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ABSTRACT

Mucopolysaccharidosis type | (MPS |) is an autosomal recessive disease, belonging to the group of
the inborn errors of metabolism. It is caused by mutations in the gene encoding for the lysosomal
enzyme a-L-iduronidase (IDUA), which lead to a deficit in the enzymatic activity. IDUA is the
second enzyme of the glycosaminoglycans (GAGs) heparan- and dermatan-sulfate degradative
chains. Therefore, MPS | is characterized by accumulation of these undegraded GAGs in different
tissues and organs, leading to a progressive multi-organ impairment.

The syndrome presents a spectrum of phenotypes, from the attenuated forms, known as Scheie
and Hurler-Scheie syndromes, to the severe form, known as Hurler syndrome.

Clinical manifestations of the disease are: typical coarse facial features, hepatosplenomegaly,
heart valve disease, joint stiffness, skeletal abnormalities, recurrent respiratory upper way
infections, and, in the severe form, a progressive neurological involvement leading to neuro-
developmental delays.

To date, together with symptomatic therapies, the enzyme replacement therapy (ERT) and the
hematopoietic stem cells transplantation (HSCT) are available. ERT, consisting in the weekly
infusion of the recombinant enzyme, although quite efficient in treating the peripheral tissues
pathology, is inefficient in treating the CNS disease, due to the inability of the enzyme to cross the
blood-brain barrier, as well as in treating some difficult districts, as the bones and the heart valves.
On the other hand, HSCT is efficient in treating the CNS compartment and greatly increases
patient’s quality of life by significantly reducing the hospitalization rate and slowing down the
progression of the disease. However, it is effective only if carried out very early in patients’ life
(usually during the first year) and it is unable to revert the altered phenotypes, already established
before the start of treatment.

Although clinically well characterized, the disease remains poorly understood from the pathogenic
point of view, and the molecular mechanisms underlying the pathology are not enough clarified.
The animal model mainly used for the study of MPS | is the mouse, firstly developed in the 90s.
Albeit being a very good model, well resembling the human pathology, the MPS | mouse was
mainly used for therapeutic efficacy studies, while deepened pathogenic investigations have not
been conducted to date. This is due to the extended experimental time required, the high costs
associated to the maintenance of the mice colonies and the increasing ethical issues involved in

the use of mammals in research.



Understanding the pathological mechanisms underlying MPS | could be of great interest to find
out altered pathways involved in the pathogenesis, possibly addressable as new therapeutic
targets of innovative therapies supporting the existing ones.

To this aim, in this project a Drosophila melanogaster model for MPS | was developed and
characterized.

D. melanogaster offers several advantages as an animal model, since it has a short life cycle, which
permits to perform rapid developmental studies conducted in a high number of flies, also thanks
to the elevated progeny that can be obtained from a single crossing. In addition, Drosophila is easy
to handle, and it has relatively contained costs of maintenance. Furthermore, the availability of
transgenic fluorescent lines allows to conduct simplified and accurate in vivo studies. Lastly, in D.
melanogaster it is possible to conduct rapid pharmacological screenings.

The MPS | Drosophila model was developed using the RNA interference (RNAi) approach, taking
advantage of the UAS/Gal4 system available for the fly.

The ubiquitous downregulation of the Drosophila Idua homologous (D-idua) led to a decrease of
the enzymatic activity, up to one-third, in the third instar larvae and to a complete lethality at
pupal stage. The selective downregulation of D-idua in neurons and glial cells led to a mild,
progressive locomotor impairment and, on the other hand, to an increased lifespan.

The D-idua Drosophila model showed some cellular and molecular features similar to those
observed in vitro in human fibroblasts and in the mouse model, as the increased number and size
of lysosomes, both in the brain and in the muscle tissue, together with a decreased percentage of
acidified lysosomes. In addition, autophagy impairment, as well as metabolic pathways alterations
are present in this model, both of which ameliorated in starvation conditions. Furthermore,
alterations of the mitochondrial network, together with impaired mitochondria polarization were
observed. Lastly, the increased volume of the brain and the abnormal morphology of motor axon
terminations represent signs of nervous system structural alterations.

Overall, the MPS | Drosophila model appears to mimic some aspects associated to the human MPS
| pathology, and shows strong alterations in some pathways, which were still poorly characterized
in the disease. Therefore, the MPS | fly model shows great potential for deepening the
mechanisms involved in the pathogenesis of the disease. Starting from the involvement of
different metabolic pathways, which in this project were shown to be drastically affected, the MPS

| fly model offers the possibility to conduct in the future pharmacological screenings specifically



targeted to these altered pathways, as well as to expand the knowledge on other mechanisms

possibly involved in the onset of the pathology.



RIASSUNTO

La mucopolisaccaridosi di tipo | (MPS I) & una malattia genetica rara, a trasmissione autosomica
recessiva, appartenente al vasto gruppo delle malattie metaboliche pediatriche. E causata da
mutazioni nel gene codificante per I'enzima lisosomiale a-L-iduronidasi (IDUA), che portano a un
deficit di attivita enzimatica. IDUA ¢ il secondo enzima delle catene degradative dei
glicosaminoglicani (GAG) eparan- e dermatan-solfato. Di conseguenza, la MPS | & caratterizzata
dall’accumulo di questi GAG non degradati in diversi tessuti e organi, accumulo che porta a un
progressivo danneggiamento degli stessi organi.

MPS | si presenta con uno spettro di fenotipi, dalle forme attenuate, conosciute come sindrome di
Scheie e sindrome di Hurler-Scheie, alla forma severa, conosciuta come sindrome di Hurler.

Le manifestazioni cliniche della malattia sono principalmente rappresentate da facies
caratteristica, epatosplenomegalia, valvulopatie, rigidita articolare, deformita ossee, infezioni
ricorrenti delle alte vie respiratorie, e, nelle forme severe, da un progressivo coinvolgimento
neurologico che porta a ritardi nello sviluppo cognitivo.

Ad oggi, insieme alle terapie sintomatiche, sono disponibili per i pazienti la terapia enzimatica
sostitutiva (ERT) e il trapianto di cellule staminali ematopoietiche (HSCT). ERT consiste
nell’infusione settimanale dell’enzima ricombinante e, sebbene si sia dimostrata parzialmente
efficace nel trattare la malattia a livello periferico, € inefficiente sia per il trattamento del sistema
nervoso centrale, a causa dell’incapacita dell’enzima di attraversare la barriera emato-encefalica,
che per il trattamento di alcuni distretti periferici, quali ossa e valvole cardiache. D’altra parte, il
trapianto di cellule staminali ematopoietiche ¢ efficace nel trattamento del sistema nervoso
centrale e migliora notevolmente la qualita di vita dei pazienti, riducendo in maniera significativa
la necessita di ospedalizzazione. Tuttavia, il trapianto di cellule staminali ematopoietiche & efficace
solo se effettuato molto precocemente nella vita del paziente (solitamente entro il primo anno di
eta) e non e in grado di revertire aspetti fenotipici alterati, gia eventualmente instauratisi nelle fasi
precedenti il trapianto.

Sebbene ben caratterizzata dal punto di vista clinico, la malattia rimane ancora poco conosciuta
dal punto di vista della patogenesi e i meccanismi molecolari coinvolti non sono stati ancora
sufficientemente chiariti.

L’animale modello tipicamente utilizzato per lo studio della MPS | € il topo, sviluppato durante gli

anni ’90. Pur essendo un buon modello animale, che riproduce sotto diversi aspetti la patologia



umana, il topo e utilizzato principalmente per studi di efficacia terapeutica, mentre & stato piu
raramente impiegato per condurre piu approfondite indagini sulla patogenesi, a causa dei lunghi
tempi di sperimentazione richiesti, degli elevati costi associati al mantenimento delle colonie
murine e dei crescenti problemi etici coinvolti nell’'uso dei mammiferi in ricerca.

La comprensione dei meccanismi patologici che stanno alla base della MPS | puo essere di grande
interesse per identificare pathways alterati coinvolti nella sua patogenesi, che possano
potenzialmente rappresentare nuovi target terapeutici, cui indirizzare anche nuove terapie, a
supporto di quelle esistenti.

A questo scopo, nel progetto qui presentato é stato sviluppato un modello di MPS | basato su
Drosophila melanogaster, meglio conosciuta come moscerino della frutta.

D. melanogaster offre diversi vantaggi come animale modello, poiché ha un ciclo vitale molto
breve, che permette di effettuare studi rapidi sullo sviluppo, condotti su un numero elevato di
animali, poiché da un singolo incrocio & possibile ottenere una numerosa progenie. Inoltre,
Drosophila € semplice da maneggiare e ha dei costi di mantenimento relativamente contenuti. In
aggiunta, la disponibilita di linee transgeniche fluorescenti permette di condurre semplici e
accurati studi in vivo. Infine, in D. melanogaster € possibile condurre rapidi screening
farmacologici.

I modello di MPS | di Drosophila & stato sviluppato utilizzando I'approccio dell’lRNA interference
(RNAI), grazie alla disponibilita del sistema UAS/Gal4 nel moscerino.

La riduzione ubiquitaria dell’'omologo del gene umano /dua in Drosophila (D-idua) porta ad una
diminuzione dell’attivita enzimatica fino a circa un terzo del livello normale, nel terzo stadio
larvale, mentre causa una completa letalita allo stadio di pupa. La selettiva diminuzione di D-idua
nei neuroni e nelle cellule della glia causa una lieve, ma progressiva disfunzione motoria e, allo
stesso tempo, un aumento dell’aspettativa di vita. Il modello di Drosophila mostra alcune
caratteristiche simili a quelle osservate in vitro nei fibroblasti umani e nel topo, quali 'aumento del
numero e della dimensione dei lisosomi nel cervello e nel tessuto muscolare, insieme a una
riduzione della percentuale di lisosomi acidificati. Inoltre, sono state osservate disfunzioni
autofagiche e alterazioni di alcuni pathway metabolici, entrambe migliorate in condizioni di
deprivazione di nutrienti. Il modello presenta anche alterazioni della rete mitocondriale, insieme
ad un’alterata polarizzazione dei mitocondri. Infine, I'aumento del volume cerebrale e la
morfologia alterata delle terminazioni degli assoni motori riflettono alcune alterazioni strutturali

del sistema nervoso.



Nel complesso il modello di Drosophila della MPS | sembra mimare alcuni aspetti associati alla
patologia umana, e mostra forti alterazioni in alcuni pathway che rimangono poco caratterizzati in
guesta malattia. Pertanto, il modello di MPS | generato nel moscerino della frutta mostra un
grande potenziale per approfondire i meccanismi coinvolti nella patogenesi della malattia. A
partire dalle alterazioni osservate nei diversi pathways analizzati nel modello, la Drosophila MPS |
offre la possibilita di svolgere in futuro degli screening farmacologici indirizzati specificatamente a
guesti pathways alterati, e di ampliare la conoscenza su altri meccanismi che sono potenzialmente

coinvolti nell’esordio della patologia.



INTRODUCTION

1. Lysosomal storage disorders and Mucopolysaccharidoses
Lysosomal storage disorders (LSDs) are a group of over 70 inborn errors of metabolism
characterized by lysosomal dysfunctions, with an estimated incidence of 1 in 5,000 to 1 in 5,500
live births for those involving enzymes or defects of membrane proteins. Most of them are
autosomal recessive, while three are X-linked diseases (Hunter syndrome, Fabry disease and
Danon disease) (Platt et al., 2018). LSDs are monogenic diseases caused by mutations in genes
encoding for different lysosomal proteins involved in several functions, such as hydrolases,
transporters, membrane proteins, and enzyme modifiers or activators. The mutated proteins lead
to progressive accumulation of different species and to the subsequent dysfunction of lysosomes.
LSDs are commonly classified based on these accumulated species (as for example
sphingolipidoses, mucopolysaccharidoses and glycoproteinoses) and are genetically and clinically
very heterogenous, although many of these patients present with a progressive neurological

impairment.

Mucopolysaccharidoses (MPSs) are a group of eleven LSDs caused by mutations in the genes
encoding for the lysosomal enzymes responsible for the degradation of mucopolysaccharides or
glycosaminoglycans (GAGs). Mutations in these genes cause a deficit in the lysosomal enzymes
activity that leads to the progressive accumulation of undegraded GAGs in several tissues and
organs. They are all inherited as autosomal recessive traits, except MPS I, which is an X-linked
inherited disease. Depending on the gene involved, accumulation of different GAG species and
different clinical phenotypes are registered, each disease usually presenting with a continuum of
phenotypes. Some MPSs are characterized by severe forms, often presenting with neurological
involvement.

Although individually very rare, the prevalence of all forms of mucopolysaccharidosis is estimated
to be one in 25,000 births (“Mucopolysaccharidoses,” n.d.) and it highly varies among different
populations, based on the genetic and cultural background (Zhou et al., 2020; Celik et al., 2021).
The accumulation of undegraded GAGs leads to a progressive multi-organ impairment and
common symptoms among most MPSs are hepatosplenomegaly, bone deformities, joints stiffness,
characteristic facies, and cardiac valves impairment. Moreover, patients usually present recurrent

high respiratory tract infections, and corneal clouding is a diffused sign.



The onset of symptoms varies among different MPSs and among different patients with the same
disease, and usually, we distinguish mild forms characterized by a late onset and a slower
progression, and severe forms characterized by an early onset, during the first two-three years of

age, and often presenting with or developing a neurological involvement.

