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Abstract

Gaucher disease is a lysosomal disease caused by a mutation in the GBA/ gene. This gene
encodes the lysosomal enzyme glucocerebrosidase (Gcase), which is responsible for the degradation of
glucosylceramide into glucose and ceramide. Therefore, when a loss-of-function mutation occurs in the
GBAI gene, there is an abnormal accumulation of glucosylceramide in the lysosomes, responsible for
the increase in volume of lysosomes. This disease presents a very wide spectrum of phenotypic
manifestations, the most frequent of which is hepatosplenomegaly, and, in some situations, there may
be involvement of the nervous system. Cilia are highly conserved and complex organelles that function
as chemical and mechanical sensors of cells, presenting receptors for various signaling pathways such
as Sonic Hedgehog (Shk) on their ciliary membrane.

To try to understand which changes in genetic expression are associated with Gaucher disease,
studies previously carried out in the laboratory of Prof.* Dr.* Maria Carmo-Fonseca compared, through
RNA-seq, fibroblasts from apparently healthy individuals and individuals with Gaucher disease.
Surprisingly, the bioinformatic analysis of these results showed changes in the alternative splicing
pattern in a set of ciliary genes.

The objective of this project was to try to understand how lysosomal dysfunctions culminate in
changes in the regulation of genetic expression of primary cilium genes and whether these are reversible
after treatment of Gaucher fibroblasts with recombinant Gcease, the enzyme used in the treatment of
Gaucher patients. To this end, we morphologically analyzed the ciliary membrane and axoneme of
primary cilia through the Arl13b and acetylated a-tubulin staining respectively, from Gaucher
fibroblasts. After morphological analysis, we verified an increase in ciliary length in Gaucher fibroblasts
compared to control one, which was reversed through treatment with Gcase. We also identified
anomalies in the ciliary membrane and in the cilium axoneme of Gaucher fibroblasts, related to the
pattern of acetylated a-tubulin that were slightly recovered upon treatment.

Keywords: Lysosomal storage diseases, Gaucher disease, Primary cilia, Lysosome, Splicing
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Resumo

As doengas lisossomais sdo doengas genéticas raras, autossdmicas recessivas, provocadas por
mutagdes em genes que codificam proteinas lisossomais. Estas mutacdes conduzem a alteragdes no
metabolismo de degradacdo de moléculas no interior dos lisossomas provocando disfunc¢des lisossomais
0 que, em ultima instancia culmina com a morte da célula. A doen¢a de Gaucher ¢ a doenca lisossomal
mais prevalente, com uma prevaléncia estimada de 1:40,000 to 1:60,000, sendo provocada por uma
mutagdo no gene Glucosilceramidase betal, GBAI. Este gene codifica uma enzima lisossomal, a
glucocerebrosidade (Gcase) que ¢ responsavel pela degradagdo da glucosilceramida em glicose e
ceramida; assim, quando ocorre uma mutac¢ao com perda de funcdo no gene GBAI, em homozigotia, ha
uma acumulacdo anormal de glucosilceramida nos lisossomas das células, responsavel pelo aumento do
volume dos lisossomas levando a um aumento do tamanho da célula particularmente nas células com
uma intensa atividade lisossomal, como o caso dos macréfagos.

A doenca de Gaucher encontra-se dividida em trés subtipos clinicos: I, II e III. O subtipo I &
caraterizado por uma hepatoesplenomegalia (aumento do bago e do figado), sendo este tipo o unico no
qual os pacientes sdo elegiveis para tratamento de recombinagdo enzimatica com Gcase recombinante.
Os subtipos II e III caraterizam-se por comprometimento do sistema nervoso, sendo o subtipo II uma
forma aguda da doenga (manifestando-se nas criangas levando a morte dos pacientes entre os 2 a 3 anos
de idade), e o subtipo IIIl uma forma cronica de Gaucher. Atualmente a terapia mais eficaz passa pela
reposi¢do enzimatica com a administragdo da Gcase recombinante nomeadamente a Imiglucerase.
Apesar da divisdo clinica em subtipos, a doenga € caraterizada por apresentar um espetro muito alargado
de manifestagoes fenotipicas, ndo existindo uma relagdo bem estabelecida entre as muitas mutacgdes
existentes no gene GBAI e a gravidade do fendtipo apresentado. Para além disso, sabe-se que existe
uma relacdo entre a doenga de Gaucher e a doenga de Parkinson, na medida em que os individuos que
apresentam mutagdes, em heterozigotia, no gene GBAI t€m uma maior predisposi¢do para
desenvolverem Parkinson numa fase tardia da sua vida. No decorrer deste projeto a Gease utilizada foi
a Imiglucerase, fornecida pelo departamento de ensaios clinicos do Hospital de Santa Maria.

Os cilios sdo estruturas altamente conservadas e complexas, que se projetam a partir do corpo
basal da superficie celular, estando divididos em dois grupos: (1) os cilios imoveis ou sensoriais também
conhecidos como cilios primarios, que apresentam um rearranjo de 9+0 (9 dupletos de microtubulos
sem o dupleto de microtiibulos central) e, (2) os cilios moveis com um rearranjo de 9+2 (9 dupleto de
microtibulos que rodeiam o dupleto central). Os cilios primarios apresentam sobretudo uma fungéo
sensorial quimica e mecanica, funcionando assim como antenas das células permitindo as mesmas
receber informagdo do meio extracelular e converté-lo num sinal intracelular. Estas estruturas
encontram-se ancoradas & célula por via do corpo basal, de onde emergem os axonemas. A semelhanga
de outras estruturas celulares os cilios apresentam uma membrana constituida maioritariamente por
lipidos nomeadamente por ceramida. Dentro dos cilios ainda € possivel encontrar proteinas responsaveis
pelo transporte de moléculas numa direcdo bidirecional ao longo do cilio, nomeadamente as proteinas
de transporte intraflagelar (IFTs). Os cilios sdo constituidos por quatro partes principais, o corpo basal,
a zona de transicao, o axonema e a membrana ciliar. Em relacdo ao axonema, esta estrutura € constituida
por microtibulos compostos por a-tubulina e B-tubulina no qual o processo de acetilagdo da a-tubulina
¢ responsavel por manter a integridade e a estabilidade destas estruturas.

De forma a tentar perceber quais as alteragdes na expressdo genética associadas a doenga de
Gaucher, o grupo da Prof.* Dr.* Maria Carmo-Fonseca comparou, através de RNA-seq, os fibroblastos
primarios de trés individuos com Doenga de Gaucher e de trés individuos aparentemente saudaveis

(controlo), tendo-se encontrado apods analise bioinformatica destes dados, alteragdes no padrdo de
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splicing alternativo num conjunto de genes ciliares. O splicing € o processo através do qual ocorre a
remocao dos introes ¢ a ligacdo dos exodes levando a maturagdo do pré-mRNA em mRNA. Durante este
processo, enquanto alguns exdes, os chamados exdes constitutivos, sdo sempre incluidos no mRNA
maduro, outros, os chamados exdes alternativos, podem ser ou ndo, num fenémeno designado por
splicing alternativo. Estima-se que este mecanismo de splicing alternativo, onde determinados exdes
presentes no pré-mRNA podem ser ou ndo incluidos no mRNA final, ocorra em > 90% dos transcritos
humanos, levando a formacdo de mRNAs que irdo codificar diferentes isoformas da proteina inicial,
sendo este o principal mecanismo responsavel pela enorme diversidade do nosso proteoma. Como se
encontraram altera¢des no padrao de splicing entre fibroblastos controlo comparativamente com os de
Gaucher em genes ciliares, surgiu uma parceria entre o grupo da Prof.* Dr.* Maria Carmo-Fonseca do
Instituto de Medicina Molecular e o grupo da Prof.* Dr.* Susana Lopes da Nova Medical School
Research, com o objetivo de esclarecer a relag@o entre cilios primarios ¢ doenca de Gaucher.

Face ao exposto, este projeto teve como objetivo compreender de que forma disfuncdes
lisossomais culminam em alteragdes na regulacdo da expressao genética de genes do cilio primario e se,
estas sdo reversiveis apos tratamento de fibroblastos de Gaucher com Gcase recombinante durante 5
dias. Para tal realizamos uma caraterizacdo morfologica detalhada da membrana ciliar, através da
marcagdo da proteina ARL13b altamente enriquecida nesta membrana, e do axonema, através da
marcagdo por imunofluorescéncia da a-tubulina acetilada, dos cilios primarios de fibroblastos de
individuos portadores da doenca de Gaucher. Avaliamos funcionalmente as vias de transducdo de sinal
associadas ao cilio primario, nomeadamente a via Sh#, assim como os niveis de expressdo das proteinas
de transporte intraflagelar, em fibroblastos de individuos aparentemente saudaveis comparativamente
com os de individuos portadores da doenga de Gaucher. Por outro lado, validamos vérios eventos
diferenciais de splicing alternativo em seis genes ciliares (AKNA, CDK20, IFT8S, IFT122, OFDI ¢
TTC23), previamente detetados por RNA-seq.

Através da andlise morfologica verificamos um aumento do comprimento ciliar nos cilios
primarios em fibroblastos de individuos portadores da doenga de Gaucher comparativamente com os
fibroblastos de individuos aparentemente saudaveis, tendo sido este fenotipo revertido apos tratamento
com a Gcase. Por outo lado, através da marcacgdo por imunofluorescéncia com Arl13b verificamos que
amembrana ciliar estava irregular em cilios primarios de Gaucher. Em relag@o ao axonema ciliar, através
da marcacao por imunofluorescéncia da a-tubulina acetilada, observamos que em fibroblastos de
pacientes de Gaucher, havia alteragdes no processo de acetilagdo da a-tubulina nomeadamente o facto
da a-tubulina ndo estar presente ao longo de todo o cilio, existindo uma tendéncia para este fenotipo ser
revertido através do tratamento com a Gcase. Assim, em termos morfologicos, verificamos que as
altera¢Ges observadas na membrana ciliar s3o acompanhadas por alteragdes no axonema e que, apos
tratamento com a Gease, apenas conseguimos reverter o comprimento ciliar, aproximando-o dos valores
observados nos controlos. Associado as alteragdes morfologicas observadas, fibroblastos provenientes
de doentes de Gaucher apresentam uma hiperativagao da via de sinaliza¢do Shh, apos ativagdo quimica
desta via de sinalizagdo.Finalmente, no decorrer deste projeto validdmos ainda por qRT-PCR seis
eventos do splicing alternativo em genes ciliares previamente identificados por RNA-Seq,
demonstrando que as alteragdes morfologicas observadas nos cilios primarios de fibroblastos de
Gaucher estdo acompanhadas de alteragdes no padrao splicing alternativo de genes ciliares, as ultimas
das quais ndo sdo capazes de serem revertidas apos tratamento com Gcase.

