouse embryos at E17.5, a developmental age selected for the technical
practicality of hippocampal dissection. This in vitro system also allowed me to
investigate whether primary cilia defects were amenable to therapeutic

intervention using an SMN-restoring treatment.
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5.3 Results

5.3.1 In vivo primary cilia biology investigation in the CNS

5.3.1.1 Visualisation of primary cilia in the embryonic hippocampus

To be able to study primary cilia biology in prenatal SMA, | first had to design
and optimise an immunohistochemistry protocol to be able to visualise their
structure. My experimental plan consisted of using two different antibody
markers to label primary cilia. This was to allow me a more precise
visualisation of their unique structure and to increase confidence for their
accurate identification. For this reason, the first primary antibodies | decided to
select and test to stain primary cilia were anti-ARL13B and anti-Pttg1, whose
encoding genes were not translationally dysregulated in our DEGs datasets.
Specifically, ALR13B is a small GTPase holding diverse cellular functions,
including the regulation of Shh signalling and intraflagellar transport (IFT)
(Caspary et al., 2007). ARL13B is considered a ciliopathy gene, as its mutation
has been found in Joubert syndrome patients (Cantagrel et al., 2008). As
ARL13B localises along the cilium (Larkins et al., 2011), in this study | used it
as a marker of the axoneme. Pttg1, also known as Securin, is encoded by the
pituitary tumour transforming gene 1 (PTTG1) and has been linked to several
biological functions, including cell cycle control, DNA repair and gene
regulation (Moreno-Mateos et al., 2011). Moreover, Pttg1 plays a role in
microtubule dynamics and has been shown to localise at the base of primary
cilia in the brain (Mecklenburg et al., 2021).

Following the manufacturer recommendations, | therefore proceeded to
perform immunohistochemistry on paraffin brain sections previously collected
from E14.5 control mouse embryos. Unfortunately, the first trial using ARL13B
and Pttg1 markers was unsuccessful as neither of the two antibodies gave me
satisfactory results (Figure 5.1 A and B). Consequently, | refined the staining
protocol by implementing a multistep optimisation process. Specifically, |
increased the concentration of primary antibodies to enhance antigen binding,
| extended the incubation time of secondary antibodies to compensate for a

potential low-affinity interaction with the primary antibody, and most
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importantly, | changed the antigen retrieval protocol. Antigen retrieval is a
crucial step when performing immunohistochemistry, especially on formalin-
fixed, paraffin-embedded tissues (Shi et al., 2011). As the fixation and
embedding processes may mask the epitope recognised by primary
antibodies, antigen retrieval is necessary to expose the antigen, thereby
enhancing the primary antibody’s to bind to it (Shi et al., 2011). For this
optimisation, instead of using sodium citrate buffer at pH 6 for heat-induced
epitope retrieval, | decided to use Tris-EDTA at pH 9. This buffer is better suited
to antigens that are more difficult to detect, as the alkaline pH is more effective
at revealing the epitopes (Ramos-Vara & Miller, 2014).

To make my primary cilia study more time-efficient, | decided to expand the list
of antibodies | wanted to test by adding y-tubulin marker. This protein plays a
crucial role in the nucleation of microtubules, and it localises to the basal body
of primary cilia (Breunig et al., 2008; Oakley et al., 2015), and it therefore
represents a reliable marker for the identification of these organelles.
Unfortunately, this second attempt was not entirely satisfactory either. While
the anti-ARL13B antibody worked efficiently, both anti-Pttg1 and anti-y-tubulin

antibodies resulted in a non-specific signal (Figure 5.1 C and D).

As the anti-Pttg1 primary antibody was ineffective for the second time, |
decided to focus solely on the ARL13 and y-tubulin markers, in attempting to
achieve clear visualisation of the axoneme and basal body of the primary cilia.
For this third trial, | tested the affinity between the primary and secondary
antibodies. Initially, | used Alexa Fluor 488 (green) for y-tubulin and Alexa Fluor
594 (here in magenta) for Arl13b (Figure 5.2 A and B). Using this antibody
combination, only Arl13b could be detected and visualised. Therefore, |
exchanged the fluorophores. In combination with Alexa Fluor 594, y-tubulin
produced a stronger, more specific signal. This allowed me to successfully
label two fundamental components of the primary cilia structure: the axoneme,
labelled with ARL13B, and the basal body, labelled with y-tubulin (Figure 5.2
C and D).
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A. B.
C. D.

Figure 5.1 Initial immunohistochemistry optimisations to visualise
primary cilia in the brain of E14.5 embryos. (A) Unsuccessful Pttg1 staining
on paraffin brain section. (B) The preliminary application of the anti-ARL13B
primary antibody produced a non-specific signal on a paraffin-embedded brain
section. (C) Subsequent staining trial on paraffin brain section provided
positive results for the labelling of the primary cilia axoneme labelled with
ARL13B (magenta), while the anti-Pttg1 antibody produced a non-specific
signal. (D) The ARL13B antibody consistently recognised the axoneme of
primary cilia axoneme (magenta), whereas the anti-y-tubulin antibody failed to
label the basal body of primary cilia. Scale bar 10 um. Coronal paraffin sections
obtained from control mouse embryos at E14.5, 10 ym thickness.
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Figure 5.2 Primary and secondary antibodies affinity tests to
successfully label axoneme and basal body of primary cilia in the brain
of E14.5 mouse embryos. (A and B) The anti-ARL13B primary antibody was
compatible with the Alexa Fluor 594 secondary antibody (here in magenta). In
contrast, the anti-y-tubulin primary antibody was ineffective when used in
combination with Alexa Fluor 488 secondary antibody (green). This resulted in
labelling the axoneme, but not basal body of the primary cilium. (C and D)
Switching the fluorophores revealed that the anti-y-tubulin antibody had higher
affinity for Alexa Fluor 594, resulting in successfully labelling and visualisation
of the primary cilia basal body (showed in magenta). The anti-ARL13B
antibody was effective even when combined with Alexa Fluor 488 secondary
antibody (green). Scale bar 20 ym, zoom 10 ym. Coronal paraffin sections
obtained from control mouse embryos at E14.4, 10 ym thickness.
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5.3.1.2 Preliminary analysis of primary cilia in the ventricular zone of the

dorsal telencephalon and the hippocampus

After designing an optimised immunohistochemistry protocol to visualise
primary cilia in the embryonic mouse brain, | proceeded with a preliminary
analysis to investigate whether there were any changes in primary cilia
phenotype in SMA embryos when compared to control littermates.

To achieve this, | first identified the anatomical brain regions | wanted to focus
the analysis on. Primary cilia are present on nearly all cell type in the
developing brain, but they are particularly enriched towards the ventricles
(Tong et al., 2014). To enable a first-stage analysis of primary cilia phenotypes,
| decided to focus on the lateral ventricles of mouse embryos at E14.5. More
specifically, | focused on the ventricular zone of the dorsal telencephalon (DT)
and of the hippocampus (HPC) (Figure 5.3 and Figure 5.4). For both these
regions | measured the area and the thickness of the cellular layer presenting
with cilia. Subsequently, | counted the number of cilia within this layer.

After identifying the DT in the E14.5 brain (Figure 5.3A), | used confocal
microscopy to acquire and analyse images of the primary cilia layer in both
control and SMA Taiwanese mouse embryos (Figure 5.3B). As can be seen in
the representative images, | used Fiji/lmaged to manually trace the perimeter
of the cilia layer and measure its area and thickness. Neither measurement
revealed a difference between genotypes (Figure 5.3 C and D). Additionally, |
manually counted the number of primary cilia in the restricted area to measure
their density. This analysis also showed no changes in SMA compared to
control littermates (Figure 5.3E).

In parallel, | applied the same approach of investigation to the ventricular zone
in correspondence of the HPC (Figure 5.4A). Defining the ciliated region of
interest (Figure 5.4B), | subsequently quantified the area and the thickness of
the layer. Similarly to what observed in the DT, these analyses did not show
any differences between control and SMA (Figure 5.4 C and D). Finally, |
calculated the density of primary cilia in the area. However, the measurement
revealed no primary cilia phenotype in the SMA mouse brain when compared
to the control (Figure 5.4E).
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Figure 5.3 Preliminary primary cilia investigation in the ventricular zone
of the dorsal telencephalon of E14.5 mouse embryos. (A) Representative
coronal paraffin section from control mouse embryo at E14.5 to demonstrate
whole brain topography. The blue square indicates the relative position of the
dorsal telencephalon (DT). Scale bar 1 mm, zoom 250 ym. (B) Primary cilia
staining in the ventricular zone of the DT of control and SMA mouse embryos
at E14.5. Blue lines indicate the specific area where the quantitative analysis
was performed. Scale bar 20 ym. (C-D) Measurements of the area (C) and
thickness (D) of the ciliated layer of the DT in control and SMA mouse embryos.
(E) Primary cilia density quantification in the ventricular zone of the DT of
control and SMA mouse embryos at E14.5. Unpaired t-test, scatter dot plot,
mean with SEM. One datapoint corresponds to the average values from three
sections per embryo. N = 3 embryos for control and 3 for SMA.
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Figure 5.4 Preliminary primary cilia investigation in the ventricular zone
of the hippocampus of E14.5 mouse embryos. (A) Representative coronal
paraffin section from control mouse embryo at E14.5 to demonstrate whole
brain topography. The violet square indicates the relative position of the
hippocampus (HPC). Scale bar 1 mm, zoom 250 pym. (B) Primary cilia staining
in the ventricular zone of the HPC of control and SMA mouse embryos at
E14.5. Violet lines indicate the specific area where the quantitative analysis
was performed. Scale bar 20 um. (C-D) Measurements of the area (C) and
thickness (D) of the ciliated layer of the HPC in control and SMA mouse
embryos. (E) Primary cilia density quantification in the ventricular zone of the
HPC of control and SMA mouse embryos at E14.5. Unpaired t-test, scatter dot
plot, mean with SEM. One datapoint corresponds to the average values from
three sections per embryo. N = 3 embryos for control and 3 for SMA.
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5.3.1.3 Reduced primary cilia density in the hippocampus of E14.5 SMA