2. Mucopolysaccharidosis type |
Mucopolysaccharidosis type | (MPS |) is caused by mutations in the gene encoding for the
lysosomal enzyme a-L-iduronidase (IDUA), hydrolyzing the terminal alpha-L-iduronic acid residues
of heparan-sulftate (HS) and dermatan-sulfate (DS); mutations lead to a deficit of the enzymatic
activity. IDUA is the second enzyme of the degradative chains of HS and DS, which accumulate
undegraded in different organs and tissues. Prevalence of MPS | varies from 0.19 to 1.85 per
100,000 live births depending on the country, and it is the most common disease among MPSs
(Celik et al., 2021).
Clinically, MPS | is characterized by a continuum spectrum of phenotypes, although typically it is
distinguished in Scheie and Hurler-Scheie syndrome, representing the attenuated forms, and
Hurler syndrome, which represents the severe form. The latter usually has a very early onset of
symptoms (during the first months of life) and presents with a progressive neurological
impairment. Without treatment, children with severe MPS | usually die within the first decade of
life, as a result of cardiorespiratory failure and progressive neurologic disease (Clarke, 1993;

Muenzer et al., 2009).

2.1. Diagnosis
Starting from a clinical suspicion, the first biomarker commonly used for the diagnosis of MPS | is
the measurement of GAG levels in urine through the DMB assay and the gel electrophoresis. More
recently, the availability of new sophisticated techniques, as the tandem mass spectrometry,
permits to evaluate in a rapid and precise way different GAG species in different types of samples
(urine, serum/plasma, dried blood spots, amniotic fluid, cerebrospinal fluid, cultured cells, and
tissues) (Filocamo et al., 2018).
Another assay commonly carried out for the diagnosis of MPS | is the enzyme activity
measurement, usually performed in skin fibroblasts. The assay is based on the measurement of
the fluorescence emission of the product of degradation of the substrate by the IDUA enzyme. In

fact, the assay uses IDUA-specific substrates with a fluorogenic radical (4-methylumbelliferyl) to



generate a fluorophore product that will absorb energy at a specific wavelength and then emit it
at a longer wavelength, enabling to determine the quantity of product generated (Ou et al., 2014).
In case of positive results from GAGs measurement and enzyme activity, a molecular diagnosis test
is suggested to confirm the diagnosis of MPS I. The aim of the molecular diagnosis is to identify the
mutations associated to the gene. Moreover, sometimes GAG levels and enzyme activity
measurement alone are not sufficient for the diagnosis, since there are some patients presenting
normal enzyme activity and elevated GAG levels and, on the other side, patients presenting
absence of enzyme activity and normal GAG levels in urine. These conditions are known as
pseudo-deficits and need to be further investigated at a molecular level (Kubaski et al., 2020).
Since 2016, MPS | has been included in the new-born screening program in the United States of
America (Elliott et al., 2016) as well as in other countries (Taiwan, Italy, Austria, Belgium, Brazil,
and Mexico) (Metz et al., 2011; Navarrete-Martinez et al., 2017; Bravo et al., 2017; Burlina et al.,
2018; Eyskens and Devos, 2019; Chan et al., 2019).

2.2. Treatments
The first treatment successfully applied to MPS | was the bone marrow transplantation (Hobbs et
al., 1981). Nowadays, the hematopoietic stem cells transplantation (HSCT) has become the gold
standard for the treatment of the severe forms of MPS | in patients diagnosed and treated before
2-2.5 years of age (de Ru et al., 2011). HSCT is also more efficient if carried out very early, usually
before 12 months of age (Poe et al., 2014; Aldenhoven et al., 2015). It alters the natural history of
MPS | and stops the progression of the disease also at a neurological level, allowing affected
individuals to achieve long-term survival (Poe et al., 2014). However, HSCT still presents some
issues, since its successfulness strictly depends on the age of the patients at the time of
transplantation, and, although it can stop the disease progression, it remains inefficient for the
treatment of some districts, which may be already damaged before the transplantation, as bones
and brain (Parini et al., 2017).
As for other MPSs, enzyme replacement therapy (ERT) is available also for MPS | patients,
specifically authorized for this disease in USA and Europe starting 2003 (Wraith et al., 2004). ERT
consists of weekly infusion of the recombinant enzyme Laronidase (Aldurazyme®, BioMarin,
Novato, CA), which reaches the lysosomes through the Mannose 6-phosphate receptor (Gary-
Bobo et al., 2007). When HSCT is planned, the therapy is administered starting from the diagnosis

up to the engraftment of the transplantation, to stabilize the clinical conditions of pre-



transplantation patients and, in patients where the transplantation is not possible, for the entire
life (Parini and Deodato, 2020). ERT can reduce urine GAG levels and liver size and can improve
joints mobility. However, it is inefficient in treating the Central Nervous System (CNS) signs, being
the enzyme unable to cross the blood brain barrier; it is also inefficient in other districts, such as
bones and heart valves, and it does not ameliorate the corneal clouding (Cox-Brinkman et al.,
2007; Kakkis et al., 2009; Clarke et al., 2009; Tylki-Szymanska et al., 2010). Furthermore, a long-
term study conducted in patients treated with ERT showed that albeit total GAGs in urine were
significantly decreased, heparan- and dermatan-sulfate were still significantly elevated (de Ru et
al., 2013).

Finally, although in general well tolerated, ERT often results in the production of anti-drug and
neutralizing antibodies, which can impair the biological activity of the enzyme. Therefore,
antibodies may be responsible for the further reduction of the efficacy of ERT, although a
progressive decline of autoantibodies over time was also observed, suggesting the development of

a natural immune tolerance (Kakavanos et al., 2003; Laraway et al., 2016; Xue et al., 2016).

2.3. Auvailable in vitro and in vivo models of MPS |
Different in vitro and in vivo models of MPS | have become available since the 70s, and they were
mainly used for therapeutic efficacy studies. However, the characterization of these models
brought us additional knowledge on some typical features of the pathology. These models will be

hereafter described.

2.3.1. Invitro models
For in vitro studies, human fibroblasts are commonly used, as well as cells derived from the animal
models.
Beside the absence of enzyme activity and the consequent GAGs accumulation, a common feature
of MPS | human fibroblasts is the presence of enlarged vacuoles in the cytoplasm (Conrad et al.,
1972; Keeling et al., 2001).
It has been widely shown that MPS | cells are more sensitive to apoptosis compared to normal cells
and present reduced proliferation (Pan et al., 2005; Pereira et al., 2010; Viana et al., 2016).
Pan and colleagues showed that heparan-sulfate is defective in binding the Fibroblast Growth

Factor (FGF) receptor, and that some other factors interfere with FGF mitogenic signalling, leading
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to impairment of both mitogenic and survival-promoting activities, and therefore reduced
proliferation and survival (Pan et al., 2005).

Different mechanisms have been suggested to be involved in the induction of apoptosis in MPS |
cells. For example, the oxidative stress, that leads to increased toxic products from lipid
peroxidation, could induce the premature cell death via apoptosis (Pereira et al., 2008). Together
with the oxidative stress, it was noticed an imbalance of the calcium homeostasis, with multi-
organellar calcium storage and decrease of calcium concentration in cell cytoplasm, which
therefore leads to altered intracellular and lysosomal pH and to altered mitochondria potential
(Pereira et al., 2010; Viana et al., 2016, 2017). Alterations of calcium homeostasis and pH cause
lysosomal permeability and leakage, which can consequently activate apoptotic cell death (Pereira
et al., 2010). Another recent interesting finding about MPS | cells is their impaired phagocytosis

ability; however, the pathway is not well characterized so far (Viana et al., 2016).

2.3.2. The mouse model
The first mouse model for MPS | was generated in 1997 by the disruption of the Idua gene (Clarke
et al., 1997). Since then, other mouse models were generated using different approaches, and
nowadays five different mouse models are available, among which three were generated through
a knock-out approach and two were generated through a knock-in approach (Table I). All these
models share common phenotypes, but are characterized by different degrees of disease severity,

as well as different ages of symptoms onset (Figure I).

Table I. Mouse models of MPS I.

Mouse model Year of publication References
Knock-out (targeted 1997 (Clarke et al., 1997; Russell et
disruption of /dua gene) al., 1998; Braunlin et al., 2006;

Garcia-Rivera et al., 2007; Pan
et al., 2008; Wilkinson et al.,

2012; Derrick-Roberts et al.,

2017)
Knock-out (targeted 2002 (Ohmi et al., 2003; Jordan et
disruption of /dua gene) al., 2005; Reolon et al., 2006,

2009; Baldo et al., 2012, 2017)

11



Knock-out (targeted 2015 (Kim et al., 2015)

disruption of /dua gene)

Knock-in (point non-sense 2010 (Wang et al., 2010; Oestreich
mutation) et al.,, 2015)
Knock-in (point non-sense 2015 (Mendez et al., 2015)

mutation CRISPR-mediated)

<Face shape> <Thickness of digits>

-

Figure I. The mouse model of MPS I. Adapted from (Kim et al., 2015).
The MPS | mouse presents altered facial features, similar to those observed in patients, with a
broader head (Clarke et al., 1997; Garcia-Rivera et al., 2007; Wang et al., 2010; Mendez et al.,
2015), dysostosis multiplex and a severe skeletal disease. This is characterized by the thickening
and deformity of the bones, which leads to progressive decline of movement and motor
dysfunction, together with the loss of contractile capacity (Russell et al., 1998; Wang et al., 2010;
Baldo et al., 2012; Mendez et al., 2015; Oestreich et al., 2015; Kim et al., 2015; Baldo et al., 2017).
Other typical features of the MPS | mouse model are the broadened paws and the coarse, rough
fur (Clarke et al., 1997; Garcia-Rivera et al., 2007; Mendez et al., 2015). Moreover, the MPS |
model presents a decreased average lifespan and an increased body weight compared to wild-type
littermates (Russell et al., 1998; Pan et al., 2008; Wang et al., 2010; Oestreich et al., 2015; Derrick-
Roberts et al., 2017).
As in the human pathology, typical biomarker of the MPS | mouse model is the increased GAG
levels in urine and organs. Progressive accumulation of GAGs was observed in urine, liver, spleen,

heart and cardiac valves, lung, kidney, skeletal muscle, trachea and brain (Clarke et al., 1997;
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Russell et al., 1998; Jordan et al., 2005; Braunlin et al., 2006; Garcia-Rivera et al., 2007; Pan et al.,
2008; Wang et al., 2010; Kim et al., 2015; Mendez et al., 2015; Derrick-Roberts et al., 2017; Baldo
et al., 2017). Such progressive accumulation of GAGs leads to typical cell phenotypes, where
vacuolation and enlargement of lysosomes can be observed, in particular in splenocytes, glial cells,
neurons, Purkinje cells, and kidney cells (Clarke et al., 1997; Wang et al., 2010; Baldo et al., 2012;
Kim et al., 2015).

Another trait of the MPS | mouse model, in common with the human pathology, is the heart
disease: heart of MPS | mouse is enlarged and presents with thickened valves, which lead to
cardiac dysfunction (Jordan et al., 2005; Braunlin et al., 2006; Baldo et al., 2017). At a microscopic
level, loss of collagen together with disarrangement of elastin fibres, both in the cardiac muscle
and in the aorta, were noticed, the latter presenting with thickened walls (Braunlin et al., 2006;
Baldo et al., 2017).

The neurological involvement is a very clear sign of the MPS | mouse model. A secondary storage
of the gangliosides GM2 and GM3 was observed in the brain, together with a remarkable
neuroinflammation, as both the astroglia and the microglia are activated (increase of GFAP and
CD68 markers) and many inflammatory markers are upregulated (isolectin-B4, monocyte
chemoattractant protein-1, macrophage inflammatory protein-1a, interleukin-1a) (Russell et al.,
1998; Ohmi et al., 2003; Wilkinson et al., 2012; Baldo et al., 2012; Mendez et al., 2015; Derrick-
Roberts et al., 2017). Moreover, different structural and molecular alterations in the brain cells
were observed, such as a reduced thickness of myelination in axons and alterations in the synaptic
proteins VAMP2 and Homer1, which are responsible for the rearrangement of the pre-synaptic
compartment and for the altered signalling at the post-synaptic density respectively (Wilkinson et
al., 2012). Other alterations observed in neural cells are the progressive loss of the Purkinje cells of
the cerebellum and the presence of multiple vesicular organelles which resemble
autophagosomes in neurons (Russell et al., 1998; Wilkinson et al., 2012).

The MPS | mouse model displays different behavioural deficits, presenting with hypoactivity and
learning and memory deficit (Reolon et al., 2006; Garcia-Rivera et al., 2007; Pan et al., 2008;
Mendez et al., 2015; Derrick-Roberts et al., 2017), which may reflect both the skeletal and the CNS
diseases.

Finally, different signs of oxidative stress were noticed in the mouse model, as the increase of the
SOD (SuperOxide Dismutase) activity, of the catalase activity and of the carbonyl groups, but these

mechanisms are still poorly characterized (Reolon et al., 2009).
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2.3.3. The dog model
The spontaneous dog mutant for the gene Idua was first identified in 1982 (Shull et al., 1982).
Since then, some studies were conducted to characterize the pathology of the MPS | dog. As
already seen in the human and in the MPS | mouse model, the MPS | dog presents elevated GAG
levels in urine, cornea, kidney, liver and spleen (Shull et al., 1982, 1984; Constantopoulos et al.,
1989; Newkirk et al., 2011; Simonaro et al., 2016). The dog presents with impaired mobility and
reduced flexibility of joints, with corneal clouding and with enlarged heart, reflecting similar
aspects of the human pathology (Shull et al., 1982, 1984; Constantopoulos et al., 1989; Newkirk et
al., 2011). In particular, the characterization of cardiac disease observed that, together with the
enlarged heart, the MPS | dog model presents vascular lesions of aorta, with extensive elastin
fragmentation, occlusion of the vascular lumen with atherosclerotic-line plaques and loss of
smooth muscle cells (Lyons et al., 2011; Simonaro et al., 2016). Moreover, an increased expression
of the clusterin was observed, which is involved in the morphological transformation of vascular
smooth muscle, and can be used as a biomarker of the cardiac disease (Khalid et al., 2016;
Simonaro et al., 2016).
The most evident sign at a microscopical level is the vacuolation of neurons, astrocytes, Kupffer
cells and mesenchymal cells of the cornea, which may be a consequence of GAGs accumulation
(Shull et al., 1982, 1984; Constantopoulos et al., 1989; Newkirk et al., 2011).
The brain pathology of the MPS | dog model is still uncharacterized; however, as already seen in
the MPS | mouse model, a secondary storage of the gangliosides GM2 and GM3 in the brain was
identified (Shull et al., 1982, 1984).
Finally, some evidences of inflammation were found in the dog model, where increased levels of

TNF-a and IL-8 were measured in serum and in the cerebrospinal fluid (Simonaro et al., 2016).

