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ABSTRACT

Gaucher disease (GD)is an autosomal recessive lysosomal storage disorder caused by mutations in the acid
B-glucosidase encoding gene (GBA1), resulting in a deficient activity of acid B-glucosidase (GCase). The
enzymatic defect leads to progressive accumulation of glucosylceramide (GlcCer) and glucosylsphingosine
(GlcSph) within lysosomes, mainlyin cells of the reticuloendothelial lineage. Up to 90% of GD patients report
bone symptoms (including osteopenia, osteoporosis, osteonecrosis, and bone pain) which, along with
neurological impairment that occurs only in the most severe forms of GD (approximately 5% of patients),
represent the most debilitating aspect of the disease, severely reducing patients' quality of life. The molecular
basis of bone involvement in GD is not clear. However, several lines of evidence suggest thatboth osteoblasts
and osteoclasts play a role in the pathogenic process, whereas almost no information is available about
cartilage cells.

For these reasons, the general objective of this project was to explore the role played by different cells in GD
bone pathology. Specifically, we aimed to (1) develop GD models of osteoclasts, osteoblasts, and
chondrocytes (GBA KO cells) by using CRISPR/Cas9 editing technology to knock out (KO) the GBA1 gene in
continuous cell lines relevant to the study of bone pathophysiology, (2) characterize the different features
and behaviour of wild-type (wt) and GBA KO cells, and (3) examine cell-to-cell interactions.

Firstly, we modelled GD monocytes using the THP-1 cell line. We observed increased osteoclastogenesis of
THP-1 GBA KO monocytes compared with THP-1 wt. As the number of differentiated osteoclasts was reduced
by providing THP-1 GBA KO with (1) the recombinant human GCase, (ll) an inhibitor of GlcCer synthesis, or
(1) an anti-inflammatory compound, we demonstrated that glycosphingolipid accumulation and
inflammation play a central role in this process.

Secondly, we modelled GD osteoblasts using the osteosarcoma cell line SaOS and characterized these cells
in terms of type | collagen, which is produced by osteoblasts and is the most abundant constituent of the
organic component of bone extracellular matrix (ECM), and alkaline phosphatase (ALP), an enzyme required
for the formation of hydroxyapatite crystals, which represent the inorganic component of bone ECM.
Compared with Sa0S wt, SaOS GBA KO showed a slight decrease in ALP mRNA expression and calcium
deposition, no differences in ALP activity, and a significant decrease in type | collagen mRNA expressionand
deposition. Moreover, we performed the miRNA profile of these cells using NGS technology. More than 700
miRNAs were analysed in cell lysates and exosomal preparations. Among the significantly up- and down-
regulated candidates, we focused on miR-488-3p, which was strongly overexpressed by GBA KO cells.

We further validated the overexpression of miR-488-3p in primary osteoblasts treated with the GCase
inhibitor conduritol B epoxide to mimic GD. Furthermore, to characterize the functional impact of miR-488-
3p overexpression, we transfected this miRNA into SaOS wt and we showed that it downregulates the
expression of ALP- and collagen type | (COL1A1)-encoding genes, probably by downregulating their
transcription factor RUNX2. Taken together, these data suggest an impairment of matrix deposition by GD
osteoblasts that can be explained, at least in part, by the action of the overexpressed miR-488-3p.

Thirdly, we modelled GD chondrocytes using the C28I2 cell line. As we found decreased expression of
collagentype Il (COL2A1)- and increased expression of collagen type X (COL10A1)- encoding genes in GBA KO
cells, we hypothesize changes in matrix composition and a different fate of GD chondrocytes compared with
normal cells. In addition, these cells release more interleukin-8 and attract more neutrophils than wt: these
observations may explain the pain experienced by GD patients.



Finally, we examined the role of GD osteoblasts and chondrocytes in osteoclastogenesis. We found increased
osteoclastogenesis whenthe conditioned medium of SaOS GBA KO cells was used to differentiate THP-1 wt,
likely due to increased release of the receptor activator of NF-kB ligand (RANKL). Furthermore, in a
preliminary experiment, we found a similartrend in osteoclasts formation when C2812 GBA KO-conditioned
medium was used, suggesting a possible role of also GD chondrocytes in enhancing osteoclastogenesis.

In conclusion, we provide evidence for the role of osteoclasts, osteoblasts, and chondrocytes in bone
involvement in GD.



1 INTRODUCTION



1.1 GAUCHER DISEASE

Gaucher disease (GD) is an autosomal recessive lysosomal storage disorder caused by the deficient activity
of the acid B-glucosidase (GCase) enzyme. As GCase catalyses the breakdown of the glycosphingolipid
glucosylceramide (GlcCer) to ceramide and glucose, its deficiency causes a progressive accumulation of
GlcCer and other glycolipids within the lysosomes, mainlyin cells of the reticuloendothelial lineage [1,2]. GD
is pan-ethnic, with cases described worldwide; even though it can reach 1/800 births in the Ashkenazilewish
population, the estimated prevalence in the general population is between 1/40°000 and 1/100°000
individuals: for this reason, it is classified as a rare disease [3-5]. In Italy, a retrospective analysis of the
pediatric population in the 1993 to 1997 period indicates an incidence of 1:40°247, whereas, in accordance
with the outcomes of a pilot study on neonatal screening carried out since 2015 in North-eastern Italy, the
GD prevalenceis 1in 16’063 [6,7].

1.1.a Genetics and biochemistry of GD

GCase is encoded by the GBA1 gene, which is located on chromosome 1g21 and contains 11 exons spread
out in approximately 7,6 kb of genomic sequence. Two different transcript variants arise because of alternate
polyadenylation sites. Twoin-frame ATGs locatedin exons 1 and 2 are efficiently translated, resulting in two
different protein isoforms [8,9]. The existence of a pseudogene (GBAP1) with a homology of 96% and in
physical proximity with GBA1 allows recombination events, resulting in complex gene-pseudogene
rearrangements [9—11]. Moreover, a specific PCR known as Long-template PCR has been developed to
specifically amplify the gene [12].

GCase is synthesized as a typical protein of the secretory pathway and undergoes co-translational
glycosylation during transit through the Golgi which is essential for its catalytic activity in vivo [13—15]. The
lysosomal delivery of GCase occurs by the mediation of the lysosomal integral membrane protein type 2
(LIMP-2): the two proteins interact in the pH-neutral environment of the ER to form a complex that passes
through the Golgi and eventually reaches the lysosome, where acidic pH causes dissociation and subsequent
release of active GCase [16].

As already mentioned, GCase hydrolyses GlcCer into ceramide and glucose (figure 11). To reach maximal
activity, it requires an acidic pH (between 4,2 and 5,9, which is consistent with the lysosomal environment)
and the coordinated action of an activator protein (Saposin C) and negatively charged lipids [17-19].
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Figure 11 | Schematic representation of GCase activity [20].



The main cause of the deficient activity of GCase is the presence of mutations in the GBA1 gene. Todate, 501
damaging mutations have been described in the GBA1 gene [21]: the wide majority are missense or nonsense
variants, eventhough alsosplice junction variants, deletions, andinsertions of one or more nucleotides, and
complex alleles resulting from gene conversion or gene fusion with GBAP1 have been reported. Although the
spectrum of mutations is very heterogeneous, two mutations, the c.1226A>G (p.Asn409Ser, commonly
known as N370S), and ¢.1448T>C (p.Leu483Pro, commonly known as L444P) account for 50-75% of the GD
alleles worldwide, while N370S, c.84dup, L444P and c.115+1G>A account for approximately 90% of alleles
among Ashkenazi Jewish patients. The N370S mutation is rarely seen in Asian and Arab populations. About
10% of patients present large deletions or recombinant alleles [5,12,22,23].

A deficient activity of GCase mayalso occur when its activator protein Saposin C or its transporter LIMP-2 are
missing (i.e., without GBAI1 mutations), resulting in two different diseases referred to as Saposin C deficiency
and Action myoclonus — renal failure (AMRF), respectively [24-29].

As GCase activity is deficient, GCase substrate GlcCer accumulates within lysosomes. The cells of the
reticuloendothelial lineage are the most affected ones, as they play an important role in eliminating the
erythroid cells and leukocytes, which contain large amounts of glycosphingolipids, a source of GlcCer. The
GlcCer engorged macrophages (knownas Gaucher cells) are found in the bone marrow, the liver, the spleen,
the lymph nodes, and the lungs, and are considered the hallmark of GD. They have a specific morphology,
are metabolically active and alternatively activated: this activation results in the release of two peculiar
cytokines known as chitotriosidase and CCL18/PARC, which are widely used as biomarkers assisting disease
diagnosis and for monitoring GD progression and response to therapy [30—34].

As regards lipid storage, even though the primary effect of GCase deficiency is GlcCer accumulation, other
metabolites derived from GlcCer accumulate as well. These include increased anabolism to gangliosides and
an excessive transglycosylation with the subsequent formation of glycosyl-B-cholesterol (GlcChol) by the
cytosol-faced retaining B-glucosidase GBA2, whose levels are increased when GCase is missing. Finally, the
accumulating GlcCer in lysosomes is actively converted by lysosomal acid ceramidase to its sphingoid base,
known as glucosylsphingosine (GlcSph); for this reason, GlcSph is considered an excellent biomarker for GD
[23,31,35-39].

1.1.b Disease symptoms and classification

GD is defined as a multi-organ, chronic, heterogeneous disorder. Gaucher cells, as well as the accumulation
of glycosphingolipids that interfere with multiple cellular processes and cause inflammatory and
immunological responses, can be considered responsible for GD symptoms. The most common symptoms
include enlargement of the spleen and liver, infiltration of the bone marrow by storage cells,
thrombocytopenia, coagulation abnormalities, anemia, and bone disease, but in some cases alsolung, renal
and cardiacinvolvement, pulmonary hypertension, and neurological impairments have been reported [4,5].

The presence and severity/rate of progression of neurological involvement have been historically used as
discriminating factors for GD classification into three different clinical phenotypes, although the clinical
picture presents as a phenotypic continuum: type 1 GD is the non-neuronopathic form of GD, whereas type
2 GD and type 3 GD are collectively referred as neuronopathic GD (nGD), representing the acute and chronic
neuronopathic phenotypes, respectively [40,41].



Type 1 GD is mostly presentin Caucasians (90-95%) and may present clinically anytime between infancy and
late adulthood. Common manifestations include minimal to marked splenomegaly (90% of patients) and
hepatomegaly (60-80%), anemia (20-50%), thrombocytopenia (60-90%), and potentially disabling skeletal
pathology (70-100% of patients). Although it is historically referred to as non-neuropathic, evidence of
peripheral neuropathy and symptomatic Lewy body-associated parkinsonism when middle-aged or elderly
has emerged [5,42—-44].

Type 2 GD (<5% in most countries) usually occurs at an early age (neonate to 6 months) eventually leading
to death usually at 2 to 3 years of age. Besides neurological symptoms which are severe and always present,
visceral ones include splenomegaly (almost always present), thrombocytopenia (60% of cases), and rarely
lung lesions; no bone symptoms have been reported [4,5].

Type 3 GD accounts for 5% of all GD cases, but it is proportionately more prevalent in the Middle East, India,
China, and Japan. It is more heterogeneous than type 2: some individuals have an aggressive
neurodegenerative disease and markedly decreased life expectancy (6—20 years) whereas others, although
usually manifesting severe systemic signs and symptoms, may have minimal and non-progressive
neurological findings, normal cognitive function, and, with available specific treatments for the
haematological and visceral symptoms, survival with good quality of life until late middle age. Moreover, a
peculiar form characterized by cardiovascular disease with calcification of the mitral and aortic valves is
referred to as type 3c. A particular subtype of type 3 GD known as Norrbottnian has probably arisen in the
17t century in Northern Sweden due to a founder effect; these patients display a specific genotype and
course of clinical manifestations [4,5,41,45-48].

Genotype-phenotype correlations in GD are imperfect. However, some observations apply: individuals with
at least one N370S allele do not develop the primary neurologic disease, whereas individuals who are
homozygous for the L444P usually develop severe disease, often with neurologic complications. The
cardiovascular form has been only associated with homozygosity for p.Asp448His (commonly known as
D409H). Moreover, eventhough no live-born homozygote for either c.155+1G>A or c.84dup variant has been
identified, suggesting that these genotypes are lethal, children who are compound heterozygotes for these
mutations develop a subacute disease course with progressive pulmonary involvement and deathin the first
to the second decade of life [41].

1.1.c Diagnosis and treatment

The gold standard for GD diagnosis is the demonstration of deficient GCase activity measured in peripheral
blood leukocytes and/or cultured skin fibroblasts homogenates: an enzyme activity below 15% of normal
activity is diagnostic of GD. The residual enzyme activity does not correlate with disease severity, and thus,
cannot be used for GD carriers’ identification. The diagnosis should always be accompanied by the detection
of pathogenic biallelic variants on the GBA1 gene. The use of plasma disease biomarkers (GlcSph,
chitotriosidase, CCL18) may support the clinical suspicion of GD, but the measurement of the GCase activity
is required for an appropriate diagnosis [23].

All the therapeutic approaches for GD treatment aim to reduce glycosphingolipid storage: this goal can be
achievedin twoways: (1) by the recovery of GCase activity, and (2) by reducing the GCase substrate synthesis.

Enzyme replacement therapy (ERT) exploits the first of these two mechanisms and consists of intravenous
infusions of the recombinant human GCase. Three ERT formulations were approved by Food and Drug



Administration (FDA): imiglucerase, a recombinant GCase (Cerezyme, Sanofi-Genzyme), velaglucerase alfa
(Vpriv, Shire), and taliglucerase alfa (Elelyso, Pfizer). ERT has shown efficacy and safety; however, many issues
remain unresolved, including the lifelong intravenous injections and the limited effect on neuropathic
features, as these recombinant enzymes due to their high molecular weight are not able to cross the blood
brain barrier (BBB) [49,50].