mouse embryos

Despite the preliminary analysis performed on primary cilia in the embryonic
brain did not unveil any specific changes occurring in SMA, it is essential to
remember that the brain, especially during its prenatal stages, is highly
heterogenous, where different regions exhibit unique characteristics (Stiles &
Jernigan, 2010). This leads to the hypothesis that the same investigation
performed on a different anatomical area could lead to different results and
interpretations. Furthermore, although primary cilia are highly present in the
ventricular zone during embryonic brain development, they also undergo a
dynamic and developmental transformation there (Mirzadeh et al., 2010).
Radial glial cells are neural stem cells in the developing nervous system, and,
with their soma lying into the ventricular zone, are characterised by the
presence of a primary cilium, allowing the correct morphogenesis of the
ventricles (Foerster et al., 2017). During prenatal development, from the age
of E14, radial glial cells initiate their maturation and differentiation giving rise
to different cell populations, including ependymal cells (Miranda-Negron &
Garcia-Arraras, 2022; Spassky et al., 2005). Ependymal cells are essential
components of the CNS and present with multiple motile cilia (Deng et al.,
2022; Ringers et al., 2020). Primary and motile cilia differ in their microtubular
structure and function. While primary cilia are solitary organelles present in
different cell types and have a sensory function to regulate fundamental
processes and development (Mill et al., 2023), motile cilia are restricted to
epithelial cells, usually organised in clusters, where they function as motor
machinery to facilitate fluid transport (Jain et al., 2010). As during
embryogenesis, the primary cilia on radial glial cells in the ventricular zone are
replaced by motile cilia on ependymal cells, and the focus of this study is solely
on primary and not motile cilia, the results of the preliminary analysis |
performed could be misleading and not in line with the objective.

| therefore decided to move my investigation to focus on neuron-rich areas of
the hippocampus, specifically the dentate gyrus. As already mentioned, the
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hippocampus plays a key role in memory and cognition in humans (Rubin et
al., 2014), and with this study, | previously revealed hippocampal cell
proliferations defects in E14.5 SMA mouse embryos. In addition, several
previous studies showed a correlation between primary cilia depletion and
hippocampal-dependent learning and memory deficits (Berbari et al., 2014;
Rhee et al., 2016), as well as hippocampal dysgenesis and volume loss in
ciliopathy patients, highlighting the impact of primary cilia in hippocampus
development and in cognition (Baker et al., 2011; Bennouna-Greene et al.,
2011).

Thus, | proceeded by performing immunohistochemistry on E14.5
hippocampus from both control and SMA Taiwanese mouse embryos.
Following the protocol described above, | used anti-ARL13B and anti-y-tubulin
primary antibodies to label the primary cilia axoneme and basal body,
respectively. After identifying the anatomical region of the dentate gyrus in the
brain of at E14.5 (Figure 5.5A), | used confocal microscopy to systematically
acquire high-magnification images representing the same area of the
hippocampus, allowing for a consistent analysis. In Figure 5.5B it can be
appreciated the presence of primary cilia with an intact structure complete of
axoneme and basal body in both SMA and littermate controls. As in the region
of interest primary cilia are not organised in layers, here | decided to focus on
the quantification of their density. To achieve this, | counted the total number
of primary cilia and normalised it to the total number of DAPI-positive cells. The
result of this analysis revealed a statistically significant decrease in the
percentage of ciliated cells in SMA mouse hippocampus compared to control
littermates at E14.5 (Figure 5.5C).
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Figure 5.5 Reduced density of primary cilia in the SMA mouse embryonic
hippocampus at E14.5 (A) Representative coronal paraffin section from
control mouse embryo at E14.5 to demonstrate whole brain topography. The
pink square indicates the relative position of the dentate gyrus (DG), where the
analysis was performed. Scale bar 1 mm, zoom 250 ym. (B) Primary cilia
visualisation using ciliary markers ARL13B (axoneme, in green) and y-tubulin
(basal body, in magenta) in the hippocampus of E14.5 control and SMA
embryos. (C) Primary cilia density quantification reveals reduced primary cilia
number in SMA compared to littermate controls. Coronal paraffin sections, 10
pum thickness, scale bar 10 ym, zoom 2 ym. N = 12 embryos for control and
13 for SMA at E14.5. **p-value < 0.01, unpaired t-test, scatter dot plot, mean
with SEM. One datapoint corresponds to the average values from three
sections per embryo.
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5.3.1.4 Defects in primary cilia defects are consistently present in the

hippocampus of SMA mouse embryos at E18.5

To assess whether the SMA-related cilial defects observed in the hippocampus
at E14.5 persisted into later stages of prenatal brain development, | repeated
the analysis in mouse embryos at the age of E18.5. This is one of the latest
phases of murine gestation prior to birth, and it represents a pivotal transition
period in which the brain is almost fully formed but continues to undergo a
process of refinement and maturation (Chen et al., 2017).

The study of primary cilia in the anatomical region corresponding to the dentate
gyrus was conducted by performing immunohistochemistry in accordance with
the protocol | used to investigate cilia biology at early stages of development,
thereby ensuring a consistent approach (Figure 5.6A). As previously observed
at a younger age, both control and SMA presented with intact primary cilia
labelled by ARL13B to identify the axoneme and y-tubulin to visualise the basal
body (Figure 5.6B). Excitingly, primary cilia quantitative analysis exhibited a
statistically significant decrease in cilia density in SMA mice compared to
littermate controls (Figure 5.6C).

Taken together, these results suggest that primary cilia are impaired in the
hippocampus of SMA mouse embryos and that these defects are preserved
throughout prenatal development.
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Figure 5.6 Reduced density of primary cilia in the SMA mouse embryonic
hippocampus at E18.5 (A) Representative coronal paraffin section from
control mouse embryo at E18.5 to demonstrate whole brain topography. The
pink square indicates the relative position of the dentate gyrus (DG), where the
analysis was performed. Scale bar 1 mm, zoom 250 ym. (B) Primary cilia
visualisation using ciliary markers ARL13B (axoneme, in green) and y-tubulin
(basal body, in magenta) in the hippocampus of E18.5 control and SMA
embryos. (C) Primary cilia density quantification reveals reduced primary cilia
number in SMA compared to littermate controls. Coronal paraffin sections, 10
pum thickness, scale bar 10 ym, zoom 2 ym. N = 5 embryos for control and 6
for SMA at E14.5. *p-value < 0.05, unpaired t-test, scatter dot plot, mean with
SEM. One datapoint corresponds to the average values from three sections
per embryo.

117



5.3.1.5 Primary cilia defects do not persist in the hippocampus of

postnatal SMA mice

As | observed primary cilia disruption in the hippocampus of SMA embryos at
two key timepoints of prenatal development, | decided to further investigate
whether these defects were still present at postnatal stages of the disease. To
achieve this, | explored two postnatal timepoints of postnatal (P) day 2 and
P10, representing the pre- and late-symptomatic stages respectively in the
Taiwanese mouse model.

While the anatomical architecture of the postnatal brain differs from that seen
so far in this thesis, | consistently focused the investigation of primary cilia on
the hippocampal region corresponding to the dentate gyrus (Figure 5.7 A and
B). An initial qualitative observation revealed that primary cilia are present in
both control and SMA postnatal hippocampus, and that at both timepoints they
can be visualised by using ALR13B and y-tubulin markers, labelling the cilium
axoneme (in green) and the basal body (in magenta), respectively (Figure 5.7
C and E). However, in contrast to what observed in the prenatal hippocampus,
primary cilia density quantification did not show any differences between SMA
mice and littermate controls (Figure 5.7 D and F).

Thus, these results suggest that primary cilia disruption is a largely prenatal
phenotype occurring in the SMA brain during embryonic development,
correlating with the higher levels of SMN protein observed in both mice and

humans at these stages (Ramos et al., 2019).
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Figure 5.7 No difference in primary cilia density in the hippocampus of
P2 and P10 control and SMA mice. (A-B) Representative coronal paraffin
sections from control mouse embryo at P2 (A) and P10 (B) to demonstrate
whole brain topography. The violet squares indicate the relative position of the
dentate gyrus (DG), where the analysis was performed. Scale bar 1 mm, zoom
250 uym. (C-D) Representative confocal images and quantification of primary
cilia density in the brain of P2 (C) and P10 (D) control and SMA mice.
Quantification at both timepoints did not reveal any differences between
genotypes. Coronal paraffin sections, 10 um thickness, scale bar 10 ym, zoom
2 ym. N= 12 mice for control and 11 for SMA at P2; N= 6 for control and 6 for
SMA at p10. Unpaired t-test, scatter dot plot, mean with SEM. One datapoint
corresponds to the average values from three sections per mouse.
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5.3.1.6 Primary cilia phenotypes extend into other regions of the CNS

In chapter four of this thesis, | illustrated how ribosome profiling revealed
dysregulated ribosome occupancy of genes involved with primary cilia in the
brain and spinal cord of SMA mouse embryos at E14.5. Therefore, after the
investigation of primary cilia phenotype in the brain, specifically in the
hippocampus, of SMA embryos at different timepoints, here, | next explored in
vivo primary cilia defects in the spinal cord of E14.5 and E18.5 Taiwanese

mouse embryos.