2.3.4. The cat model
The spontaneous cat mutant for the gene Idua was identified in 1979 and displays some common
features with the human pathology and the other MPS | animal models (Haskins et al., 1979). The
MPS | cat presents with short, broad face, corneal clouding and skeletal disease (Haskins et al.,
1979, 1983). As already seen in the other MPS | models, the cat also presents elevated GAG levels
in urine, cornea, spleen, liver, kidney, lung and heart (Haskins et al., 1979, 1983; Hinderer et al.,
2014). The thickening of the heart valves reflects the human pathology as well (Haskins et al.,

1979, 1983; Sleeper et al., 2008). A common trait of the pathology observed at a microscopical
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level is the presence of vacuoles in the cytoplasm of different cells, as neurons and hepatocytes
(Haskins et al., 1979, 1983). Also in this case, the brain pathology is not well characterized yet;
however, neuronal loss and astrocytosis were observed, as well as secondary storage of the

ganglioside GM3 (Haskins et al., 1983; Hinderer et al., 2014).

3. Drosophila melanogaster as a model of LSDs
The MPS | animal models so far described are very useful to characterize the pathology and to
conduct therapeutic efficacy studies. However, the analysis of the mechanisms involved in the
onset and progression of the disease can be more difficult, because of the complexity of these
animals, the long experimentation timing needed, the elevated maintenance costs, and the ethical
issues involved in their handling; all these aspects contribute to the reduction of the sample size
available for testing (De Filippis et al., 2022). Therefore, studying the disease in a less complex
animal model can be advantageous to understand its pathogenesis and to identify new biomarkers
of the pathology as well as new therapeutic targets.
Drosophila melanogaster was one of the first animal models historically used to conduct studies
on genetic diseases, and it still is, since approximately 75% of the disease-causing genes in humans
are conserved in D. melanogaster and, in the last few years, many LSDs have been successfully

modelled in the fruit fly (Rigon et al., 2021).
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Figure Il. Drosophila melanogaster life cycle at 25°C.
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Many tools are available in Drosophila for the easy and rapid genetic manipulation of the organism
and for the conduction of in vivo studies, including numerous fluorescent transgenic lines, allowing
the direct visualization of fluorescent proteins of interest, and the accessibility to vital dyes,
directly usable on the alive organism. In addition, there is an increasing availability of antibodies
specific for D. melanogaster testing.

Different approaches are used for the genetic manipulation of D. melanogaster:

- the UAS/GAL4 system, which permits to selectively downregulate the gene of interest
ubiquitously, or in a tissue-specific manner (Duffy, 2002);

- the use of transposable elements, which allows to generate knock-out models through
chromosomal deletions, homologous recombination or gene replacement; they can be
used for gene tagging and chromosome engineering, which allow to generate molecularly
marked mitotic clones for mosaic analysis, as well as fluorescent tagged genes for the in
vivo studies of some protein patterns; lastly, they can be used for targeted misexpression,
through RNA interference (RNAi) delivery (Ryder and Russell, 2003);

- the CRISPR/Cas9 technology, a recent and innovative approach which permits to generate
a variety of engineered modifications, including genomic deletions and replacements,
precise sequence edits, incorporation of protein tags, and tissue-specific knock-out models
(Gratz et al., 2015).

In the last ten years, many Drosophila models have been generated for LSDs, well reflecting the
human pathologies. On the metabolic side, the main finding in these models is the involvement of
the endolysosomal and autophagic pathways, which were found altered in most LSD flies. In some
models, imbalances in the lipid pathway were also detected. These models revealed to be
particularly useful for the study of the neurological pathology, presenting with abnormalities such
as dysfunctional motility, abnormal axonal trajectory, decreased number of neuromuscular
junction (NMJ) boutons, loss of dopaminergic neurons, as well as apoptosis and increased
autophagy at neuronal and glial cells level.

Drosophila LSD models to date available are reported in Table II.
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Table Il. Drosophila LSDs models. Adapted from (Rigon et al., 2021).

Disease Human Gene

Drosophila Gene

Protein Alignment Data Model Generation Method

Neuronal ceroid-lipofuscinosis (CLN) or Batten disease

72% similarity, 55%

CLN1 CLN1/PPT1 CG12108/Ppt1 . . RNAI
identity
Minos transposable element
CLN3 CLN3 CG5582/CIn3 Data not available imprecise excision;
RNAI
CLN4 CLN4/DNAJC5 CG6395/Csp Data not available P-element insertion
CLN10 CLN10/CTSD CG1548/cathD §5% s.imilarity, 50% P—e!e.ment imprecision
identity excision
Mucolipidosis (ML) and Mucopolysaccharidoses (MPSs)
MLIV MCOLN1 CG8743/Trpml| 40% identity P-element insertion
MPS Il, Hunter Syndrome IDS CG12014/Ids 47% identity RNAI
MPS11IA, San Filippo Syndrome SGSH CG14291/Sgsh 53% identity RNAI
type A
MPS 111B, San Filippo Syndrome NAGLU CG13397 41% identity none
type B
o/ 1 1 0,
MPS VII, Sly Syndrome GUSB CG2135/6Glu jii‘/?l::rlﬁr;tlty’ 60% Homologous recombination
Sphingolipidosis
Minos transposable element
insertion;
Gaucher disease (GD) or GBA CG31148/GBAla 31% identity, 49% Homologous recombination;
glucocerebrosidase deficiency CG31414/GBA1b similarity Transposon insertion and
precise excision;
RNAI
Niemann Pick disease type 1C CG5722/Npcla Npcla: 44% similarity, .
NPC1 . . RNAI
(NPC1) CG12092/Npclb 63% identity;
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Npclb: 55% similarity,
38% identity

CG7291, CG3153, CG3934,

Niemann Pick disease type 2C NPC2 CG12813, CG31410, Npc2a: 53% similarity, P-element insertion and
(NPC2) CG6164, CG11314, 36% identity imprecise excision
CG11315 (Npc2a-h)
Metachromatic leukodystrophy ARSA CG32191 Data not-available PhiC31 integrase system
Fabry disease GLA CG5731 Data not available
Saposin deficiency . . !D—elem.ent insgrtion and
PSAP CG12010 (Saposin-related) Data not available imprecise excision; FLP-FRT

sphingolipidoses

based deletion

LSD-like

Spinster/Benchwarmer

CG8428 (spin or bnch) Data not available

P-element insertion and
imprecise excision;
P-element insertion
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Most fruit fly models generated to study lysosomal disorders, although not completely
characterized in terms of molecular pathways and pathological mechanisms, share similar
phenotypes, such as a reduced lifespan, locomotor deficits, and neuronal cell death, highlighting
the potential of these invertebrate models to study the neurological mechanisms often associated
with LSDs. However, some Drosophila models have been deeply analyzed. At cellular level,
alterations of vesicular trafficking, inhibition of autophagosome-lysosome fusion, and defects of
autophagosome formation/accumulation seem to be common mechanisms, as it was observed in
the Drosophila models of mucolipidosis type IV, mucopolysaccharidosis type IlIA, and Gaucher
disease (Venkatachalam et al., 2008; Kinghorn et al., 2016; Webber et al., 2018). The Drosophila
model of mucolipidosis type IV showed an increased number of lysosomes and an increased
storage of lipofuscin, the latter being a sign of disrupted autophagy (Venkatachalam et al., 2008).
The fly model of mucopolysaccharidosis IlIA showed a disruption of vesicular trafficking, with
impaired autophagic activity (Webber et al., 2018). The Drosophila model of Gaucher disease
showed a block of the autophagic flux, together with an altered acidification of lysosomes
(Kinghorn et al., 2016). Alterations of the autophagic pathway can cause an accumulation of
damaged mitochondria, which leads to oxidative stress and, consequently, to apoptosis, as it was
observed in mucolipidosis type IV, in mucopolysaccharidosis type VIl and in Gaucher disease
Drosophila models (Venkatachalam et al., 2008; Kinghorn et al., 2016; Bar et al., 2018). The
analysis of these models allowed to understand the involvement of other cellular pathways in the
pathogenesis of LSDs. In particular, it was observed that alterations of autophagic pathway,
together with alterations of the lysosomal degradative system, can take to the accumulation of
misfolded proteins, which in turn activates the UPR (Unfolded Proteins Response) and, therefore,
leads to endoplasmic reticulum stress (Maor et al., 2013; Suzuki et al., 2013; Braunstein et al.,
2020).

These studies, performed during the last few years, highlighted the potential of the use of
Drosophila as a model for LSDs, as they permitted to characterize cellular mechanisms involved in
their pathogenesis, not known to be involved before.

The emerging roles of these mechanisms can permit the identification of new therapeutic targets,
on which pharmacological studies could be carried out, also taking advantage of the possibility to

conduct rapid drug screening procedures in Drosophila.
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4. Autophagy in LSDs
Lysosomes play a central role in processing the clearance of cellular substrates within the
endosomal-autophagic-lysosomal system. Autophagy is a highly conserved mechanism among
different species, through which the cell degrades and recycles proteins, as well as ageing
damaged organelles (Di Malta et al., 2019). Three different types of autophagy are known so far:
microautophagy, chaperone-mediated autophagy and macroautophagy, the latter usually referred
simply as autophagy.
During macroautophagy there is the formation of a double-membrane vesicle, the
autophagosome, which encapsulates cytoplasmic cargo and fuses with lysosomes to generate
autophagolysosomes, where substrates are degraded by lysosomal enzymes and recycled
(Mizushima and Komatsu, 2011). In microautophagy, some portion of the cytoplasm are directly
englobed in lysosomes, through the invagination of the lysosomal membrane (Sahu et al., 2011).
Finally, chaperone-mediated autophagy does not involve membranes remodelling; instead,
cytosolic proteins are transferred directly into the lysosomal lumen through some lysosomal
membrane proteins, such as Lamp2 (Lysosome-associated membrane protein-2) (Orenstein and
Cuervo, 2010).
The autophagic process, although constitutively active at a very low rate, is essential during
pathologic conditions and other physiologic processes: autophagy is activated at a high rate in
case of lack of nutrients, of some drug treatments, and of stress conditions; furthermore, during
the developmental stages, when its role is fundamental for the correct remodelling of the tissues,
the autophagic process is effectively activated (Mizushima et al., 2008).
Autophagy is a dynamic process, in which three main stages are recognized (initiation, elongation
and fusion) with the involvement of different genes and proteins (Mizushima, 2007; Noda et al.,
2009).
Autophagosome begins to generate at multiple sites throughout the cytoplasm (initiation); next,
the membrane starts to expand, and a structure called phagophore is formed (elongation). During
the elongation phase, the phagophore completely surrounds the cargo and its membrane fuses,
building a double-membraned autophagosome. Once the autophagosome is completed, it delivers
the cargo to the lysosome, with which it fuses through its outer membrane, forming the
autolysosome. Into the autolysosome, the autophagosome inner membrane is degraded and the
autophagic cargo is exposed to the acidic pH and to the lysosomal hydrolases, which degrade the

content of the autophagosome, while the component parts are exported back into the cytoplasm
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to be used by the cell in biosynthetic processes or to produce energy (Figure lll) (Parzych and

Klionsky, 2014).

. (MTORC )
(MToRC ) (P —
N SR QIOIG
\ Atg” " u|_|(1,'2 ) Starvation (P)__(F
N7 N ————>  (ag13 )
(RBtcct ) (C120rtad) \ __g___ '_uuwz )
P siress conditions N ™
IRIG 'RB1CC1' (c120rf44)
Autophagy initiation P
complex
Phagophore Autophagosocme
® > ol ! > .’. P b
‘ - - ) & . =\
. "I T .-";l v LS
. "J L/ J
Initiation Elongation Fusion
[:I Atgla Lysosome

| Rei(2)p

Figure lll. Schematic representation of the autophagic process.

During the autophagic process, different proteins of the Atg-related group and of the Rab group
take part in every step. However, the start of the process is regulated by the association of the
mechanistic target of rapamycin complex 1 (MTORC) to the initiation complex. MTORC is nutrient-
dependent, thus it associates with the autophagic initiation complex when the cell is in nutrient-
rich conditions, while it dissociates from the complex in absence of nutrients, activating the
autophagic process. MTORC is responsible of the phosphorylation of the Atg proteins of the
initiation complex, which remains inactive when it is phosphorylated. When MTORC dissociates
from the initiation complex, Atg proteins are dephosphorylated and, therefore, the complex
activates the autophagic process (Hosokawa et al., 2009).

In the last few years, dysregulation of autophagy was observed to be involved in the pathogenesis
of some LSDs (Lieberman et al., 2012). In particular, it was found that there is an accumulation and

a defective degradation of autophagic vesicles in Pompe and Danon disease, in MPS llIA and VI, in
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Niemann-Pick disease type 1 and 2, in Fabry disease and in mucolipidosis type IV (Lieberman et al.,
2012).