Estudos anteriores identificaram uma relagéo entre o cilio primario e a doenga de Niemann-Pick
type C1, doenga lisossomal autossomica recessiva. Nestes estudos os autores observaram alteracdes na
morfologia do cilio relacionadas com a doenca, provando assim pela primeira vez uma relagdo entre
uma doenca lisossomal e o cilio primario. Tendo isto em conta, o presente estudo ¢ o primeiro a tentar
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estabelecer uma relagdo entre o cilio primério e a doenca de Gaucher. Apesar dos resultados obtidos ndo
nos elucidarem acerca de qual o mecanismo molecular pelo qual alteragdes lisossomais culminam em
alteragdes no cilio primario, podemos hipotetizar que as alteragdes observadas no cilio poderao estar
relacionadas com alteragdes em diversos processos entre os quais o transporte intraflagelar e o processo
de acetila¢do da a-tubulina, fruto de uma disfung¢ao lisossomal, culminando com alteragdes na regulacao
da expressdo genética de genes ciliares. No futuro, de forma a clarificar o mecanismo molecular
subjacente as alteragdes morfologicas observadas no cilio primario mais estudos serdo necessarios.

Palavras-chave: Doencas lisossomais, Doenca de Gaucher, Cilio primario, Lisossoma, Splicing
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Chapter 1. Introduction

1.1. Lysosomal storage diseases (LSD)

Lysosomal storage diseases (LSD) are a group of 70 rare, autosomal recessive genetic diseases
caused by mutations in the genes that encode lysosomal proteins'. These diseases have an estimated
prevalence of 1:5000 to 1:5500 and may be more prevalent in some populations, such as Ashkenazi
Jews!. LSD-causing mutations lead to alterations in the metabolism of degradation of molecules in
lysosomes, which causes lysosomal dysfunction, leading to an accumulation of substrates within the
lysosomes, causing cell dysfunction and death, which ultimately may lead to dysfunction and
degeneration of the organ affected!. Lysosomes are cellular structures responsible for the degradation
and recycling of macromolecules such as carbohydrates, proteins, nucleic acids, and lipids once these
molecules reach lysosomes through endocytosis, phagocytosis, or autophagy?. Thus, lysosomes play a
fundamental role in maintaining cellular homeostasis through the process of autophagy'~.

Clinically, LSD are quite heterogeneous and can affect different organs and systems, such as the
liver, spleen, cardiovascular system, central nervous system, which is very sensitive to lysosomal
dysfunction, among others'#. The diagnosis is made based on the symptoms experienced by the patient
and confirmed through analysis of enzymatic activity and genetic sequence'”. Regarding treatment,
there are several therapies available such as substrate reducing therapy (SRT), which reduces the
synthesis of accumulated substrates, hematopoietic stem cell transplantation (HSCT), where the patient
is transplanted with healthy cells that will secrete the missing enzyme, the pharmacological chaperone
therapy (PCT) that corrects the metabolic process through improves the activity of the dysfunctional
enzyme and enzyme replacement therapy (ERT), which is currently the most used'~". Considering that
most LSDs lead to impairment of the central nervous system, currently one of the biggest challenges in
relation to the treatment of these diseases is the fact that the treatments do not pass through the blood
brain barrier, making them ineffective for many LSDs*.

1.1.1. Gaucher disease

Gaucher disease is a rare, autosomal recessive lysosomal disease caused by a mutation in the
glucosylceramidase betal (GBAI) gene®. This disease is considered the most prevalent lysosomal
disease, with an estimated prevalence of 1:40,000 to 1:60,000, with a high incidence (approximately
1:800) in the Ashkenazi Jewish population®. The GBA! gene, located on chromosome 1g21, encodes the
lysosomal enzyme glucocerebrosidase (Gcase), responsible for the degradation of glucosylceramide
(GluCer) into glucose and ceramide®. Thus, loss-of-function mutations in the GBAI gene, in
homozygosity, lead to an abnormal accumulation of glucosylceramide inside the lysosomes, leading to
these cells being called Gaucher cells®!'°. This accumulation causes lysosomes to increase in size, leading
to a displacement of the nucleus and, consequently, to a morphological change in the cytoplasm®!°,
These changes are particularly evident in cells where lysosomal activity is intense, such as macrophages
and other cells with high phagocytic activity.”'°

There are three clinical subtypes of Gaucher disease: 1, II and II1%!°. Subtype I, the most
common, corresponding to ~ 90% - 95% of Gaucher patients, is characterized by hepatosplenomegaly
(enlargement of the spleen and liver)®!?. Subtypes II and III are characterized by impairment of the
nervous system, with subtype II being an acute form of the disease (manifesting itself in children,
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causing patients to have an estimated average life expectancy of 11.7 months), and subtype I1I a chronic
form of the disease!®. However, despite the clinical division into subtypes, the disease is characterized
by a very broad spectrum of phenotypic manifestations, and there is no well-established relationship
between the many mutations found in the GBA/ gene and the severity of the phenotype presented?®.

1.1.1.1. Diagnosis

Diagnosis involves a multidisciplinary approach that begins with a clinical evaluation, in which
the patient must present at least two of the following symptoms: hepatosplenomegaly, anaemia,
thrombocytopenia, bone lesions and central nervous system involvement'"'?. Additionally, the activity
of the lysosomal enzyme glucocerebrosidase is analysed in peripheral blood leukocytes, being the
disease diagnosis confirmed each time enzymatic activity proves to be less than 15% of normal activity
(normal enzymatic activity values differ between laboratories)'!"!2. To complement the diagnosis, several
biomarkers are also tested, with glucosylsphingosine being considered the most sensitive and specific
both for diagnosis and for analysing the response to treatment'""!2. Other tests may also be carried out,
such as ultrasonography, radiography, dual-energy x-ray absorptiometry, echocardiography,
electroencephalogram, abdominal magnetic resonance imaging cap marrow aspiration, liver biopsy, and
even a molecular analysis that involves sequencing the GBA1 gene to detect mutations associated with
Gaucher'"'2, Regarding prenatal diagnosis, two types of samples can be used, chorionic villus or
amniotic fluid cells, which are then subjected to genetic analysis'"!2,

1.1.1.2. Treatment

The most effective approach in the treatment of Gaucher is ERT with recombinant Gcase,
namely, Imiglucerase produced through mammary cells from the Chinese hamster ovary, by the
Genzyme laboratory, commercially known as Cerezyme'®.

Commercially, Imiglucerase is available in its lyophilized state, where, after dilution, each vial
contains 400 units (U) of Imiglucerase per 10 millilitres of solution'®. Only patients diagnosed with
Gaucher type I and type III, if they present non-neurological manifestations such as anaemia,
thrombocytopenia, or hepatosplenomegaly, are eligible for treatment with Imiglucerase'*. Regarding its
administration, this is done intravenously, with a frequency of every 2 weeks and a dose of 60U/Kg;
however, these values can be adapted to each patient after a medical evaluation'?,

Through clinical tests, it was possible to verify that after 1 to 2 years of treatment with
Imiglucerase, there was an improvement in the symptoms experienced, including a decrease of 30%-
50% and 20%-30% in the volume of the spleen and liver, respectively, together with an increase in
haemoglobin and platelet levels'>.

1.1.1.3. Relationship between Gaucher disease and Parkinson’s disease

Due to the strong lysosomal presence in neurons, namely in neuronal cell bodies, dendrites, and
axons, the lysosomal system plays an important role in the neurodegenerative process, making the
central nervous system of LSD patients more sensitive to lysosomal dysfunction'>'¢. Thus, although it
is not yet well established, it is known that there is a relationship between Gaucher and Parkinson's
diseases, as individuals who present heterozygous mutations in the GBAI gene and patients who present
the Gaucher subtype I, have a greater predisposition to develop Parkinson's later in life!>!”.



Parkinson's disease is a neurodegenerative disease characterized by the degeneration of
dopaminergic neurons and the presence of Lewy bodies in neurons, presenting mainly motor symptoms,
such as muscle stiffness and movement difficulties, despite non-motor symptoms, such as dementia,
may also be present!”!®, Lewy bodies are abnormal clusters of proteins whose main component is the
protein a-synuclein'®. It is currently believed that the relationship between Parkinson's and the GBAI
gene is directly related to the protein a-synuclein, and there is evidence that indicates that the decrease
in glucocerebrosidase activity leads to a pathological worsening of Lewy bodies, thus increasing the risk
of the patient developing Parkinson's".

In recent years, the a-tubulin acetylation process has been implicated as having an important
role in several neurodegenerative diseases such as Parkinson's, and it has been demonstrated that
Parkinson's patients present a decrease in the o-tubulin acetylation process?. Microtubules, present in
neuronal cells, play a crucial role in the transmission of information, in the formation of the ciliary
axoneme and in the maintenance of the cytoskeleton of neuronal cells, causing dysregulations in
microtubules to be associated with neurodegenerative diseases®. On the other hand, the o-tubulin
acetylation process contributes to increasing the resistance of microtubules, giving them flexibility,
resistance to tension and the ability to recover from damage®®. Considering this, it is possible to suggest
that alterations in the o-tubulin acetylation process may lead to neurodegenerative processes
contributing to the development of neurodegenerative diseases such as Parkinson's 2°,

1.2. Primary cilia

Primary cilia are highly conserved and complex structures that project from the basal body of
the cell surface?!. These structures are formed during the G1/GO phases, through a process called
ciliogenesis, which is regulated by sphingolipids, especially ceramide®* 2. In cell culture, the formation
of cilia may be induced by placing the cells in starvation serum, as this process allows cells to return to
the G1/GO phases, leading to the formation of the cilium?* 2. Recently, fit was found that the autophagy
process, also induced by starvation serum, contributes to ciliogenesis through the degradation of several
proteins, such as OFDI?.