After the collection of embryos at the ages of interest, the head was separated
from the body, and both parts were fixed in paraformaldehyde (PFA) and
embedded in paraffin separately. Embryonic bodies from both E14.5 and E18.5
were sectioned in sagittal plane, allowing me to identify and visualise the
anatomical disposition of the major organs simultaneously. Figure 5.8 A and
B show a representative image of a sagittal section of the embryonic body at
E14.5 (A) and at E18.5 (B) from control embryos. While immunohistochemistry
was performed on the entire section, the analysis focused on the lumbar region
of the spinal cord. This region of the spinal cord is indeed one of the primary
sites of motor neuron degeneration in infantile spinal muscular atrophy, as the
motor neurons in this area control the muscles of the lower limbs, which can
be severely affected in SMA (Chen et al., 2017; Kong et al., 2021).

Here, | quantified primary cilia density by counting the number of cilia, identified
using ARL13B and y-tubulin markers, and normalising to the total number of
nuclei, labelled with DAPI staining. The analysis performed on E14.5 spinal
cord revealed a significant decrease in cilia density, indicating that primary cilia
phenotypes are conserved throughout the CNS at this crucial stage of prenatal
development (Figure 5.8C). However, the same quantification conducted on
E18.5 spinal cord showed that reductions in primary cilia density did not persist
to later prenatal timepoints (Figure 5.8D).
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Figure 5.8 Reduced density of primary cilia in the SMA mouse embryonic
spinal cord at E14.5, but not at E18.5. (A-B) Representative sagittal paraffin
sections of E14.5 (A) and E18.5 (B) bodies of control embryos. The spinal cord
(SC) is highlighted in pink, the heart (HT) in blue, and the liver (LV) in green.
The white square indicates the region where primary cilia quantification was
performed. Scale bar 1 mm, zoom 250 um. (C) Primary cilia density
quantification in the spinal cord of E14.5 identifies reduced primary cilia
number in SMA compared to littermate controls. (D) No difference between
genotypes observed in primary cilia density in E18.5 spinal cord. Sagittal
paraffin sections, 10 um thickness, scale bar 10 um, zoom 2 ym. N = 8
embryos for control and 7 for SMA at E14.5 and E18.5. *p-value < 0.05,
unpaired t-test, scatter dot plot, mean with SEM. One datapoint corresponds
to the average values from three sections per embryo.
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5.3.2 In vitro primary cilia morphology investigation and therapeutic

rescue

5.3.2.1 Establishing primary hippocampal cell cultures from Taiwanese

mouse embryos

In the sections above | described how we identified reduced density of primary
cilia in the CNS of SMA mice during prenatal development. As primary cilia are
characterised by a specialised structure which is directly connected to their
ability to function properly (Hoey et al., 2012), | decided to investigate primary
cilia morphology to broaden understanding of their role in SMA pathogenesis.
Therefore, to address primary cilia morphological features | established an in
vitro model system. This system was chosen because it is more suitable for
quantitative morphometric analysis than brain slice preparations. The rationale
behind this can be attributed to the compacted tridimensional organisation of
cells in brain tissues, which significantly complicates the reliable isolation of
individual cilia. As in our lab we did not have the necessary equipment to
develop the desired in vitro system, we started a collaboration with Prof. Mike
Cousin’s lab (UoE). This allowed us to establish primary cultures of
hippocampal cells harvested from Taiwanese mouse embryos.

The protocol used to prepare primary hippocampal cell cultures was in
accordance with the method previously described by Brewer et al. (Brewer et
al., 1993), which is currently employed as the gold-standard in the Cousin lab
(Figure 5.9). In brief, we collected mouse embryos at E17.5 from pregnant
dams and microdissected their hippocampi. Harvesting the hippocampus from
embryos at this age allows for smooth dissection, as its anatomical structure
is well-defined and easy to locate and isolate at this stage of development
(Tomassoni-Ardori et al., 2020; Urban & Guillemot, 2014). The dissected
hippocampi were then processed individually using papain, a widely used
proteolytic enzyme derived from Carica papaya latex, allowing the dissociation
of the tissue into single cells while preserving their integrity and viability. The
obtained cells were placed in a tube containing cell culture medium and
centrifuged to form a pellet containing the hippocampal cells. This was then
resuspended in a specialised medium called supplemented neurobasal, which
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is specifically designed for the growth and maintenance of neuronal cells. At
this stage, the cells were ready to be plated onto coverslips. To achieve the
desired cell density, which in this case was 6x10* cells per well, a small sample
of the cell suspension was added to a haemacytometer for cell counting. Thus,
each embryo’s hippocampus was individually plated onto poly-D-lysine coated
coverslips in individual 6-well plates. After two days in an incubator at 37 °C
and 5% CO,, cytosine B-D-arabinofuranoside (Ara-C) was added to the culture
to prevent glial proliferation. The primary hippocampal cultures were then kept
in the incubator at 37 °C and 5% CO, until day in vitro 8 (DIV8), after which
cells were fixed, and immunocytochemistry was performed for primary cilia

investigation.
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Figure 5.9 Establishment of primary hippocampal cell culture. Schematic
illustrating the experimental design for primary hippocampal cell culture
experiments. The hippocampus was dissected from control and SMA embryos
collected at the age of E17.5. The individual hippocampi were then individually
dissociated in cells using papain and plated on 6-well plates. After 8 days in
vitro, cells were fixed using PFA at 4% and immunocytochemistry to visualise
primary cilia was performed. Fiji/lmagedJ software was then used to investigate
primary cilia morphology.

124



5.3.2.2 Optimisation of protocol to quantify primary cilia morphology in

vitro

Following the aforementioned protocol, we succeeded in establishing primary
hippocampal cell cultures from Taiwanese mouse embryos. The aim of this
result section is therefore to illustrate the optimisations steps | followed to be
able to stain and visualise primary cilia in this new in vitro system.

As several prior studies have already demonstrated that hippocampal neurons
possess primary cilia in culture and that they are visible starting from day in
vitro 5 (DIVS) (Bansal et al., 2019; Berbari et al., 2007), | decided to grow the
cell cultures until day in vitro 8 (DIV8) and then fix them with paraformaldehyde
(PFA) at 4% prior to staining.

To start, | performed immunocytochemistry using the same protocol | optimised
and used to label primary cilia in vivo. This involved an antigen retrieval step
with the Tris-EDTA at pH 9 and anti-ARL13B and anti-y-tubulin primary
antibodies to stain primary cilia’s axoneme and basal body, respectively. While
| was able to visualise both structures, the axoneme appeared to be
fragmented and not intact (Figure 5.10A). As previously mentioned, antigen
retrieval is essential for ensuring epitope exposure, and it proved to be
advantageous when using the anti-ARL13B and anti-y-tubulin primary
antibodies in vivo. However, this technique may compromise cellular integrity
(Ramos-Vara & Miller, 2014). To adopt a less aggressive approach, | decided
to perform a second attempt at antigen retrieval by using a sodium citrate
buffer at pH 6, a less alkaline solution. However, even with these conditions,
the heat-induced epitope retrieval proved to be destructive, resulting in the

axoneme structure being clearly compromised. (Figure 5.10B).

Furthermore, to exclude the possibility that the disruption of the structure of
the cilium was due to under- or over- fixation of the hippocampal cells, | applied
PFA at 4% for 10 and 15 minutes and then proceeded with the
immunocytochemistry protocol without performing antigen retrieval. The
results of these two trials are illustrated in figure 5.10 C and D, which show
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that the axoneme of the primary cilia is intact in both conditions. This suggests
that the heat-induced antigen retrieval was damaging the cilia structure, not
the fixation. Nevertheless, while skipping the antigen retrieval step was
preserving the axoneme architecture, the basal body labelling was lost due to
the low affinity of anti-y-tubulin primary antibody with its antigen. In order to
improve the chances for the correct binding of the antibody, | performed cell
fixation with PFA at 4% for 15 minutes and increased the time of the blocking
step from 1 hour to 2 hours. Blocking in immunocytochemistry reduces non-
specific antibody bindings, enhancing the ability of the primary antibody to bind
more accurately to its target antigen (Ramos-Vara & Miller, 2014).
Unfortunately, this modification in the protocol was not sufficient to provide a
clear and detectable signal of the basal body staining (Figure 5.10E).

As the final aim was to explore primary cilia morphology, obtaining a good
visualisation of both the axoneme and the basal body was necessary.
Therefore, alongside with the increasing of the anti-y-tubulin primary antibody
concentration, | also lengthened the duration of the permeabilisation step.
Permeabilisation is indeed pivotal in increasing cell membrane permeability,
thus enabling the entry of the antibodies and their subsequent binding to
intracellular antigens (Jamur & Oliver, 2010). As described in chapter 2
“Materials and Methods”, for this protocol | therefore employed a solution of
0.1% Triton X-100 in TBS and treated the cells for 20 minutes, instead of 5
minutes as done in previous trials. This adjustment, together with the
concentration increase of the primary antibody, resulted in a successful
immunocytochemistry where both the axoneme and the basal body were
visible and detectable (Figure 5.10F).