Drosophila melanogaster is particularly suitable for studies on the autophagic process, since in
recent years many reporter lines have been developed by the scientific community and made
available through public stock centres. In particular, UAS-fluorescent lines have been developed
for the easy in vivo detection of proteins involved in the autophagic process (such as Atg and Rab
proteins), as well as for the detection of the number and structure of lysosomes (especially using
lysosomal-associated membrane proteins, such as Lamp1). In fact, GFP and/or mCherry-tagged
Atg8a are used to detect the autophagic structures (autophagosomes); reporter lines expressing
other tagged-Atg proteins (Atg5 and Atg12) allow the detection of phagophores; GFP and/or
mCherry-tagged Lamp lines identify lysosomes and autolysosomes. Moreover, the combination of
GFP-Lamp1 with mCherry- Atg8a allows to distinguish autophagosomes from autolysosomes;
tagged-Rab proteins (i.e., Rab5, Rab7, Rab11) allow to follow the endocytic pathway and the
maturation of endosomes. Furthermore, taking advantage of the different resistance of the GFP
and the mcherry proteins to the lysosomal hydrolases, it is possible to use lines with a double
reporter (GFP-mcherry tandem construct) and to detect the whole autophagic process, in relation
to the acidification of lysosomes. All these lines, crossed with proper enhancer-GAL4 lines, allow to
analyse very easily the endolysosomal and autophagic pathways in a cell- and tissue-specific
manner (L6rincz et al., 2017). In addition, a lot of UAS lines are available for the autophagic
proteins, both for the downregulation and the overexpression of the autophagic genes, and the
combination of these lines together with the model of interest can be useful to conduct rescue

experiments, as well as to evaluate the main autophagic genes involved in the pathogenic process.

5. Altered Metabolism in LSDs
Although long recognized as metabolic disorders, still little is known about the metabolic changes
associated to lysosomal storage disorders.
It is known that the autophagic pathway is essential for maintaining cellular metabolic
homeostasis, and the diminished efflux of monomeric products from autolysosomes can lead to a
metabolic insufficiency, where key catabolic products are unavailable to enter a variety of
metabolic recycling pathways (Platt et al., 2018).
In addition, autophagy directly regulates lipid metabolism, including fatty acids oxidation, lipolysis,

lipogenesis, ketogenesis, and cholesterol efflux, and the suppression of autophagy leads to
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defective B-oxidation and ketogenesis (Saito et al., 2019). In particular, autophagy is involved in
the lipolysis process, which consists of the breakdown of triacylglycerols and esters by cytosolic
lipases, through the modulation of lipoprotein trafficking, and through the supply of lipid droplets
(LDs) (Zhang et al., 2018). Moreover, lipid storage can be broken down via lipophagy, a specific
selective autophagy that targets LDs and catabolizes their components into free fatty acids and
glycerol (Kounakis et al., 2019).

Mitochondria are known to be the main regulators of the cell metabolism and, when damaged,
they need to be removed via mitophagy, the autophagic process designated to their selective
degradation (Onishi et al., 2021). When autophagy is impaired, no degradation of disrupted
mitochondria takes place and this leads to oxidative stress, due to accumulation of reactive
oxygen species (ROS), consequence of impaired oxidative phosphorylation, and to an imbalance in
lipid and glucose metabolism (Cabrera-Reyes et al., 2021). Still little is known about the
involvement of mitochondria in LSDs; however, some studies observed an accumulation of
enlarged disrupted mitochondria, presenting an altered oxidation activity and an inefficient
production of energy for the cell; instead they were producing ROS, which can lead to cell damage
and death.

Mitochondria with altered morphology and altered expression of respiratory chain enzymes were
observed for example in Pompe disease muscle cells and mouse model (Lim et al., 2015; Sato et
al., 2017), in the MPS IIIC mouse model (Martins et al., 2015), in MPS VI fibroblasts (Tessitore et
al., 2009) and in mucolipidosis type IV fibroblasts (Jennings et al., 2006).

In the last years, more evidence is emerging about the essential role of lysosomes in the cellular
homeostasis and their involvement in the regulation of cellular metabolism, as well as in the
regulation of the autophagic pathway. The lysosome is the endpoint of many catabolic pathways,
therefore it can serve as a nutrient reservoir and it can buffer variations in nutrient availability, by
modifying the composition and abundance of the cytoplasmic metabolite pool. Consequently, the
lysosome can actively affect the rate of metabolic reactions of the cell and communicate the
metabolic state to other cellular compartments (Lim and Zoncu, 2016). In fact, it was recently
demonstrated that lysosomes are essential for maintaining the cellular homeostasis, because of
their capacity to sense the nutrient status of the cell and accordingly adapting the metabolic
reactions, through modulation of starvation. Upon lysosomal stress, TFEB translocates to the
nucleus and induces lysosomal biogenesis, as well as transcription control of lipid catabolism and

lipophagy (Settembre et al., 2012, 2013). Moreover, lysosomes interface physically and
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functionally with other organelles, as changes in lipid composition caused by disruption of
lysosomal function can lead to changes in mitochondria membrane composition, which therefore
can impair mitochondrial function. In fact, it was seen that induction of lysosomal stress leads to a
reduction of mitochondrial cardiolipin content (one of the main component of the mitochondrial
inner membrane), induces fissions and disrupts mitochondrial function, thus leading to cell
apoptosis (Bartel et al., 2019).

Being lysosomes functionality, autophagy and mitochondria deeply interconnected and involved in
the metabolic balance of the cell, and being all of them impaired in LSDs, it could be of great
interest to examine the possible alterations of these metabolic pathways. This would allow to
better characterize the molecular pathogenesis of these diseases and to identify new therapeutic
approaches, to re-establish the energetic balance of the cell, which is fundamental to restore its

physiological functions.
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MATERIALS AND METHODS

1. Fly strains and husbandry

Fly stocks were raised in standard medium (yeast 27 g/, agar 10 g/I, cornmeal 22 g/I, molasses 66

ml/l, nipagin 2.5 g/l, 12.5 ml/l ethanol 96%) and in standard conditions, at 25°C and 12:12 h

light:dark cycles. UAS/Gal4 crosses were performed at 28°C. Fly strains used in this project are

reported in Table 1. As a control, the strain w

1118

Table 1. Drosophila strains used in the project.

was used, crossed with the GAL4 drivers.

Strain Source Code
wilis Bloomington Drosophila Stock Center BL 5905
Tubulin-Gal4 Bloomington Drosophila Stock Center BL 5138
Actin-Gal4 Bloomington Drosophila Stock Center BL 4414
Mef2-Gald Bloomington Drosophila Stock Center BL 27390
Elav-Gal4 Bloomington Drosophila Stock Center BL 458
Repo-Gal4 Bloomington Drosophila Stock Center BL 7415
UAS-GFP-mcherryAtg8a Bloomington Drosophila Stock Center BL 37749
UAS-GFP-Lampl Kindly provided by Helmut Kramer

(Department of Neuroscience, University

of Texas, Dallas, TX)
UAS-IduafNAil Vienna Drosophila Resource Center 13244/GD
UAS-IduafNAi2 Vienna Drosophila Resource Center 103771/KK
UAS-IduaRNAi3 Vienna Drosophila Resource Center 13245/GD
MHC-Gal4 Bloomington Drosophila Stock Center BL-55132
Hand-Gal4 Bloomington Drosophila Stock Center BL-48396
Clk-Gal4 Bloomington Drosophila Stock Center BL-36316
UAS-mitoGFP Bloomington Drosophila Stock Center BL-8442
Mex-Gal4 Bloomington Drosophila Stock Center BL-91368

fkh-XB30-Gal4

Kindly provided by Reinhard Bauer
(LIMES Institute, University of Bonn,

Bonn, DE)
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Cad-Gal4 Bloomington Drosophila Stock Center BL-3042

Tsp42Ec-Gald Bloomington Drosophila Stock Center BL-25620

XSal4-3-Gald Kindly provided by Reinhard Bauer

(LIMES Institute, University of Bonn,

Bonn, DE)
How-Gal4 Bloomington Drosophila Stock Center BL-1767
C179-Gal4 Bloomington Drosophila Stock Center BL-6450
Twi-Gal4 Bloomington Drosophila Stock Center BL-914
UAS-Dcr; Twi-Gal4 Bloomington Drosophila Stock Center BL-25707
Pnr-Gal4 Bloomington Drosophila Stock Center BL-67077

2. RNA extraction and quantitative RT-PCR (qRT-PCR)
Total RNA was isolated from 6-7 third instar larvae using the GRS FullSample Purification Kit
(GK26.0050 GriSP, Lda, Porto, Portugal), according to the manufacturer’s instructions. The
concentration and purity of RNA samples were determined using a NanoDrop 2000c
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States). Real-time PCR (qRT-
PCR) was performed on Eco Real-Time PCR System (lllumina Inc, San Diego, CA, United States),
using One-Step SYBR® Prime Script TM RT-PCR Kit Il (Takara-Clontech, Kusatsu, Japan). Relative
MRNA expression levels were calculated using the Eco Real-Time PCR software. qRT-PCR
conditions are reported in Table 2. Data represented are the result of three independent biological
replicates, analysed in double, and each sample was loaded in triplicate. The housekeeping gene

Rp49 was used as internal control. Primers of the genes analysed are reported in Table 3.

Table 2. qRT-PCR conditions.

Step Temperature Time
Reverse Transcription 50°C 15 min
Polymerase activation 95°C 2 min
Elongation (x40) 95°C 15s
60°C 1 min
Melting curve 95°C 15s
55°C 15s
95°C 15s
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Table 3. Drosophila primer pairs used for the qRT- PCR analysis.

Gene Primer sequence

ldua Fw: 5’-GCCCTTCGACTTAATCTTCGCC-3’
Rv: 5’-GATTGCCCATCCACTCCAGAAC-3’

Rp49 Fw: 5'-AGGCCCAAGATCGTGAAGAA-3’
Rv: 5’-TCGATACCCTTGGGCTTGC-3’

Tpi Fw: 5-GACTGGAAGAACGTGGTGGT-3’
Rv: 5’-CGTTGATGATGTCCACGAAC-3’

Pfk Fw: 5'-CTGCAGCAGGATGTCTACCA-3’
Rv: 5’-GTCGATGTTCGCCTTGATCT

Ldh Fw: 5-GTGTGACATCCGTGGTCAAG-3’
Rv: 5’-CTACGATCCGTGGCATCTTT-3’

Acc Fw: 5’-TAACAACGGAGTCACCCACA-3’
Rv: 5’-CAGGTCACAACCGATGTACG-3’

Fasn Fw: 5’-CGTACGACCCCTCTGTTGAT-3’
Rv: 5'-AGTGCAAGTTACCGGGAATG-3’

Acly Fw: 5’-TCCGGCAAGGACATCCTGA-3’
Rv: 5'-GGAATTTACTGTGGAAAAACGGC-3’

Schlank Fw: 5’-CGGCAAATGTTCCTATTCTG-3’
Rv: 5’-CTCGCTATATCCGTCTG-3’

Bmm Fw: 5’-AGATCTACGAAGGCTCTGTC-3’
Rv: 5’-GGCATTACTTGTACTGATTCG-3’

3. IDUA enzyme activity
20 third instar larvae were homogenised in 0.9% NaCl plus protease inhibitors (Roche,
05892791001). Following centrifugation, supernatant was recovered, and protein concentration
determined (Bradford Reagent, # 39222.03, Serva, Heidelberg, Germany). IDUA activity was
measured as previously described (Piller Puicher et al., 2012). Briefly, 100 pg of proteins were
incubated with the substrate 4-methylumbelliferyl a-L-iduronide (4MU-iduronide) (Glycosynth
#44076, Warrington, UK) and the fluorescence was read at the spectrofluorometer at 365nm

excitation/446nm emission wavelengths (Wallac Victor?n, 1420 Multilabel Counter). Final IDUA



activity is given as nanomoles of substrate hydrolysed in 1 h per mg of protein. Three independent

extracts were analysed in double, loaded in duplicate.

4. GAG quantification
10 third instar larvae were lyophilized, homogenized in 0.9% NaCl + 0.2% Triton X-100 (PanReac
AppliChem GmbH, Darmstadt, Germany) by using a Polytron®PT1200E Disperser (Kinematica AG,
Luzern, Switzerland), left under stirring overnight at 4°C, centrifuged at 1000 g for 5 min and,
finally, the supernatant was recovered. Protein concentration was determined, and GAG content
measured using the Bjornsson’s protocol (Bjornsson, 1993) with modifications, as previously
described (Friso et al., 2010). Three independent extracts were analysed in double, loaded in

duplicate.

5. Eclosion rate
Virgin female and male flies were placed in a tube in a 10:5 ratio and allowed to lay eggs for 48h.
Then, adults were discarded, and larvae allowed to develop until pupal stage. Eclosed adults were
counted every day and the number of adults eclosed/number of pupae was scored as percentage

of eclosion.

6. Climbing assay
20 to 30 new eclosed flies were collected and placed in a vial and allowed to recover from
anaesthesia for 24h. For the assay, flies were gently tapped down and the flies above the 2cm line
from the bottom in 20s were recorded as flies able to climb. Flies were tested three times every 3-

4 days.

7. Lifespan assay
New eclosed flies were placed in a vial at low density (<20 flies/vial) and kept at food and
temperature standard conditions. They were moved every 3 days in a new vial with fresh food,
counted, and dead flies were recorded. Lifespan plots were generated by calculating the

percentage of survivorship and plotting viability as a function of time.
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8. Starvation assay
For starvation assay, third instar larvae were placed for 4h in a Petri dish with a solution of 20%

sucrose in PBS 1X.