Substrate reduction therapy (SRT) uses small molecules to reduce the biosynthesis of GlcCer. Two SRTs were
approved by FDA: miglustat (N-butyldeoxynojirimycin; Zavesca, Actelion) and eliglustat tartrate (Cerdelga,
Sanofi/Genzyme). They all demonstrated good efficacy and safety, but neither miglustat (despite crossing
the BBB) nor eliglustat (unable to cross BBB), are a good option for neuronopathic GD; furthermore, they
have an inhibitory effect on unwanted metabolic pathways, causing adverse events and eventually leading
to discontinuation [49,50].

Recovery of GCase activity can be achieved also by introducing or replacing the disease-causing gene witha
wild-type copy of it, by directly delivering it to the patient (in vivo gene therapy), or by administering it to
cultured hematopoietic stem cells derived from the patient and subsequently transplanting the modified
cells back to the host (in vitro gene therapy). Three formulations to be used as either in vitro or in vivo gene
therapy were developed, and five clinical trials (NCT05324943, NCT04411654, NCT05487599, NCT04836377,
NCT04145037) are currently being carried out to evaluate their outcomes in GD treatment [4,50,51].

Finally, inthe last decade, increasedinterest in GCasechaperons has emerged. Indeed, many GBA1 mutations
cause the synthesis of misfolded proteins that are retainedin the endoplasmic reticulum (ER) and subjected
to ER-associated degradation (ERAD), which involves their translocation to the cytosol and the elimination
by the ubiquitin-proteasomal pathway [52]. Thus, the use of molecules that help the proper folding may help
in restoring the GCase activity. One of the most promising molecules is ambroxol, an FDA approved drug that
showed amelioration of neurological symptoms in GD [53—-58]. However, a precise mechanistic description
of its beneficial effect is still pending, as the sole chaperone activity cannot explain all the observations [59].

1.2 BONE TISSUE

Bone is a specialized connective tissue that provides mechanical support for locomotion and protects the
internal organs by forming the skeleton. In addition, it acts as a reservoir for several minerals including
calcium, phosphate, magnesium, and organic molecules such as collagen fibers and amorphous matrix. It
consists of an extracellular matrix (ECM) and cells [60].

1.2.a Extracellular matrix (ECM)

Two phases can be identified inthe ECM, referred to as organic and inorganic matrixes. The first one provides
the tensile properties to the tissue and is mainly composed of type | collagen (90-95%), which is organisedin
athree-dimensional network serving as a scaffold for mineral deposition; the final ~5% of the organic matrix
is represented by noncollagenous proteins and proteoglycans. The inorganic part of the ECM consists of
calcium phosphate in the form of hydroxyapatite nanocrystallites (Ca19(PO4)s(OH),), with small amounts of
carbonate, magnesium, and acid phosphate which are deposited onto the collagen fibers to provide
mechanical rigidity and strength of bone [61].



1.2.b Bone cells

Three main cell types can be found in bone: osteoblasts, capable of bone deposition, osteoclasts, involvedin
bone resorption, and osteocytes, orchestrators of these processes. Within the microenvironment niche,
osteoblasts, osteocytes, and osteoclasts synthesize and secrete paracrine signalling molecules, including
growth factors, cytokines, and chemokines to maintain the remodelling and architecture of bone.

Osteoblasts

Accounting for 5% of all bone cells, osteoblasts are the bone-forming cells. Indeed, they are responsible for
the deposition of an ECM richin type I collagen but not yet mineralized, known as osteoid, and its subsequent
mineralization throughthe accumulation of calcium phosphate in the form of hydroxyapatite nanocrystallites
[62].

Osteoblasts differentiate from mesenchymal stem cells (MSCs). Since these precursors have the potential of
differentiating into adipocytes, chondrocytes, fibroblasts, or myoblasts, specific signals are required to drive
MSCs to the osteoblastic lineage [63].

Among the many transcription factors (TFs) which have been reported to play a role in this process, the runt-
related related transcriptionfactor 2 (RUNX2) and its downstreamtarget osterix (OX) act as the master TFs
conferring the differentiation of MSCs into osteoblasts in response to external stimuli [64].

Key stimuli for osteoblast differentiation include insulin-like growth factor (IGF)-1, parathyroid hormone
(PTH), bone morphogenic proteins (BMPs), fibroblast growthfactor (FGF), hedgehog (Hh), and Wingless and
Int-1 (Wnt) proteins. The latter is involved in one of the most well-characterized pathways for osteoblast
differentiation: Wnt proteins bind to surface receptors on MSCs (including low-density lipoprotein receptor-
related protein (LRP)-5/6 and Frizzle), triggering the phosphorylation and inactivation of GSK3pB eventually
resulting in the nuclear translocation of B-catenin, which induces the transcription of genes involved in
osteoblast differentiation [64,65].

Osteoblasts maturation process occurs in three differentiation phases [66,67]:

1. cell proliferation: pre-osteoblasts undergo active proliferation and express collagen, fibronectin,
osteopontin (OPN), and transforming growth factor-p (TGF-B) receptor 1;

2. ECMsecretion and matrix maturation: immature osteoblasts turn into mature osteoblasts, capable
of secreting type | collagen and expressing alkaline phosphatase (ALP). The main role of ALP is to
hydrolyse inorganic pyrophosphate (PPi) to generate phosphate (Pi) which is used in the formation
of calcium hydroxyapatite nanocrystallites: for this reason, it is considered a biomarker of mature
osteoblasts;

3. matrix mineralization: mature osteoblasts continue to express various osteoblastogenic markers
such as OPN, type | collagen, ALP, but they also produce osteocalcin (OCN) and bone sialoprotein
(BSP). Finally, mature osteoblasts undergo apoptosis, become inactive bone-lining cells, or
progressively incorporate into the bone matrix as terminally differentiated osteocytes.

Differentiation steps and TFs involved in osteoblastogenesis are schematized in figure 12.
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Figure 12 | Osteoblastogenesis (adapted from Amarasekara et al. [67]).

Other than playing a crucial role in bone formation, osteoblasts are alsoinvolved in osteoclasts differentiation
and activity. Indeed, during bone remodelling, these two cell types interact in both direct and indirect ways.

The two cell types have direct contacts through the interactions between EFNB2-EPHB4, FAS-FASL, and NRP1-
SEMA3A to regulate cell proliferation, differentiation, and survival.

Ephrin B2 (EFNB2), expressed on the cell surface of osteoclasts, binds to osteoblast surface molecule EPHBA4.
This interaction suppresses osteoclast differentiation and promotes osteoblast differentiation. FAS is
expressedon the surface of osteoclasts and binds its ligand FASL on osteoblast surface, inducing osteoclast
apoptosis. Finally, SEMA3A, produced by osteoblast lineage cells, inhibits bone resorption, and promotes
bone formation by binding to its receptor neuropilin-1 (NRP1) on the osteoclasts surface.

Moreover, osteoblasts release the receptor activator of nuclear factor kB ligand (RANKL), which binds its
receptor RANK, expressed by osteoclast precursors, promoting their differentiation into mature osteoclasts.
In addition, osteoblasts produce also osteoprotegerin (OPG), a soluble receptor of RANKL which, through its
binding with RANKL, avoids RANKL/RANK interaction inhibiting osteoclastogenesis and osteoclastic activity.
Thus, osteoblasts regulate osteoclastogenesis and osteoclasts activity by modulating RANKL/OPG ratio [68].
In addition, osteoblasts produce other osteoclastogenic factors including macrophage-colony stimulating
factor (M-CSF), tumour necrosis factor alpha (TNF-a), interleukin-1B (IL-1B), WNT5A. Osteoblasts produce
also WNT16, a negative regulator of osteoclastogenesis (figure 13) [69-71].
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Figure 13 | Osteoblasts-derived main factors that influence the other bone cells (adapted from Han et al. [71]).



Osteocytes

Accounting for 90-95% of bone cells, osteocytes are terminally differentiated osteoblasts that have become
embedded in the bone matrix; they occupy small chambers (lacunae) and present ramification of the cell
body forming the so-called dendritic processes, which serve for mechanosensing and intercellular

communication, as they connect them to other osteocytes, osteoblasts, and osteoclasts via tiny tunnels
(canaliculi). A fluid called canalicular or bone fluid travels through the lacunar-canalicular space and bathes
the osteocyte, providing oxygen and nutrients to maintain the viability of the cell in this environment [72].

Osteocytes display several functions [71,73-77]:

1.

regulation of mechanosensation and mechanotransduction: they sense local mechanical cues and
respond to these cues, mediating mechanically induced bone formation and adaptation, disuse-
induced bone loss, and skeletal fragility;

perilacunar matrix remodelling: under calcium-demanding conditions (i.e., lactation and hibernation)
osteocytes canremove their perilacunar matrix (mimicking the osteoclast) andalso can replace that
matrix (mimicking the osteoblast);

communication with and regulation of distant organs: osteocytes release FGF23 which regulates
phosphate homeostasis in the kidney, osteocalcin which affects male fertility, cognition, energy
metabolism, and muscle formation; osteocytes can regulate plasma calcium by releasing minerals
from their surrounding matrix, especially in response to PTH and PTHrP;

bone remodelling via regulation of osteoclast activity (figure 14): osteocytes produce pro-
osteoclastogenic factors (RANKL, M-CSF, interleukin-6 (IL-6), TNF-a, sclerostin (SOST) and HMGB1),
but also the anti-osteoclastogenic factor OPG;

bone remodelling via regulation of osteoblasts activity (figure 14): pro-osteoblastogenesis and matrix
formation stimulatory factors released by osteocytes include lipids (e.g., PGE2), growthfactors (e.g.,
IGF-1), glycoproteins (e.g., Wnts), free radicals (e.g., NO), nucleotides (e.g., ATP). Negative regulators
of osteoblastogenesis include the LRP 5/6 antagonists sclerostin (SOST) and DKK1, and neuropeptide
Y (NPY); finally, MEPE acts as an inhibitor of matrix mineralization by promoting renal phosphate
excretion.
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Figure 14 | Osteocytes-derived main factors that influence the other bone cells (adapted from Han et al. [71]).
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Osteoclasts

Osteoclasts are giant, multi-nucleated cells, directly attached to the bone surface building resorption
lacunae; they account for 1-2% of bone cells and their main role is bone resorption. They display a highly
folded portion of plasma membrane facing the bone matrix referred to as the ruffled border, which is
designed to secrete and resorb proteins and ions. The space between the ruffled border and bone surface
known as the clear zone is sealed by a contractible ring of proteins (an F-actin-rich core that is surrounded
by a “rosette” of integrins) and tight junctions and represents the location in which bone resorption takes
place (figure 15). The degradation process occurs in two steps: (1) firstly, the inorganic component of the
matrix is degraded by the acidification of the clear zone by the release of Cl-and H* through proton pumps
coupled with ATPases; (2) secondly, the organic bone matrix is degraded by enzymes including tartrate-
resistant acid phosphatase (TRAP), lysosomal cathepsin K, and matrix metalloproteinases 1 and 9 (MMP1,
MMP9) [62,78,79].
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Figure 15 | Overview of osteoclastic bone resorption (adapted from Qin et al. [79]).

Osteoclasts originate from mononuclear cells of the hematopoietic stem cell (HSC) lineage, under the
influence of several factors. Osteoclastogenic progenitors are firstly differentiated into TRAP-positive
mononuclear cells, before becoming TRAP-positive and calcitonin receptor (CTR) positive mononucleate cells
that eventually fuse to form multinucleate, functional mature osteoclasts (figure 16) [80].
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Figure 16 | Osteoclasts differentiation steps (adapted from Kartsogiannis et al. [80]).
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Crucial factors for the differentiation process are M-CSF and RANK ligand (RANKL), which promote the
activation of transcription factors and gene expression in osteoclasts. M-CSF binds to its receptor (cFMS)
present in osteoclast precursors, which stimulates their proliferation and inhibits their apoptosis, whereas
the binding of RANKL to its receptor RANK allows the differentiation of precursors, the fusion, and the further
differentiation to become functional osteoclasts. As previously mentioned, the secreted glycoprotein OPG
acts as a receptor for RANKL, avoiding its binding to RANK. For this reason, OPG can be defined as a negative
regulator for osteoclastogenesis [81,82]. Moreover, several cytokines have been reported to play a role in
the process, including TNF-a, IL-1pB, IL-6, as osteoclastogenic factors. These compounds can be released not
only by bone cells, but also produced by monocytes, macrophages, dendritic cells, and innate and adaptive
immune cells [83,84].

Other than the direct interaction between osteoblasts and osteoclastsinvolving EFNB2-EPHB4, FAS-FASL and
NRP1-SEMA3A already mentioned in the chapter “Osteoblasts”, osteoclasts release many factors influencing
osteoblasts: positive regulators of bone deposition and osteoblast differentiation include WNT10B, bone
morphogenic protein 6 (BMP6), semaphorin 3A (SEMA3A), Cardiotrophin-1 (CT-1), Sphingosine 1 Phosphate
(51P), Collagen Triple Helix Repeat Containing 1 (CTHRC1) and Complement Component 3 (C3), whereas
SEMAAD suppresses osteoblasts differentiation (figure 17) [70,71].

Inaddition, even though they are not expressed by osteoclasts, two additional pro-osteogenic factors should
be mentioned, as they directly derive from the activity of these cells: Transforming Growth Factor 1 (TGF-
B1) and Insulin-Like Growth Factor Type 1 (IGF-1). They are released by the bone matrix in response to
osteoclastic bone resorption, and in this way, they are free to subsequently promote osteogenesis [70,85].
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Figure 17 | Osteoclasts-derived main factors expressed which influence the otherbone cells (adapted from Han et al.
[71]).