126



Optimisation n°1 Optimisation n°2

W

Optimisation n°3 Optimisation n°4

O

Optimisation n°5 Optimisation n°6

m

I I

Figure 5.10 Immunocytochemistry optimisations to visualise primary
cilia in primary hippocampal cell culture. (A-B) Fragmented axoneme
labelled with ARL13B marker (green) due to heat-induced antigen retrieval
using Tris-EDTA at pH 9 (A) and sodium citrate at pH 6 (B) buffers. Primary
cilia basal body was labelled with anti-y-tubulin primary antibody (magenta).
(C-D) Fixation time optimisations using PFA at 4% for 10 (C) and 15 minutes
(D). Primary cilia axoneme is visible and labelled with ARL13B marker (green),
while the basal body staining with anti-y-tubulin primary antibody was
unsuccessful. (E) Lengthening of the blocking step with donkey serum is not
enough to successfully label the basal body with anti-y-tubulin primary
antibody. (F) After increasing anti-y-tubulin primary antibody concentration and
permeabilisation step time, both axoneme and basal body signals are detected
using ARL13B (green) and y-tubulin (magenta) markers.
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5.3.2.3 Primary cilia length is reduced in SMA hippocampal cell culture

Optimising the immunocytochemistry protocol was key to observe the whole
architecture of primary cilia expressed by hippocampal cells at DIVS.
Specifically, | was able to properly visualise the axoneme and the basal body,
labelled with anti-ARL13B and anti-y-tubulin primary antibodies, respectively.
Using confocal microscopy at high magnification, | acquired a minimum of two
images for each of the stained coverslips obtained from control and SMA
embryos. As previously observed in vivo, an initial qualitative assessment
revealed that hippocampal cells from both control and SMA embryos
possessed a clear cilium structure defined by basal body and axoneme.
However, many primary cilia in SMA preparations appeared to be shorter and
more truncated than those from controls (Figure 5.11 A and B). Using the
Fiji/lmaged software | therefore performed a quantitative morphological
measurement of the axoneme length, spanning from the basal body to the tip
of the cilium, of individual cilia.

To allow an accurate axoneme length measurement, | analysed a total of 863
primary cilia from 22 controls and 728 primary cilia from 19 SMA hippocampal
culture preparations. This quantification showed a clear difference between the
two genotypes: SMA hippocampal cells presented with primary cilia with a
shorter axoneme compared to controls. To be precise, an average cilium length
of 3.53 ym was observed in control cultures, while SMA cells demonstrated an
average cilium length of 3.03 ym. (Figure 5.11C). Consequently, | averaged
the obtained values for each embryo, and this analysis revealed a significantly
reduced cilium length in SMA hippocampal cell culture compared to littermate
controls (Figure 5.11D).
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Figure 5.11 Primary length is reduced in SMA hippocampal cel culture.
(A-B) Representative confocal images showing primary cilia length in
hippocampal cell culture from (A) control and (B) SMA. Primary cilia were
labelled with the ciliary markers ARL13B (axoneme, in green) and gamma
tubulin (basal body, in magenta). (C) Primary cilia length individual
measurement in hippocampal cell culture from control and SMA preparations.
(D) Primary cilia length measurements averaged per embryo in hippocampal
cell culture from control and SMA preparations. Scale bar lower magnification
representative images (l) 5 um. Scale bar micrographs (Il, lll, IV) 2 ym. ****p-
value < 0.001, unpaired t-test, scatter dot plot, mean with SEM. In panel (C),
one datapoint corresponds to one individual cilium. In panel (D), one datapoint
corresponds to one embryo. N= 22 embryos for control and N= 19 embryos for
SMA.
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5.3.2.4 Primary cilia morphological defects affect multiple cell types in

SMA primary hippocampal cell culture

Considering the primary cilia phenotype observed in the in vitro system, |
decided to assess whether cilia defects were specific to a particular cell type.
To achieve this, using coverslip preparations remaining from control and SMA
embryos, | performed an additional experiment of immunocytochemistry co-
staining for NeuN, a neuron-specific nuclear protein, and GFAP, the glial
fibrillary acidic protein found in astrocytes. This allowed me to representatively
describe and compare different cell types present in our cultures. As expected
based on the protocol followed for the culture preparation, the majority of cells
were neurons, as evidenced by their positive reaction to the NeuN staining.
However, the presence of astrocytes was also observed, although at a lower
percentage (Figure 5.12A).

Subsequently, to obtain an estimation of whether the observed primary cilia
phenotype was cell-type specific, | performed the same quantification
explained above, to measure the length of the axoneme from individual cilia.
The investigation of ciliary length on both neurons and astrocytes revealed
similar phenotypes, with shorter primary cilia axoneme in both cell types from
SMA mice (Figure 5.12 B and C). Although | acknowledge the limitation due
to the small sample size, this descriptive result suggests that primary cilia
dysregulation is likely to be impacting different cell types in the CNS in SMA.
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Figure 5.12 Hippocampal cell culture contains neurons and astrocytes,
both expressing primary cilia. (A) Immunocytochemistry on hippocampal
cell culture shows the presence of neurons, labelled with NeuN (green), and a
smaller number of astrocytes, labelled with GFAP (magenta). Representative
image at 20x magnification from a control sample. Scale bar 100 ym. (B-C)
Confocal micrographs of primary cilia, labelled with ARL13B (green) expressed
in (B) neurons (labelled with NeuN) and (C) astrocytes (labelled with GFAP),
in control and SMA cell cultures. Length of primary cilia in neurons and
astrocytes show the same trend where the axoneme is shorter in SMA than in
controls, suggesting that the observed primary cilia phenotype is not cell-type
specific. Scale bar = 5 ym. Each datapoint represents a single cilium (1 control
and 1 SMA coverslip).
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5.3.2.5 Risdiplam treatment in hippocampal cell cultures

So far in this chapter, | revealed primary cilia phenotypes in the CNS of SMA
embryos. Given that in vitro systems are experimentally accessible with
regards to applying drug treatments and testing therapeutic approaches
(Seliger et al., 2022), | next wanted to establish whether the morphological
defects observed in primary cilia in SMA were amenable to therapeutic
intervention by restoring SMN levels. To achieve this, | used risdiplam, one of
the three SMN-restoring therapies approved for use in human SMA patients
(Baranello et al., 2021). Risdiplam is an orally bioavailable molecule which
distributes systemically. Its mechanism of action targets the splicing of SMN2
pre-mRNA, which under physiological conditions produces low levels of
functional SMN protein, not enough to compensate for the loss of the SMN1
gene (Ratni et al., 2018). Risdiplam acts as an SMNZ2 splicing modifier,
facilitating the inclusion of exon 7 in the mature transcript and enabling the
production of sufficient functional (full-length) SMN protein (Ratni et al., 2021).
To investigate whether risdiplam treatment could rescue the morphology
primary cilia phenotype observed in vitro, | treated hippocampal cells for 72h
starting from day in vitro 5 (DIV5) following a methodology previously reported
as successful in SMA patient-derived fibroblasts (Signoria et al., 2024) (Figure
5.13A). More specifically, after the hippocampal dissection from SMA and
control Taiwanese mouse embryos and the cell culture preparation described
above, three wells of each 6-well plate (from single embryo) were treated with
risdiplam, while the remaining three wells received an equivalent quantity of
sterile deionised water as a control (Figure 5.13B). To maintain a standardised
approach and obtain consistent results, at DIV8 | performed
immunocytochemistry to investigate primary cilia. In addition, to analyse and
verify SMN expression levels | collected the total RNA from the available
preparations.
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Figure 5.13 Therapeutic treatment of hippocampal cells in vitro using
risdiplam. (A) Schematic illustrating the experimental design for therapeutic
intervention on primary hippocampal cell culture. The hippocampus was
dissected from control and SMA embryos collected at the age of E17.5. The
individual hippocampi were then individually dissociated in cells using papain
and plated on 6-well plates. Starting from day in vitro 5 (DIV5), cells were
treated with 0.5 pM risdiplam for 72 hours until DIV8, when cells were fixed
using PFA at 4% and immunocytochemistry to visualise primary cilia was
performed. Fiji/lmagedJ software was then used to investigate primary cilia
morphology. (B) Schematic overview to facilitate in vitro risdiplam treatment
methodology. For each 6-well plate, wells A1, A2 and A3 were daily treated
with risdiplam; while wells B1, B2 and B3 were given an equivalent quantity of
sterile deionised water to serve as a control.
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5.3.2.6 Risdiplam treatment rescues SMN-dependent morphological

defects in primary cilia in hippocampal cell culture

After revealing that the axoneme of primary cilia is shorter in SMA hippocampal
neurons, here | wanted to assess whether these defects were amenable by
increasing SMN protein levels through risdiplam treatment. To achieve this, |
added the risdiplam drug to the cell media daily for three days, and then
performed immunocytochemistry, using ARL13B and y-tubulin markers to label
the primary cilia axoneme and basal body, respectively.

To exclude the possibility that risdiplam had any effect on control hippocampal
neurons, | first conducted a preliminary pilot study in which the analysis of
primary cilia length in untreated and treated control cells revealed no
difference. Consequently, to investigate the effect of risdiplam on the cilia
phenotype in SMA, | proceeded with the measurement of the length of the
axoneme of 373 primary cilia from 12 SMA-Risdiplam treated cell preparations
and | compared the results obtained with the ones observed from controls and
SMA untreated (or vehicle) samples previously reported in this chapter (Figure
5.14 A, B and C). Strikingly, risdiplam treatment rescued primary cilia defects
in the SMA cells, restoring cilia length to be indistinguishable from those
observed in healthy controls (Figure 5.14D).

Furthermore, to assess whether this rescue depended on an increase in SMN
levels as a result of risdiplam being effective in modifying SMN2 splicing by
enhancing exon 7 inclusion, we designed quantitative real-time PCR primers
specifically to quantify SMN transcripts lacking exon 7 (delta7-SMN) and full-
length SMN transcripts (Zhou et al., 2013). As expected, Risdiplam treatment
reduced delta7-SMN levels and restored full-length SMN levels compared to
vehicle-treated SMA preparations (Figure 5.14 E and F).