9. Western blot
For protein analysis, third instar larvae were homogenized and purified using the GRS FullSample
Purification Kit (GriSP, Lda, Porto, Portugal), according to the manufacturer’s instructions. Proteins
were quantified using the Bradford method (Serva, Heidelberg, Germany). For western blot
analysis, 20 pg of extracted proteins were mixed with the LDS sample buffer 4x (Invitrogen,
Waltham, MA, USA) and the reducing agent 10x (Invitrogen, Waltham, MA, USA), then boiled for
10 min at 75 °C. Next, they were loaded and electrophoresed in Bolt 4-12% gradient gel
(Invitrogen,Waltham, MA, USA) and transferred onto PVDF membranes. The membranes were
blocked in blocking buffer (Thermo Fisher Scientific, Waltham, MA, USA). Imnmunodetections were
performed using the following antibodies: rabbit anti-Ref(2)p (1:1000, ab178440, Abcam plc,
Cambridge, UK), rabbit anti-LC3 (1:2000, ABC974, Sigma-Aldrich, MO, USA), and mouse anti-actin
(1:5000, A5441, Sigma-Aldrich, MO, USA) as loading control. The secondary antibody anti-rabbit
HRP was used at a concentration of 1:5000 (A16110, Invitrogen, MA, USA) and anti-mouse HRP
(A4416, Sigma-Aldrich, MO, USA) was used at a concentration of 1:20,000. The signals were
detected using the Western blotting luminol reagent by Santa Cruz Biotechnology, Inc. (Dallas, TX,
USA). The protein bands were detected using the iBright FL1500 Imaging System (Thermo Fisher
Scientific, Waltham, MA, USA) and densitometry measurements of the western blot images were

performed using Fiji software. Three independent biological replicates were analyzed in double.

10. Immunohistochemistry
Third instar larvae raised at 28°C were harvested, dissected in HL3 (Haemolymph-like) solution and
fixed 10 min in 4% PFA. After washing with PBT 0.3% (0.3% Triton-x100 in PBS1X), three times for
5min each, larvae were incubated in primary antibody O/N +4°C. After three further washing in
PBT 0.3%, larvae were incubated 1h at RT with secondary antibody. After three final washing in
PBT 0.3%, larvae were mounted on glass slides with Mowiol 40-88 mounting medium and covered
with a cover glass. Primary antibodies used were: rabbit anti-Ref(2)p (1:200, ab178440, Abcam plc,
Cambridge, UK), mouse anti-Elav (1:100, 9F8A9, DSHB, Douglas Huston), mouse anti-Repo (1:100,
8D12, DSHB, Douglas Huston) and mouse anti-Fasll (1:100, DSHB, Douglas Huston). Secondary
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antibody used were: anti-Rabbit CyTM5 (1:500, Cat# 111-175-144) or anti-Mouse CyTM3 (1:500,
Cat# 115-165-003) (Jackson ImmunoResearch Europe Ltd, Cambridge, UK). Phalloidin (1:1000,

ThermoFisher Scientific) was incubated 1h at RT, together with the secondary antibody.

11. Lysotracker staining
For Lysotracker staining, third instar larvae were dissected in HL3, incubated 10 minutes in
LysoTracker® (1:2000, L7528, Life Technologies) with 20 uM glutamate solution, covered with a

glass slide and immediately photographed under a Confocal Microscope.

12. TMRE staining
TMRE (T669, ThermoFisher Scientific) 1:1000 stock solution and, starting from this one, a 1:200
working solution were prepared, in PBS 1X. Third instar larvae were dissected in PBS 1X, incubated
10 minutes in TMRE working solution, rapidly rinsed with PBS 1X, covered with a glass slide, and

immediately photographed, all at the same conditions of laser intensity and gain.

13. Brain volume
Third instar larvae were dissected in cold PBS 1X and brains transferred in wells with PBS and
washed for 15 min three times. After washing, brains were transferred on glass slides prepared as

in Fig. a with Flouromount + DAPI and recorded within 3-4 days.

Upper view
Chamber

!
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LN\
a

Brains Chamber

Figure a. Schematic view of glass slides prepared for brain volume measurement.
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14. Microscopy imaging
Lysotracker images were acquired by a confocal microscope (Nikon D-ECLIPSE C1), equipped with
a Nikon 60x/1.40 oil Plan Apochromat objective, by using the Nikon EZ-C1 acquisition software. All
other images were acquired using a confocal microscope ZEISS LSM 800 Confocal Laser Scanning
Microscope (Carl Zeiss, Jena, Germany), equipped with a Zeiss 63x/1.4— Plan Apochromat oil
objective, by using the ZEN Blue acquisition software. Muscles and brains were recorded with a
step size respectively of 0.5 um and 1 um and the whole stack of every tissue was acquired.
Images for brain volumes were recorded with a Zeiss 10x Plan Apochromat water objective: a
complete stack of the brain was recorded by positioning the first and the last planes 15um before
and after the first/last DAPI signal detectable, with a step size of 3 um. Images of muscles stained
with Fasll antibody were recorded with a 20x Plan Apochromat water objective. Muscles and
ventral nerve cord of ten third instar larvae per group were quantified and analysed with Image)

Fiji 1.52 software (Schindelin et al., 2012).

15. Microscopy analysis
15.1. Lysosomes and autophagy markers

Imagel was used to produce a maximum intensity projection of the stack. Threshold of the GFP,
mcherry and Cy5 signals was produced with the automatic threshold function. This allowed the
elimination of background signal, and the number of particles, as well as their area, were
calculated using the ‘particle analysis’ tool. For quantification of co-localized particles, Imagel was
used to threshold the red and green channels and count the GFP and mcherry dots. Channels co-
localization was calculated using co-localization function of Imagel. For each sample, two muscles
and three Regions of Interest (ROI) per muscle, with a range of about 300-500 pm?, were analysed.

The percentage of autolysosomes was calculated as follows:

ellow puncta (autolysosomes
y p ( y ) % 100

red puncta (autophagosomes)

The percentage of mature autophagosomes was calculated as follows:

red puncta (autophagosomes + mature autophagosomes) — green puncta (autophagosomes)
red puncta

x 100
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15.2. Mitochondria analysis in the brain
Imagel) was used to produce a maximum intensity projection of the central slices of the stack. In
brain, single cells were selected, and automatic threshold was performed. Using the ‘analyse
particles’ tool, number and average size of mitochondria/cell, of five cells/each brain were

guantified.

15.3. Mitochondria oxidation
Analysis of mitochondria oxidation was performed measuring both the fluorescence intensity of
TMRE and the percentage of oxidised mitochondria in muscles.
For fluorescence intensity, a ROl of 225 um? was selected and the mean grey value was quantified.
Three ROIs per muscle and two muscles per larva were analysed.
Percentage of oxidised mitochondria was measured by first producing a maximum intensity
projection of the central slices of the stack. After adjusting the brightness, the tool ‘Analyze co-
localization threshold” was used to record the co-localized particles between the red (TMRE) and
the green (mitoGFP) channel. The green channel was used to count the total number of
mitochondria, as already described above in 15.1.

The percentage of oxidised mitochondria was calculated as follows:

number of colocalized particles
100

total number of mitochondria

Three ROIs of 225 um?/each muscle and two muscles/each larva were analysed.

15.4. Brain volume
Images for brain volume measurement were processed using Imagel Fiji Software. Firstly, brain
images were prepared by carefully removing every tissue not belonging to the brain. Then, the
brain volume was measured using the macro in Fig. b and setting the parameters ‘Gaussian blur
X&Y'’ and ‘Empty intensity threshold’ to obtain a complete middle slice of the brain as in Fig. c. For

each group, 50 brains were analysed.
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| £ Brain volume measurement - Batc.. X

Gaussian blur X &Y :.:-_.ﬁ-_"' 5/5

:

Gaussian blurZ |0/0/0

Empty intensity threshold |10/15/20

v Imprint Parameters

OK ‘ Cancel‘

Figure b. Brain volume macro

Figure c. Example of brain volume measurement. From left to right: the image acquired at the confocal microscope;

the correct blur and threshold settings for brain measurement; incorrect blur and threshold settings with two and

more holes in the middle slice of the brain (third and fourth brains).

16. Statistical analysis
Statistical analysis was conducted using GraphPad Prism Software. Student’s t-test, one-way
ANOVA or two-way ANOVA with Tukey’s post hoc tests were applied. Error bars represent

standard errors of the means. p<0.05 was taken as threshold for the statistical significance.
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RESULTS AND DISCUSSION

1. Identification of the Drosophila melanogaster homologue of the human Idua gene
The first step for the generation of the Drosophila melanogaster model of MPS | was the
identification of the fly homologue of the human Idua gene. A BLAST of the human Idua was
performed and the Drosophila homologue was identified as CG6201. CG6201 encodes for a
protein, which displays 30% identity and 47% similarity with the human and the murine IDUA
protein (Figure 1). As shown in Figure 1, the aminoacidic residues of the active sites are conserved
between the three species, therefore we tested whether the CG6201 protein has a conserved
specific activity as well.
To this aim, | measured the capability of CG6201 to catabolise the IDUA substrate 4MU-Iduronide
in wild-type third instar larvae and adult flies, where | found a conserved protein activity of 4.69
and 3.57 nmol/1 h/mg respectively.
With these results | could conclude that CG6201 encodes for a protein, which is conserved both in
the structure and in the enzymatic activity with the human IDUA, therefore CG6201 can be
considered an active orthologue of IDUA. In this work, CG6201 will be thoroughly indicated as D-

idua, short name for Drosophila-idua.
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Figure 1. Human, mouse, and Drosophila IDUA protein alignment. Sequence alignments of human (H-IDUA), mouse

(M-IDUA), and Drosophila (D-IDUA) IDUA proteins. The glycosyl hydrolase domain is boxed in blue, highlighted in
green are the regions flanking the predicted nucleophiles and acid/base catalysts, and the acid/base residue and
nucleophile are marked in red. Asterisk indicates positions which have a single, fully conserved residue. Colon

indicates conservation between groups of aminoacids with strongly similar properties. Period indicates conservation
between groups of aminoacids with weakly similar properties (from De Filippis et al. 2022).
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2. Evaluation of D-idua biological functions
The Drosophila model of MPS | was generated through the RNA interference (RNAI) approach and
taking advantage of the use of the UAS-Gal4 system available in Drosophila melanogaster. As
shown in Figure 2, the crossing between a UAS RNAI line with a tissue-specific or ubiquitous Gal4
driver line, permits the selective downregulation of the gene of interest, through the expression of
shRNA related to that gene and the formation of dsRNA, which in turn is degraded by the defence
mechanisms of the cell (Duffy, 2002). This system permits to easily and rapidly study the

phenotypes associated to the diminished expression of the target gene.

% L,

s —  promoter | GAL4 F— = 5 ——] UAS = | — =

Inverted repeats

& —  promoter | GAL4 F— = 5 UAS ¥
l Inverted repeats
Expression of shRNA and - Downregulation of the expression of
degradation of the dsRNA target the gene of interest

Figure 2. Scheme of the UAS-Gal4 crossings in Drosophila melanogaster.

In the public facility Vienna Drosophila Resource Center (VDRC) three different UAS RNA. lines
were available for CG6201: 13244/GD hereafter referred to as D-iduafNAil, 103771/KK (referred as
D-idua®fMAi2), and 13245/GD (referred as D-iduafM3), The three lines were initially tested to
investigate at which level the downregulation was efficient. To this aim, the three UAS RNA.I lines
were crossed with the ubiquitous strong driver Tubulin-Gal4, which led to a reduction of the D-
idua expression by 39% in D-iduafNAi, 53% in D-idua®MA2 and 61% in D-idua® A3 (Figure 3A). The
reduction of D-idua expression well correlated with the resultant D-idua enzyme activity, where no
reduction was observed in the D-iduafM1, a reduction to a half in the D-idua®™Ai2 and a reduction
to one third in the D-idua®f™A® lines (Figure 3B). Because of the different enzyme activities,
different effects on the lethality were observed in the three lines: D-iduafMAl showed no lethality
at pupal stage; D-idua®f A2 showed a partial lethality at pupal stage, with about 70% of escapers
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reaching the adult stage; D-idua®™ A showed complete lethality at pupal stage, with none of the
flies able to reach the adult stage (Figure 3C). Since D-idua®™ A3 showed to be most effective in the
downregulation of the gene and showed the strongest in vivo phenotype, it was selected for the
following analyses, and it will be named D-idua from now on.

The main biomarker used in MPSs is the GAG level measurement. A measurement of GAG levels
was performed to see whether the downregulation of D-idua leads to GAG accumulation, as
already seen in the human pathology, in the mouse model and in some Drosophila MPS models
(Piller Puicher et al., 2012; Webber et al., 2018; Bar et al., 2018). As shown in Figure 3D, a slight
increase of GAG levels, although not significant, was observed in third instar larvae, where D-idua
was ubiquitously downregulated. The hypothesis is that the residual enzyme activity present in the
knockdown model may be enough to maintain GAGs degradation; alternatively, this could be due
to the early time of analysis in the larval stage, where GAG deposits may not be significantly
established yet; in fact, in the MPS IlIB Drosophila model, recently described, a very slightly
significant increase in GAG levels was observed only starting from the day 1 of adult life (Webber
et al., 2018), which could not be analysed in the present model, because of the lethality at pupal
stage.

These results suggest that D-idua is a vital gene in Drosophila melanogaster and that an enzyme

threshold is required for the correct development of this organism.
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Figure 3. Characterization of the D-idua RNA.i lines. (A) gRT-PCR on third instar larvae downregulated for the D-idua
gene with the driver Tubulin-Gal4 (one-way ANOVA with Tukey’s post hoc test. * p < 0.05; ** p < 0.01; **** p <
0.0001). (B) D-idua activity in third instar larvae when D-idua was ubiquitously downregulated with the driver Tubulin-
Gal4. (two-tailed Student’s t-test * p < 0.05) (C) % of eclosed flies when D-idua was downregulated with the driver
Tubulin-Gal4 in the three different UAS IDUA strains. (D) GAG analysis in third instar larvae when D-idua was
ubiquitously downregulated with the driver Tubulin-Gal4. (two-tailed Student’s t-test). n = 5-6 larvae/extract. Results
are the mean of three different extracts analysed in double. All data are expressed as means + SEM. Asterisks indicate

a statistically significant difference (from De Filippis et al. 2022).