1.2.c Bone remodelling
Bones are continuously changingin an essential physiological process termed bone remodelling that renews
the skeleton throughout lifespan. It maintains or improves bone strength by replacing primary, immature
bone and old, micro-damaged or fractured bone, as well as maintaining calcium and phosphate homeostasis.
The balance of bone resorption and deposition is essential to preserve the health of the tissue, avoiding
pathological conditions [86,87].
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All bone cells participate in the formation of the so-called basic multicellular units (BMU), which are
responsible for bone remodelling. In these structures, bone cells interact both simultaneously and at various
differentiation stages with their progenitors, other cells, and bone matrix constituents [88].

This process is regulated by proteins, local factors (such as cytokines and prostaglandins), or systemic factors
(such as PTH, calcitonin, and estrogens). The main players regulating bone remodelling are the factors
involved in osteoblasts-osteocytes-osteoclasts communications that have been already mentioned above.
Table 1 summarizes the main factors deriving from osteoclasts, osteoblasts, and osteocytes, as well as from
a wide variety of other cell types (in particular from immune cells) that regulate bone remodelling. It is worth
noting that several additional factors have been described as involved in this process; however, in some
cases, their role still requires further elucidation, as inconsistent results have been obtained in different
experimental settings [70,71,84,85,88-90].

. . . Anti-
. Anti-osteogenic Osteoclastogenic .
Osteogenic factors osteoclastogenic
factors factors
factors
WNT10B IGF-1 SEMA4D RANKL IL-6 OPG IL-13
CTHRC1 NO SOST M-CSF IL-17 WNT16 IL-18
BMP6 ATP DKK TNF-a IL-8 FAS IL-27
CT-1 FGF23 NPY HMGB1 IL-11 SEMA3A IL-33
S1P BMP-2 MEPE SOST IL-15 EFNB2 IL-35
PGE2 BMP-4 WNT5A IL-23 IL-3 INF-a
WNTs BMP-6 LAPA IL-34 IL-4 IFN-B
EPHB1 BMP-7 IL-1B IL-5 INF-y
NRP1 BMP-9 IL-10
TGF-B1

Table 11 | Main factors regulating osteogenesis and osteoclastogenesis.

1.3 ARTICULAR CARTILAGE

Cartilage is anavascular, aneural, alymphatic specialized connective tissue found in the synovial joints, spine,
ribs, external ears, nose and airways, and the growth plates of children and adolescents. There are three
main types of cartilage in the human body, with different structures andfunctions: hyaline cartilage, elastic
cartilage, and fibrocartilage. This chapter focuses onthe hyalin cartilage, whichis found in the joints, theribs,
the nose, the larynx, and the trachea; it consists of an extracellular matrix (ECM) populated by a single cell
type termed chondrocyte, which occupies 1-2% of the total volume of the tissue [91].

1.3.a Extracellular matrix (ECM)

The ECM consists of 70% of water and two major components: type |l collagen (15-25%) and a large
aggregating proteoglycan namedaggrecan (10%): type Il collagen forms fibrils which build up a systematically
oriented network that entraps the negatively charged proteoglycan aggregates; moreover, several other

collagens and non-collagenous proteins are present. Due toits peculiar structure, the articular ECM provides
a high degree of resistance to deformation by compressive forces [92].
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Articular cartilage is a very heterogeneous tissue, as four distinct regions can be observed (figure 18). Moving
from the articular surface to the subchondral bone, the first three zones (superficial, middle, and deep) show
a progressively decreasing type Il collagen content, but increased fibrils thickness, concentration of aggrecan,
and chondrocyte volume. In the first layer, fibers and chondrocytes are aligned parallel to the articular
surface, and the latter are flattened and elongated. The middle zone is characterized by obliquely organized
collagen fibrils and slightly larger chondrocytes at a relatively lower density. The deep zone presents
perpendicularly organized fibrils and hypertrophic chondrocytes which tend to be grouped in a columnar
organization. The fourth zone, known as calcified cartilage, is located just above the subchondral bone and
is formed due to endochondral ossification, an essential processinvolved in bone formation in which cartilage
becomes calcified and is subsequently replaced by bone during development. Even though this zone was
initially thought to form a barrier to fluids, evidence indicates that active molecules can transit it, providing
a mechanism by which products of chondrocytes or bone cells can influence the activity of the other cell
types [93].
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Figure 18 | Structure of humanadult articular cartilage (adapted form Martel-Pelletier et al. and Didomenico et al.
[94,95]).

1.3.b Chondrocytes

As previously mentioned, chondrocytes differentiate from mesenchymal precursors under a peculiar
signalling cascade involving FGF, hedgehog, BMP, TGF-B, and Wnt pathways. Moreover, the transcription
factor Sry-type high-motility group box 9 (SOX9) is an early marker of the differentiating chondrocyte
required for the onset of type Il collagen expression, aggrecan, and other cartilage-specific matrix
components. Wnt/B-catenin pathway is crucial in determining the MSCs differentiation to osteoblasts or
chondrocytes as at low levels it promotes chondroprogenitor differentiation, whereas a high level is required
for commitment to the osteoblastic lineage [96—98].

Differentiated chondrocytes may remain in a resting state eventually becoming the articular elements in
articular joints or can proliferate differentiate to hypertrophic chondrocytes (characterized by type X collagen
expression) and ultimately undergo apoptosis (figure 19). However, it has also been suggested that
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hypertrophic chondrocytes may survive at the cartilage-bone junction and eventually de/transdifferentiate
into bone marrow-associated skeletal stem and progenitor cells, osteoblasts, osteocytes, and adipocytes [99-
104]. Therefore, whether cell death is the fate of hypertrophic chondrocytes or whether hypertrophy is a
transient process that precedes osteogenesis remains known.

The hypertrophic differentiation of chondrocytes is mediated by several factors. Once again, the Wnt/B-
catenin pathway plays a centralrole in the process, as after the chondrogenic commitment, enhanced levels
of expression promote the chondrocyte differentiation into hypertrophic chondrocytes and the subsequent
endochondral ossification. Moreover, RUNX2 acts as a positive regulator for chondrocyte maturation to
hypertrophic phenotype and the subsequent osteogenesis. Finally, other factors are involved in this process,
mainly acting on these two pathways [96,97].
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Figure 19 | Chondrocyte differentiation from MSC and specificgenes expressed at each step (adapted from Goldring et
al. [97]).

1.4 SKELETAL MANIFESTATIONS OF GD

With an incidence in GD patients ranging from 80 to 94%, bone disease is one of the most prevalent aspects
of GD type 1 and 3, whereas the far way less common type 2 patients do not show clinically relevant bone
involvement, probably because the rapid neurological deterioration leads to death prior to the onset of bone
pathology [105]. Considering that type 1 GD accounts for 90-95% of all GD patients, skeletal manifestations
are the most predominant aspects of GD and represent the major cause of pain and disability, strongly
reducing the quality of patients’ life [106].
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1.4.a Signs and symptoms of bone disease

Bone manifestations include structural changes, debilitating pain, and bone density abnormalities. Mikosch
and Hughes [107] suggest a division of symptoms into primary, secondary, and tertiary bone changes
(indicated in figure 110), triggered by infiltration of Gaucher cells in the bone marrow, resulting in impaired
cytokines expression, alteration of vascularity, and increased local pressure.
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Figure 110 | Overview of bone pathologies in GD seen as a sequence of events dividing them into primary, secondary,
and tertiary bone changes [107].

Some of the primary acute changes can be at least partially reverted by ERT, which in some cases has also
shown partial amelioration of bone crisis, pain, and infraction, but could not revert avascular osteonecrosis
[5,106]. In addition, results from clinical trials for SRT show improvement in bone mass density, but overall,
the efficacy on bone symptoms remains poorly evaluated [108,109]. As GD-approved treatment efficacy on
bone symptoms remains poor, researchers introduced the idea of adjuvant therapies used in other
pathologies, such as anti-resorptive or anabolic drugs [110].

1.4.b Molecular basis of bone involvement in GD

Despite the huge impact of bone symptoms on GD patients, the molecular basis of the process remains
unclear. According to the mechanisms involved in bone remodelling, two main hypotheses have been
proposed to explain the decrease in bone mineral density: increased bone resorption, and impaired bone
formation [110]. Many approaches were exploited to study these aspects, including patients’ biopsies, animal
models, MSC- or induced pluripotent stem cells (iPS)- derived osteoblasts, wild-type (wt) peripheral blood
mononuclear cells (PMBCs) or continuous monocytic cell line THP-1, both treated with an inhibitor of GCase
(conduritol B epoxide, CBE — the so-called “chemical model”), sphingolipids, or conditioned media from wt
and GD MSCs, osteoblasts, or osteocytes cell lines.
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An impairment in the osteogenic process seems to be supported by both in vivo and in vitro observations
(figure 111). In animal models, a reduction in proliferation and differentiation of MSCs to osteoblasts is
noticed in GD mouse and zebrafish models, respectively [111,112]. In vitro systems display impaired
differentiation from precursors, assessed as ALP activity, calcium, and collagen deposition and/or
osteoblastic genes expression [113—117]. Interestingly, mature osteoblasts from a continuous cell line (SaOS)
treated with CBE or GlcCer or GlcSph, do not display any difference in calcium deposition [114], suggesting
animpairment in the differentiation process rather thanin mature osteoblast activity. A possible explanation
regards the capability of MSCs to differentiate into adipocytes or osteoblasts: MSCs preferentially perform
adipogenesis when GlcCer is provided [118], and similarly, GD-derived MSCs showed a higher rate of
adipogenesis than healthy controls-derived MSCs (figure 111) [116].
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Figure 111 | Impairment of bone deposition in GD.

On the contrary, the role of osteoclasts is debated, as evidences are inconsistent both in vivo and in vitro; in
some in vitro systems, impairment in osteoclastogenesis and osteoclastic activity is documented, but it is still
unclear whether either the microenvironment (i.e., pro-osteoclastogenic factor released by other cells) or
the GCase substrates accumulation within osteoclasts/osteoclast precursors play the primary role in the
process (figure 112). Evidence on bone resorption in some GD patients would suggest an increase in
osteoclastogenesis and/or osteoclastic activity [119], but no differences in TRAP-positive osteoclasts
formation are observed in GD mouse model [111]. Furthermore, even though evidence in in vitro systems
including chemical and GD patient-derived cell models are inconsistent [113-116,120-126], increased
osteoclastogenesis and bone resorption are observed in the wide majority of works in which conditioned
media from GCase deficient osteocytes or MSCs are used to culture osteoclasts precursors
[113,115,116,120,124-126], supporting the role of the microenvironment in the process. In addition, two
independent chemical models of GD osteoclasts showed increased secretion of inflammatory cytokines
which are known totrigger osteoclastogenesis [120,127], and TNF-a and IL-1B (which are known to be highly
secreted in GD due to the inflammation process) were proved to play a role in the formation of mature
osteoclasts [116,127]. Onthe other hand, as GlcCer was reportedto cause increased osteoclastogenesis and
osteoclasts activity, and as treatment with recombinant GCase was shown to reduce these two aspectsinin
vitro systems, it can be speculated that also glycosphingolipid accumulation plays a role in the impairment of
bone resorption [114,122,123,126].
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Figure 112 | Impairment of bone resorption in GD.

1.4.c miRNAs and bone involvement in GD

Micro-RNAs (miRNAs) are single-stranded non-coding RNAs of 21-24 nucleotides with a key role in the post-
transcriptional regulation of gene expression. They can be released outside the cells in complex with RNA-
binding proteins or lipoproteins or loaded in microvesicles formed by plasma membrane blebbing, or in
exosomes that are releasedin the extracellular space upon exocytic fusion of multivesicular bodies with the
plasma membrane [128,129]. They play a role in pathogenic processes in many diseases, including the ones
in which bone is affected [130-132].

Thus, itis not surprising that the exploration of the role of miRNAs in GD has emergedin the latest years, also
with a particular focus on bone. In the first report on miRNAs and GD, the overexpression of miR-221-3p in
GD zebrafish model was suggestedto playa central role in reducing osteogenesis by affecting Wnt/B-catenin
pathway [133]. Moreover, by performing miRNA profiling on 20 plasma samples from GD patients, Pawlinski
and colleagues [134] identified miR-26b-5p as upregulatedin GD samples in comparison to healthy controls.
This miRNA is known to control two genes (TRPS1 and BMP-2) involved in chondrocyte proliferation and
differentiation, and osteoblasts proliferation, differentiation and apoptosis, respectively. Finally, during the
last IWGGD symposium, a study onthe miRNA expression profile of 60 GD naive patients has been presented:
authors identified a miRNA candidate whose level of expression correlates with the bone disease severity
(Oral communication by Serrano-Gonzalo, entitled “Study of miRNA expression profiles in Gaucher patients
and their relationship with the severity of bone involvement” atthe IWGGD symposium in Leiden (NL), 8-11
May 2022).
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2 AIM
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Bone symptoms affect the vast majority of GD patients and severely limit their quality of life. Nevertheless,
the molecular basis of bone disease is still unclear. Several lines of evidence point to an impairment of
osteogenesis in terms of osteoblast proliferation and/or differentiation. On the other hand, the role of
osteoclasts is still controversial, as evidence is conflicting both in vivo and in vitro. Even in those cases where
increased osteoclast formation and osteoclast activity have been observed under GD or GD-imitating
conditions, it is unclear whether the primary role is played by the microenvironment or by glycosphingolipid
accumulation within the cells.