Taken together, these results revealed that restoring SMN levels in vitro is
sufficient to reverse SMA-driven primary cilia defects and therefore confirms a

critical role for SMN in regulating primary cilia during development.
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Figure 5.14 Reduced primary cilia length in SMA is restored following
Risdiplam treatment in primary hippocampal neurons. (A-C)
Representative confocal images showing primary cilia length in hippocampal
cell culture from control (A), SMA vehicle-treated (B) and SMA Risdiplam-
treated (C) preparations. Primary cilia were labelled with the ciliary markers
ARL13B (axoneme, in green) and y-tubulin (basal body, in magenta). Scale
bar of lower magnification representative images (I) 5 ym. Scale bar
micrographs (I, lll, IV) 2 ym. (D) Primary cilia length measurement and
quantification in hippocampal cell culture from control, SMA vehicle-treated
and SMA Risdiplam-treated preparations. **p-value < 0.01, ***p-value < 0.001,
one-way ANOVA, scatter dot plot, mean with SEM. One datapoint corresponds
to one embryo. N= 22 embryos for control, 19 for SMA vehicle-treated and 12
for SMA Risdiplam-treated. Values from control and SMA-vehicle were
replotted from figure 5.10D. (E-F) Full-length and deltazhuman-SMN levels
were quantified using real-time PCR. Bar charts show full-length SMN was
increased, corresponding with decreased delta 7 SMN, in SMA hippocampal
neurons treated with Risdiplam. ****p-value < 0.0001, one-way ANOVA, scatter
dot plot, mean with SD. One datapoint corresponds to one embryo. N= 4
embryos for each group. FC= fold change.
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5.4 Discussion

In this chapter, | focused on the investigation of primary cilia biology and
morphology in the CNS of Taiwanese SMA mouse embryos. Using both in vivo
and in vitro systems, | showed a widespread disruption of these important
sensory cellular organelles potentially revealing neurodevelopmental defects
in SMA.

Primary cilia are small cellular organelles that play a major role in ensuring the
correct development of our entire organism and, remarkably, extensive
evidence highlight their key implication in neurodevelopmental disorders (Mill
et al., 2023; Serpieri et al., 2025; Youn & Han, 2018). Here, | demonstrated
that primary cilia are significantly reduced in number in both the hippocampus
and the spinal cord of SMA mouse embryos during embryonic development.
However, primary cilia defects were not conserved in the postnatal brain.
Similarly, | observed defects in the density of ciliated cells in the spinal cord
only at E14.5, but not at later stages of development. Although it could be
speculated that primary cilia are more vulnerable to low SMN levels in the brain
than in the spinal cord, this difference may also be explained by the distinct
developmental timelines of these two structures. Hippocampal field patterning
begins early in embryogenesis, as early as E10.5, but the neurogenesis that
leads to its complete maturation extends postnatally (Grove, 1999; Urban &
Guillemot, 2014). In contrast, the regional patterning and cell identity in the
spinal cord is established by E9.5, and the transition from neural progenitor
cells to postmitotic neurons largely complete embryonically (Alaynick et al.,
2011; Chen et al., 2017).

An additional observation that emerges from these data is the distinct
proportion of ciliated cells in the two tissues throughout development.
Specifically, the percentage of ciliated cells in the hippocampus of control
embryos is approximately 25% of the total number of cells, whereas in the
postnatal hippocampus this proportion increases to nearly 40%. These results
are consistent with previous reports in the literature demonstrating that primary

cilia maturation peaks during the postnatal development in mice (around P14-
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P30) (Ishii et al., 2021; Lee et al., 2020). Moreover, prior research has shown
that primary cilia are retained on most postmitotic neuronal cells at all postnatal
stages, where they continue to coordinate neuromodulatory functions
throughout lifespan (Tereshko et al., 2022). Similarly, the data presented in this
chapter reveal that approximately 40% of cells in the spinal cord region of
interest from control embryos are ciliated, a percentage that is higher
compared to what observed in the embryonic hippocampus of control mice.
Overall, these findings are in line with previous studies demonstrating that the
presence of primary cilia varies across different regions of the CNS (Zhai et
al., 2025).

Furthermore, with this study | explored the correlation between primary cilia
function and structure. To reliably investigate primary cilia morphology, |
established in vitro system of embryonic hippocampal cells and revealed
structural defects in the axoneme of primary cilia in SMA embryos. This
observation is in line to what has been reported in many ciliopathies and
neurodevelopmental disorders, where primary cilia are often found to be fewer
in number and shorter in length, as observed in some patients suffering from
Bardet-Biedl and Joubert syndromes (Hardee et al., 2017; Hernandez-
Hernandez et al., 2013).

Most importantly, | demonstrated that primary cilia phenotypes are driven
directly by SMN deficiency, being amenable to rescue following therapeutic
intervention in vitro using risdiplam to restore SMN levels. Risdiplam is a small-
molecule drug that was approved in 2021 for treating SMA patients. It works
by targeting the splicing of the centromeric SMN2 gene to increase overall
levels of the functional SMN protein (Ratni et al., 2021). Excitingly, risdiplam
was successful in increasing SMN levels in hippocampal cell culture leading to
a significant rescue of primary cilia morphology back to control levels. This
result highlights the correlation between SMN deficiency and primary cilia
defects, highlighting the importance of studying primary cilia in the context of
SMA pathogenesis.
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In light of this, the current findings propose a new approach to the study of the
developmental manifestations of SMA, focusing on the disruption of primary
cilia in the prenatal CNS and its impact on social behaviour and cognition.
Numerous recent patient-based studies have reported deficits in attention,
memory and language, as well as autism-like symptoms such as difficulties in
social communication and interaction, in SMA patients (Baranello et al., 2024;
Masson et al., 2021). In addition, postnatal investigations in both SMA mouse
models and human patients have already described hippocampus disruptions,
characterised by reduced neurogenesis and structural abnormalities (Mugisha
et al., 2023; Wishart et al., 2010).

Primary cilia play a key role in the early stages of brain development,
particularly in the formation of the hippocampus, regulating the proliferation,
migration and signalling of neural progenitor cells. (Amador-Arjona et al.,
2011). Consequently, patients with ciliopathies, where primary cilia disruption
occurs in the brain, have been reported to have hippocampal dysgenesis and
volume loss alongside learning and memory deficits (Baker et al., 2011;
Bennouna-Greene et al., 2011; Berbari et al., 2014; Rhee et al., 2016). Thus,
as the neurodevelopmental symptoms recently reported in some SMA patients
resemble those observed in ciliopathies, this study proposes that primary cilia
defects in the CNS during prenatal development may be a novel cellular
phenotype contributing to these symptoms.

To further address this hypothesis, the next chapter of this thesis will explore
the biological consequences of risdiplam treatment on hippocampal primary
cilia in vivo. This will enable me to investigate the impact of prenatal
therapeutic intervention on SMA, as well as its subsequent effects on the
primary cilia phenotype observed in CNS of Taiwanese mouse embryos.

138



Chapter 6: In utero SMN-replacement therapy
increases SMN protein levels in the brain of
SMA mouse embryos and rescues primary cilia

phenotypes

6.1 Introduction

Before the introduction of therapeutic interventions, SMA patients were mostly
supported by palliative care, in the most severe cases, or by pulmonary and
nutritional support and physical therapy for patients with milder symptoms
(McPheron & Felker, 2024). Since 2016, three gene-targeted disease
modifying therapies have been approved to treat SMA patients, each of them
with a different mechanism of action, but all designed to enhance full-length
SMN protein production (Chaytow et al., 2021).

The therapy employed and discussed in this thesis is the one that was
approved most recently: risdiplam, or Evrysdi in its commercial name.
Risdiplam is a small molecule that acts as a splicing modulator directly binding
to the SMN2 pre-mRNA promoting exon 7 inclusion and thus, full-length SMN
protein production (Sivaramakrishnan et al., 2017). Thanks to a daily oral
administration, either as oral solution or tablet, risdiplam allows for systemic
treatment, efficiently distributing to the CNS and peripheral organs (Poirier et
al., 2018). Originally approved for administration to SMA patients aged over
two months and presenting with one to four copies of SMN2, the use of
risdiplam has now been extended for the treatment of presymptomatic babies
under two months old (Kakazu et al., 2021; Roche, 2022).

Regardless of the undeniable benefits that these treatments are providing to
SMA patients, it has become clear that they do not yet offer a cure. Specifically,
it is now widely accepted within the scientific community that there may be a
specific time window during which administering the treatment could lead to
significant benefits, and that this time window corresponds with the very early
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stages of the disease (Chaytow et al., 2024). Specifically, it has been
demonstrated that in physiological conditions SMN protein levels are higher
prenatally, in particular in the second and third trimester of gestation, and then
undergo a rapid decrease after birth (Motyl et al., 2020; Ramos et al., 2019).
For this reason, more and more preclinical and clinical studies have recently
been exploring a prenatal therapeutic approach to treating the most severe
forms of SMA (Borges et al., 2025; Richard S. Finkel et al., 2025; Kong et al.,
2021).