3. Lethality and behavioural phenotypes associated to tissue-specific downregulation of D-
idua

An important advantage of the use of Drosophila as a model organism is the possibility to
selectively downregulate the gene or the genes of interest in specific cell types or tissues and to
study the changes that this can produce.
As shown in Figure 4A, the downregulation of D-idua in neurons, using the driver Elav-Gal4 caused
no lethality at pupal stage, whereas the downregulation of D-idua in glial cells using the driver
Repo-Gal4 caused partial lethality at pupal stage, with about 70% of flies reaching adult stage. The
downregulation of D-idua with the driver Actin-Gal4, a ubiquitous driver, but with a weaker
expression compared to the driver Tubulin-Gal4 (Chintapalli et al., 2015), led to a partial lethality
at pupal stage, though, surprisingly, the 20% of flies reaching the adult stage were all females
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(Figure 4B), and this could be due to the higher D-idua expression in females compared to males
(data from RNA-seq on flybase.org). This could strengthen the hypothesis that Drosophila needs a
D-idua threshold for the correct development.

In contrast, downregulation of D-idua in muscles, obtained using the driver Mef2-Gal4, caused a
complete lethality at pupal stage (Figure 4A). This unexpected result will be discussed on the base
of other findings, shown in the next paragraph 8 of this section.

The negative geotaxis assay, commonly known as climbing assay, is a behavioural test generally
used in Drosophila to assess the climbing activity. Impairment of climbing ability is often
associated to neurological dysfunctions, as well as to locomotion deficits (Ali et al., 2011).

As shown in Figure 4C-D, the selective downregulation of D-idua in glial cells and neurons led to a
mild progressive climbing impairment, starting from day 1 and day 5 of age, respectively. The
climbing dysfunction was more prominent when D-idua was downregulated in glial cells rather
than in neurons, suggesting that D-idua activity is essential in glial cells and, at a lower extent, in
neurons, for the correct functionality of the nervous system. Among the LSD Drosophila models to
date available, still little is known about the effect of the selective downregulation of the genes of
interest on climbing. The only Drosophila model where the climbing ability was assessed after a
tissue-specific downregulation was the MPS IIIA fly model, where the flies presented a significantly
decreased climbing activity when the gene Sgsh (N-sulfoglucosamine sulfohydrolase) was
downregulated in neurons (Webber et al., 2018). For all the other models, the climbing abilities
were tested in case of a ubiquitous downregulation or gene knock-out. In some of these models,
impaired climbing abilities were found, suggesting the decline of climbing activity as a common
phenotype of LSD Drosophila models; this could be possibly associated to some aspects of the
neurological pathology in the MPS | patients (Venkatachalam et al., 2008; Phillips et al., 2008;
Maor et al., 2013; Kawasaki et al., 2017; Bar et al., 2018; Lee et al., 2019).

Despite the climbing impairment, the flies where D-idua was downregulated in glial cells and
neurons showed an increased lifespan (Figure 4E-F). In fact, we observed that 50% of adult flies
where D-idua was downregulated in glial cells were still alive after 40 days, compared to 50% of
alive flies after 25 days in controls (Figure 4G). The same results were obtained in adult flies where
D-idua was downregulated in neurons, where 50% of flies were still alive after 35 days, compared
to 50% of alive flies after 25 days in controls (Figure 4H).

These results were unexpected, since in other Drosophila models of LSDs a great reduction in the

average lifespan of mutated or ubiquitously downregulated flies was always observed, whereas no
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data are available so far about the viability of flies after a tissue-specific downregulation of some
genes (Rigon et al., 2021).

Some hypotheses about this phenotype can be based on the currently available literature.

In yeast, it was shown that lifespan can be regulated through the activity of MTORC. It was seen
that decreased activity of MTORC is associated with increased lifespan. In addition, the use of
rapamycin, a pharmacological inhibitor of MTORC, greatly extended yeast lifespan, probably
thanks to the upregulation of the expression of some genes involved in the response of the cell to
stress conditions, as of enzymes capable of detoxifying free radicals, degrading damaged proteins
through autophagy, and protecting other vital cellular functions (Powers et al., 2006).

Similar mechanisms of lifespan modulation were found in studies conducted in D. melanogaster,
where it was shown that the insulin signalling, as well as changes in the expression of some genes
involved in some metabolic pathways, as lipogenesis and glycolysis, are associated with the
extension of lifespan (Hwangbo et al., 2004; Peleg et al., 2016; Parkhitko et al., 2020).

Therefore, deep analyses of these pathways can be conducted to understand the basis of the
observed increased lifespan. In this context, one of the advantages of Drosophila is the availability
of fly lines expressing tagged genes, which, in this particular case, can be used to sort neurons and
glial cells (using for example GFP and/or HA tagged neuronal/glial proteins), and extensive

metabolic analyses can be conducted on the single cell type.
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Figure 4. Effects of tissue-specific downregulation of D-idua. (A) % of eclosed flies when D-idua was downregulated
with different ubiquitous and tissue-specific drivers. (B) % of female and male flies eclosed when D-idua was
downregulated with the ubiquitous driver Actin-Gal4 (two-tailed Student’s t-test **** p < 0.0001). Climbing activity of
adult flies when D-idua was downregulated in (C) glial cells and (D) neurons (multiple unpaired t-tests ** p < 0.01; ***
p < 0.001; **** p<0.0001). n = 250-300 flies/group. The lifespan of adult flies when D-idua was downregulated in (E)
glial cells and (F) neurons (Long-rank (Mantel—-Cox) test *** p<0.001; **** p < 0.0001). n = 200-250 flies/group. The
average lifespan of adult flies when D-idua was down-regulated in (G) glial cells and (H) neurons (two-tailed Student’s

t-test ¥**** p < 0.0001) (from De Filippis et al. 2022).
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4. Lysosomal phenotype associated to D-idua downregulation
Being MPS | a lysosomal storage disorder, the number and size of lysosomes were also analysed in
this model.
To this aim, we used the UAS-GFP-Lamp1 fly line, which has the lysosomal protein Lamp1 fused
with the GFP (Green Fluorescent Protein), therefore it allows to directly visualize lysosomes in

vivo. The crossings performed for these experiments are reported in Figure 5.
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Figure 5. Scheme of the crossings performed for the in vivo study of lysosomal phenotype using the UAS-GFP-Lamp1

flies.

As reported in Figure 6, central nerve cords of third instar larvae where D-idua was ubiquitously
downregulated present an increased number and size of lysosomes (Figure 6C-D).

The same phenotype was observed in muscles of third instar larvae, where lysosomes number and
size were found to be increased to the same extent of the central nervous system (Figure 7D-E).
This phenotype is in line with what already observed in the mouse model of MPS | (Ohmi et al.,
2003; Wilkinson et al., 2012), confirming that the Drosophila model of MPS | mimics some
pathological features already observed in other models of the disease.

Lysotracker is a vital dye that easily permeates through the muscle membrane, whereas it has
more difficulties in permeating the brain barrier. Therefore, live image tracing of the lysotracker
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signal was performed in muscle tissue to quantify the acidification of organelles. As reported in
Figure 7C-F, muscles of third instar larvae where D-idua was ubiquitously downregulated present a
significantly decreased percentage of acidified lysosomes compared to controls, with only the 20%
of acidified lysosomes, compared to the 40% of controls, leading to the hypothesis that lysosomes
may have an impaired functionality, as already observed in the mouse model of MPS | (Pereira et
al., 2010).

In some other models of LSDs, lysosomes present an increased percentage of acidified lysosomes,
although the mechanisms leading to an altered acidification of lysosomes are not clear yet. What
is emerging from LSD studies is that the correct acidification of lysosomes is fundamental to

maintain their homeostasis and for their correct functionality.
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Figure 6. Downregulation of D-idua leads to the accumulation of enlarged lysosomes in the central nerve cord.
Representative confocal images of central nerve cords expressing the marker GFP-Lamp1 in (A) control and (B) RNAi
third instar larvae and the relative quantification of the (C) number and (D) size of lysosomes. n = 10 larvae/group. All
data are expressed as means + SEM. Asterisks indicate a statistically significant difference with respect to control (two-
tailed Student’s t-test **** p < 0.0001). Area = 150 pum?2. Genotypes of samples: Ctrl = Tubulin-Gal4; UAS GFP-

Lamp1/+; RNAi = Tubulin-Gal4; UAS GFPLamp1/UAS D-idua®™A' (from De Filippis et al. 2022).
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Figure 7. Lysosomal defects associated with a reduction of D-idua in muscles. Representative confocal images of
muscles expressing the marker GFP-Lamp1 in (A) control and (B) RNA.i third instar larvae and the relative
quantification of the (D) number and (E) size of lysosomes. (C) Representative confocal images of third instar larvae
muscles expressing the marker GFP-Lamp1 and stained with the probe Lysotracker red. (F) Quantification of correctly
acidified lysosomes in the muscles of third instar larvae. n = 10 larvae/group. All data are expressed as means = SEM.
Asterisks indicate a statistically significant difference from the control (two-tailed Student’s t-test **** p < 0.0001).
Area = 350 pm?. Genotypes of samples: Ctrl = Tubulin-Gal4; UAS GFP-Lamp1/+; RNAi = Tubulin-Gal4; UAS GFP-
Lamp1/UAS D-idua®f™A (from De Filippis et al. 2022).
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5. Autophagy impairment is associated to D-idua reduction and autophagic flux is
ameliorated in starvation conditions

The abnormal lysosomal function, as well as an inefficient degradative capability of the lysosomes,
have a negative impact on the autophagic flux and autophagy alterations have already been found
in many LSDs (Lieberman et al., 2012; Myerowitz et al., 2021).
The role of D-idua in this process was here investigated together with the capability of
autophagosomes to fuse with lysosomes, as well as the autophagic flux. These experiments were
conducted in standard food conditions and in starvation condition, which is known to be one of
the main activators of autophagy.
Autophagosomes-lysosomes fusion was analysed by expressing the fluorescent autophagosomal
marker mcherry-Atg8a, together with the fluorescent lysosomal marker GFP-Lamp1 using the
ubiquitous driver Tubulin-Gal4, as shown in Figure 8.
The use of these lines permits to see autolysosome, marked in yellow (mCherry-Atg8a positive and
GFP-Lamp1 positive) and autophagosome vesicles, marked in red (mCherry-Atg8a positive and
GFP-Lamp1 negative), and the ratio between autolysosomes and autophagosomes represents a
measure of the dynamic autophagosome-lysosome fusion events (DeVorkin and Gorski, 2014). In
addition, third instar larvae were stained with the antibody Ref(2)p, the human orthologue of p62,
which is another autophagosomal marker and is degraded after the fusion with the lysosomes by
the lysosomal hydrolases (Mizushima et al., 2010).
As shown in Figure 9A-B, muscles of third instar larvae where D-idua was ubiquitously
downregulated presented an increased number of lysosomes (GFP-Lamp1 positive particles), as
already seen, and an increased number of autophagosomes (mcherry-Atg8a and Ref(2)p positive
particles), compared to controls. Despite the increased number of lysosomes and
autophagosomes, a block of the autophagosomes-lysosomes fusion was observed, since only
about 30% of autophagosomes were fused with lysosomes in the D-idua larvae compared with the
about 50% of fused particles in the controls (Figure 9C). Moreover, the increased number of
Ref(2)p particles may suggest a deficit in the delivery of the autophagosomal cargo to the
lysosomes, as this protein is not correctly degraded in the lysosomal compartment.
Starvation is known to increase the number of both autophagosomes and lysosomes (Lérincz et
al., 2017). Indeed, in control larvae, starvation induced an increase of lysosomes and

autophagosomes number, without changes in the autophagosome-lysosome fusion ratio, as well
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as without increasing the number of Ref(2)p particles, both signs of a correctly working autophagic
flux (Figure 9B-C).

In third instar larvae where D-idua was ubiquitously downregulated, starvation greatly
ameliorated the autophagic flux: as shown in Figure 9 B, lysosome and autophagosome numbers
are comparable with those of control larvae in the same conditions, and there is a significant
increase of autophagosome-lysosome fusion rate up to the 50%, the same observed in control
larvae (Figure 9C). The significant decrease of Ref(2)p-positive particles (Figure 9B) also indicates a

correct delivery of the autophagosomal cargo to the lysosomes, where it will be degraded.
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Figure 8. Scheme of the crossings performed to analyse the lysosome-autophagosome fusion using the UAS-GFP-

Lampl and UAS-mcherry-Atg8a flies.
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Figure 9. Reduction of D-idua induces defective autophagosome fusion. (A) Representative confocal images of third
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autophagosomes, and Ref(2)p puncta in third instar larvae muscles. Asterisks indicate a statistically significant
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difference vs. Ctrl and hash marks indicate a statistically significant difference vs. RNAi (two-way ANOVA with Tukey’s
post hoc test. * p < 0.05; **** p < 0.0001; # p < 0.05; ## p < 0.01; ### p < 0.001). (C) % of autolysosomes in third instar
larvae muscles. Asterisks indicate a statistically significant difference (one-way ANOVA with Tukey’s post hoc test. * p
<0.05; ** p <0.01); n = 10 larvae/group. All data are expressed as means + SEM. Area = 250 um?. Genotypes of
samples: Ctrl = Tubulin-Gal4; UAS GFP-Lamp1, mcherry-Atg8a/+; RNAi = Tubulin-Gal4/UAS GFP-Lamp1, mcherry-
Atg8a/UAS D-iduaf A3, STD indicates standard conditions; STV indicates a starvation of 4 h. Arrows indicate

autophagosomes (from De Filippis et al. 2022).