For these reasons, the general aim of this project was to explore the role of different cells in bone
involvement in GD. Specifically, we aimed to (1) develop GD models of osteoclasts, osteoblasts, and
chondrocytes (GBA KO cells) by using CRISPR/Cas9 editing technology to knock out (KO) the GBA1 gene in
continuous cell lines relevant to the study of bone pathophysiology, (2) characterize the different features
and behaviour of GBA KO versus wild-type (wt) cells, and (3) examine cell-to-cell interactions.
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3 MATERIAL AND METHODS
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3.1 CELL CULTURE

Human monocytic cells deriving from an acute monocytic leukemia patient (THP-1) were cultured and
maintainedin RPMI 1640 medium (EuroClone, Pero, Italy) containing 10% fetal bovine serum (Gibco-Thermo
Fisher Scientific, Waltham, MA, USA), 1% glutamine (Gibco-Thermo Fisher Scientific, Waltham, MA, USA),
and 1% penicillin/streptomycin (Gibco-Thermo Fisher Scientific, Waltham, MA, USA), in a humidified
atmosphere containing 5% CO, at 37 °C.

The osteosarcoma cell lines Sa0S-2 (Sa0S) and MG-63, the osteoblastic cells line Hobit, and primary
osteoblasts were cultured and maintained in Dulbecco's modified Eagle's medium high glucose (EuroClone,
Pero, Italy) containing 10% fetal bovine serum (Gibco-Thermo Fisher Scientific, Waltham, MA, USA) and 1%
penicillin/streptomycin (Gibco-Thermo Fisher Scientific, Waltham, MA, USA), in a humidified atmosphere
containing 5% CO, at 37 °C.

The human chondrocyte cell line C2812 was cultured and maintained in Dulbecco's modified Eagle's
medium/F12 (Cytiva, Marlborough, MA, USA) containing 10% fetal bovine serum (Gibco-Thermo Fisher
Scientific, Waltham, MA, USA) and 1% penicillin/streptomycin (Gibco-Thermo Fisher Scientific, Waltham, MA,
USA), in a humidified atmosphere containing 5% CO, at 37 °C.

3.2 CRISPR/Cas9 GBA1 EDITING

GBA1 editing was performed using Invitrogen TrueGuide Synthetic guide RNA (A35510 - CRISPR813153_SG)
(sgRNA) and TrueCut™ Cas9 Protein v2, with Lipofectamine™ CRISPRMAX™ Cas9 transfection reagent
(Invitrogen-Thermo Fisher Scientific, Waltham, MA, USA), according tothe manufacturer's protocols. Briefly,
cells were seeded one day before transfectionin a 24-well plate (THP-1: 50 x 103 cells/well; SaOS and C28I2:
20 x 103 cells/well). Transfection was performed using 2000 ng of Cas9 protein, 12 pmols of sgRNA, 4 pL of
Lipofectamine™ Cas9 plus reagent, and 1,5 L of Lipofectamine™ CRISPRMAX™ reagent. After 48-72 h the
edited pool was sorted by single-cell sorting in flow cytometry (BD FACSAria lll, BD Biosciences, San Jose, CA,
USA). Then, we analysed every single clone by Westernblot (WB) to detect a lack or low levels of GCase: if
so, we fully characterized the clone by measuring GCase activity, sequencing GBA1 exon 3, and quantified
Glucosylsphingosine (GlcSph).

3.3 DNA EXTRACTION, GBA1 EXON 3 AMPLIFICATION, AND
SEQUENCING

DNA was extracted from putative GBA1 edited clones to perform sequence characterization using a DNeasy
blood and tissue kit (Qiagen, Hilden, Germany) according to the manufacturer's protocols.

GBA1 exon 3 and exon 3 flanking regions were PCR amplified using Platinum™ Taq DNA Polymerase high
fidelity (Invitrogen-Thermo Fisher Scientific, Waltham, MA, USA) and primers 1F and 5R (table 1) to
selectively amplify the gene and not the homologous pseudogene. Amplification was performed according
to the following protocol: 94 °C 2 minutes; 10 cycles consisting of 94 °C 10 seconds, 57 °C 30 seconds, 68 °C
4 minutes; 20 cycles consisting of 94 °C 10 seconds, 57 °C 30 seconds, 68 °C 4 minutes, adding 20 seconds at
each cycle; 68 °C 7 minutes. PCR products were purified from gel (1% agarose in TBE) using QlAquick gel
extraction kit (Qiagen, Hilden, Germany) and cloned using a TOPO-TA cloning kit (Thermo Fisher Scientific,
Waltham, MA, USA), according to the manufacturer's protocols. BigDye (Applied Biosystem-Thermo Fisher
Scientific, Waltham, MA, USA) and primers 3F and 3R (table 1) were used in the sequencing reaction (26
cycles consisting of 95 °C 10 seconds, 50 °C 15 seconds, 62 °C 2 minutes). Sequences were purified in EtOH
70% and loaded in a 3500xL Genetic Analyzer (Applied Biosystems-Thermo Fisher Scientific, Waltham, MA,
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USA). Sequencing analysis was performed using Chromas software (version 2.6.6, Technelysium Pty Ltd,
South Brisbane, QLD, Australia). Accession numbers of RNA and protein sequences: NM_000157.3,
NP_000148.2.

3.4. PROTEIN EXTRACTION AND WESTERN BLOT (WB)

To evaluate expression levels of GCase, cells were washed once with PBS and directly lysedin cell Lysis Buffer
TNN (Tris-HCI 100 mM pH 8, NaCl 250 mM, NP40 0,5%), sonicated, andincubated on ice for 10 minutes. After
centrifugation (10 minutes at 14’000 rpm at 4 °C), protein extracts were analysed for protein content using
the Bradford assay, using the BioRad protein assay (BioRad, Hercules, CA, USA), following the manufacturer's
instructions.

Protein extracts were resolved in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Equal lysate amounts per lane were loaded on a 4%—-20% gradient mini-protean TGX pre-cast gel (BioRad,
Hercules, CA, USA) in running buffer (Tris 25 mM, Glycine 0,191 M, SDS 0,1% w/v). Fractionated proteins
were transferred to nitrocellulose membrane (BioRad, Hercules, CA, USA) in transfer buffer (Tris 25 mM,
Glycine 0,189 M, 40% MetOH); membranes were blocked in 5% blotting-grade blocker (BioRad, Hercules, CA,
USA) in PBS-T (0,1% Tween 20 in PBS) for 1 hour. Then, membranes were incubated overnight at 4 °C with
the appropriate primary antibody 1:1000 (GBA 2E2 (WH0002629M1, Sigma-Aldrich, St. Louis, MO, USA), actin
(A2066, Sigma-Aldrich, St. Louis, MO, USA), then washed, incubated with the appropriate secondary antibody
1:1000 (Dako Agilent, Santa Clara, CA, USA) for 1 hour at RT and developed with SuperSignal West Dura/Pico
reagents (Thermo Fisher Scientific, Waltham, MA, USA). The total expression of the protein of interest was
normalized to actin levels. Blots were quantified by using a Uvitec Cambridge Imaging system (UVITEC,
Cambridge, UK).

3.5 GCase, GBA2 AND GBA3 ENZYMATIC ACTIVITIES

GCase enzymatic activity was measured using the fluorogenic substrate 4-methylumbelliferyl-B-d-
glucopyranoside (Sigma-Aldrich, St. Louis, MO, USA); the total amount of protein in cell lysates was
determined using the Bradford assay, using the BioRad protein assay (BioRad, Hercules, CA, USA), following
manufacturer's instructions. Briefly, 10 puL containing 10 pg of protein was incubated with 10 puL of substrate
5 mM in acetate buffer0,1 M pH 4,2 at 37 °Cfor 3 h. The reaction was stopped with carbonate buffer 0,5M
pH 10,7 and the fluorescent product was quantified using a fluorimeter (SPECTRAmax Gemini XPS, Molecular
Devices, San Jose, CA, USA) at an excitation wavelength of 365 nm and emission of 495 nm.

GBA2 and GBAS3 potential activities were measured using the Activity-based probe (ABP) labelling B-
glucosidases JJB367 Cy5 fluorescence [135]. Briefly, 25 pug proteins from cell lysates were incubated with 5 pl
of 2,5 uM JJB367 and 15 ul of Mcllvaine buffer (150 mM, pH 5,0) for 30 minutes at 37°C. 6,2 ul of Laemmli
buffer were added to the samples which were then denatured for 5 minutes at 98°C and loaded into a 10%
gel. Samples were resolved in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Typhoon FLC 9500 (GE healthcare, Chicago, IL, USA) fluorescence scanning machine was used to acquire gel
images. Coomassie staining was used as protein quantitation control.

3.6 LIPIDS MEASUREMENT

Glucosylsphingosine (GlcSph) in cell pellets was measured as previously described [54,136]. D5-
glucosylsphingosine was used as an internal standard. Briefly, after cell lysis, protein precipitation,
evaporation and reconstitutionin mobile phase, reverse-phase liquid chromatography was performed using
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a Shimadzu Nexera CL UHPLC (Shimadzu, Kyoto, Japan) and a Poroshell 120 EC-C8 column, 3,0 x 50,0 mm
with 2,7 um particle size (Agilent, Santa Clara, CA, USA). Mass spectrometry detection was carried out with
AB Sciex 6500 QTrap tandem mass spectrometer (Sciex, Framingham, MA, USA) set in positive mode using
an electrospray ionization (ESI). GlcSph levels were normalized for protein content, assessed using TPUC3
total protein urine/CSF (Roche, Basel, Switzerland) in Cobas 8000 (Roche, Basel, Switzerland) following the
manufacturer’s instructions.

Glucosylceramide (GlcCer), Ceramide (Cer), Sphingosine, Sphinganine, dihydroceramide (dh-Cer), and
Glucosylcholesterol (GlcChol) were measured as previously described [137,138]: C17-dh-Ceramide was used
as the internal standardfor GlcCer, Cer, Sphinganine and dh-Cer, whereas 13C-Sphingosine and 13C-GlcChol
were used as internal standards for Sphingosine and GlcChol, respectively. Lipids levels were normalized for
protein content, assessed using BCA protein Assay kit (Thermo Fisher Scientific, Waltham, MA, USA)
according to the manufacturer’s protocol.

3.7 OSTEOCLASTOGENESIS

To differentiate monocytes into osteoclasts, 200 x 103 THP-1 were seeded in each well of a 24-multiwell plate
on a glass coverslip. Cells were treated for 48 hours with 100 ng/ml Phorbol 12-myristate 13-acetate (PMA—
Prepotech, London, UK), and then for 10 days with 50 ng/ml RANKL (Prepotech, London, UK) and 50 ng/ml
M-CSF (Prepotech, London, UK), by replacing it every other day. Differentiated cells were either stained with
Acid phosphatase, leukocyte (TRAP) kit (Sigma, St. Louis, MO, USA) following manufacturer's instructions or
labelled with alpha-phalloidin (Sigma, St. Louis, MO, USA) and Hoechst. Cells were visualized at the
microscope Leica DM600B (Leica, Wetzlar, Germany) and osteoclasts were identified as cells with 3 or more
nuclei.

To assess the capability of SaOS and C2812 conditioned media to induce osteoclastogenesis, we plated the
same number of SaOS and C2812 wt or GBA KO in RPMI, and after 48 hours we collected the conditioned
media, counted the number of cells at that point and normalized the concentration of the medium by that
number. Conditioned media were thendiluted 1:1 with fresh medium. 200 x 103 THP-1 were seeded in each
well of a 24-multiwell plate on a glass coverslip, and, after a 48 hours incubation with 100 ng/ml of PMA in
fresh RPMI, the previously obtained conditioned media were supplemented with 50 ng/ml of M-CSF and
provided to cells for 10 days, by replacing it every other day. Osteoclasts were labelled or stained and counted
as described above.

To study the effects of Imiglucerase (Cerenzyme - Sanofi, Paris, France), Eliglustat (D,L-threo-PDMP —
Matreya, State College, PA, USA) and PPS (bene pharmaChem, Geretsried, Germany) on osteoclastogenesis,
these compounds were provided to THP-1 throughout the differentiation period in addition to M-CSF and
RANKL at 1,6 uM, 20 uM, and 5 pg/ml, respectively. Osteoclasts were labelled or stained and counted as
described above.

3.8 RNA EXTRACTION, REVERSE TRANSCRIPTION, AND
QUANTITATIVE REAL-TIME PCR (qRT-PCR)

Total RNA was isolated using the QlAShredder and the RNeasy mini kit (Qiagen, Hilden, Germany). First strand
cDNA synthesis was performed with 2 pg total RNA using Superscript IV Reverse Transcriptase (Invitrogen-
Thermo Fisher Scientific, Waltham, MA, USA), according to manufacturer’s instructions. Primers were
designedfrom available human sequences using the primer analysis software Primer3 to specifically amplify
ALPL, COL1A1, RUNX2, COL2A1, COL10A1, SOX9, RANKL, OPG, GAPDH (table 1). Quantitative Real-Time PCR
(gRT-PCR) was performed using SYBR Green PCR master mix (Invitrogen-Thermo Fisher Scientific, Waltham,
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MA, USA) in a QuantStudio 3 equipment (BioRad, Hercules, CA, USA), using the following protocol: hold stage
50° for 2 minutes, 95° for 7 minutes; PCR stage:40 cycles of 95°C for 15 seconds, 63°C for 20 seconds; melting
curve. GAPDH was used as an internal control. The comparative threshold (Ct) method was used for data
analysis expressed as AACt.