As with this work | unveiled a primary ciliopathy phenotype manifesting in the
SMA central nervous system during the embryonic stages of the disease, |
wanted to explore whether the prenatal delivery of risdiplam could intervene
and correct these developmental perturbations. Thanks to a close
collaboration with Dr. Yu-Ting Huang (UoE), | was able to perform an in utero
transplacental treatment on Taiwanese mice embryos and demonstrate that
our approach can restore SMN protein levels and rescue primary cilia defects
in the prenatal brain of SMA mice treated with risdiplam.
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6.2 Aim

The aim of this chapter is to explore the impact of prenatal therapeutic
intervention on the primary cilia phenotype observed in the brain of SMA
mouse embryos. To achieve this, we established and validated an in utero
transplacental treatment approach using an existing SMN-restoring therapy,
risdiplam. First, this allowed us to investigate the efficacy of our method in
restoring SMN protein levels in the brain SMA mouse embryos. Second, it
enabled us to examine the subsequent impact on prenatal primary cilia
phenotypes.
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6.3 Results

6.3.1 Efficacy and safety of in utero risdiplam treatment approach

Given the prenatal nature of the primary cilia defects observed in the
hippocampus of Taiwanese mouse embryos, and the rescue outcomes of
risdiplam on hippocampal cell cultures, we decided to explore the effects the
SMN-restoring therapy in our in vivo model when administered in utero.
Similarly to what previously described in cell culture experiments, for the in
vivo treatment we used risdiplam, purchased from Cayman Chemical company
(Ratni et al., 2018). For the correct establishment of the therapeutic protocol,
we performed an initial series of pilot experiments, where we treated one
pregnant dam with risdiplam during early gestation. To determine the most
effective dosage, we followed the approach previously published by Ratni et
al., who tested a series drug concentration from 0.3 - 10 mg/kg for oral
therapeutic intervention in mouse models of SMA, and defined that both
methodologies were safe, as well as efficient in distributing risdiplam to the
CNS and peripheral organs (Poirier et al., 2018; Ratni et al., 2018). Moreover,
previous work in the lab performed by Dr. Yu-Ting Huang demonstrated that a
four-day course oral treatment with 10 mg/kg of risdiplam was effective in
restoring SMN protein levels in the spinal cord of SMA Taiwanese mouse
embryos. Based on this evidence, we designed an optimised therapeutic
approach that would enable us to administer a lower dose of the drug while
still ensuring its safety and efficacy.

Thus, in our pilot experimental design, the pregnant dam was treated with 5
mg/kg of risdiplam given by oral gavage (PO) for five consecutive days, starting
from E10.5. To then assess the transplacental passage efficacy of risdiplam,
we collected the embryos at E15.5, when brains were microdissected to allow
quantification of SMN protein levels using western blot, following the method
previously established in our lab (E. J. N. Groen et al., 2018) (Figure 6.1A).

In total, we analysed SMN protein levels from three untreated controls and
SMA embryos and one control and four SMA embryos treated with risdiplam

(Figure 6.1B). After normalising each value to the total protein quantity for
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each sample obtained from the total protein stain, the quantification revealed
that the treatment approach was sufficient to generate a 1.9-fold increase in
SMN levels in the brain of treated SMA embryos compared to SMA embryos
that did not undergo any therapeutic intervention (Figure 6.1C).

Importantly, we observed that the oral treatment with risdiplam was well
tolerated by the pregnant dam, as well as the embryos, with no adverse events
or phenotypes.
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Figure 6.1 In utero risdiplam administration to the pregnant dam
increases SMN protein levels in SMA embryos. (A) Schematic showing
experimental design for short duration, in utero SMN replacement therapy via
oral administration to the pregnant dam at 5 mg/kg dose. After five consecutive
days of oral gavage, the embryos were collected at E15.5 and SMN protein
levels were assessed in the brain using western blot. (B) Full immunoblot from
E15.5 brain tissues and total protein stain used to normalise total quantity of
the protein for each sample. Each lane represents one embryo. N=3 for
untreated control and SMA, and N=1 and 4 for risdiplam-treated control and
SMA, respectively. (C) Quantification of relative SMN levels from (B). SMN
protein quantification values for the untreated control sample were not included
in the statistical analysis as N=1. Scatter dot plot with mean with SEM. **p-
value < 0.01, one-way ANOVA. One datapoint corresponds to one embryo.
N=3 embryos for control and SMA, N=4 embryos for risdiplam-treated SMA.
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6.3.2 In utero risdiplam treatment administered in early gestation

The success of the pilot transplacental experiments confirmed the safety and
efficacy of our in utero transplacental treatment approach. Therefore, we
proceeded to perform a full set of experiments to be able to assess impacts of
treatment on primary cilia defects at the key developmental stage of interest:
E14.5. To achieve this, we treated three pregnant dams with risdiplam 5 mg/kg
for five consecutive days via oral delivery, this time starting from gestational
day E9.5 (Figure 6.2A). Following the therapeutic approach described above,
we collected embryos at E14.5 after daily pharmacological administration and
microdissected the brain tissue. Half of the tissue was fixed and prepared for
immunohistochemistry, while the rest was frozen and prepared for protein

extraction.

Prior to primary cilia investigation, we wanted to re-confirm that risdiplam
administration had increased SMN protein levels, even when administration
started at an earlier stage of gestation. We therefore performed western blot
for SMN protein quantification in the E14.5 brain from three untreated controls
and SMA, and six SMA embryos treated with risdiplam in utero (Figure 6.2B).
After total protein quantity normalisation, the western blot analysis confirmed
a significant increase in the levels of SMN protein in the brain of treated SMA
embryos compared to untreated embryos (Figure 6.2C). This result was in
accordance and comparable to the increase effect of SMN protein observed in
the pilot experiment described above. Notably, as the pilot data indicated that
transplacental treatment with risdiplam does not affect SMN protein levels in
untreated control embryos, this group was not included in subsequent
experimental design.

It is worth mentioning that the early therapeutic approach adopted at E9.5 was
well tolerated by both the pregnant dams and the embryos, and no harmful
events or abnormalities were reported. As we established the transplacental
efficacy of risdiplam in restoring SMN protein levels in the embryonic SMA
brain when administered in the early stages of gestation, we can now proceed
to evaluate the biological consequences of this increase.
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Figure 6.2 Early gestation in utero risdiplam administration increases
SMN protein levels in SMA embryos. (A) Schematic showing experimental
design optimised for early gestation in utero SMN replacement therapy via oral
administration to the pregnant dam at 5 mg/kg dose. After five consecutive
days of oral gavage, the embryos were collected at E14.5 and the brain tissue
were microdissected to allow primary cilia investigation and SMN protein
quantification. (B) Immunoblot and total protein stain of SMN levels from brain
tissues from control, SMA and risdiplam-treated SMA embryos at E14.5. Each
lane represents one embryo. (C) Quantification of relative SMN protein levels
analysed from (B). Scatter dot plot with mean with SEM. **p-value < 0.01, one-
way ANOVA. One datapoint corresponds to one embryo. N=3 for untreated
control and SMA, and N=6 for Risdiplam-treated SMA.
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6.3.3 Primary cilia defects are rescued in the embryonic SMA brain

following risdiplam prenatal transplacental delivery

In the previous chapter of this thesis, | revealed SMN-dependent defects of
primary cilia occurring in the hippocampus of SMA mouse embryos at E14.5.
As we designed a safe in utero therapeutic approach able to efficiently restore
SMN protein levels prenatally, here | investigate whether primary cilia

disruption could be rescued by early gestation delivery of risdiplam.

After treating pregnant dams with risdiplam via oral delivery for five
consecutive days starting from E9.5, | collected the embryos once reached the
developmental stage of interest (E14.5). At this point, | microdissected the
brain tissue, fixed with paraformaldehyde at 4% and embedded in paraffin for
microtome sectioning. In order to obtain data from SMA samples treated with
risdiplam that were directly comparable with that obtained from untreated
samples, as described in chapter 5, | adopted a consistent approach
throughout the experiment, from tissue preparation and sectioning to
immunohistochemistry and image analysis. Briefly, the wax blocks containing
the dissected brains from E14.5 SMA embryos treated with risdiplam were
sectioned at 10 ym thickness in coronal plane using a microtome, to clearly
visualise the hippocampus. The sections obtained were subsequently stained
using the previously described immunohistochemistry protocol, which involved
ARL13 and y-tubulin markers to label the axoneme and the basal body of
primary cilia, respectively. After the acquisition of three consecutive sections
from each embryo using a confocal microscope at high magnification, |
performed primary cilia density quantification in the area of interest, the
hippocampus, specifically in the region corresponding to the dentate gyrus.

The presence of primary cilia in the embryonic brain from controls, SMA
untreated and SMA treated with risdiplam is shown in figure 6.3 A, B and C,
identifiable by the axoneme, in green, and the basal body, in magenta.
Strikingly, after the normalisation of the total number of cilia to the total number
of nuclei labelled with DAPI, the quantitative analysis of cilia density showed a
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two-fold increase in primary cilia number in the hippocampus of SMA embryos
treated in utero with risdiplam compared to untreated SMA embryos, restoring
them to levels observed in littermate controls (Figure 6.3D).