The ciliary axoneme has 9 doublets of microtubules that surround the central area of the primary
cilium (in the case of motile cilia, these have an additional central pair of microtubules)*. Each doublet
of microtubules has two tubules, the incomplete one (made up of B-tubulin) and the complete one (made
up of a-tubulin) from which external and internal dynein arms are projected that function as cilia motors
as they have ATPases in its constitution; in addition, the internal arms of microtubules are essential for
controlling rhythmic ciliary beating, being part of the nexin-dynein regulatory complex*!?’. Notice that
cilia are divided into two groups: (1) motile cilia, with a 9+2 microtubule rearrangement, which play an
important role in cell movement; notice that within this group we find a subgroup classified as nodal
cilia with a 9+0 rearrangement involved in moving fluids, such as the nodal flow or the mucus clearance
in our respiratory system and (2) primary cilia, also known as immotile or sensory cilia, which present
a rearrangement of 9+0 microtubules, having a chemical and mechanical sensory role, functioning as
“antennas” of the cells, allowing them to receive information from the extracellular environment and
convert it into an intracellular signal (Fig.1.1)%.

Thus, the primary cilium plays a role in several cellular processes, namely differentiation,
proliferation, migration, cell cycle control, and autophagy, but also with some signalling pathways such
as the Sonic Hedgehog (Shh) pathway?®?°. Mutations in genes that encode essential proteins in the



structure and functioning of the cilium cause ciliary dysfunctions that lead to ciliary diseases called

ciliopathies*-*°,

1.2.1. Structure

Structurally, the cilium is made up of four main parts (Fig.1.1): (1) the basal body composed of
9 triplets of gamma tubulin responsible for anchoring the cilium to the cell surface, (2) the transition
zone, where the microtubules are no longer organized in triplets, as in the basal body, and become
organized in doublets, being the area responsible for controlling the entry and exit flow of ciliary
molecules (3) the axoneme that function as the cytoskeleton of the cilium and (4) the ciliary membrane
that covers the entire axoneme; this specialized membrane is mainly made up of sphingolipids,
particularly glycosphingolipids and ceramide, having a different phospholipid constitution than the
plasma membrane as the predominant phospholipid in the ciliary membrane is phosphatidylinositol-4-
phosphate (PtdIns4P) while in the plasma membrane it is phosphatidylinositol 4,5-bisphosphate
(PtdIns(4,5)P2), also present in the ciliary base*>***-32, The presence of the PtdIns4P phospholipid in
the ciliary membrane is maintained thanks to polyphosphate 5-phosphatase (INPP5E); if INPPSE is not
present, the PtdIns4P phospholipid is replaced by PtdIns(4,5)P2, which causes a deregulation of
Hedgehog signaling®?. Furthermore, the ciliary membrane also has several specific transmembrane
receptors for various signalling pathways, namely the Sonic Hedgehog (Shh) one?>?*2°32, Thus, when
the lipid composition of the ciliary membrane is deregulated, the ciliary receptors are also deregulated,

which can lead to a deregulation of several signalling pathways such as Shh 222329732,

Regarding the axoneme, it is made up of 9 doublets of highly stable microtubules, being more
dynamic at the ciliary tip and essential for maintaining the integrity of the cilium?'. The microtubules
are composed of a-tubulin and B-tubulin and are maintained thanks to posttranslational modifications
(PTMs) of tubulin called “tubulin code™?!33. The integrity of the cilium is maintained due to the proteins
responsible for transporting molecules in a bidirectional direction along the cilium, the intraflagellar
transport proteins (IFT), which move between the ciliary membrane and the axoneme, the direction of

transport depends on two “motors”, kinesin-II responsible for anterograde transport (basal body to

ciliary tip) and cytoplasmic dynein-2 responsible for retrograde transport (ciliary tip to basal body)>!-*4%.
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1.2.2. Tubulin acetylation

Posttranslational modifications, such as acetylation, methylation, deacetylation, and
phosphorylation, among others, consist of the removal or addition of chemical group to amino acids*®.
These processes, namely the posttranslational modifications of tubulin, are responsible for maintaining
the integrity and stability of the microtubules of the ciliary axoneme, consisting of a-tubulin and B-
tubulin?’.

Acetylation of a-tubulin at Lys40 (K20) is the most prevalent acetylation event in the cilium and
is catalysed by the enzyme a-tubulin acetyltransferase (ATAT1)*. This process occurs in the lumen of
the axoneme microtubules and is distributed uniformly throughout the axoneme, both in the central and
surrounding microtubules®®. Acetylation consists of the addition of an acetyl group to a given amino
acid, being the acetylation at Lys40 of a-tubulin (K20) essential for the construction of the primary
cilium?®**’. The acetylation of a-tubulin at Lys40 is reversible through deacetylation, which promotes
the disassembly of the primary cilium?’. This mechanism is mediated by the enzymes histone
deacetylase 6 (HDACG6) and sirtuin type 2 deacetylase (SIRT2), highly enriched in cilia; when these
enzymes are deregulated, the length of the cilium changes; for instance, if the enzymes HDAC6 and
SIRT2 are not present, the size of the primary cilium increases, whereas if such enzymes are
overexpressed the cilia become shorter 27333738,

Currently, the relationship between acetylated a-tubulin and ciliary structure/function is still
unknown, but over the past few years, several studies have demonstrated that acetylated a-tubulin is
essential in cilium assembly and maintenance of its stability®®*”*°, On the other hand, it is known that

in several ciliopathies, an alteration in the a-tubulin acetylation process leads to ciliary malformation®®8,

1.2.3. Ciliary vesicles

Extracellular vesicles are structures delimited by lipid bilayers that are secreted from the cell
surface into the extracellular environment that, are filled up with proteins, lipid, and non-coding RNAs,
and which, play a fundamental role in cellular communication®’. There are two groups of extracellular
vesicles: the large ones, also known as ectosomes, formed from budding from the plasma membrane,
and the small ones, known as exosomes, formed within multivesicular bodies*'.

In recent years, ciliary vesicles, from the ectosome type, have been identified throughout the
cilium, namely in the ciliary tip, in the ciliary membrane and in the ciliary base*'. These structures are
derived from the ciliary membrane but have a different protein composition and are enriched in
proteases, small GTPases and ubiquitinated proteins3!*>. Considering the size and how these structures
are secreted, they were called ciliary ectosomes®'**!. These ectosomes are fundamental in intercellular
communication, in controlling the size of the cilia through the incorporation or elimination of substances
present in the ciliary membrane, and in maintaining the homeostasis of the ciliary membrane; however,

it is not yet known exactly how these processes occur®!#43,

1.2.4. Relationship between the primary cilium and sphingolipids
Although it is not yet fully known how the ciliary lipid membrane interacts with ciliary proteins
to maintain ciliary integrity, it is known that since the ciliary membrane is made up of glycosphingolipids
and ceramide and presents essential transmembrane receptors along the cilium for ciliary signalling, this
signalling depends on the correct lipid composition of the ciliary membrane®>*. Intraflagellar transport
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proteins together with lipids, especially ceramide, are fundamental in the maintenance of the cilium and
for correct ciliogenesis, as the expansion and maintenance of the ciliary membrane depends on correct
lipid transport regulated by vesicular transport and fusion*. Previous studies have demonstrated that
ceramide is essential for ciliogenesis, as it regulates the process of a-tubulin acetylation through its

interaction with the HDAC6 enzyme>>*°.

In addition to the relationship between ceramide and ciliogenesis, it has recently been found that
ceramide also plays an important role in intraflagellar transport, promoting IFT mobility™. It is known
that intraflagellar transport proteins move along the cilium between the ciliary membrane and the
axoneme, but the association between the axoneme and the membrane remains unclear®®. Currently,
some believe that this association is mediated by ceramide as previous studies have shown that ceramide
binds to IFTs, forming a connection between the ciliary membrane and the axonema®’. When ceramide
is not present, microtubule organization is disrupted, pointing that ceramide seems essential for
maintaining ciliary integrity™.

1.3. Hedgehog pathway

The Hedgehog (Hh) signalling pathway is a major player both in vertebrates and invertebrates
during embryonic development, namely for organogenesis, regeneration, and homeostasis, with three
ligands described until date: Sonic Hedgehog (Shk), Indian Hedgehog (/hh) and Desert Hedgehog
(Dhh)*74,

1.3.1. Sonic hedgehog pathway (Shh)

The Shh pathway is one of the most studied signalling pathway and consists of 4 main elements:
(1) a ligand, (2) the twelve-pass transmembrane receptor Patchedl (Ptchl), (3) the seven-pass
transmembrane G protein-coupled receptor Smoothened (Smo) and (4) the transcription factors Gli*. It
is important to highlight that in vertebrates, all these elements are highly enriched in the primary cilium,
causing the entire Shh signalling pathway to occur within the primary cilium, making this organelle
essential for the activation of the pathway?*°. There are two forms of activation of the Sh/ pathway: by
canonical signalling which depends on the binding of the ligand (S4/4) to Ptchl, or by a non-canonical

signalling where the pathway is activated downstream of the smoothened receptor*’->!.