3.9 ALKALINE PHOSPHATASE (ALP), ALIZARIN RED, AND SIRIUS RED
STAININGS

ALP staining was performed in cultured Sa0S, Hobit, and MG-63 cell lines by incubating cells with NBT/BCIP
(Roche, Basel, Switzerland) for 15 minutes at 37°C. Cells were then visualized at the microscope Leica
DMD108 (Leica, Wetzlar, Germany).

To assess the capability of SaOS of producing a mineralized matrix, Alizarin Red and Sirius Red stainings were
used to visualize and quantify calcium and collagen deposition, respectively. 300 x 103 cells were plated in
each well of a 12-multiwell plate and cultured for 14 days in the presence of 100 uM Dexamethasone (Sigma,
St. Louis, MO, USA), 50 ug/ml L-Ascorbic acid 2-phosphate (Sigma, St. Louis, MO, USA), and 10 mM B-
Glycerophosphate disodium salt hydrate (Sigma, St. Louis, USA), by replacing the medium every other day.
Tostain calcium deposits, cells were then washed twice with PBS (EuroClone, Pero, Italy), fixed for 15 minutes
in PFA 4%, andincubated in 40 mM Alizarin Red (Sigma, St. Louis, MO, USA) for 30 minutes in gentle shaking.
Cells were washed 5 times with ddH,0 and images were captured at the Nikon eclipse TS100 microscope
(Nikon, Minato, Tokyo, Japan). To extract the dye, 800 pl of 10% acetic acid was added to each well, and,
after 30 minutes of gentle shaking, cells were collected using a scraper, andthe cells in 10% acetic acid were
transferredinto a microcentrifuge tube. After vortexing for 30 seconds, samples were heated at 85°C for 10
minutes, incubated on ice for 5 minutes, and centrifugated at 14’000 g for 15 minutes. 500 ul of the
supernatant were transferred to a new tube and diluted with 200 pul of 10% NH4OH. The absorbance at 405
nm was read using nanodrop 2000c spectrophotometer (Thermo Scientific, Waltham, MA, USA).
Tostaincollagen, cells were washed three times with PBS, fixed in Bouin fluid for 1 hour at room temperature
(RT), washed in acidified water (0,125 % v/v acetic acid glacial in water), and stained over-night (O/N) in
gentle shaking at RT with Sirius Red Staining Solution (0,01% Sirius Red (Direct Red 80 — Sigma, St. Louis, MO,
USA) in 1,3% picric acid solution). Cells were washed three times with 0,01 N HCland images were captured.
The dye was extracted by incubation with 400 ul of 0,1 N NaOH for 30 minutes at RT in gentle shaking and
quantified by measuring the absorbance at 540 nm.

3.10 CYTOKINES RELEASE

To measure the release of the pro-inflammatory cytokines interleukin- 1, 6, 8, and TNF-a, Sa0S, THP-1, and
C28I2 were cultured for 48 hours, and their supernatants were collected. THP-1 cells were cultured in the
presence of 100 ng/ml PMA toinduce their differentiation into macrophages. The amount of cytokines in the
conditioned media was measured by an immunoassay platform based on a microfluidic technology named
ELLA (ProteinSimple, Bio-techne, Minneapolis, MN, USA), and normalized by the number of conditioning
cells.

3.11 RANKL RELEASE

To measure the release of RANKL, SaOS wt and GBA KO A7 were cultured for 48 hours, their conditioned
media were collected, and concentratedin 10 kDa Amicon Ultra-15 tubes (Merck Millipore, Burlington, MA,
USA) for 10 minutes at 4000 g. The amount of RANKL was quantified using the Promokine Human sRANKL
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ELISA Kit (PromoCell, Heidelberg, Germany) according to manufacturer’s protocol. This kit allows the
detection of soluble RANKL by distinguishing it from the OPG-bound RANKL.

3.12 miRNA PROFILE OF SaOS CELLS

To perform the miRNA profiling of SaOS wt and GBA KO A7, miRNAs were either extracted from the cells or
exosomes. To isolate exosomes, cells were seeded in normal medium, which was replaced by FBS-free
medium the following day. After 24 hours media were collected, filtered by passing through a 0,22 um filter
(Merck Millipore, Burlington, MA, USA), and concentrated in 100 kDa Amicon Ultra-15 tubes (Merck
Millipore, Burlington, MA, USA) for 10 minutes at 4000 g. The conditioning cells were harvested and counted.
The concentrated conditioned media were normalized for the number of conditioning cells and diluted toa
final volume of 1 ml with FBS-free medium. 200 ul of ExoQuick (System Bioscience, Palo Alto, CA, USA) were
added to each tube, and after an O/N incubation at 4°C, samples were centrifugated for 30 minutes at 1500
g at 4°C. Pellets were resuspended in 50 pl of PBS.

miRNAs extraction from either exosomes or harvested cells was performed using miRNeasy micro kit (Qiagen,
Hilden, Germany), and miRNAs concentration in each sample was determined by Qubit Quant-iT microRNA
Assay Kit (Thermo Fisher Scientific, Waltham, USA), according to manufacturer’s protocols. QlAseq miRNA
Library Kit (Qiagen, Hilden, Germany) was used to prepare the miRNA library; equal volumes of normalized
libraries were sequenced on an lllumina MiSeq platform using an lllumina MiSeq Reagent kit v2 for 50 cycles
(llumina, San Diego, CA, USA).

Data were analysed using GeneGlobe software (Qiagen, Hilden, Germany) selecting geNorm as the
normalization method.

3.13 miRNAs VALIDATION IN gqRT-PCR

miRNA candidates identified and selected from the profiling were validated in qRT-PCR. Todo that, miRNAs
were extracted from either cells or exosomes and quantified as described before. 20 ng were
retrotranscribed using the miRCURY LNA RT kit (Qiagen, Hilden, Germany) and amplified with miRCURY LNA
SYBR Green PCR kit (Qiagen, Hilden, Germany) following manufacturer’s instructions in QuantStudio™ 3
equipment (BioRad, Hercules, CA, USA). The list of selected miRNAs and their specific primer mixes (Qiagen,
Hilden, Germany) are indicated in table 2. The comparative threshold (Ct) method was used for data analysis
expressed as AACT.

3.14 CBE TREATMENT OF PRIMARY OSTEOBLASTS

To mimic GD in normal primary osteoblasts, 1 x 106 cells were seededin a 100 mm plate. Cells were cultured
for 3 or 6 days in the presence of 100 uM conduritol B epoxide (CBE — Calbiochem, San Diego, CA, USA), by
replacing it every other day, and then characterized in terms of GCase activity and GlcSph accumulation.

3.15 miR-488-3p TRANSFECTION

To explore the role of miR-488-3p, 200 x 103 Sa0S wt were seeded in wells of a 6-well plate. The following
day, mirVana miR-488-3p Mimic or mirVana miRNA Mimic Negative Control #1 (Thermo Fisher Scientific,
Waltham, MA, USA) were delivered to the cells (final concentration in the well: 50 nM) using Lipofectamine
RNAiIMAX (Thermo Fisher Scientific, Waltham, MA, USA), according to the manufacturer's protocol. After 48
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hours, cells were collected and the expression of ALPL, COL1A1, and RUNX2 was measured by qRT-PCR as
described above.

3.16 NEUTROPHIL MIGRATION ASSAY

80 x 103 C28I12 wt or GBA KO Al were seededin wells of a 24-multiwell plate and cultured for 48 hours. After
that, some of the wells were used to collect the conditioned media, which were moved to clean wells. Cells
from those wells were detached and their number was used to normalize the concentration of the
conditioned media.

Neutrophils were isolated from healthy controls as previously described [139]. 4 x 108 neutrophils were
loaded in each transwell insert (polycarbonate membrane with 8 pm pores — Falcon/Corning, Corning, NY,
USA), which were then inserted into wells containing either cells and conditioned media or only the
conditioned media. Plates were incubated for 2 hours, and neutrophils of the upper and lower chambers
were labelled and quantified using BD multitest 6 color TBNK and Trucount Absolute Counting Tubes (BD,
Franklin Lakes, NJ, USA) in flow cytometry (BD FACS Lyric, BD Biosciences, SanJose, CA, USA). The number of
migrating and non-migrating cells was normalized by the number of conditioning cells.

3.17 STATISTICAL ANALYSIS

Statistical significance was determined by Student's t-test; p < 0,05 was considered statistically significant.

3.18 DISCLAIMER

Part of the figures was drawn using pictures from Servier Medical Art. ServierMedical Art by Servier is licensed
under a Creative Commons Attribution 3.0 Unported License
(https://creativecommons.org/licenses/by/3.0/).
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Table 1: Primers sequences for PCR and qRT-PCR

Primer Sequence

1F 5’-CCTAAAGTTGTCACCCATAC-3’

SF 5’-AGCAGACCTACCCTACAGTTT-3’

3F 5’-GCAAGGCAGGTCTCAAACTC-3’

3R 5’-CCCTCCAAATCCCTTCACTT-3’

ALPLF 5’-GTACAACACCAATGCCCAGG-3’

ALPLR 5’-CAGATTTCCCAGCGTCCTTG-3’

COL1A1F 5’-GGCCAAGACGAAGACATCCC-3’

COL1A1R 5’-GTTGTCGCAGACGCAGATCC-3’

RUNX2 F 5’-GACGAGGCAAGAGTTTCACC-3’

RUNX2 R 5’-GAGGCGGTCAGAGAACAAAC-3’

COL2A1F 5’-GCCCAGTTGGGAGTAATG-3’

COL2A1R 5’-CCAGGTTCACCAGGATTG-3’

COL10A1F 5’-CGATACCAAATGCCCACAGG-3’

COL10A1R 5’-GGACTTCCGTAGCCTGGTTT-3’

SOX9 F 5’-CAGGTGCTCAAAGGCTAC-3’

SOX9 R 5-CGCTCTCGTTCAGAAGTC-3’

RANKL F 5’-CAAGGAGCTGTGCAAAAGGA-3’

RANKL R 5'-ATGGGATGTCGGTGGCATTA-3’

OPG F 5-AGTGTCTTTGGTCTCCTGCT-3’

OPGR 5-TCTGCGTTTACTTTGGTGCC-3’

GAPDH F 5’-TTTGTCAAGCTCATTTCCTGGTATG-3’

GAPDH R 5-TCTCTTCCTCTTGTGCTCTTGCTG-3’

Table 2: qRT-PCR miRNAs validation
) . GeneGlobelD
miRNA miRNA type . .
primer mix

has-miR-488-3p Expressed and exosomal — candidate YP00204469
has-miR-93-3p Expressed — candidate YP00204470
has-miR-195-5p Expressed — candidate YP00205869
has-miR-490-5p Exosomal — candidate YP00206077
has-miR-4784 Exosomal — candidate YP02107022
has-miR-3679-5p Exosomal — candidate YP02109537
has-miR-1233-5p Exosomal — candidate YP02105468
has-miR-191-5p Expressed — housekeeping YP00204306
has-miR-103a-3p Expressed — housekeeping YP00204063
has-miR-16-5p Expressed — housekeeping YP00205702
has-miR-106b-3p Exosomal — housekeeping YP00204020
has-miR-23a-3p Exosomal — housekeeping YP00204772
has-miR-7g-5p Exosomal — housekeeping YP00204565
has-miR-7a-5p Expressed and exosomal — housekeeping YP00205727
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4 RESULTS
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4.1 IN VITRO MODELLING OF GD BONE AND CARTILAGE CELLS

As already mentioned, GD is an autosomal recessive lysosomal storage disorder caused by mutations in the
GCase encoding gene (GBA1). Withthe aim of studying bone pathology, we decided to create in vitro models
of the disease by CRISPR/Cas9 editing the GBA1 gene on continuous cell lines.

4.1.a Modelling GD monocytes

We firstly developed and characterized a monocytic model of the disease, as monocytes can be differentiated
into osteoclasts. Thus, we edited a human monocytic cell line deriving from an acute monocytic leukemia
patient (THP-1) by targeting GBA1 exon 3; we then performed a single cell sorting and screened each clonal
population for GCase expression by western blot (WB) [140]. As shownin figure R1A, one out of 38 screened
clones, named THP-1 GBAKO, expressedtwo proteins of lower molecular weight (MW) in comparison with
GCase wild-type (wt). Sequencing analysis of the GBA1 gene showed the presence of a large in-frame deletion
causing the loss of the whole exon 3 [c.115+145_307+1del] in one allele, probably leading to the synthesis
of a protein lacking 63 amino-acid residues, and a large deletion involving the final part of exon 3 and the
first part of exon 4 (c.246_441del) in the other allele, probably leading to the exclusion of both exon 3 and 4
from the mature mRNA and the consequent synthesis of a GCase lacking 112 amino-acid residues (figure
R1B). So, the presence of two faint bands with a lower MW compared to wt GCase (MW: 60 kDa) identified
by WB, could be explained by the synthesis of two GCase forms arising from allele 1 p.(Ala40_Gly103del) with
a predicted MW of 53 kDa, and from allele 2 p.(Ala40_Gly152del) with a predicted MW of 48 kDa,
respectively. Indeed, this clone displayed an almost absent enzymatic activity (1% + 0,04% of wt) (figure R1C)
and, as expected, accumulated GlcSph (the deacylated metabolite of GlcCer) (figure R1D), recapitulating the
hallmarks of the disease.
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Figure R1 | Modelling THP-1 monocytes. A. GCase expression; B. Characterization of GBA1genein THP-1 GBAKO and

mMRNA and protein prediction; C. GCase activity; D. GlcSph accumulation. Results are expressed as mean + SD of three
independent experiments. **p-value < 0,01; ***p-value < 0,001.

To further characterize the model, we studied the activity of other two non-lysosomal B-glucosidases and we
analysed an extended lipid profile of these cells.