The experiment was then repeated by using the tandem construct GFP-mcherry-Atg8a. As shown
in Figure 10, this construct permits to follow the autophagic flux taking advantage of the different
resistance of GFP and mcherry to lysosomal hydrolases: in this context, the autophagosomes
marked in yellow (GFP and mcherry positive), after the fusion with lysosomes, are only marked in
red, since the GFP signal quenches after the degradation in the acidic pH present in the lysosomes.
In the D-idua larvae under standard food conditions, we observed an increased number of
autophagosomes (increased number of GFP, mcherry and Ref(2)p positive particles) compared to
controls (Figure 11A-B) and a block of the autophagic flux, as only the 30% of the autophagosomes
are mature compared to the 70% in control larvae (Figure 11C). Starvation ameliorates the
autophagic flux in the D-idua larvae, where a decreased number of autophagosomes, as well as an
increased percentage of mature autophagosomes were observed: after starvation about 70% of
mature autophagosomes were detected in the D-idua larvae, a percentage comparable with the
about 80% of mature autophagosomes in controls, in the same conditions (Figure 11B-C). In
addition, the reduction of Ref(2)p particles observed in starvation in the D-idua larvae also
suggests a correct delivery of autophagosomes cargo and its degradation inside lysosomes (Figure
11B). No significant changes were observed in control larvae between standard food conditions
and starvation, this meaning a well-working autophagic flux.

Western blot analysis further confirmed immunostaining results. Protein quantification in whole
larvae homogenates showed increased levels of Ref(2)p in D-idua third instar larvae, returning at
control levels after starvation. No significant changes in control larvae were observed in both
nutrient conditions (Figure 11D).

Atg8a is synthesized as a precursor form and is cleaved at its C-ter, resulting in the cytosolic
isoform Atg8a-I. Atg8a-I is then conjugated to phosphatidylethanolamine (PE) to form Atg8a-Il.
During the elongation phase of autophagy, Atg8a-Il is specifically targeted to the autophagosome

membrane and remains on completed autophagosomes until fusion with the lysosomes, where
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Atg8a-Il is delipidated and recycled. Atg8a processing is considered a good marker to assess the

status of the autophagic pathway (Ravikumar et al., 2010; Rodriguez-Arribas et al., 2017).

Western blot analysis showed an increased Atg8a-l and Atg8a-Il protein levels in the D-idua third

instar larvae, compared to controls. The increase of Atg8a-Il levels suggests an increased number

of autophagosomes; however, the simultaneous increase of Atg8a-I could also indicate a block in

the autophagic flux (Mizushima and Yoshimori, 2007). In addition, the increase of the Atg8a-

II/Atg8a-I ratio indicates both autophagosomes formation and an autophagy block in the D-idua

third instar larvae (Figure 11E). All these markers are restored to normal levels under starvation

conditions, further confirming immunofluorescence assay data here obtained.
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Figure 11. Reduction of D-idua leads to the accumulation of defective autophagic structures. (A) Representative

confocal images of third instar larvae muscles expressing the markers GFP-mcherry-Atg8a and Ref(2)p. (B) Number of
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autophagosomes, mature autophagosomes, and Ref(2)p puncta in third instar larvae muscles. Asterisks indicate a
statistically significant difference vs. Ctrl, hash marks indicate a statistically significant difference vs. RNAi, and crosses
indicate a statistically significant difference from Ctrl STV (two-way ANOVA with Tukey’s post hoc test. ** p < 0.01;
**¥** n <0.0001; ## p < 0.01; ### p < 0.001; 711 p < 0.001; T+1+1 p < 0.0001). (C) % of mature autophagosomes in third
instar larvae muscles. Asterisks indicate a statistically significant difference (one-way ANOVA with Tukey’s post hoc
test. * p < 0.05; **** p < 0.0001); n = 10 larvae/group. Area = 250 um?. Genotypes of samples: Ctrl = Tubulin-Gal4;
UAS GFP-mcherry-Atg8a/+; RNAi = Tubulin-Gal4/UAS GFP-mcherry-Atg8a/UAS D-iduaf™Ai, (D) Western blot of Ref(2)p
and the relative quantification (one-way ANOVA with Tukey’s post hoc test. * p < 0.05). n = 5-6 larvae/each extract.
Results are the mean of three different extracts analysed in double. (E) Western blot of Atg8a and the relative
quantification (one-way ANOVA with Tukey’s post hoc test. * p < 0.05; ** p < 0.01; **** p <0.0001). n =5-6
larvae/each extract. Results are the mean of three different extracts analysed in double. Genotypes of samples: Ctrl =
Tubulin- Gal4;/+; RNAi = Tubulin-Gal4/UAS D-idua®™ A, All data are expressed as means + SEM. STD indicates standard

conditions; STV indicates a starvation of 4 h. Arrows indicate autophagosomes (from De Filippis et al. 2022).

Autophagy is a process well-known to be involved in several LSDs; however, the mechanisms
leading to autophagic flux alterations are still not well-understood (Myerowitz et al., 2021; Rigon
et al., 2021). What it is known so far is that alterations of lysosomes acidification can cause the
block of the autophagic flux and, in particular, it was observed that the decreased acidification of
lysosomes inhibits the autophagosomes-autolysosomes fusion (Séité et al., 2019; Fedele and
Proud, 2020), which is consistent with the phenotype observed in the MPS | Drosophila model,
here described. It was also demonstrated that lysosomal function is fundamental for the
regulation of MTORC and that, when lysosomes present a reduced function, MTORC is
downregulated and autophagy is activated (Li et al., 2013). This mechanism was proposed by the
authors as a feedback mechanism, through which the cell responses to a reduced molecules
degradation in lysosomes; this can help to sustain nutrients need of the cell and to provide for the
reduction of molecules caused by the impairment of lysosomal function. On the other hand, in
absence of an appropriate degradation system, autophagosomes can accumulate, leading to
autophagic stress that contributes to disease progression (Li et al., 2013).

At the same time, starvation is a positive stimulus inducing autophagy and, via mTOR inactivation,
induces TFEB (Transcription Factor EB) translocation into the cell nucleus, thus activating the
transcription of different genes involved in lysosomal function, and consequently modulating
cellular homeostasis (Martina et al., 2012). The same mechanism could be possibly involved in the
comprehension of the rescue phenotype observed in the MPS | Drosophila model under starvation

condition.
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Thus, some factors of the autophagic pathway could represent a new therapeutic target for MPS |,
as already seen in the MPS 1lIB mouse model, where the use of trehalose, a well-known autophagy

stimulator, was shown to greatly ameliorate the pathological phenotype (Lotfi et al., 2018).

6. Metabolic shifts are associated to D-idua reduction

Defective autophagy and lysosomal dysfunction lead to changes in the cellular metabolism (Sur et
al., 2019; Bosc et al., 2020; Lin et al., 2021). In this project, the levels of expression of some genes
involved in the glycolysis and in the lipidogenesis were analysed, to evaluate whether and how
lysosomal alterations may affect the metabolic pathways in MPS | (Figure 12A).

Concerning the glycolysis, expression levels of 3 different genes were analysed and next described.
The first one was Tpi, a gene encoding for the enzyme Triose phosphate isomerase, that catalyzes
the reversible interconversion of the triose phosphate isomers dihydroxyacetone phosphate and
D-glyceraldehyde 3-phosphate and is a key enzyme of the glycolysis for the efficient ATP
production. The second one was Pfk, a gene encoding for the enzyme phosphofructokinase, that
catalyzes the conversion of fructose 6-phosphate and ATP to fructose 1, 6-bisphosphate, and
adenosine diphosphate (ADP) and it is the most rate-limiting enzyme of glycolysis. The last gene
analysed was Ldh, encoding for the enzyme lactate dehydrogenase, that catalyzes the
interconversion of pyruvate and lactate (Li et al., 2015).

As reported in Figure 12B, the expression of these three genes is significantly upregulated in third
instar larvae where D-idua was ubiquitously downregulated compared to controls. After
starvation, control larvae show a significant reduction of expression of these gene, result that
reflects what is already known about the decrease of glycolysis rate under starvation conditions
(Lowery et al., 1987; Torres et al., 1988). Interestingly, levels of gene expression of the D-idua third
instar larvae in starvation are similar to those observed in the control larvae in the same condition
(Figure 12B).

As for lipidogenesis, expression levels of 3 genes were analysed also in this case. The first one was
Acc, encoding for the enzyme Acetyl-coenzyme A carboxylase, that catalyzes the carboxylation of
acetyl-CoA to produce malonyl-CoA and has a crucial role in the metabolism of fatty acids. The
second was Fasn, encoding for the enzyme fatty acid synthase, one of the main enzymes involved
in the fatty acids production. The last gene analysed was Acly, encoding for the enzyme ATP citrate

synthase, one of the enzyme responsible for the production of cytosolic Acetyl-CoA, which is
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essential for de novo synthesis of fatty acids (Tong, 2005; Bueno et al., 2019; Dominguez et al.,
2021).

As shown in Figure 12C, we found a significantly increased expression only for the gene Acc in D-
idua third instar larvae compared to controls. Starvation significantly reduces Acc expression levels
in the D-idua larvae, lowering them to levels similar to those detected in the control larvae in
standard food conditions.

Such data show that the induction of glycolysis in the D-idua larvae is accompanied by an
increased de novo lipogenesis, resulting in coordinated changes of metabolic gene expression.
Similar metabolic shifts have been previously observed in an MPS | mouse model, whose liver was
deficient in simple sugars, nucleotides, and lipids (Woloszynek et al., 2009). Previously, it was
demonstrated that the recycling of GAG metabolites into the lysosomes is fundamental for the de
novo GAGs synthesis, as well as for the production of raw material which can be reused by the cell
to produce energy (Rome and Hill, 1986). Woloszynek and colleagues hypothesized that in MPSs
the interrupted GAGs recycling, due to lysosomal dysfunction, would lead to increased utilization
of carbohydrates for normal GAGs synthesis and increased lipid use for membrane synthesis,
leading therefore to an upregulation of both glycolysis and lipidogenesis. In addition, they found
elevated levels of several lipid metabolites, such as cholesterol, sphingosine, and glycerolipids,
which are involved in membrane synthesis, and this is consistent with the increased number and
size of lysosomes in cells affected by LSDs. In fact, more lysosomal membranes are required to
accommodate the accumulation of undegraded substrates, this leading to an increased lipids
demand of the cells. These data support the hypothesis that impaired recycling coupled with the
homeostatic synthesis of GAGs result in metabolite deficiencies and that cells may undergo a
metabolic reprogramming in order to compensate for the metabolite deficiencies (Woloszynek et
al., 2007, 2009).

Thus, our findings suggest that the upregulation of glycolysis and de novo lipid synthesis may be a
response of the cell to deregulated sugar and lipid homeostasis, which may be consequences of

the defective degradative system of lysosomes.
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Figure 12. Downregulation of D-idua results in dysregulated glycolysis and lipogenesis. (A) Schematic representation

of the crosstalk between glycolysis (on the left) and lipogenesis (on the right). The genes considered in our analyses

are marked in red (Created with BioRender). (B) Relative mRNA expression levels of genes involved in glycolysis. (C)

Relative mRNA expression levels of genes involved in lipogenesis. Data are the results of three different third instar

larvae extracts, each of them analysed twice, in triplicate. All data are presented as means + SEM. Asterisks indicate a

statistically significant difference (two-way ANOVA with Tukey’s post hoc test. * p < 0.05; ** p < 0.01; *** p < 0.001;

**** < 0.0001). Genotypes of samples: Ctrl = Tubulin-Gal4/+; RNAi = Tubulin-Gal4/UAS D-idua®™ A, STV indicates a

starvation of 4 h (from De Filippis et al. 2022).

Sphingolipids are abundant species on neural cellular membranes and are involved in the

regulation of brain homeostasis. Ceramide (Cer), the precursor of all complex sphingolipids, is a

signalling molecule that mediates key events of cellular pathophysiology. Intracellular Cer levels

are precisely regulated, as alterations of the sphingolipid-ceramide profile contribute to the
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development of neurological and neuroinflammatory diseases. Ceramide Synthase (CerS) is the
enzyme involved in the acylation of sphinganine to dihydroceramide, which is subsequently
reduced to Cer. CerS isoforms play a role in diverse biological processes such as proliferation,
differentiation, apoptosis, stress response, cancer, and neurodegeneration (Mencarelli and
Martinez—Martinez, 2013). Unlike mammals, Drosophila has only one isoform of CersS, called
Schlank.

Brummer (Bmm) is a lipid storage droplet-associated triacylglycerol (TAG) lipase, whose activity is
fundamental for the energy homeostatis in Drosophila melanogaster. Food deprivation or chronic
bmm overexpression cause the depletion of fat storage, whereas loss of bmm activity causes
obesity in flies (Gronke et al., 2005).

Schlank gene expression is significantly reduced in D-idua third instar larvae compared to controls,
and it returns to controls levels in starvation conditions (Figure 13). Similarly, Bmm expression is
significantly reduced in D-idua third instar larvae compared to controls, whereas it returns at
control levels after starvation (Figure 13).

It has been demonstrated that Schlank has a fundamental role for the central nervous system
development, through the de novo sphingolipids synthesis pathway, and when Schlank is
downregulated, this leads to altered sphingolipids metabolism (Mullen et al., 2011; Voelzmann
and Bauer, 2011). Thus, the alterations of Schlank expression observed in the MPS | Drosophila
model can lead to dysfunctions of central nervous system development, and further analyses
would help to better characterize this pathway and to possibly identify a correlation between the
MPS | pathology in Drosophila and the neurological involvement often present in MPS | patients. In
addition, it was demonstrated that downregulation of CerS2, one of the mammalian isoforms of
CerS leads to autophagy activation and to the upregulation of unfolded protein response
(Spassieva et al., 2009). This aspect could be in agreement with our findings, where the reduced
expression of Schlank, may contribute to the activation of autophagy, observed in this MPS |
model.