When the Shh pathway is not activated (Fig.1.2A), Ptchl inhibits the Smo protein, which is
responsible for controlling the activity of Gli transcription factors. There are three Gli proteins, Glil that
functions only as a transcription activator and Gli2 and Gli3, which function as activators (GliA) or as
repressors (GliR) of transcription; the switch between the repressive and activating forms occurs through
post-translational modifications and is dependent on the Shh protein®®47-3%33, Thus, in the absence of the
Shh ligand, the Gli2 and Gli3 are bound to the suppressor of Fused (SUFU); with the help of
intraflagellar transport proteins, the Gli/SUFU protein complexes are transported to the ciliary tip,
where Gli2/3 phosphorylation mediated by the proteins kinase A (PKA), casein kinase 1 (CK1) and
glycogen synthase kinase 33 (GSK3p) leads to their dissociation from the protein complex and further
GliR2/3 333, GliR2/3 then translocate to the nucleus where they act as transcriptional repressors of a
subset of genes, such as GLII and PTCH1, which are essential for Shh activation 3%,

Activation of Shh canonical signalling pathway (Fig.1.2B) is a highly organized sequence of
molecular events that occurs in response to the binding of the Sonic Hedgehog protein to its
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receptor?®#7-31:53-55 'When Shh binds to Ptchl, it is internalized into the cytoplasm where it ends up being
degraded in the lysosome; as a result, Smo is no longer inhibited, which leads to an accumulation of
Smo in the ciliary membrane, causing its activation 247333755 'When Smo is activated, a cascade of
molecular events begins with the dissociation of the SUFU-GIli complexes present in the ciliary tip;
further intraflagellar transport of Gli2/3 proteins to the base of the cilium and their translocation into the
nucleus allow transcription activation of Shh target genes>>#7-51:53-55,

Regarding the non-canonical Sk4 signalling pathway, this is a less understood and more complex
signalling pathway and may therefore involve different alternative signalling pathways, which do not
require all the players of the canonical one (Shh-Ptch1-Smo-Gli) 4. It occurs independently of Gli
proteins and can occur in two distinct ways: (1) downstream of Smo, causing changes in the levels of
calcium and actin present in the cytoskeleton, which have recently been discovered to be associated to
the acetylation of a-tubulin in the primary cilium, and (2) independent of Smo, which leads to an increase
in cell proliferation ***, Changes in this signalling pathway are related to the formation and progression
of some types of cancer 47>,
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1.4. Alternative splicing

Splicing is the process through which the removal of introns (noncoding sequences) and the
ligation of exons (coding sequence) occurs, leading to the maturation of pre-mRNA into mRNA which
is made up only of coding sequences; this process occurs through the spliceosome complex consisting
of five small nuclear ribonucleoprotein particles (snRNPs, U1, U2, U4-U6) that contain small nuclear
RNAs (snRNAs) responsible for identifying the splice sites present in the pre-mRNAs**>. Notice that
a major step in splicing regulation involves identifying the 5' and 3' splice sites that determine the
beginning and end of the intron, respectively®.

During this process, while some exons, the so-called constitutive exons, are always included in
the mature mRNA, others, the so-called alternative exons, may or may not be included, in a phenomenon
called alternative splicing®. It is estimated that this alternative splicing mechanism, where certain exons
present in the pre-mRNA may or may not be included in the final mRNA, occurs in > 90% of human
transcripts, leading to the formation of mRNAs that will encode different isoforms of the initial protein,
being the main mechanism responsible for the enormous diversity in our proteome. As illustrated in
Figure 1.3, the alternative splicing mechanism can occur in several ways namely: (1) exon skipping that
is the most common event in which an exon is excluded; (2) intron retention, where one of the introns
remains present in the mature mRNA; (3) alternative 5’ or 3’ splice site, where spliceosome must
“choose” between 2 or more splice sites present in exon/intron boundary; and (4) mutually exclusive
exons, in which only one of two exons is included in the mature mRNA isoform®' %,

Changes in the regulation of splicing events are associated with a variety of genetic diseases,
including lysosomal disorders; therefore studies have been carried out to develop therapies that can
reverse the effect caused by changes in splicing events >"**6465 Currently, the most promising therapy
involves the use of antisense oligonucleotides (ASOs), which are nucleic acid polymers capable of
masking a specific sequence of a target transcript, modulating alternative splicing events through the
exclusion or inclusion of specific exons (exon skipping and intron retention)>”->-6463,
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Figure 1.3. Simplified illustration of alternative splicing events: exon skipping, intron retention, alternative 5’ or 3’ splice site
and mutually exclusive exons. (Adapted from Le et al., 2015) ¢!



1.6. Objectives

The present study was performed in the laboratory of Prof.? Dr.? Maria Carmo-Fonseca in order
to understand which changes in genetic expression are associated with Gaucher disease, namely the
impact of mis-splicing in the appearance and progression of this disorder. Previously, in the laboratory
the primary fibroblasts of three individuals with Gaucher disease and the primary fibroblasts of three
apparently healthy individuals (control) were analysed by RNA-seq; after bioinformatic analysis of
these data, alterations in the alternative splicing pattern of a subset of ciliary genes were found. With the
aim of clarifying the relationship between primary cilia and Gaucher disease, a partnership was created
between the group of Prof.” Dr.* Maria Carmo-Fonseca from the Institute of Molecular Medicine and
the group of Prof.* Dr.* Susana Lopes da Nova Medical School Research. Therefore, this project has
three main objectives:

1) Validation by qRT-PCR of differential alternative splicing events, previously detected
by RNA-seq, in ciliary genes of Gaucher and healthy primary human fibroblasts;

2) Morphological characterisation of the primary cilium of fibroblasts from individuals
with Gaucher's disease in comparison with fibroblasts derived from healthy cells;

3) Functional evaluation of the Shh signal transduction pathway associated with the
primary cilium and the expression levels of intraflagellar transport proteins, in
fibroblasts from healthy versus Gaucher individuals.



Chapter 2. Materials and Methods

2.1. Cell Lines

In this project, primary human fibroblast cultures were used, which were acquired at the “Coriell
Institute for Medical Research”. Four cell lines from apparently healthy individuals (WT cell lines) and
four cell lines from individuals with Gaucher disease, an autosomal recessive disease (Gaucher cell
lines) were analysed, namely: GM00498, GM05565, GM07522, GM00323, GM02627, GM00852,
GM07968 and GM020270.

2.1.1. Characterization of WT cell lines

All WT cell lines were obtained from skin biopsies of apparently healthy donors. Both GM0498
and GMO05565 derived from 3-year-old male children, the last one of latin ascendency. GM07522 was
obtained from a 19-year-old female, whereas GM00323 derived from an 11-year-old-male.

2.1.2. Characterization of Gaucher cell lines

All Gaucher cell lines carry a specific, pathogenic mutation on chromosome 1q21 in the GBA1
gene that leads to Gaucher disease. To have a greater representation of the disease under study, 2 cell
lines from individuals with type I of Gaucher disease (GMO00853 and GM7968) and 2 lines from
individuals with type II (GM02627 and GM020270) were used.

Regarding the lines from donors with Gaucher type I, GM00852 cell line derived from a 20-
year-old male patient, who has an A370S mutation that leads to residual B-Glucocerebrosidase
enzymatic activity (6%). On the other hand, the GM07968 cell line was obtained from a biopsy
performed on a 19-week-old male foetus, descended from a Jewish family, and has a L483P mutation
with a unknow level of reduction in enzymatic activity.

In terms of cell lines from individuals with type II Gaucher disease, GM02627 cell line derived
from a 3-year-old female and is characterized by the G325R mutation that leads to an enzymatic activity
reduction of 24%. GM020270 cell line comes from a female donor of African/Felipino ethnicity with
only 4 months of age, which carries a L483P mutation with a unknow level of reduction in enzymatic
activity.

2.2. Cell Culture

During this project, five study groups were analysed: (1) a first study group, consisting of four
primary fibroblast cell lines obtained from apparently healthy individuals, control study group; (2) a
second study group, this one consisting of four primary fibroblast cell lines obtained from 4 individuals
with Gaucher disease (with subtypes I and II), Gaucher study group; (3) a third group that consisted in
the same primary Gaucher fibroblast lines treated with recombinant GBA (Gcase) for 5 days, Gaucher
+ Gcase study group; (4) a fourth group aiming to analyse the potential involvement of the Sonic
Hedgehog (Shh) signaling pathway into Gaucher disease, for which the Smoothened agonist (SAG) was
added for 24h to WT and Gaucher fibroblast cell lines, study group WT + SAG and Gaucher + SAG;
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(5) and, finally, the last group, which aimed to investigate whether treatment of Gaucher fibroblasts with
Gcase impacted the Shh signaling pathway, and where for this purpose Gaucher cell lines were treated
with Gcase for 5 days and SAG was added in the last 24h of Gcase treatment, study group Gaucher +
Gcase + SAG.

All primary fibroblasts cell lines were cultured in Minimum Essential Medium (MEM)
supplemented with 15% FBS (Fetal Bovine Serum) and 1% L-Glutamin, kept in 25 ¢m? flasks (T25)
and placed in an incubator at 37°C, in an environment with 5% CO..

The experiments were carried out in 6-well plates, with 2 coverslips added to each of the wells
to process cells for further morphological analysis. Briefly, T25 flasks of fully confluent cells were
trypsinized in 2 ml of 0.25% Trypsin-EDTA and placed for 3 minutes in the incubator at 37°C. Then,
after shaking to detach all cells from the bottom of the flasks, cells were resuspended into 3 ml of MEM
and 0.5 ml of cell suspension was transferred to each 6-well plate. 1 ml of MEM were further added to
each well, up to a final volume of 1.5ml/well. 48 hours after cells reached approximately 80%
confluency, to stimulate the development of cilia, cells were placed in starvation for an additional 72h.
To do so fibroblasts were washed three times with 1xPBS to remove all the FBS present in the previous
medium. After the washes, 1.5 ml of MEM supplemented only with 1% L-Glutamin was added to each
6-well dish.