So, firstly, we measured the activity of the non-lysosomal glucosylceramidase (GBA2), which catalyses the
hydrolysis of GlcCer at the cytosolic leaflet of membranes, and the cytosolic broad-specificity B-glucosidase
(GBA3) which is thought to be involved in degrading xenobiotic B-glucosides in the cytosol [141-143]. As
mentioned in the introduction, GBA2 may play a role in the pathogenesis of GD. GBA2 and GBAS3 activities
were measured by using a specific activity-based probe (ABP) which produces a fluorescent signal which is
proportional to enzymatic activity; each B-glucosidase can be distinguished by its MW by analysing the

product of the reaction by SDS-PAGE [135]. As reportedin figure R2A, no differences in the activity of GBA2
and GBA3 were observed.

Secondly, we quantified the intracellular levels of several lipids of the GlcCer pathway (figure R2B). As
expected, levels of glucosylceramide (GlcCer) were increased in GBA KO cells, resulting in a subsequent
decreasein Ceramide (Cer) and its deacylated form Sphingosine (Sph). In addition, cells displayed increased
levels of Sphinganine and its derivate Dihydroceramide (dh-Cer), probably as a compensatory mechanism
triggered by the cell in an attempt to restore the Cer levels. Finally, we also noticed that GBA KO cells

displayed an accumulation of Glucosylcholesterol (GlcChol), a transgycosylated product of the GlcCer (figure
R2C).
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These results indicate that the features of THP-1 GBA KO cells reflect the main characteristics of GD
monocytic cells observed in affected patients.

4.1.b Modelling GD osteoblasts

To create a model of GD osteoblasts, we performed a preliminary study of a few osteoblasts-like cell lines
available in our laboratory. Our attention was initially captured by Hobit cells, which are clonal normal
immortalized adult human osteoblast-like cells, developed by Keeting and colleagues [144]. In addition, two
human osteosarcoma cell lines, MG63 and Sa0S-2 (Sa0S) were available in our laboratory (a kind gift from
Prof. Gianluca Tell, University of Udine, Udine, Italy). MG63 and SaOS are well-characterized osteoblast cell
lines, widely exploited in research, that diverge in the differentiation status. Indeed, SaOS are commonly

described as displaying a “mature” differentiated phenotype while MG63 represents an “immature”
phenotype [145].
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We characterized the three celllines in terms of the activity of the osteoblastic marker Alkaline Phosphatase
(ALP) and the capability of producing a mineralized matrix by culturing them in an osteoblastic differentiation
medium for 14 days. In the case of Hobit and MG63 cells, the activity of ALP was very heterogeneous, with
cells expressing high levels of the enzyme and others not expressing it at all, as displayed by ALP staining
(figure R3). On the contrary, and as reportedin the literature, SaOS homogeneously expressed high levels of
ALP. As Hobit had the advantage of being normal cells rather than tumoral ones, we tried to obtain a
homogeneous population with high ALP expression by isolating a single clone with elevated ALP activity.
However, after amplification, the clonal population displayed once againa high rate of heterogenicityin ALP
activity (figure R3). Moreover, among the tested cell lines, Sa0S was the only one capable of producing a
mineralized matrix, as assessed by Alizarin Red Staining to visualize calcium deposition. For these reasons,
we selected Sa0S to develop a GD model of osteoblasts.

Sa0s

Using the protocol developed to obtain THP-1 GBA KO cells, we CRISPR/Cas9 edited the GBA1 gene and
identified 2 out of 10 screened clones presenting low or absent GCase expressionin WB (figure R4A). These
clones were further characterized in terms of GCase activity: clone #1 (SaOS GBA KO #1) retained a 10%
residual activity compared with non-edited cells, whereas clone A7 (SaOS GBA KO A7) displayed a 1% residual
activity compared to non-edited cells (figure R4B). Consistently, one of the two alleles of SaOS GBA KO #1
presenteda 3 bp deletion (c.249_251del), predictedto lead to the formation of a protein missing one amino-
acid residue without any further change in the protein sequence [p.(Ser84del)]. This may explain the
presence of a protein with a correct MW detected in WB and a relatively higher residual activity. As regards
Sa0S GBAKO A7, both alleles had missense mutations (allele 1: c.247_250del; allele 2: ¢.227_252del), leading
to the formation of premature stop codons [predicted protein from allele 1: p.(Arg83Valfs*7); predicted
protein from allele 2: p.(Phe76Trpfs*14)]. The presence of premature stop codons is likely to trigger the
clearance of these aberrant mRNAs from the cell by nonsense-mediated mRNA decay: this can explain the
lack of GCase protein expression observed by WB. In accordance with the residual GCase activity, even
thoughalso clone #1 accumulated GlcSph, we found a massive accumulation of this glycosphingolipid in clone
A7 (figure R4C). For these reasons, only clone A7 was selected as the GD model for further experiments.
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4.1.c Modelling GD chondrocytes

Despite bone pain in GD is usually confined to one bone extremity or joint [41], no information regarding the
status of chondrocytes in GD has been reported. Thus, we decided to model GD in a clonal cell line of
immortalized normal chondrocytes named C2812 [146]. Following the protocol already described above, we
obtained four clones displaying absent or decreased GCase expression in WB and very low levels of GCase
activity (clones A1, C4, D1, and C1) (figure R5A and B). We selected two of them (A1 and C1) for assessing
GlcSph, as they displayed the lowest residual GCase activities. As clone Al showed a massive accumulation
of this biomarker (figure R5C), this clone was further characterized by GBA1 sequencing: four alleles were
detected, three of them carried a mutation leading to the formation of a premature stop codon, whereas
one presented a large deletion involving exon 3 and the whole exon 4 of GBA1 (Allele 1: c.249dupC =
p.(Ser84GInfs*15); Allele 2: c.247_250del - p.(Arg83Valfs*7); Allele 3: c¢.243_248delinsA -
p.(Ser81Argfs*16); Allele 4: c.216_454+146del - p.?). The presence of premature stop codons is likely to
trigger the clearance of these aberrant mRNAs from the cell by nonsense-mediated mRNA decay: this can
explain the lack of GCase protein expression observed by WB. The presence of four alleles instead of the two
expected can be explained by the genomic instability, which has been widely reported in immortalized cell
lines [147]. However, as C28I2 represents an excellent chondrocyte model [148,149] and as all four alleles
presented mutations, we decided to still consider GBA KO Al chondrocytes a good model to study the
cartilage implication of GD.
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4.2 STUDYING GD BONE AND CARTILAGE CELLS

4.2.a Studying GD osteoclasts

As already mentioned, monocytes can be differentiated into osteoclasts by providing them with the
appropriate stimuli. After two days of incubation with phorbol 12-myristate 13-acetate (PMA), THP-1 cells
were cultured in presence of M-CSF and RANKL to induce osteoclastogenesis. After 10 days of treatment, we
guantified the relative number of osteoclasts, identifiedas TRAP* cells with three or more nuclei. As all the
cells displayed the typical brown colour indicative of TRAP* (figure R6A), to better observe the nuclei,
osteoclasts count was repeated by labelling cells with phalloidin marking F-actin to clearly identify the cell,
and Hoechst to label nuclei (figure R6B). In this way we could split the channels, improving the visualization
of the nuclei. As reportedin figure R6C, as expected, increased osteoclastogenesis was observedin GBAKO
cells.
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36



To further explore the possible mechanisms involved in the increased osteoclastogenic potential of GBA KO
cells, during the differentiation cells were treated with the recombinant human GCase Imiglucerase, used as
enzyme replacement therapy (ERT) or with Eliglustat, aninhibitor of the synthesis of GlcCer used in Substrate
reduction therapy (SRT). As expected, both treatments reversed GlcSph accumulation in THP-1-derived
macrophages (figure R7A) and were able to significantly decrease osteoclastogenesis in comparison with
untreated GBA KO cells (figure R7B), suggesting a role of GlcSph accumulation in osteoclastogenesis.
Furthermore, since we detected anincreased production of IL-13 and TNF-a by THP-1 GBA KO- in comparison
with THP-1 wt- derived macrophages (figure R7C and D), we investigated whether inflammation may also
play a role in the process. To this end, we exploited an anti-inflammatory compound known as Pentosan
polysulfate sodium (PPS). Alsoin this case, a reductionin osteoclastogenesis was identified (figure R7B), even
in the absence of changes in the GlcSph levels (figure R7A). Itis worth underlining that not only PPS but also
Imiglucerase (ERT) and Eliglustat (SRT) treatments resulted in decreased inflammation (figures R7C and D),
which suggests that the reduction in glycosphingolipid accumulation may lead to a decreased
osteoclastogenesis in an inflammation-dependent manner.

These data indicate that osteoclastogenesis is increased in GD and this process seems to be caused by
glycosphingolipids accumulation and inflammation.
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4.2.b Studying GD osteoblasts

To characterize the selected model of GD osteoblasts (SaOS GBA KO clone A7 - see section 4.1.b) from the
functional point of view, we firstly focused on two essential proteins involved in bone formation: ALP and
type | collagen.

As already mentioned, ALP is an enzyme involved in the mineralization of bone, as it hydrolyses the
phosphoric esters such as pyrophosphate (PPi) to generate inorganic orthophosphates (Pi), which together
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with calcium form the hydroxyapatite crystals, representing the major components of the inorganic phase of
the cellular matrix. Type | collagen is a triple helix protein consisting of two al chains and one a2 chain, and
it is the most abundant component of the organic phase of the extracellular matrixand serves as a template
upon which mineral is deposited (figure R8A) [150,151].

Thus, we measured the mRNA expression of the ALP encoding gene (ALPL) and the pro-al chain of collagen
type | encoding gene (COL1A1). We noticed a slight decrease in the mRNA expression of ALPL in the case of
clone A7, which also displayed 50% of COL1A1 mRNA expression (figure R8B).
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Figure R8 | ALPL and COL1A1in SaOS osteoblast model. A. overview of the roles of ALP and type | collagen in bone

biology; B. mRNA expression of ALPL and COL1A1. Results are expressed as mean * SD of three independent
experiments. **p-value < 0,01; ***p-value < 0,001.

In light of these results, we assessed SaOS wt and clone A7 for ALP activity by performing ALP staining, in
which the amount of blue precipitate depends on the activity of this enzyme. As reported in figure R9A, no
clear difference could be observed. Then, we measured the amount of matrix deposition and mineralization
by staining calcium deposits with Alizarin Red. Also in this case, no clear difference between the two cells
could be observed (figure R9B), but when we performed the dye extractionand quantitation, we noticed a
slight decreasein the case of GBAKO cells (figure R9C). Even though we reachedstatistical significance, we
do not know whether this may actually have an impact from the biological point of view.
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< 0,05.
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Secondly, we performed Sirius Red Staining to measure collagen deposition, which can be visualized as red
deposits. In this case, a clear difference could be seen (figure R10A) and, indeed, when we performed the
dye extraction and quantitation, SaOS GBA KO A7 cells displayed a significant reductionin collagen deposition
(figure R10B).
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Figure R10 | Collagen deposition in Sa0S osteoblast model. A. Sirius Red Staining for collagen deposition; B. Sirius
Red Staining quantitation. Results are expressed as mean * SD of three independent experiments. **p-value < 0,01.

These results suggest an impairment in the functioning of GD osteoblasts.

miRNA profiling of GD osteoblasts

Micro-RNAs (miRNAs) play a role in pathogenic processes in many diseases, including several in which bone
is affected [130-132]. Thus, intending to explore a possible role of miRNAs in bone pathology in GD, we
decided to focus on the Sa0S osteoblastic model, as these cells represent a homogeneous, mature, well-
characterized population displaying features of GD. We performed a miRNA profiling of both expressedand
exosomal miRNAs, exploiting next-generation sequencing techniques (NGS), and compared it with the profile
of expressed and exosomal miRNAs detected in Sa0S wt.

More than 700 miRNAs were identified. Among them, we focused on those differentially expressed in GBA
KO versus wt SaO0S cells, considering significant an increase or decrease > 2-fold and a p-value < 0,05. By
applying these thresholds, we identified 7 up-regulated miRNAs (hsa-miR-548y, hsa-miR-208b-3p,
hsa_piR_009294/gb/DQ582566/Homo, hsa-miR-466, hsa_piR_017814/gb/DQ594584/Homo, hsa-miR-597-
5p, hsa-miR-488-3p) and only one downregulated miRNA (hsa-miR-195-5p) in SaOS GBA KO cells in
comparison with SaOS wt (figure 11A).

Among the up-regulated miRNAs, we decided to further study miR-488-3p, as it displayed the highest
differential expression, almost reaching a 5-fold increase in GBA KO cells in comparison to SaOS wt.
Moreover, it was reported in the literature as a negative regulator of osteogenic differentiation of bone
marrow stem cells [152]. All the other overexpressed miRNA identified withthe criteria reported above were
low expressed both in wt and GBAKO cells, thus they were excluded from the analysis. Finally, our attention
was captured by miR-93-3p, whose level of expression in clone A7 was 1,83-fold of wt cells, and still
statistically significant (p-value=0,043): this miRNA was described in the literature as a negative regulator of
osteogenic differentiation [153] (figure 11A).