Taken together, these results revealed that the prenatal transplacental delivery
of SMN-restoring therapeutics was sufficient to rescue primary ciliopathy
phenotypes in SMA mice in vivo.
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Figure 6.3 Primary cilia density is rescued in the hippocampus of SMA
mouse embryos following in utero risdiplam treatment. (A-C)
Representative confocal micrographs showing primary cilia in the
hippocampus of E14.5 from control (A), SMA untreated (B) and SMA
risdiplam-treated (C) embryos. Primary cilia were labelled with the ciliary
markers ARL13B (axoneme, in green) and y-TUBULIN (basal body, in
magenta). Scale bar 10 ym, zoom 2 ym. Coronal paraffin sections, 10 ym
thickness. (D) Quantification bar chart of primary cilia density in the
hippocampus of control, SMA untreated and SMA risdiplam-treated embryos.
Scatter dot plot with mean with SEM. One datapoint corresponds to one
embryo. N = 12 embryos for control, 13 for SMA untreated and 6 for SMA
risdiplam-treated. Data for control and untreated SMA are replotted from data
presented in chapter 5 of this thesis (Figure 5.5C). *p-value < 0.05, ****p-value
< 0.0001, one-way ANOVA.
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6.4 Discussion

In utero therapeutic intervention to treat SMA is a topic that has been the focus
of considerable discussion among researchers and clinicians in recent months
(Borges et al., 2025; Richard S. Finkel et al., 2025; Tizzano et al., 2025).

In this study, | have demonstrated the safety and the efficacy of prenatal
transplacental delivery of risdiplam in restoring SMN protein levels in the brain
of SMA embryos and consequently, in rescuing the primary ciliopathy

phenotype.

To date, a number of studies have explored in utero SMN replacement using
antisense oligonucleotides, viral vectors or small molecules in preclinical
mouse models of SMA (Borges et al., 2025; Butchbach et al., 2010; Chaytow
et al., 2024; Hua et al., 2010; Kong et al., 2021; Rashnonejad et al., 2019).
While the aforementioned studies concentrated on the neuromuscular aspects
of the disease, the results | presented in this chapter not only reinforce the
notion that an early therapeutic approach may be significantly beneficial for
SMA patients but also expand upon the prenatal phenotypes that can be
rescued by in utero SMN replacement intervention. Indeed, here | revealed
that primary cilia disruption occurring throughout the embryonic development
of the hippocampus, the region of the brain with a key role in memory and
cognition, can be rescued by prenatal treatment.

As recent findings from cohort studies have indicated the presence of
neurodevelopmental and mental disorders in children diagnosed with severe
forms of SMA, the results illustrated here suggest the hypothesis that in utero
intervention targeting the changes occurring in the embryonic CNS could prove
effective in addressing the recently described neurodevelopmental
comorbidities in SMA.

Notably, the first documented case of prenatal therapy for SMA in human
subjects was published in February 2025 (Richard S. Finkel et al., 2025). In
this single-patient investigation, risdiplam was administered orally during the

last six weeks of gestation to a healthy mother pregnant with a foetus
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diagnosed with SMA type |, demonstrating the efficacy of transplacental drug
delivery and potential early intervention benefits. Despite the significant
contribution of this single-case study to our understanding of the advantages
of prenatal SMA treatment, further research is essential to address unresolved
issues. For instance, despite undergoing treatment during gestation, the infant
girl born with SMA exhibited motor development delays and abnormal brain
development, suggesting the presence of SMA features not entirely resolved
by administering risdiplam prenatally. One potential explanation for the
incomplete rescue of symptoms may be attributed to the delayed initiation of
treatment. It has indeed been established that the expression of the SMN
protein reaches its peak during the second trimester of pregnancy, and that
this is essential for the normal prenatal development (Kong et al., 2021; Moty
et al., 2020; Ramos et al., 2019). While a direct comparison between human
and murine gestation is challenging, the key difference between the clinical
case and our study lies in the timing of intervention. While in the pregnant
mum, the treatment was initiated from 32 weeks of gestation, in our study
risdiplam administration began at E9.5, allowing for earlier targeting of
embryonic processes. Notably, our study also revealed that the short dosing
regimen we employed (a maximum of five days out of a total gestation period
of twenty days in mice) was sufficient to have a significant impact on the
prenatal primary cilia phenotype.

Finally, one consideration is worth mentioning is that, to date, no prenatal
therapeutic interventions have been specifically designed to target primary cilia
defects during embryonic development. Despite researchers actively focusing
on developing gene therapy approaches and small-molecule combinatorial
therapeutic strategies, the current management of ciliopathies remains largely
limited to postnatal care and the alleviation of symptoms (Kim & Kim, 2019).
While the significant challenge in implementing a gold-standard therapeutic
approach is likely due to the high genetic heterogeneity of ciliopathies, this

study provides with novel insights on prenatal primary cilia biology and
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treatment, which may encourage cross-disciplinary efforts into the
development of novel potential therapeutic strategies in these disorders.
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Chapter 7: General Discussion

7.1 Summary

The overall aim of this thesis was to demonstrate the validity and relevance of
exploring prenatal manifestations of SMA occurring in the embryonic central
nervous system. This investigation led me to the identification of a novel
cellular phenotype involving primary cilia, which | demonstrated to be
amenable to in utero therapeutic intervention using a SMN-restoring treatment.
To achieve this, | employed the widely accepted “Taiwanese” mouse model of
severe SMA to study the morphological and molecular processes underpinning

prenatal disease pathogenesis.

To demonstrate the reliability of the chosen preclinical model, in the first results
chapter of this thesis | illustrated how the prenatal development of mouse brain
can be staged and monitored to allow investigation of fundamental cellular
processes, such as cell proliferation. The employment of the Ki67 proliferation
marker enabled me to identify reduced cell proliferation occurring in the
hippocampus of SMA mouse embryos at E14.5. Given the proven reliability of
the “Taiwanese” mouse model to study embryonic development of the brain in
SMA disease, these findings allowed me to proceed with more in-depth cellular

and molecular investigations.

Therefore, to explore whether the cellular proliferation phenotype observed
could be due to defects occurring at the molecular level, the second result
chapter of this thesis was centred on the study of protein translation in
“Taiwanese” mouse embryos at E14.5. While | observed no overt changes in
the overall levels of translation, ribosome profiling highlighted defects in the
translation of genes involved in a cellular organelle never previously

associated with SMA: the primary cilium.

Given the critical relevance of the role of primary cilia in guiding embryonic
development of the brain, in the third chapter of this thesis | explored the
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biology of primary cilia in the context of prenatal SMA. In vivo, | revealed a
significant decrease in the number of primary cilia in both the hippocampus
and the spinal cord of “Taiwanese” mouse embryos. In vitro, | showed that the
length of the axoneme of primary cilia was shortened in SMA hippocampal cell
culture, and that this phenotype was rescued by the SMN-restoring treatment
risdiplam.

Finally, in the last result chapter of this thesis | demonstrated that the
implementation of in utero transplacental treatment with risdiplam is able to
restore  SMN protein levels and rescue primary cilia density in the

hippocampus of “Taiwanese” mouse embryos.

7.2 Prenatal developmental brain defects in SMA:

where preclinical research meets clinical observations

By providing novel insights into the molecular and cellular processes
underpinning prenatal stages of SMA disease, this study has highlighted the
feasibility and the relevance of studying embryonic brain development using
preclinical models. This aspect is particularly important when put in the context
of the neurodevelopmental comorbidities recently observed by physicians in
some SMA patients, and more specifically in those presenting with the most
severe forms of the disease (Masson et al., 2021). Indeed, to be able to gain
a comprehensive understanding of the developmental causes underpinning
these phenotypes, a close collaboration between clinical and preclinical
realities has never been so urgently required.

It is evident that clinical observations are vital components of a patient’s
assessment, as they provide invaluable insights into the natural progression of
symptoms and the efficacy of real-life treatment approaches. In this scenario,
preclinical research represents a complementary asset, as it is essential to
unveil novel in-depth mechanistic insights underlying the symptoms observed,
to test new potential therapies and to identify the most effective timing for
intervention (Signoria et al., 2023; Yeo et al., 2024).
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Consequently, within the context of prenatal neurodevelopment in SMA and of
the cognitive impairments observed in patients, this study introduces novel
insights concerning cellular defects occurring in the hippocampus, a region of
the brain that is critical for cognition and social behaviour (Bird & Burgess,
2008; Fortin et al., 2002; Rubin et al., 2014). Based on these findings,
physicians may consider targeting this area and functions for further

observation and assessment in SMA patients.

Similarly, this study has revealed primary cilia impairments in the prenatal
hippocampus of SMA mouse embryos. To date, and to the best of my
knowledge, this is the first evidence of a primary ciliopathy in the context of
SMA pathology. It may represent, therefore, a novel translational opportunity
where clinicians may integrate insights from exiting ciliopathy disorders into
the assessment and interpretation of SMA disease.

Finally, this study has also demonstrated the safety and efficacy of in utero
transplacental treatment with risdiplam to rescue the primary cilia phenotype
in the central nervous system of SMA mice. In light of the increasing emphasis
on prenatal care for SMA in clinical settings (Tizzano et al., 2025), it is crucial
to explore potential consequences of this approach in prenatal preclinical
models. Therefore, this study could contribute to the advancement of this
therapeutic approach and facilitate the identification of the optimal conditions
for establishing a safe and effective prenatal therapeutic intervention in SMA

patients.

7.3 In utero therapeutic intervention: the emerging

consensus

As mentioned above, the identification of prenatal primary cilia defects in SMA
and their amenability to SMN-restoring therapy delivered during the embryonic
stages of development, provides novel mechanistic insights that reinforce the
idea of the efficacy of early therapeutic strategies. A recently published case
study by Finkel and colleagues described the first preliminary results of a single
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case of prenatal treatment delivered to a foetus diagnosed with SMA Type | by
orally administering risdiplam to the mother (Richard S. Finkel et al., 2025).
Notably, at the 18-month follow-up, the infant presented with a partially
mitigated SMA phenotype. Importantly, however, developmental delays and
brain abnormalities were evident. While this single case is highly encouraging
with regards to the application of DMTs to foetuses with SMA, it also serves to
highlight the necessity for a re-definition of the methodology of SMA prenatal

therapeutic intervention.