2.2.1. Treatment with SAG

To study the potential involvement of the Sonic Hedgehog signaling pathway into Gaucher
disease, the Smoothened agonist was added for 24h before collection of the cells. To do so, two days
after reaching approximately 80% confluency, starvation was induced as previously described. Then,
when cells were starved for 48h, 0.8 pl/ml of SAG was added to the respective 6 well plate and kept for
an additional 24h.

After 72 hours of starvation and 24 hours of SAG treatment (day 5 of experiment), cells that
were grown on coverslips were fixed in 3.7% PFA /1xPBS and the remaining cells of the dish were
subjected to the RNA extraction protocol.

2.2.2. Treatment with Gcase

The Gcase used in this project, was the Imiglucerase produced by the Genzyme laboratory,
known commercially as Cerezyme. This medication was provided by the Clinical Trials department of
Hospital Santa Maria where the whole process of preparing the drug was taken care of by the
department's team.

As previously mentioned, the experiments were carried out in 6-well plates. After the cells
reached approximately 80% of confluency, 5-day experiments were started by the addition of 6.5 pl/ml
of Imiglucerase (0.26U/ml) to Gaucher cells. Two days after Gcase addition, starvation was initiated for
an additional 72 hours. For the SAG study group, 0.8 ul/ml of SAG were added 24h before cells were
collected. Cell culture medium and enzyme were replaced every 48 hours.

After 5 days of Gcase treatment and 72 hours of starvation (and for the SAG study group, 24
hours of SAG treatment) (day 5 of experiment), cells that were grown on coverslips were fixed in 3.7%
PFA /1xPBS and the remaining cells of the dish were subjected to the RNA extraction protocol.
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Figure 2.1. Timeline of treatment of the experimental design.

2.3. Morphological analysis of primary cilia

2.3.1. Immunohistochemistry

For cilia morphology studies, cells from each experimental group were subjected to a quick
wash with 1x PBS and were fixed for 10 minutes in 3.7% PFA /1xPBS. Cells were then washed with
0.05% Tween in PBS and permeabilized for 5 minutes in 1xPBS/0.5% Tx-100 (0.5% Triton X100) at
room temperature (RT).

After the cells were fixed and permeabilized, they were submitted to an immunofluorescence
protocol to detect primary cilia. For this, 10 pl of blocking solution (1%FBS in 1xPBS) was added to
each coverslip for 30 minutes at RT. Then, 5 pl of each primary antibody, previously diluted in 1%FBS
in 1xPBS, were added and left to incubate for 1 hour at 37°C inside a humid box (1 hour for each
antibody). Depending on the analysis performed, two pairs of primary antibodies were used: anti-Arl13b
and anti-gamma tubulin, which marked the ciliary membrane and basal body, respectively, and anti-
Arl13b and anti-Acetylated alpha Tubulin, which was used for marking of the ciliary axoneme. After
the primary antibody incubation, cells were briefly washed with 0.05% Tween/1xPBS. Subsequently, 5
ul of secondary antibody was applied and incubated inside a light-protected box for 1 hour at room
temperature. Nuclei were stained by adding 10 pl of 4',6-diamidino-2-phenylindole (DAPI, 1 pg/ pl) in
1xPBS solution for 20 minutes at RT. At the end of the DAPI incubation period, cells were washed twice
with 0.05% Tween in 1xPBS and twice with 1xPBS. Finally, cells were mounted on slides using the
vectashield vibrance mounting medium and stored at 4°C.

Table 1. Table of primary and secondary antibodies used for immunofluorescence assays, previously diluted in 1%FBS in
1xPBS.

Molecule
Arl13b

Gamma Tubulin

Acetylated alpha Tubulin

Primary Antibody
anti-Arl13b (Rabbit)
final dilution 1/50
anti-gamma-tubulin (Mouse)
final dilution 1/100
anti-Acetylated alpha Tubulin (Mouse) final
dilution 1/100

Secondary Antibody
anti-Rabbit-DL495
final dilution 1/200
anti-Mouse-A488
final dilution 1/200
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2.3.2. Microscopy and Image Analysis

The microscope chosen to acquire immunofluorescence cell images was a confocal point-
scanning microscope (Zeiss LSM 710), in which a 63x objective with a 0.6x and 2x amplification was
used. To be able to carry out the morphological analysis of cilia, the images were obtained along the Z
axis (Z-Stack) with a stack spacing of 0.20 um. Then, the acquired images were collapsed to maximum
intensity projections to visualise, in a single image, the different phenotypes observed.

After acquiring the images, the Z-stacks were analysed in ImageJ-Fiji. To quantify the ciliary
length, an Imagel-Fiji framework, the simple neurite tracer (SNT), was used. This Plugin allowed,
through the ARL13b staining, to trace the ciliary membrane and subsequently obtain the exact length of
each cilia analysed in 3D.

2.3.3. Statistical analysis

The data acquired, from the morphological analysis, were inserted into the GraphPad Prisma 8.
Then, to verify whether there were statistically significant differences between the various groups under
study, a one-way ANOVA statistical test was performed.

2.4. Molecular Biology assays

2.4.1. RNA extraction

Cells from each study group were subjected to RNA extraction protocol. Briefly, cells were
lysed after resuspension in 1 ml of NYZol. Cell lysates were transferred into previously labelled 1.5 ml
eppendorfs and left to incubate at RT for 5 minutes with rotation. At the end of 5 minutes, 200 pl of
chloroform was added to each eppendorf, the lysates homogenised, and left to incubate for 3 minutes at
RT. Aiming to separate the organic phase, consisting of lipids and the majority of genomic DNA, from
the aqueous phase containing the RNA, centrifugation was performed at 11900 rpm at 4°C for 15
minutes. Subsequently, the aqueous phase was carefully transferred to a new eppendorf, in which 650
ul of isopropanol was added, vigorously shake, and left to incubate for 10 minutes at RT. To obtain a
clearly visible RNA pellet, 1.5 ul of Glycoblue was added to the solution and placed in the centrifuge
for 10 minutes at 11900 rpm at 4°C. Then, the supernatant was discarded and, the RNA pellet, washed
with 1 ml of 75% EtOH (RNase, DNase-free H20 prepared), followed by a centrifugation for 10 minutes
at 7500 rpm at 4°C. With great caution, the supernatant was again discarded, and the RNA pellet was
left to air dry for at least 10 minutes. When the pellet was completely dry, it was resuspended in 13 pl
of RNase-free water and RNA quantified in the Nanodrop.

To avoid any DNA contamination, 1 to 5 ul of RNA, depending on the quantification obtained
in the Nanodrop, 5 pl of 10x DNase I buffer, 3 pul of DNase I and 1 pl of Ribosafe were mixed in a new
Eppendorf into a final volume of 50 pl, and left to incubate for 2 hours at 37°C. After the incubation
period, for each 50 pul of reaction, 0.1V of 3M AcNa (5 pl), 3V of 100% EtOH (150 pl) and 1 pl of
Glycogen Blue were added and RNA was allowed to precipitate overnight at -20°C. Subsequently, a spin
max speed (>13000 rpm) was performed at 4°C for 30 minutes, the supernatant was discarded, the pellet
was washed with 75 pl of 75% EtOH and subjected to a vortex and spin max speed at 4°C for 15 minutes.
Finally, the supernatant was again discarded, and the pellet was left to air dry for at least 10 minutes.

RNA was resuspended in 13 pl of RNase-free water and quantified once more time in the Nanodrop.
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2.4.2. cDNA synthesis

After the RNA extraction protocol, the cDNA synthesis protocol was performed. In each 200 pl
PCR Eppendorf tube, 1000 ng of RNA, 2 pl of random primers and RNase-free water was added, up to
a final volume of 11.4 pl. After a brief spin, samples were placed in the thermocycler for 10 minutes at
65°C, to prevent RNA secondary structures. Then, after cooling, 8.6 pul of a reverse transcriptase mix
was added to each eppendorf, containing 4 pl of 5x RT buffer, 0.5 pul of RNase OUT (40 U/ pul)
responsible for maintaining RNA integrity, 2 pl of 10 mM dNTP mix, 1 pl of 0.1 M DTT that maintains
enzymatic activity and 1.1 pl of reverse transcriptase.

Reactions were incubated for 10 minutes at 29°C to allow primers annealing, followed by an
incubation period of 60 minutes at 48°C where DNA polymerization occurred and finally for 5 minutes
at 85°C where the enzyme was deactivated and RNA templates degraded. At the end, samples were
removed from the thermocycler and the cDNAs were stored at -20°C until further use.

2.4.3. Real-Time Quantitative Reverse Transcription Polymerase
Chain Reaction (qRT — PCR)

Two different assays were used of real-time quantitative reverse transcription polymerase chain
reaction (qQRT-PCR) were performed: a first one, using the SYBR green reagent, for the analysis of
expression and alternative splicing events of ciliary genes and, a second one, using highly specific
TagMan probes, for assessment of activation of the Sh/ signalling pathway, under the experimental
conditions used.

Using the SYBR green assay, 6 alternative splicing events in 6 different ciliary genes, previously
identified by RNA sequencing as being distinct in WT versus Gaucher fibroblasts, were selected and
analysed using the following pairs of primers: (1) AKNA AFE (alternative first exon) inclusion against
total AKNA Ex3; (2) TTC23 Ex3 inclusion against total TTC23 Ex5; (3) IFT88 Ex6 inclusion,
normalised against total Ex17; (4) CDK20 Ex5 inclusion, normalised against total CDK20 Ex3; (5)
IFT122 Ex18 inclusion, normalised against total IFT122 Ex26; (6) OFD1 Ex19 inclusion, normalised
against total OFD1 Ex14. Alternative splicing events were analysed using primers specific for the exon
to be included. For primer sequence details, see Supplementary Table II.

To do so, a qRT-PCR mix was prepared for each pair of primers, where 6 ul of SYBR green
Master Mix (BioRad), 0.5 ul of 10 uM forward primer and 0.5 pl of 10 uM reverse primer were added
per reaction. Subsequently, a 384-well plate was prepared in which each of the samples under study was
run in triplicate. In each well, 5 pl of previously diluted cDNA (1:15) and 7 pl of the respective qRT-
PCR mix were added.