As the next step, we validated the data of miR-488-3p, miR-93-3p, and miR-195-5p by gRT-PCR. The only
miRNA that showed the same trend observed by NGS was miR-488-3p, which displayed a 14-fold increasein
GBA KO osteoblasts in comparison with wt (figure 11B).
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In addition to the expressed miRNAs, we also analysed the exosomal miRNAs. Thus, we extracted miRNAs
from exosomes isolated from the conditioned media of SaOS wt and GBA KO cells. We performedthe miRNA
profiling by NGS, and by applying the exclusion criteria reported above, we identified 5 upregulated miRNAs
(hsa-miR-3679-5p, hsa-miR-3663-5p, hsa-miR-1233-5p, hsa-miR-6852-3p, hsa-miR-1178-3p) and 1
downregulated one (hsa-miR-490-5p) (figure R12A). Alsoin this case, all the upregulated miRNAs presented
a very low expression both in Sa0S wt and GBA KO, except for miR-1233-5p and miR-3679-5p which were
further investigated. In addition, we noticed that miR-4784 was significantly upregulated, showing a 1,96-
fold increase with a p-value of 0,026. Moreover, we noticed that miR-488-3p, which was overexpressed by
Sa0S GBA KO, was also increased in the exosomes from the same cells, even though the p-value was just
above the significance threshold (p-value = 0,059). For these reasons, we performed the qRT-PCR validation
of miR-1223-5p, miR-3679-5p, miR-4784, miR-488-3p and miR-490-5p.

As reportedin figure R12B, we validated the overexpression of miR-488-3p, miR-1223-5p, and miR-4784, as
well as the downregulation of miR-490-5p. No significant difference in the expression of miR-3679-5p was
observed.
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As miR-488-3p resulted to be upregulated in both intracellular and exosomal preparations, we decided to
further study the possible role of this miRNA in bone pathogenesis. Tothis end, we transfected SaOS wt with
this miRNA (figure R13A), and we quantified the mRNA expression levels of ALPL and COL1A1. As reported
in figure R13B, a slight decrease in ALPL expression and a marked decrease in COL1A1 expression were
observed. As miR-488-3p was described as a negative regulator of RUNX2 [152], we quantified the expression
of this gene in transfected cells and we found a decrease in its expression. These results indicate a potential
role of miR-488-3p in the downregulation of RUNX2, eventually causing a reduction in the expression of
osteoblastic markers ALPL and COL1A1.
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Figure R13 | Role of miR-488-3p in the regulation of bone genes expressionin wt SaOS osteoblasts. A. Overview of
the experiment; B. qRT-PCRon ALPL, COL1A1, and RUNX2 on SaOS wt transfected with miR-488-3p or negative control
(negctrl). Results are expressed as mean + SD of three independent experiments. *p-value < 0,05; ** *p-value < 0,001.
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Validating miR-488-3p in primary osteoblasts

Finally, we further validated the miR-488-3p results in human primary cultured osteoblasts. Tomimic GD, we
treated normal osteoblasts with conduritol B epoxide (CBE), an inhibitor of GCase. To understand whether
the treatment induces the GD features in these cells, we measured the GCase activity and GlcSph
accumulation after three and six days of treatment. As reported in figure R14A, a significant reduction in
GCase activity was achieved under treatment (reaching a residual GCase activity of 2,8% of the activity found
in untreated osteoblasts after 6 days), as well as a marked increase in GlcSph levels (figure R14B). As the
treatment does not seem to affect the viability or the proliferation of osteoblasts, we selected 6 days as the
appropriate timing to model GD in normal primary osteoblasts.

Thus, we treated osteoblasts with CBE, and after 6 days we performed the miRNAs extraction. We measured
the levels of expression of miR-488-3p in qRT-PCR and we noticed a significant increase in its expression in
CBE-treated osteoblasts (figure R14C).
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Figure R14 | Modelling GD primary osteoblasts and analysis of miR-488-3p expression. A. GCase activity of primary

osteoblasts treated for three or six days with CBE or vehicle (NT); B. GlcSph accumulation in primary osteoblasts

treated for three orsix days with CBE or vehicle (NT); C. miR-488-3p expressionin primaryosteoblasts for six days with

CBE or vehicle (NT). Results are expressed as mean + SD of three (GCase activity and GlcSph) or four (miR-488-3p
expression) independent experiments. *p-value < 0,05; ***p-value < 0,001.

These results suggest a possible role of miR-488-3p in the pathogenesis of bone involvement in GD.

4.2.c Studying GD chondrocytes

As previously mentioned, chondrocytes express several markers inaccordance with their maturation status.
Thus, we characterized the C28I2 chondrocyte model (C28I2 GBA KO clone Al - see section 4.1.c) by
measuring the mRNA expression of SOX9, the main transcription factor involved in chondrocyte maturation,
the expression of type Il collagen, which is expressed by differentiating chondrocytes, and the expression of
type X collagen, representing the marker of hypertrophic chondrocytes [97].

As reported in figure R15A, no differences in SOX9 mRNA expression were observed, whereas a reduction of
collagen type Il al chain (COL2A1) and anincreasein collagen type X al chain (COL10A1) mRNA expression
were recordedin C2812 GBAKO Alin comparison with C2812 wt. These results indicate a possible impairment
in the differentiation status of GD chondrocytes, which are likely to be committed to a hypertrophic fate.
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We then decided to investigate whether GD chondrocytes may differ from the normal ones alsoin terms of
their capability of bursting inflammation, which may somehow explain the pain experienced by some patients
[41,154,155]. Thus, we measured the levels of inflammatory cytokines in the conditioned media from C28I2
wt or GBA KO Al. No differences in the secreted levels of IL-1B, TNF-a, and IL-6 were observed, whereas a
massive amount of IL-8 was released by GBA KO cells in comparison to wt (figure R15B).
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Figure R15 | Studying C2812 chondrocyte model. A. mRNA expression of SOX9, COL2A1, COL10A1; B. Pro-
inflammatory cytokines release. Results are expressed as mean + SD of three independent experiments. *p-value <
0,05; ***p-value < 0,001.

As IL-8 is reported to act as a chemoattractant of neutrophils [156], we assessed the capability of GD or wt
chondrocytes to attract neutrophils isolated from healthy donors. Therefore, we cultured C2812 wt or GBA
KO Al for 48 hours to allow the cells to conditionate the medium. On day two, transwells were inserted in
the wells containing the cultured chondrocyte cells and their conditioned medium, as well as in additional
wells containing only the conditioned media (figure R16A). We isolated neutrophils from the peripheral
blood of healthy controls, loaded them onto the transwells and after 2 hours we counted the number of
neutrophils that migrated through the transwell, as well as the non-migrating ones. In the wells containing
the chondrocyte cells and their conditioned medium, we noticed a higher rate of migration in wells containing
GBA KO chondrocytes in comparison with wt, as assessed by flow cytometry (figure R16B). Surprisingly, no
differences in the rate of migration were observed when only the supernatant of GBAKO chondrocytes was
used to attract the neutrophils (figure R16B).

Moreover, as the number of conditioning C2812 cells was used to normalize migration data, we detached
cells from the bottom of the well and counted them. Interestingly, only in the counting chamber containing
the detached C2812 GBA KO cells, a massive number of cells much smaller than the C2812 was observed
(figure R16C). Even though a specific marker should be used to identify the neutrophils, this evidence may
contribute to strengthening the observations reported above.
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Figure R16 | Exploring the role of C2812 as neutrophils attractors. A. Overview of the experiment; B. amount of
neutrophils passing through the transwell analyzed by flowcytometry and expressed as (migrating
neutrophils)/(migrating+non migrating neutrophils)* 100, in the presence of either C2812 and their conditioned media
(CM) or the sole CM. B. Relative amount of neutrophils attached to the bottom of the well in which both the cells and
their CM were present. Results are expressed as mean + SD of three independent experiments. *p-value < 0,05; **p-
value < 0,01.

Theseresults indicate that GD chondrocytes may attract neutrophils at a higher rate in comparison to normal
ones, but it seems unlikely that the soluble factor IL-8 is the sole responsible for this process, as no differences
with the use of the solely conditioned medium were observed.
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4.3 CELL TO CELL INTERACTIONS

4.3.a Osteoblasts and osteoclastogenesis

To study the possible interactions between different types of bone cells, we first decided to investigate
osteoblasts-osteoclasts crosstalk. As already mentioned, osteoblasts produce the receptor activator of NF-
KB ligand (RANKL), whose receptor RANK is located on the surface of osteoclasts. The binding RANKL/RANK
induces osteoclastogenesis. However, osteoblasts also produce osteoprotegerin (OPG), which binds RANKL
as well, avoiding its binding to RANK. Thus, RANKL and OPG have opposite effects on osteoclastogenesis [68].
For this reason, we measured the mRNA expression of RANKL and OPG: SaOS GBA KO A7 showed a 2-fold
increase in RANKL/OPG ratio, indicating that the amount of RANKL free to bind RANK was higher (figure
R17A). We tried to validate this observation by measuring the amount of the released free RANKL by
performing an ELISA with the conditioned media of these cells, but we were not able to detect this protein
with the commercial kit we used. To overcome this problem, we decided to differentiate THP-1 wt cells by
culturing them with conditioned media from SaOS wt or GBA KO A7 with the addition of M-CSF (figure R17B).
When we counted the number of osteoclasts as described above, THP-1 differentiated in the presence of
conditioned medium from GBA KO cell showed a higher rate of osteoclastogenesisthan THP-1 differentiated
with medium conditioned by SaOS wt (figure R17C). This suggests that the impairment in osteoblastic
function due to GD does influence the osteoclastogenic process, despite the “status” of the osteoclast
precursor. To demonstrate that RANKL and/or OPG are the cause of this increased osteoclastogenesis, this
latter experiment should be repeated by inhibiting RANKL and/or OPG synthesis.

As previously mentioned, many inflammatory cytokines are involved in osteoclastogenesis as regulatory
factors. Thus, we measured the secretion of IL-1B, IL-6, TNF-a, and IL-8 by SaOS wt and GBA KO A7. No
difference in the expression of these factors was observed (figure R17D). This maysuggest that the increase
in osteoclastogenesis detected in the presence of the conditioned medium from SaOS GBA KO A7 is unlikely
to be due to a higher presence of well-established pro-osteoclastogenic inflammatory cytokines (i.e., IL-1B).

These data may suggest that the decrease in osteogenesis in GD is not only due to a decreased activity of
osteoblasts but also to an increased activity of osteoclasts caused by the impairment of the normal
osteoblasts-osteoclasts crosstalk.
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0,05; **p-value < 0,01.

4.3.b Chondrocytes and osteoclastogenesis

Finally, we wondered whether also C2812 wt or GBA KO A1 may differentially influence osteoclastogenesis.
As reported above, we noticed a marked increasein IL-8 release by GBA KO cells, and IL-8 was reported as a
pro-osteoclastogenic factor. Thus, we performed a preliminary experiment similar to the one already
described for osteoclastogenesis with conditioned media from SaOS cells: we cultured C28I2 wt and GBAKO
A1, we collected their conditioned media, which we used to induce osteoclastogenesis of THP-1 monocytes
in presence of M-CSF (figure R18A). Even though we did not reach the statistical significance (p-value=0,056)
probably because the experiment was repeated only twice, we noticed an increase in the % of osteoclasts
when the conditioned medium from C2812 GBA KO Al was used (figure R18B). To validate these observations,
the experiment should be repeated; furthermore, inhibition of IL-8 should be performed to understand
whether it can act as the key factor of the process. However, the percentage of osteoclasts in the whole
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population was very low in comparison with the data reported for osteoclastogenesis inthe presence of M-
CSF and RANKL (figure R6) or in the presence of M-CSF and conditioned media from SaOS (figure R17C). For
this reason, we will repeat this experiment by supplementing the conditioned media from C28I2 with M-CSF
and RANKL. If an increase in the percentage of osteoclasts is confirmed, this will suggest that impairmentin
chondrocytes may also affect the osteoclastogenic process.
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Figure R18 | Exploring chondrocytes-osteoclasts crosstalk. A. Overview of the experiment; B. osteoclastogenesis in

the presence of conditioned medium (CM) from C2812 wt or C2812 GBA KO A1, expressed as the % of osteoclasts in
the whole population; Results are expressed as mean + SD of two independent experiments.
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5 DISCUSSION
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Mutations in the GBA1 gene cause Gaucher Disease (GD), a multisystemic autosomal recessive lysosomal
storage disorder characterized by a progressive accumulation of glycosphingolipids within the lysosomes
[1,30]. Most GD patients report bone symptoms (including osteopenia, osteoporosis, osteonecrosis, and
bone pain), which, along with neurological impairments that occur only in the most severe forms of the
disease (approximately 5% of patients), represent the most debilitating aspect of the disease, severely
reducing patients' quality of life [41].

The molecular basis of bone involvement in GD is not clear. However, severallines of evidence suggest that
both osteoblasts and osteoclasts play a role in the pathogenic process, whereas almost no information is
available about cartilage cells [110].

Researchers inthe field of GD have been looking for effective cell models to pursue a better understanding
of GD pathophysiology and to develop novel therapeutic approaches [157,158].

The development of genome editing technologies, and in particular the CRISPR/Cas9 platform, has provided
researchers with a versatile tool that can be exploited for the generation of cellular models of diseases by
introducing site-specific mutations within the gene of interest [159,160]. The application of this technology
offers the possibility to generate isogenic cells, allowing the production of cellular models in which the only
genetic difference between the wild-type (wt) and mutant cells is the disease-causative mutation. This type
of model avoids the possibility of detecting non-disease-related phenotypes arising from differences in the
genetic background of affectedand control cells. In addition, the possible use of easily findable commercial
cell lines allows the generation of disease models of different cell types relevant to disease pathology. Most
of these cell lines are easy to grow in culture making them ideal tools for high-throughput experiments and
drug screening [140].

Therefore, tostudy bone pathophysiology in GD, we created bone and cartilage cell models of the disease by
CRISPR/Cas9 editing the GBA1 gene in continuous cell lines.