The mutant mouse model for the gene Atgl, the mammals homologue of Bmm, showed
accumulation of TAG in heart, and cardiac steatosis, which lead to cardiac dysfunction (Schoiswohl
et al., 2010; Kienesberger et al., 2013). Similarly, in the MPS | Drosophila model generated in the
present project, the reduced expression of the Bmm gene can cause cardiac dysfunction, which
can be analysed in the future and possibly correlated with the cardiac pathology observed in the

MPS | patients, whose cardiac failure is one of the most common causes of death.
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Figure 13. qRT-PCR of Schlank and Bmm genes in third instar larvae where D-idua was ubiquitously down-regulated.
Data are the result of three independent biological replicates analysed in double and are presented as mean + SEM.
Asterisks indicate a statistically significant difference (two-way ANOVA with Tukey’s post hoc test. * p<0.05; ***
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idua®MAi, STD indicates standard food conditions. STV indicates a starvation of 4h.

7. D-idua reduction causes alterations in mitochondria morphology and functionality
In the last few years, the role of mitochondria in LSDs is emerging and alterations of mitochondria
morphology and functionality were found in several diseases (Jennings et al., 2006; Lim et al.,
2015; Martins et al., 2015).
Mitochondria alterations have never been investigated in MPS | and the D-idua model offers the
opportunity to easily analyse and characterize these mitochondria-associated phenotype thanks to
the availability of the UAS GFP-mito line, which permits to directly see mitochondria marked with
the GFP in vivo.
Crossings performed for mitochondria analysis are the same of those presented in Figure 5, using
the UAS GFP-mito flies instead of the UAS GFP-Lamp1 flies.
In Figure 14A the alteration in the structure of mitochondria can be clearly seen: in control larvae
muscles, mitochondria are well interconnected, forming a continuous network; on the contrary, in

the D-idua larvae, mitochondria present with fragmentation and a disrupted network. This
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phenotype was already observed in human MPS Il fibroblasts, where mitochondria chains present

a decreased elongation (Zalfa et al., 2016).
In CNS cells, an increased number and size of mitochondria was observed (Figure 14B-D), this well
correlating with some findings in MPS VI cells, where an increased number of enlarged

mitochondria was observed (Tessitore et al., 2009).
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Figure 14. Mitochondria analysis in third instar larvae. (A) Representative confocal images of third instar larvae
muscles. (B) Representative confocal images of third instar larvae central nerve cords and relative quantification of (C)

number and (D) size of mitochondria in neuronal cells. 10 brains per group and 5 cells per each brain were analysed
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(n=50 cells/group). Asterisks represent a statistically significant difference. (unpaired two-tailed Student’s t-test. ***
p<0.001; **** p<0.0001). Data presented as mean + SEM. Genotypes of samples are the following: Ctrl = Tubulin-
Gal4/UAS-GFP-mito; RNAi = Tubulin-Gal4/UAS-GFP-mito; UAS D-idua®NAi,

The analysis of mitochondria functionality was conducted using the well-known vital dye TMRE
(tetramethylrhodamine, ethyl ester), which is sensitive to mitochondrial potential and, therefore,
selectively marks polarized mitochondria (Perry et al., 2011). The analysis was conducted in
muscles, where TMRE can easily permeate the cellular membrane.

As shown in Figure 15A-B, D-idua third instar larvae present a significant decrease of the
percentage of polarized mitochondria compared to control larvae, as only the 65% of
mitochondria are polarized compared to almost 90% in control larvae.

However, TMRE fluorescence intensity was significantly increased in the D-idua third instar larvae,
meaning that, despite the decreased number of polarized mitochondria, the ones that are
polarized present an alteration of the membrane potential (Figure 15C-D).

Fragmentation of mitochondrial network and alterations of mitochondria oxidation have already
been reported in MPS VI, Gaucher disease, Krabbe disease and Multiple Sulphatase Deficiency
(Tessitore et al., 2009; de Pablo-Latorre et al., 2012; Osellame et al., 2013; Voccoli et al., 2014).

It has been demonstrated that increased mitochondria potential leads to production of reactive
oxygen species and activates cellular apoptosis (Banki et al., 1999; Li et al., 1999). Therefore,
further investigations need to be conducted in the MPS | Drosophila model to see whether the
altered mitochondrial phenotype can lead to cellular death via apoptosis as well, and to disrupted
tissue structures with altered functionality.

Furthermore, mitophagy defects have been observed in several LSD models, leading to
accumulation of aberrant mitochondria, that present impaired activity inducing an increased
lactate production, decreased fatty acid B-oxidation, and activation of the catabolism of branched-
chain amino acids to provide acetyl-CoA for the de novo lipid synthesis (Houten et al., 2016;
Sdnchez-Gonzalez et al., 2020; Stepien et al., 2020). The observed increased glycolysis coupled to
the increased lipogenesis seen in the D-idua model here described (Figure 12) suggest that cells
may undergo a metabolic reprogramming, providing an alternative way to maintain an energetic

balance, which may not be guaranteed by the activity of mitochondria.

60



>

merge

Ctrl

Wy

3%k %k k
< 100
% o
o]
g 904
5 0
(@]
g gl ==
o %00 oo
8 H
p— N 704 °
&
< E
Z s ] ;
e
oY TS0
Ctrl  RNAI
K kkk
50
-
g 40
\.’E
v
S 301
&
gy 207
g
£ 10
0- T
Ctrl  RNAi

Figure 15. Analysis of polarized mitochondria. (A) Representative confocal live images of third instar larvae muscles
expressing the fluorescent marker GFP-mito and stained with the vital dye TMRE. (B) Quantification of percentage of
polarized mitochondria in third instar larvae muscles. Genotypes of samples are the following: Ctrl = Tubulin-Gal4/UAS

GFP-mito; RNAi = Tubulin-Gal4/UAS GFP-mito; UAS D-idua® A, (C) Representative confocal live images of third instar
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larvae muscles stained with the vital dye TMRE and (D) relative quantification of TMRE fluorescence intensity. Area =
225 um?. Genotypes of samples are the following: Ctrl = Tubulin-Gal4/+; RNAi = Tubulin-Gal4/UAS D-idua®™A, n=10
larvae/group. Data are presented as mean * SEM. Asterisks indicate a statistically significant difference (unpaired two-

tailed Student’s t-test. *** p<0.001; **** p<0.0001).

8. D-idua reduction leads to altered brain morphology and to altered motor axons-muscles
connection

MPS | patients often present neurological involvement, not only in terms of developmental delay,
but also in terms of accumulation of cerebrospinal fluid, which leads to ventricular space
enlargement (Gabrielli et al., 2004).

As shown in Figure 16, third instar larvae of the D-idua model have a significantly increased brain
volume as compared to control larvae.

Still little is known about the morphological changes associated to Drosophila brain, but in some
Drosophila models an increased brain volume, caused by hyperproliferation of neural cells, was
described (Wang et al., 2006; Unhavaithaya and Orr-Weaver, 2012). However, the mechanisms
underlying the increased brain volume of D-idua need to be clarified. It can be caused either by
hyperproliferation, as already seen in the Drosophila models depicted above, or by the
accumulation of fluids, similar to the cerebrospinal fluid, that can lead to the enlargement of the

brain itself, or again to alterations of the neural structure, according to what is known for MPS |

patients.
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Figure 16. Brain volume measurement in third instar larvae. Data are the result of the measurement of 50 brains per
each group. Asterisks indicate a statistically significant difference (unpaired two-tail Student’s t-test. **** p<0.0001).

Genotypes of samples are the following: Ctrl = Tubulin-Gal4/+; RNAi = Tubulin-Gal4/ UAS D-iduaf A,
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One of the most unexpected results in this work was the lethality at pupal stage using the muscle-
specific driver Mef2-Gal4 (Figure 4A). Even if commonly used as a muscular-specific driver, in
literature it is reported that Mef2 is expressed in different tissues as muscles, heart, some portions
of the gut, salivary glands, mushroom bodies, and it starts to be expressed during early stages of
development in the mesoderm (data from RNAseq available on flybase.org). Therefore, D-idua was
selectively downregulated in these different tissues, to assess where the gene is essential for the
correct development.
The selective downregulation of D-idua gene was performed in:

- Heart (driver Hand-Gal4)

- Muscles (driver MHC-Gal4)

- Mushroom bodies (driver Clk-Gal4)

- Gut (drivers Fkh-XB30-Gal4, Tsp42Ec-Gal4, Mex-Gal4, Cad-Gal4, XSal4-3-Gal4)

- Salivary glands (driver pnr-Gal4)

- Mesoderm (drivers C179-Gal4, Twi-Gal4, How-Gal4, UAS Dcr;Twi-Gal4)
The only drivers where a phenotype was observed were How-Gal4 and UAS Dcr;Twi-Gal4. In
particular, the How-Gal4 driver led to a complete lethality at pupal stage, while the UAS Dcr;Twi-
Gal4 led to a partial lethality at pupal stage (Figure 17A); in addition, changes in the morphology of
the pupae, which resulted smaller compared to controls, were observed (Figure 17B).
The phenotype observed using the driver UAS Dcr;Twi-Gal4 was particularly interesting. It is
known that the Twist gene regulates the expression of all the genes involved in the development
of the different tissues where Mef2-Gal4 is expressed (Figure 17C) (Furlong et al., 2001).
A recent paper reported that in Drosophila, Twist is expressed starting from the embryonal stage
in adult muscle precursor cells (AMP), which are essential for the development of muscles, as well
as for the branching of the segmental nerves and the correct innervation of muscles (Lavergne et

al., 2020).
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Figure 17. D-idua is essential in Twist expressing cells. (A) Eclosion rate using the driver UAS-Dcr;Twi-Gal4.
Percentage of eclosion was calculated on 200 pupae/group. (B) Representative images of pupae. Genotypes of
samples are: Ctrl = UAS Dcr;Twi-Gal4/+; RNAi = UAS Dcr;Twi-Gal4/UAS D-idua®™™A', (C) Twist downstream regulation

pathway.

To assess if the downregulation of D-idua could possibly cause alterations in motor axons
development, third instar larvae were stained with the antibody Fasll, which is specific for these
cell types (Figure 18). As shown in Figure 18, terminations of motor axons are morphologically
very different in D-idua third instar larvae, compared to controls. In particular, in control larvae
motor axons ends appear to be elongated and well connected with muscles, whereas in the D-idua

larvae they appear shortened and damaged.
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Therefore, this can bring to the hypothesis that D-idua is essential in Twi expressing cells for the
correct development of motor axons, as well as for their connection with muscles.

A recent study showed that AMP cells interact with both the insulin and the MTORC pathways. In
particular, it was observed that insulin and MTORC pathways are essential for AMP cells
proliferation (Aradhya et al., 2015). It is also known that the insulin pathway finely regulates
glycolysis and the expression of genes involved in the glycolytic pathway (Tixier et al., 2013).
Starting from the evidence that in this MPS | Drosophila model glycolysis and autophagy (of which
MTORC is one of the main regulators) are drastically affected, the deep analysis of the
interconnections of these pathways may result extremely interesting. This, together with the
characterization of structural changes of the nervous system, can help to understand the neural
pathogenesis associated to the MPS | disease, and possibly to understand whether and how the

nervous system development is affected.
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Figure 18. Fasll staining of third instar larvae muscles. Representative confocal images of third instar larvae muscles
were D-idua was ubiquitously down-regulated. Phalloidin (Green) selectively marks actin filaments in muscles. Fasll
(Red) marks motor axons. Genotypes of samples are the following: Ctrl=Tubulin-Gal4/+; RNAi=Tubulin-Gal4/UAS D-

idua®™Ai, Arrows indicates damaged terminals of motor axons.
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CONCLUSIONS

Mucopolysaccharidosis type | is a disorder whose enzymatic deficit is well-known since several
decades; however, molecular alterations involved in its pathogenesis remain poorly understood. In
this work a Drosophila model for MPS |, obtained through an RNAi approach, was generated and
characterized. While unable to fully and faithfully represent, for evolutionary reasons, signs and
symptoms of the human pathology, the analysis of the fly model has clearly highlighted some
aspects of the disease in districts with analogue functions to the human ones.

Drosophila as a model of disease is extremely useful for its simplicity and ease of handling, for its
reduced costs of maintenance and for the fewer ethical problems with respect to the use of other
animal models. The evaluation of endocellular or tissue pathogenic processes can be conducted
reliably and accurately in Drosophila, and in short times, as well as pharmacological screening
studies. The analysis of the model here presented allowed to highlight significant alterations of
districts, as the muscle and the neurological one, which represent in a reproducible way those
affecting the analogue human districts. The identification of D-idua as a vital gene for Drosophila,
the increased number and size of lysosomes due to its reduced expression, as happens in this
model, the reduced acidification inside lysosomes, have shown since the beginning the possibility
to employ Drosophila as a model for MPS I. The model thus represents a useful instrument to
obtain further information on these aspects, as well as on others related to the alteration of the
autophagosome-lysosome fusion, the metabolic changes associated to the enzyme activity
reduction and the conditioning of the starvation on these processes. The extensive study on
mitochondria alterations may lead to the evaluation of other cell compartments not yet
characterized, and the integration of all these impaired pathways, which are strictly
interconnected, may help to assemble the complex picture of the MPS | pathogenesis.

The analysis of the neurological compartment, together with further behavioral studies to be
conducted, and with other structural studies in this district, may help a possible comprehension of
the neurological molecular alterations progressively taking to the CNS impairment in the severe
forms of MPS |, the so-called CNS pathogenesis. This Drosophila model will allow a first
identification of the molecular actors included in this scenario, providing suggestions on the main
pathways and molecules involved. Some of these molecules, selected from this first screening may
be next evaluated or confirmed in other animal models, closer to the human beings in the

evolutionary scale, as the mouse model. Also, the consequent pharmacological screening through
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the testing of therapeutic molecules, easily evaluable through experiments of phenotype rescuing,
will be much faster performed in the fly model.

In conclusion, the data here shown only represent the basic characterization of the model,
asserting its representativeness, and highlighting alterations of important cellular and lysosomal
processes, already known for the human disease, hence the interest of the model for the

conduction of significant future studies on MPS | pathogenesis and treatment.
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