Using specific TagMan probes assay (Applied Biosystems), expression of two major genes,
PTCHI and GLII of the Shh signalling pathway was analysed, upon normalisation against the
housekeeping HPRT1 gene. To do so, a gRT-PCR mix was prepared for each TagMan probe, where per
reaction 5 ul of Master Mix (2x) and 0.5 ul of TagMan gene Expression probe (20x) were added. 384-
well plates were set up by adding 5.5 pl of QRT-PCR mix and 5 pl of previously diluted cDNA (1:6)
into each well, up to a final volume of 10.5 ul. Each of the samples under study was run in triplicate.

384-well plates were subjected to a spin at 700g for 3 minutes and run in the ViiA 7 Real-Time
PCR System machine, using standard amplification protocols for each of the assays.
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Chapter 3. Results

3.1. Morphological analysis of the primary cilium

To analyse the morphology of primary cilia, the ciliary membrane and the basal body were
immunofluorescently stained using anti-Arl13b and anti-gamma tubulin antibodies, respectively. This
analysis was performed for the five experimental groups: WT, Gaucher, Gaucher + Gcase, Gaucher +
SAG and Gaucher + Gcase + SAG. Arl13b is a member of the ARF family of regulatory GTPases and
is highly enriched in the ciliary membrane*, This protein plays a fundamental role in the process of
formation and maintenance of the cilium through the regulation of intraflagellar transport and the
phospholipid composition of the ciliary membrane through the recruitment of Inositol Polyphosphate-
5-Phosphatase E (INPP5E) responsible for the correct maintenance of PtdIns4P to the ciliary membrane
on the other hand, it participates in the regulation of Hedgehog signaling and endocytic trafficking?>4%¢,

Comparing the ciliary length of WT and Gaucher cilia, there was a significant increase in the
length of the cilia in Gaucher samples (Fig.3.3A, p-value <0.001). On the other hand, when the Gaucher
+ Gcase experimental group was analysed, a rescue of the ciliary length phenotype was observed (p-
value < 0.0001), thus making the length of these cilia closer to the values observed in WT (Fig.3.3B).
Regarding the Gaucher + SAG and Gaucher + Gcase + SAG study groups, there were no statistically
significant differences in ciliary length compared to the WT and Gaucher groups (Fig.3.3C).

In the Gaucher group, in addition to the increase in ciliary length, it was also possible to observe
the appearance of cilia with an intermittent Arl13b staining (Fig.3.1E), this phenotype may be indicative
of the existence of alterations in the membrane composition or in the internal structure of the cilium,
namely in the axoneme. However, here, when the Gaucher + Gcase experimental group was analysed,
in contrary to the rescue observed in the ciliary length, the cilia continued to present an intermittent
Arl13b staining (Fig.3.1C). Also, in the Gaucher + SAG and Gaucher + Gease + SAG study groups, the
Arl13b staining remained intermittent, as observed in many cilia of fibroblasts from Gaucher patients
(Fig.3.2).

From these experiments overall, we observe an increase in the ciliary length in Gaucher cells
compared to the WT ones, with an intermittent Arl13b staining phenotype being frequent in the Gaucher
group. On the other hand, after Gease treatment during 5 days, it was only possible to rescue the ciliary
length of Gaucher cells to normal WT values, with the cilia of such cells continuing to show an
intermittent phenotype in their Arl13b staining that was not rescued after Gcase treatment.

To verify whether the intermittent Arl13b staining observed in Gaucher cilia, resulted from
alterations in the internal structure of the primary cilium, the axoneme and the membrane were
immunofluorescent co-stained using anti-acetylated alpha tubulin and anti-Arl13b antibodies,
respectively (Fig.3.1G-L). This experiment was carried out in the WT, Gaucher and Gaucher + Gcease
experimental groups.

Comparing the Arl13b and acetylated alpha tubulin immunofluorescence stainings, it was
possible to identify four phenotypes, illustrated in Figure 3.4D : (1) continuous Arl13b staining, with
both proteins being present up to the ciliary tip (Fig.3.1G); (2) continuous Arl13b staining, but the
labelling does not coincide up to the ciliary tip, which means that the acetylated alpha tubulin does not
extend to the tip of the cilia (Fig.3.1L); (3) intermittent Arl13b staining, with both proteins being present
up to the ciliary tip (Fig.3.1H); (4) the last observed phenotype presents intermittent Arl13b staining
without colocalization of both proteins up to the ciliary tip (Fig.3.1K).
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Analysing the WT cilia, it was possible to verify that 95% of the cilia had a continuous Arl13b
staining and both labelling were coincident up to the ciliary tip (Fig.3.4A). In the cilia from Gaucher
patient fibroblasts (Fig.3.4B), there was a decreased in the frequency of cilia with continuous Arl13b
staining and both labelling were coincident up to the ciliary tip (35%) and an increase in the frequency
of cilia that, despite having a continuous Arl13b staining, did not show colocalization of both proteins
up to the ciliary tip (33%, comparing with 2% in WT cells) and of intermittent Arl13b staining, with
colocalization of both proteins up to the ciliary tip (23%). Regarding the experimental group Gaucher
+ Gcease (Fig.3.4C), compared to Gaucher cilia, there was a slight increase in the frequency of cilia with
continuous Arl13b staining and both labelling coincident up to the ciliary tip (49% comparing to 35%
in Gaucher cells) and a slight decrease in cilia with continuous Arl13b staining, but the labelling not
coincident up to the tip (16%). These changes, in the Gaucher + Gcase experimental group, even if not
being statistically significant, show a tendency towards an increase in the frequency of cilia with the
“normal” phenotype (continuous Arl13b staining with both labelling being coincident up to the ciliary
tip of the cilium) when compared to Gaucher cilia; however, no can be stated that upon Gcase treatment
there was a correction of the anomalies observed in the axoneme of the Gaucher cilia.
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WT Gaucher Gaucher + Gcase

10 ym

Arl13b + Gamma Tubulin

Arl13b + Acetvlated alpha tubulin

10 um

Figure 3.1. (A-L) Representation of the primary cilium through confocal maximum intensity z-projections, obtained through
a 63x objective and 2x amplification. The ciliary membrane (in red) was immunofluorescently stained using the primary
antibody anti-Arl13b (1/50 dilution) followed by the anti-Rabbit-DL495 (1/200 dilution). Nuclei were labeled with DAPI.
Scale bar, 10 pm. (A-F) The basal body is represented in green, which was immunofluorescently stained with the primary
antibody anti-gamma-tubulin (1/100 dilution) followed by the anti-Mouse-A488 antibody (1/200 dilution). (G-L) The ciliary
exoneme (green) was immunofluorescently stained with the primary antibody anti-Acetylated alpha tubulin (1/100 dilution)
followed by the secondary anti-Mouse antibody-A488 (1/200 dilution). (A,G and J, WT GM00323), (B and C, Gaucher
GMO00852), (D, WT GM07522), (E,F,H,LLK and L, Gaucher GM02627).
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Gaucher + SAG Gaucher + Gcease + SAG

Arl13b + Gamma Tubulin

Figure 3.2. (A-D) Representation of the primary cilium through confocal maximum intensity z-projections, obtained with a
63x objective and 2x amplification. The ciliary membrane (in red) was immunofluorescently stained using the primary antibody
anti-Arl13b (1/50 dilution) followed by the anti-Rabbit-DL495 (1/200 dilution). Basal body (in green) was
immunofluorescently stained with the primary anti-gamma-tubulin (1/100 dilution) followed by the anti-Mouse-A488 (1/200
dilution). Nuclei were labeled with DAPI. Scale bar, 10 pm. (A-B, Gaucher GM00852), (C-D, Gaucher GM02627).
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Figure 3.3. (A-C) Analysis of primary cilium length (um), through Arl13b staining. The number of cilia analyzed in each cell
line is represented within parentheses. The sign + separates different replicates. One-way ANOVA test: **** p-value < 0.0001.
(A) Comparison between the WT cell lines (GM00323, GM07522, GM05565 and GM00498, in blue) and the Gaucher cell
lines (GM02627, GM020270, GM07968 and GM00852, in orange). (B) Comparison between WT cell lines (GM00323 and
GMO00498, in blue), Gaucher lines (GM02627, GM07968 and GM00852, in orange) and Gaucher lines treated for 5 days with
recombinant Gease (GM02627, GM07968 and GM00852, in red). (C) Comparison between study groups WT (GM07522, in
blue), WT + SAG (GMO07522, in gray), Gaucher (GM02627 and GM00852, in orange), Gaucher + Gcase (GM02627 and
GMO00852, in red), Gaucher + SAG (GM02627 and GMO00852, in yellow) and the last Gaucher + Gcase + SAG group
(GM02627 and GM00852, in pink). A one-way ANOVA statistical test was performed between groups. **** p-value <0.0001,
nd: not statistically different.
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Figure 3.4. (A-C) Percentages of the phenotypes observed in WT (A), Gaucher (B) and Gaucher + Gcease (C) upon Arl13b and
acetylated tubulin immunofluorescence double staining. (D) Illustration of the four observed phenotypes observed through the
co-staining with the anti-acetylated alpha tubulin and Arl13b antibodies.
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3.2. Molecular Biology analyses of the primary cilium

3.2.1. Analysis of Shh signaling pathway activation

Sonic Hedgehog is a major signaling pathway in vertebrates. To clarify whether, in addition to
the morphological differences observed in cilia from Gaucher patients, there were differences in the Shh
signaling pathway, the expression levels of two major players, the PTCHI and GLII genes, were
analyzed by qRT-PCR in the WT, Gaucher and Gaucher + Gcase experimental groups. For each
experimental group, the following conditions were analyzed: (1) cells that were without starvation for
72 hours; (2) cells that have been in starvation for 72 hours; and finally (3) cells treated with Smoothened
agonist (SAG) for 24 hours to induce Shh pathways hyperactivation.