In light of this evidence, the SMA clinical and preclinical field is actively
exploring new approaches and applications to make in utero treatments more
effective. To cite one of the latest preclinical efforts into exploring prenatal
intervention in SMA, earlier this year, Borges et al. demonstrated the feasibility
of antisense oligonucleotide (ASO) intra-amniotic treatment in mouse embryos
and foetal sheep (Borges et al., 2025). Notably, they described this approach
as minimally invasive and able to enhance SMN protein expression in multiple
tissues, hereby ameliorating SMA phenotypes.

Furthermore, given the monogenic nature of the disease, SMA is an excellent
candidate for in utero gene replacement therapy (Haque & Yokota, 2024). In
this regard, in 2019 Rashnonejad and colleagues described the first use of in
utero gene therapy in an SMA mouse model (Rashnonejad et al., 2019). The
study explored the optimal administration route of the AAV9, demonstrating a
rescue of the muscle atrophy phenotype. However, the medial survival
remained below control levels, and most significantly, low survival to full
gestation was observed, suggesting a potential inflammatory response and

safety issues.
The evidence discussed here, together with the findings described in this

thesis, offers an overview of the current direction of clinical and preclinical

research. The overall aim is therefore to have a more comprehensive
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understanding of SMA prenatal manifestations and to design the most effective
and safe therapeutic intervention to address them in utero.

7.4 Can we consider SMA as a ciliopathy?

The definition of ciliopathies used and recognised today was firstly adopted by
Badano et al. to indicate the varied phenotypes caused by mutations that
disrupt cilia structure and functions (Badano et al., 2006). The term ciliopathy
has also been more broadly used to described disorders characterised by cilia
defects and dysfunctions (O’'Toole et al., 2010). As a result, a recent survey of
the Human Phenotype Ontology database estimated that more than 300
additional human disorders, not classified as a ciliopathy, present with a
phenotypic spectrum that involves defects in cilia (Lovera & Luders, 2021; Mill
et al., 2023). In this regard, while the causative gene of SMA does not directly
encode for a ciliary protein, in this study | have unveiled that the insufficient
levels of the SMN protein, caused by deletions on the Smn1 gene, cause
widespread defects in the translation of proteins involved in primary cilia in

“Taiwanese” mice.

As primary cilia are known to play crucial roles in coordinating essential
signalling pathways involved in the control of the development and
homeostasis of tissues and organs (Mill et al., 2023), it is not surprising that
the clinical manifestations of ciliopathies affect multiple organs, including brain,
liver and kidney and skeleton (Waters & Beales, 2011). Notably, these organs
have been reported to be affected also in SMA disease (Allardyce et al., 2020;
Hamilton & Gillingwater, 2013; Motyl et al., 2020; Yeo & Darras, 2020).

Primary cilia are key organelles for the correct development of the CNS (Mill
et al.,, 2023). As a result, many well-known ciliopathies, such as Joubert
syndrome and Meckel syndrome, exhibit common neurological malformations
accompanied by intellectual disability (Park et al., 2019). In this study | have
focused my investigation on the hippocampus, revealing neuronal primary cilia

defects in SMA. Notably, several studies have also reported hippocampal
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abnormalities in some patients with ciliopathies (Baker et al., 2011; Bennouna-
Greene et al.,, 2011; Berbari et al., 2014; Rhee et al, 2016). These
observations not only demonstrated the presence of hippocampal dysgenesis
but also provided a correlation between hippocampal primary cilia loss and
learning and memory deficits. Consequently, the observations presented in
this thesis may contribute a novel perspective on the neurodevelopmental

comorbidities observed in some SMA patients.

In the first result chapter of this thesis, | also showed the occurrence of cell
proliferation defects in the hippocampus of SMA mouse embryos. This could
be speculated to be one of the functional consequences of primary cilia
impairment. Indeed, it has been demonstrated that the assembly and
disassembly of primary cilia are dependent on and impact cell cycle
progression (Wang & Dynlacht, 2018) . Specifically, under physiological
conditions, cilium assembly occurs during the non-proliferative GO phase, and
it disassembles during the proliferative G1/S phase of the cell cycle. Notably,
primary cilia function as specialised signalling hubs coordinating key
developmental pathways, such as Sonic Hedgehog and WNT, that regulate
essential cellular processes including cell proliferation and differentiation (Mill
et al., 2023). Consequently, the loss of primary cilia prevents the proper
transduction of these signals, which in turn may lead to impaired cell
proliferation and tissue development.

In conclusion, as this study focused on the investigation of primary cilia
exclusively in the CNS of mouse embryos, it may be premature to strictly re-
define SMA as a ciliopathy. Nevertheless, it is hoped that the findings
described in this thesis and the evidence discussed may provide a solid
foundation to stimulate the SMA field to deepen the primary cilia study in
multisystem preclinical models and in clinical settings, to evaluate the
presence of ciliopathy manifestations in SMA patients.
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7.5 Future perspectives

This study has contributed to the enrichment of understanding regarding the
neurodevelopmental manifestations occurring in SMA and has uncovered
novel molecular and cellular insights which potentially contribute to the disease
pathogenesis. Nonetheless, further research is required to expand upon these
findings and establish their clinical relevance.

Alongside the investigation of prenatal manifestations in different organs, the
exploration of the early stages of brain development has becoming
increasingly crucial to understand the novel neurocognitive phenotypes
observed in SMA patients (Baranello et al., 2024; Buchignani et al., 2025). For
this reason, as this study solely focused on the hippocampus, the assessment
of other anatomical areas is imperative. One innovative approach with the
potential to provide significant insights into this extensive investigation could
rely on the implementation of whole-brain optical imaging (Ding et al., 2022;
Jiang et al., 2023). This technique has been recently established for the study
of the brain in rodent animal models and has been proven to be a functional
tool in the study of neurodevelopmental disorders (Craigie et al., 2025). Given
the complexity of the structural organisation of the brain, this technique could
facilitate the simultaneous mapping of multiple developmental markers across
all areas of the brain. While potentially holding limitations, the integration of
this technique could provide a comprehensive overview of the early stages of
the development of the brain in preclinical models of SMA disease.

Further work could also be conducted with the aim of exploring early
developmental defects in the different mouse models currently available in
preclinical research to study SMA. Although the “Taiwanese” mouse model
employed in this study reliably recapitulates key genetic and phenotypic
features of the disease, additional SMA mouse models have been developed
using alternative genetic strategies. For instance, the 2B mouse model carries
a mutation affecting the splicing of the endogenous Smn gene, presenting with

a milder phenotype compared to “Taiwanese” mice and allowing the
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investigation of the disease mechanisms at later stages (Mélissa Bowerman
et al., 2012). Consequently, validating the findings presented in this thesis
using additional models with different genetic modifications and disease
severities would strengthen the robustness and translational relevance of the

results.

An additional relevant contribution to the SMA field could be represented by
an expanded investigation of the prenatal translational defects. Indeed, the
primary cilia defects observed in this study have been identified thanks to the
analysis of DEGs datasets obtained from ribosome profiling. As demonstrated
in the present study, primary cilia phenotypes in the hippocampus of SMA
mouse embryos were rescued by delivering an SMN-restoring therapy in utero.
As a result, it would be of significant interest to perform ribosome profiling on
tissues harvested from mouse embryos treated prenatally with risdiplam, with
the objecting of investigating whether the disruption in protein translational can
be rescued by prenatal therapeutic intervention.

Finally, in this study | have demonstrated that the “Taiwanese” mouse is a
powerful and reliable model that can be used to study neurodevelopment and
the molecular and cellular defects occurring in the prenatal brain. However,
given the novel and often serious neurodevelopmental comorbidities, including
cognitive defects and autism spectrum disorder, observed in some SMA
patients, is it evident that there is the need for an ideal preclinical model for
studying cognition and neurodevelopmental behaviours (Baranello et al., 2024;
Buchignani et al., 2025). To overcome this lack of an appropriate tool, a
significant enhancement for the field could be the generation of a rat model for
SMA, which would allow the evaluation of neurobehavioral aspects as well as
responses to therapeutic intervention. Compared to mice, rats are
characterised by a more complex social behaviour and cognitive capacities
and therefore would represent a perfect preclinical model for assessing
learning, memory, attention and social interaction (Ellenbroek & Youn, 2016;
Parker et al., 2014). In this regard, several behavioural tests exist to investigate
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neurodevelopmental phenotypes in newborn rats: the ultrasonic vocalisation
test can be used to assess emotional behaviour and communication
(Boulanger-Bertolus & Mouly, 2021), the huddling test to study social
behaviour (Alberts, 2007), and the maternal odour preference test to
investigate learning and memory (Sreng et al., 2016). As a result, the
integration of the neurobehavioral data obtained from this preclinical model
into clinical practice could facilitate the development of a standardised
cognitive assessment for SMA patients.

7.6 Final remarks

Alongside presenting and discussing the scientific findings collected during my
PhD, this thesis has retraced the major milestones achieved in the
understanding SMA disease, from the identification of the SMN17 gene over a
century ago, to the development and implementation of treatments, and the
clinical observation of unexpected clinical manifestations. As a researcher
dedicated to the study of SMA, | believe that this present time represents one
of the most exciting and challenging chapter in the history of the disease. The
advances made are remarkable, yet they represent not an endpoint but rather
the foundation for a new era. As the natural history of SMA has been reshaped
by disease-modifying therapies, it becomes essential the ongoing monitoring
of patient symptoms, the refinement of therapeutic approaches, and the
identification of the most beneficial strategies to provide patients with care and
support.
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