Results show that without the addition of SAG, there are no statistical differences in activation
of Shh signaling pathway among the three experimental groups, with PTCHI and GLI1 expression levels
being similar before and after 72h starvation (Fig.3.5A and 3.5B). However, upon SAG treatment, there
is a statistically significant increase in the expression levels of both PTCHI and GLII genes in Gaucher
cells when compared with WT ones, meaning that there is a hyperactivation of the Sh4 signaling pathway
in the Gaucher cells that is not reversed upon Gcease treatment for 5 days.
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Figure 3.5. Analysis of PTCHI (A) and GLII (B) expression levels genes, normalized against the HPRT] housekeeping gene,
in the three experimental groups, WT in blue, Gaucher in orange and Gaucher + Gcease in red. Within each experimental group,
three different conditions were tested, non-treated fibroblasts that consist of fibroblasts that were not subject to starvation (non
treat), fibroblasts placed in starvation for 72h (72H starv) and fibroblasts to which SAG was added for 24h upon 48h of
starvation (SAG). A one-way ANOVA statistical test was performed between groups. *p-value < 0.5, ** p-value < 0.05, nd:
non statistical difference.
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3.2.2. Analysis of alternative splicing events

Through gRT-PCR, alternative splicing events in six ciliary genes (AKNE, CDK20, IFT8S,
IFT122, OFDI and TTC23), previously identified by RNA sequencing as being differentially spliced in
fibroblasts from Gaucher patients versus fibroblasts from healthy controls, were validated. To do so,
pairs of primers were designed to allow specific amplification of transcripts with inclusion of a given
exon. Inclusion levels of an alternative splicing exon were inferred upon normalization against the total
amount of transcripts present in each sample by using pairs of primers against constitutive exons that
were present in all transcripts.

Results confirm that in Gaucher cells, levels of inclusion of a subset of alternatively spliced
exons in several ciliary transcripts are statistically different from the ones observed in WT cells; in
particular, this was observed for AKNA, OF D1 and TTC23 transcripts, with lower inclusion of alternative
first exon, exon 19 and exon 3, respectively, in Gaucher cells (Fig.3.6A, E, and F, WT in blue, Gaucher
in orange), in contrast with inclusion of /FT122 exon 18, which show higher levels of inclusion in this
experimental group (Fig.3.6D, WT in blue, Gaucher in orange). A tendency for lower inclusion of
CDK20 exon 5 and higher inclusion of /FT88 exon 6 was observed in Gaucher cells when compared
with WT ones, despite differences not being statistically significant due to high level of heterogeneity
among samples of the same experimental group (Fig.3.6B and C, WT in blue, Gaucher in orange). Upon
5 days of Gcase treatment of Gaucher cells (Fig.3.6, Gease in red) no significant changes were observed
for inclusion of any of the analyzed alternative splicing exons, when compared to the Gaucher
experimental group; interestingly, a tendency towards approximation to the values observed in WT
group was seen for CDK20 exon 5, upon Gcease treatment (Fig.3.6B, Gcease in red).
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Figure 3.6. (A-F) Levels of inclusion of a subset of alternatively spliced exons in six ciliary transcripts in the experimental
groups, WT in blue, Gaucher in orange and Gaucher + Gcase in red. (A) AKNA AFE (alternative first exon) inclusion against
total AKNA Ex3. (B) CDK20 ExS5 inclusion, normalized against total CDK20 Ex3. (C) IFT88 Ex6 inclusion, normalized against
total IFT88 Ex17. (D) IFT122 Ex18 inclusion, normalized against total /F'T122 Ex26. (E) OFDI Ex19 inclusion, normalized
against total OFD1 Ex14. (F) TTC23 Ex3 inclusion against total 77C23 Ex5. A one-way ANOVA statistical test was performed
between groups. *p-value < 0.5, ** p-value < 0.05, *** p-value < 0.01, **** p-value < (0.001.
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Chapter 4. Discussion

This project aims to understand how lysosomal dysfunctions, in particular Gaucher disease,
culminate in changes in the regulation of gene expression of ciliary genes and whether these changes
are reversible after treatment with Gcase. Gaucher disease is caused by a mutation in the GBA/ gene,
which ultimately leads to an abnormal accumulation of glucosylceramide inside the lysosomes®. One of
the treatments used is ERT with recombinant Gcase, namely Imiglucerase used throughout this study!?.
Cilia are structures with a chemical and mechanical sensory function, essential for the correct
functioning of the cell due to their participation in the regulation of various signalling pathways?62%4,
These organelles have a well-defined length that when altered leads to dysregulations in the functioning

of the cell?*?*4.

In this work, we observe an increase in the length of the cilia of Gaucher primary fibroblasts
compared to WT ones, a phenotype that was reversed upon Gcase treatment. We also verified, in
Gaucher cilia, changes in acetylated a-tubulin distribution pattern, namely a decrease in the frequency
of cilia with a continuous Arl13b staining and colocalization of the two proteins up to the ciliary tip, a
phenotype that after treatment with Gcase show a slightly tendency to be revert to the WT one, where
both proteins co-localize up to the ciliary tip continually.

Based on the literature, it is known that the ciliary length is defined at the end of ciliogenesis,
this being a process regulated by two mechanisms: (1) the first one involves intraflagellar transport
molecules, where it was found that an increase in the activity of anterograde transport leads to an
increase in ciliary length whereas a decrease in its activity leads to smaller cilia and (2) a second one
that involves posttranslational modifications of tubulin, mainly a-tubulin acetylation®”%%, Thus, the
changes in ciliary length observed in primary cilia from Gaucher patient’ fibroblasts may be directly
related to changes in the acetylation process of a-tubulin as morphological changes were observed in
the axoneme of primary Gaucher cilia through staining with the anti-acetylated alpha tubulin antibody,
namely with the acetylated tubulin not extending to the tip of the cilia in a considerable percentage of
cells in this cell population.

The morphological changes in the cilium axoneme of Gaucher fibroblasts are accompanied by
morphological changes in the ciliary membrane through the Arl13b staining, namely the appearance of
cilia with an intermittent Arl13b staining, which may be caused by the deregulation of the interaction of
Arl13b with acetylated a-tubulin. Arl13b is a GTPase, highly enriched in the ciliary membrane, being
essential in the formation and maintenance of the primary cilium through the regulation of intraflagellar
transport and the lipid composition of the ciliary membrane*-. Previous studies found that Arl13b
interacts with tubulin, namely acetylated a-tubulin, present in the cilium axoneme, with the aim of
regulating the distribution of ciliary proteins along the ciliary membrane®. Considering that in previous
studies changes in the levels of acetylated a-tubulin were observed in the absence of Arl13b, we can
postulate that the deregulation of Arl13b observed in Gaucher cells leads to the deregulation of
acetylated o-tubulin, causing changes in the ciliary membrane accompanied by changes in the
axoneme®.

Through the changes observed in acetylated o-tubulin pattern observed in the axoneme of
primary cilia in Gaucher, it is possible to reinforce the relationship between Gaucher disease and
Parkinson's. The acetylation process of a-tubulin is responsible for regulating the stability, dynamics
and increase of the useful pathway of microtubules, these structures are present in nerve cells where
they play an important role in transporting cargo between neurons, thus microtubules are essential for a
correct communication between neuronal cells?®. Previous studies have found that dysregulations of the
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a-tubulin acetylation process contribute to the development of the neurodegenerative process,
contributing to the appearance of many neurodegenerative diseases such as Parkinson's®. This suggests
that similar to the alterations observed in the a-tubulin acetylation process in primary cilia from Gaucher
patients, the a-tubulin acetylation process is also deregulated in primary cilia from Parkinson's disease.

Although this study is the first to attempt to establish a relationship between the primary cilium
and Gaucher disease, this relationship had previously been established in two other studies performed
in another lysosomal storage disease, Niemann-Pick type C1 (NPC1), an autosomal recessive lysosomal
disease that leads to the accumulation of cholesterol in lysosomes’. In both studies, the authors found a
decrease in the length of NPC1 primary cilia compared to fibroblasts from apparently healthy
individuals, which was reversed upon 2-hydroxypropyl-b-cyclodextrin treatment, a drug used in the
treatment of NPC1 disease’®’!. Although we observed an increase in ciliary length in Gaucher
fibroblasts, we can state that the results obtained in Gaucher fibroblasts are in line with those observed
in the primary cilia in Niemann-Pick type C, as we also observed morphological changes in the primary
cilium in Gaucher and a rescue of ciliary length after treatment with Gcase. Despite both NPC1 and
Gaucher being lysosomal storage diseases, the molecular mechanisms behind the two diseases differ. In
fact, based in the experimental data obtained by us and others, we may postulate that an increase in the
activity of anterograde transport that culminates with longer cilia may be occurring in Gaucher
fibroblasts, whereas a decrease in its activity may be responsible for the shorter cilia observed in NPC1
cilia. Further studies will be required to confirm such hypotheses.

Gaucher disease is caused by a mutation in the GBAI gene, that encodes the enzyme
glucocerebrosidase responsible for the degradation of glucosylceramide into glucose and ceramide®.
Thus, when there is a loss-of-function mutation in the GBA1 gene, there is an inefficient degradation of
glucosylceramide into glucose and ceramide’. As mentioned in the introduction, ceramide is one of the
sphingolipids highly enriched in the ciliary membrane, playing an important role in regulating
ciliogenesis, and previous studies have found that the reduction of ceramide inhibits ciliogenesis®**°.
Ceramide can be synthesized through 3 mechanisms, (1) de novo: occurs in the endoplasmic reticulum,
where serine palmitoyltransferase catalyzes the condensation of serine and palmitoyl-CoA to produce
3-ketosphinganine, which is then reduced to dehydroceremide serving as a precursor to ceramide; (2)
hydrolysis of sphingomyelin occurs in the lysosomal membrane and plasma membrane, where the
enzyme sphingomyelinase hydrolyzes sphingomyelin into ceramide; notice that, activation of
sphingomyelinase occurs when the cell is under stress, causing this pathway to occur quickly; (3) salvage
pathway: occurs mainly in lysosomes, where ceramide is formed through the degradation of complex
sphingolipids, such as glycosphingolipids (glucosylceramide and shingomyelin). This mechanism
requires the participation of several enzymes, and deregulations in these enzymes lead to lysosomal

diseases causing a dysfunction in the salvage pathway’>"3.

In Gaucher, the lysosomal enzyme glucocerebrosidase, present in the ceramide synthesis
mechanism, is deregulated, meaning that ceramide synthesis, through the salvage pathway, is not being
synthesized correctly®’*. Based on the literature, we would expect to observe a decrease in the length of
primary cilia of Gaucher fibroblasts, but indeed we observed an increase in ciliary length why? Ceramide
synthesis mechanisms adapt to changes in cellular stress, particularly in cancer with cancer cells
maintain low levels of ceramide, through increased ceramide turnover or ceramide storage, and in stroke
patients, where increased ceramide levels are produced by de novo pathway”7*. We do not know the
mechanism that led to the increase in ciliary length, but we may suggest that the deregulation in ceramide
synthesis in the salvage pathway present in Gaucher disease leads to a hyperactivation in the remaining
ceramide synthesis mechanisms, culminating to the longer cilia observed in Gaucher fibroblasts.
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Interestingly, the sonic hedgehog (Shh) signaling pathway has been shown to be associated with
the primary cilium, with this organelle being essential in Sh# activation since PTCH1, GLI1 and SMO
proteins are highly enriched in the ciliary membrane®*>°. Thus, changes in the lipid composition and
morphology of the primary cilium, namely in its membrane, may lead to Sh/ signaling pathway
dysregulation®. The same previous studies performed in fibroblasts from NPC1 patients, where
morphological changes in the primary cilium of such fibroblasts were reported, also state alterations in
the Shh signaling pathway, namely a reduction in the expression of the PTCH]1 protein and an increase
in the GLII protein that were, reversed in one of the studies through treatment with 2-hydroxypropyl-b-
cyclodextrin®’!. Contrary to what was described in the previous works, without the addition of SAG,
we did not observe changes in the activation of the Sh/ signaling pathway, with the expression levels of
PTCHI1 and GLI1 proteins being identical in Gaucher and WT fibroblasts. However, upon SAG
treatment, there is a significant increase in the expression levels of both PTCH1 and GLI1 genes in
Gaucher cells when compared with WT ones, meaning that there is a hyperactivation of the Sh/ signaling
pathway in the Gaucher cells that is not reversed upon Gcease treatment. The authors of studies performed
in fibroblasts from NPC1 patients suggest that the changes observed in the Sh4 signaling pathway may
be related to the deregulation of cholesterol metabolism present in NPC1 patients”. Cholesterol is
related to the Sonic Hedgehog signaling pathway, as cholesterol can directly activate Smo’>. On the
other hand, PTCH1 can bind to cholesterol, transporting it from the outer to the inner leaflet of the cell
membrane, thus regulating the cholesterol available to activate Smo”"®. In Gaucher disease, contrary to
what is observed in NPC1 patients, there is no such type of deregulation in cholesterol levels, so we can
suggest that we did not see changes in Sh/ activation levels as cholesterol is not deregulated in Gaucher.
Nevertheless, the morphological alterations observed in the ciliary membrane of Gaucher fibroblasts,
namely its increased in size, may contribute for a higher number of receptors that could explain the
hyperactivation of this signaling pathway.

Moreover, the validation by qRT-PCR of alternative splicing events in six ciliary genes (4KNA,
CDK20, IFT8S, IFT122, OFDI and TTC23), previously identified by RNA sequencing as being
differentially alternatively spliced in Gaucher versus WT fibroblasts, suggests changes in the regulation
of genetic expression of ciliary genes in Gaucher disease. Both AKNA and OFDI genes code for
centrosomal proteins: AKNA codes for the microtubule organization protein AKNA that is responsible
for the centrosomal organization of microtubules and for their growth and nucleation, whereas OFD]
codes for the centriole and centriolar satellite protein OFDI located in the centrosome and in the basal
body of the primary cilium, playing a crucial role in its formation”’®. TTC23 codes for the
tetratricopeptide repeat protein 23 that plays a positive role in the regulation of Shh signaling pathway,
the last one being a key mediator of many fundamental processes namely cell growth, patterning, and
morphogenesis during embryonic development”. Interestingly, CDK20 gene codes for cyclin-dependent
kinase 20 that is essential in the intraflagellar transport process, namely in retrograde transport and in
controlling the structure of the primary cilium by coordinating assembly of the ciliary membrane and
axoneme, allowing GLI2 to be properly activated in response to Shh signaling®®®!. Also, IFT122 and
IFT88 genes code for intraflagellar transport proteins; /F7122, as a component of the IFT complex A
(IFT-A), a complex required for retrograde ciliary transport and entry into cilia of G protein-coupled
receptors (GPCRs), it is required in ciliogenesis and ciliary protein trafficking, whereas /FT88 positively
regulates primary cilium biogenesis®>®,

Our results show that in Gaucher fibroblasts, levels of inclusion of a subset of alternatively
spliced exons in AKNA, CDK20, IFT88, IFT122, OFDI and TTC23 ciliary transcripts are statistically
different from the ones observed in WT cells, which could be responsible for the morphological changes
observed in these cells. Surprisingly, after treatment of Gaucher fibroblasts with Gcase, although the
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differences were not statistically significant, only CDK20 transcripts demonstrate a tendency to switch
to an alternative splicing pattern closer to the one observed in WT fibroblasts. We can suggest that
treatment with Gcease for 5 days is not sufficient to verify a reversional of alternative splicing events and
it is necessary to increase the time of treatment with the recombinant enzyme.

Taking all these data in consideration, we may consider the CDK2( gene as a strong candidate
to explain some of the morphological changes observed in primary cilia in Gaucher fibroblasts. Previous
studies have shown that changes in the CDK20 gene cause an increase in ciliary length and an abnormal
accumulation of ciliary proteins, such as IFT, in the ciliary tip 3*%!. On the other hand, CDK20 was found,
through interaction with TBCI1D32/BROMI, to control both the structure of the primary cilium, the
ciliary membrane and the axoneme, as well as the Shh signalling pathway®*®!. Thus, lower levels of
inclusion of exon 5 in CDK20 transcripts in Gaucher fibroblasts may be responsible for the generation
of CDK20 proteins that lead to an increase in ciliary length®.

This project showed changes in the morphology of the primary cilium in Gaucher fibroblasts,
namely the appearance of cilia with intermittent Arl13b staining and with an increased length. Moreover,
Gcase treatment was able to rescue the ciliary length phenotype and recovered 49% of normal cilia
morphology, bringing it closer to the values observed in WT. On the other hand, we identified changes
in the acetylation process of a-tubulin which cause dysfunctions in the axoneme of the primary cilium
in Gaucher cells. Interestingly, we identified a possible candidate responsible for the morphological
changes of cilia observed in Gaucher fibroblasts, the CDK20 gene, which showed a differential
alternative splicing pattern when compared with the one presented in WT ones.

Even if we were unable to clarify the exact molecular mechanism by which lysosomal changes
observed in Gaucher fibroblasts lead to changes in the primary cilium, and further studies will be
required, the present study was the first one to pinpoint a link between primary cilia and Gaucher disease.
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Appendix I — List of the sequence of primers used

33



Table II. Detailed sequences of the primers used in the analysis of alternative splicing event.

Name Gene Amplicon size Sequence Position (cDNA) Event analysed
AKNA AFE Fw AKNA 129 ) AGGTGCCCAAGGTCAGAAG Exl Inclusion of
AKNA Ex2 Rv ACCTGGGCCACTTCATCTT Ex2 AKNA first exon
AKNA Ex3 Fw 165 CCACTCCCTGATTTCTCCAA Ex3
AKNA Ex3 Ry ACTGCTCAACAGCACCTCCT
TTC23 Ex3 Fw TTC23 120 TGAAATTTTAAGCCCCAGCTA Inclusion of
TTC23 Ex4 Rv ACCTCAGCTCAGGAGTTTGG Exd TTC23 exon 3
TTC23 Ex5 Fw 156 TGCAAGAATCACAGGAAACC Ex5
TTC23 Ex5 Rv TTGCTTTCTCTTCACAGAGGTG
IFT88 Ex6 Fw IFTS8 97 AAAATATCAAGCACGGCAGTT Ex6 Inclusion of
IFT88 Ex7 Rv TAGCCCCTGTCATTGGTCTT Ex7 IFT88 exon 6
IFT88 Ex17 Fw 100 GTGCGTGGAAGTGGTGAAAG Ex17
IFT88 Ex17 Rv TTGGTTATAGTCTTTTTGTCTCAAGTA
CDK20 Ex5 Fw CDK20 133 GTATGGTGCCCGCCAGTAT Ex5 Inclusion of
CDK20 Ex6 Rv GATGCGAAGCACATAGCAAA Ex6 CDK20 exon 5
CDK20 Ex3 Fw 151 ACAACTGAAGGCTGTGTTCC Ex3
CDK20 Ex3 Rv GACACCCTTGAGCAGCATCT
[FT122 Ex17 Fw IFT122 156 TGTTCAAGGAAGCCTACCAGA Ex17 Inclusion of
IFT122 Ex18 Rv TGCTGCTGATGAGCTCTAAA Ex18 IFT122 exon 18
IFT122 Ex26 Fw 157 CAAGGTGGCTCAGAGTTCGT Ex26
[FT122 Ex26 Rv AGGAGGGGCACATGGTAAT
OFDI Ex19 Fw OFDI 156 CGGGGATATGTCTCATGTGG Ex19 Inclusion of
OFDI1 Ex20 Rv TGCCTTCTTTCTTCTCTCTGC Ex20 OFDI exon 19
OFDI Ex14 Fw 116 GGCTCCTGAACTTGCAGTCT Ex14
OFDI Ex14 Rv CGTCTTGCAGTTGTTTGTGC
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