5.1 IMPAIRED OSTEOCLASTOGENESIS IN THP-1 MONOCYTIC MODEL
OF GD

We firstly developed and characterized a monocytic model of the disease (THP-1 GBA KO) which recapitulates
the disease hallmarks: low GCase expression and residual activity, and accumulation of GlcSph [140]. We
deepened the model by studying the activity of the other two B-glucosidases (GBA2 and GBA3), without
noticing any difference in GBAKO cells in comparison with wt. An increase in GBA2 activity was expected, as
this cytosol-faced retaining B-glucosidase is reported to be increased in GCase deficiency, acting as a
transglycosylase and transferring glucose from GlcCer to cholesterol, generating glycosyl-B-cholesterol
(GlcChol) [37]. Despite no difference in GBA2 activity, increased levels of GlcChol were observed in GBAKO
cells (figure D1), which suggests that the lysosomal degradation of GlcChol by GCase is impaired when this
enzyme is missing. As expected, levels of glucosylceramide (GlcCer) were increasedin GBA KO cells, resulting
in a subsequent decrease in Ceramide (Cer) and its deacylated form Sphingosine (Sph). In addition, we found
an increase in the levels of Sphinganine and its derivate Dihydroceramide (dh-Cer), the source of Cer,
probably as a compensatory mechanism triggered by the cell in an attempt to restore the Cer levels (figure
D1).

50



@Sphinganine
A
@dh-Cer
N deacylation
Cer _— Sphingosine
A
: GCase
]
GBA2/GCase v deacylation
GlcChol —— GlcCer ———— GlcSph
GBA2/GCase

transglycosylation

Figure D1 | Changes in lipid profile in THP-1 GBA KO cells.

Next, we studied the ability of THP-1 monocytes to differentiate into osteoclasts, by providing them with the
appropriate stimuli. We noticed an increase in osteoclastogenesisin THP-1 GBA KO cells in comparison with
wt, which could be reverted by decreasing GlcSph accumulation by using either the recombinant human
GCase (ERT) or Eliglustat to inhibit the synthesis of GlcCer (SRT). These data indicate that GBA KO monocytes
present a higher osteoclastogenic potential than wt cells, leading to the generation of a higher number of
osteoclasts, and that the accumulation of glycosphingolipids plays a crucial role in the process. Increased
osteoclastogenesisin GD or GD miming conditions has been previously reported [114,122,123,126,161]. ltis
worth underling that the evidence of increased osteoclastogenesisin GD patients in comparison with healthy
controls was obtained by comparing the rate of this process in peripheral blood mononuclear cells (PBMCs)
[126] or monocytes isolated from the PBMCs pool [122,123]. However, in these models, the increased
number of osteoclasts obtained after differentiation may reflect the higher number of pre-osteoclasts
already present in the PBMCs population from GD patients when compared with healthy controls, probably
due to the enhanced inflammatory environment in which these cells originate [126]. Moreover, monocytes
isolated from PBMCs pool have already beeninteracting with other cells, including T and dendritic cells, which
showed increased pro-inflammatory cytokines production in GD patients [126]. Thus, in those systems, the
increased osteoclastogenesis cannot be explained only by the GCase deficiency and subsequent
glycosphingolipid accumulation. On the contrary, our model consists of naive cells, which have not been
influenced by another microenvironment than the one consisting of the monocytic precursors they derive
from.

In addition, the role of glycosphingolipids in osteoclastogenesis in GD has been suggested, as GlcCer was
reported to cause increased osteoclastogenesis and osteoclasts activity, and as treatment with recombinant
GCase was shown to reduce these two aspects [114,122,123,126]. Thus, our observations support the role
of glycosphingolipid accumulation in inducing osteoclastogenesis.
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On the other hand, also inflammation plays a role in this process, as decreased osteoclastogenesis has been
observed using the anti-inflammatory compound PPS, which does not affect glycosphingolipid accumulation.
The role of inflammation in enhancing osteoclastogenesis has been previously reported as well [115,127].

It should be noted that glycosphingolipid accumulation and inflammation are two related phenomena.
Indeed, the increased osteoclastogenesis observedin THP-1 GBA KO mayalso be due to anenhanced release
of pro-inflammatory cytokines by osteoclasts themselves or their precursors in a paracrine and/or autocrine
manner. ERT and SRT treatments during osteoclast differentiation may reduce the inflammation in
osteoclasts/osteoclasts precursors by decreasing glycosphingolipid accumulation and eventually cause
decreased osteoclasts formation. In accordance with that, we demonstrate that THP-1 GBA KO-derived
macrophages secreted higher levels of IL-1p and TNF-a, and that the levels of these pro-inflammatory
cytokines are reduced under ERT or SRT. This may suggest that the increased osteoclastogenesis due to
glycosphingolipid accumulation is mediated by inflammation.

Figure D2 reports our findings on GD osteoclasts: we report a decreased osteoclastogenesis which could be
due to inflammation, probably triggered by glycosphingolipid accumulation.
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Figure D2 | Overview of findings on osteoclastogenesis in our model of GD.

5.2 IMPAIRED OSTEOGENESIS IN SaOS OSTEOBLASTIC MODEL OF GD

We developed a model of GD osteoblasts by CRISPR/Cas9 editing the osteosarcoma cell line Sa0S2, which
displayed high levels of alkaline phosphatase (ALP) activity and could produce a mineralized matrix. We
obtained a clone (SaOS GBA KO A7), which showed no GCase protein, low residual GCase activity, and a
massive accumulation of GlcSph, and so we selected this clone as the model of GD osteoblast.

GBA KO A7 cells displayed a slight decrease in ALP gene (ALPL) expression and calcium deposition, and a
marked decrease in collagen type | encoding gene (COL1A1) expression and collagen deposition. These data
indicate an impairment in osteoblastic functioning and are in line with previously reported evidence. Indeed,
decreased ALPL and COL1A1 expression were observed in all reports in which these aspects have been
studied [111,116,117], except for one in which anincreasein ALPL was recorded [121]. With the exception
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of one paper [121], a reduction in calcium and collagen deposition was recorded in all reports in which
mesenchymalstem cells (MSCs) from GD patients were differentiated into osteoblasts [114,116,117]. These
dataindicate that GD MSCs present a lower tendency to differentiate into osteoblasts than normal MSCs. As
previously mentioned, a possible explanation regards the capability of MSCs to differentiate into adipocytes
or osteoblasts: MSCs preferentially perform adipogenesis when GlcCer is provided [118], and similarly, GD-
derived MSCs showed a higher rate of adipogenesis than healthy controls-derived MSCs [116].

Impairment in osteogenesis is supported also by evidence obtained using animal models of the diseases, as
decreased differentiation of osteoblasts was reported in GD mouse and zebrafish models. The suggested
explanation for such observations includes a defective protein kinase C activation or increased oxidative
stress and reduced Wnt/B-catenin signalling, respectively [111,112].

Only one group studied the function of mature osteoblasts by treating osteoblastic cell line Sa0S2 with the
GCase inhibitor conduritol B epoxide (CBE). Interestingly, the use of CBE on Sa0S2 by Reed and colleagues
did not affect osteogenesis, as treated and untreated cells did not diverge in terms of calcium deposition,
and only a decrease in proliferation but not in calcium deposition was observed when GlcCer or GlcSph were
provided to these cells [114]. Even though these data seem to exclude a role of mature osteoblasts in GD
bone pathogenesis, our data do indicate a role of these cells in the process. The reason beyond the different
observations may rely on the models themselves: by CRISPR/Cas9 knocking out of the GBA1 gene, we created
a chronic model of the disease that mimics what happens in vivo, whereas the GCase inhibition by CBE or
providing sphingolipids to cells can be defined as a way of modelling an “acute version” of the disease. Data
from Lecourt and colleagues support this hypothesis since these authors did not notice any difference in
osteogenesis when normal MSCs were treated or not with CBE, but a reduction in many markers of
osteoblasts was recorded when they compared normal MSCs to GD MSCs [113,120].

Figure D3 reports our findings on GD and osteoblasts: we suggest that GD osteoblasts are depositing less
collagen and probably less calcium, resulting in impaired osteogenesis.
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Figure D3 | Overview of findings on osteogenesis in our model of GD.
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5.3 THE POTENTIAL ROLE OF miR-488-3p IN IMPAIRING
OSTEOGENESIS

The role of miRNAs inbone pathogenetic processes has been established: miRNAs regulate the development
and function of MSCs, osteoclasts, and osteoblasts, playing a role in many pathological conditions in which
bone is affected, including osteoporosis, osteonecrosis, rheumatoid arthritis, osteoarthritis, and
osteosarcoma [130-132,162,163].

Intending to explore a possible role of miRNAs in GD bone disease, we performed the miRNA profiling of our
osteoblast model, studying both expressed and secreted miRNAs. Even though we identified and validated
several up- and down-regulated miRNAs, we focused on miR-488-3p, which was up-regulated in SaOS GBA
KO cells in both expressed and exosomal miRNA pools.

To further validate this result, we tried to replicate the observations obtained using the SaOS GBA KO model
in primary normal osteoblasts treated with the GCase inhibitor CBE. As expected, treatment with CBE
resulted in a marked reduction of GCase expression and activity, as well as accumulation of GlcSph.
Moreover, we confirmed the overexpression of miR-488-3p in this GD-miming condition compared with
untreated cells. It is worth noting that the magnitude of the miR-488-3p increase was lower in comparison
with the increase observed in SaOS GBA KO: once again, this discrepancy may be explained by the different
type of model (acute with CBE versus chronic by GBA1 KO) but may also depend on the magnitude of GCase
activity reduction and/or GlcSph accumulation. Concerning the latter aspect, it could be extremely interesting
to model GD on primary osteoblasts by using a recently developed GCase inhibitor, which was presented
during the last IWGGD Symposium: this new compound displayed a stronger inhibitory capability and a higher
selectivity for GCase than the commonly used CBE (Oral communication by Dr. Marta Artola, entitled
“Selective nanomolar covalent GBA inhibitors for the generation of neuropathic Gaucher disease models” at
the IWGGD symposium in Leiden (NL), 8-11 May 2022).

To analyse the possible contribution of miR-488-3p to the pathogenesis of bone disease, we transfected this
miRNA into SaOS wt. We demonstrated that it downregulates the expression of RUNX2, ALPL, and COL1A1.
The downregulation of RUNX2 by miR-488-3p was previously demonstrated by luciferase assay [152]. Itis
possible to speculate that the reduction of mRNA expression of ALPL and COL1A1 is a consequence of the
downregulation of RUNX2, a transcription factor involved in the regulation of ALPL and COL1A1 expression.

According to TargetScan prediction tool (https://www.targetscan.org/vert_80/; release 8.0), miR-488-3p
may target several genes playing a role in bone or bone-related processes (supplementary table 1 — page
71). To the best of our knowledge, no experimental data on miR-488-3p regulation of these genes have been
reported; thus, exploring the effects of the potential targeting of these genes by miR-488-3p represents an
interesting future perspective. Moreover, even though we focused on miR-488-3p, we would also like to
study other candidates that have emerged from the miRNA profiling and that have been validated by qRT-
PCR.

The role of miRNAs in bone involvement in GD has already been suggested by other authors: miR-26b-5p was
found at a higher level in GD compared to healthy controls plasma samples [134], whereas the
overexpression of miR-221-3p in GD zebrafish model was suggested to play a central role in reducing
osteogenesis by affecting Wnt/B-catenin pathway [133]. However, no differences in these miRNAs were
observed in our Sa0S model of the disease.
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Figure D4 reports our findings on miR-488-3p and osteogenesis: we suggest that this miRNA can reduce the
levels of osteogenesis by decreasing the expression of RUNX2, ALP, and type | collagen (COL1A1) encoding
genes.
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Figure D4 | Overview of findings and potential way of action of miR-488-3p in osteoblasts.

5.4 IMPAIRED FEATURES AND BEHAVIOUR OF CHONDROCYTES IN
THE C2812 GD MODEL

As bone pain in GD is usually confined toone bone extremity or joint [41], we decided to model GD in a clonal
cell line of immortalized normal chondrocytes named C28I2 [146], which has been extensively used to study
chondrocyte function in vitro [148,149,164—-169]. We selected a clone (C2812 GBA KO A1) displaying no GCase
protein, low residual GCase activity, and accumulating GlcSph.

In comparison with C2812 wt, GBAKO A1 cells displayed lower levels of COL2A1 and higher levels of COL10A1
MRNA expression, suggesting a decreased production of type Il collagen in favour of type X collagen. As
previously mentioned, the expression of type X collagenis a marker of chondrocyte hypertrophy. The fate of
these cells is unclear: apoptosis and de/transdifferentiationinto bone marrow-associated skeletal stem and
progenitor cells, osteoblasts, osteocytes, and adipocytes have beensuggested [99-104]. As GD chondrocytes
produce a lower amount of type Il and higher amount of type X collagen than wt cells, it is possible to
speculate an alteration of the cartilage matrix features: type Il collagen is a fibril-forming collagen, whereas
type X collagen is a network-forming collagens, as its short chains multimerize to form hexagonal lattices
[170-172].

In addition, we found a massive release of IL-8 by GBA KO cells in comparison to wt. As this cytokine acts as
a neutrophil chemoattractant [156], we assessed the ability of GD and wt chondrocytes to attract neutrophils
isolated from a healthy donor, which may explain the pain experienced by some patients [41,154,155].
Interestingly, we did notice anincreased neutrophil attraction by C2812 GBA KO cells, but only in the presence
of both the cells and the conditioned media, while no differences in neutrophil migration were observed
when only the conditioned media containing the released|L-8 was used. This result suggests that IL-8 is not
the only player in this process and it is likely that the presence of a receptor or changes in the plasma
membrane of the chondrocyte cells are needed as well. To validate this observation, we plan to repeat the
neutrophil migrationassay by seeding C2812 wt or GBA KO A1l and replacing the conditioned media with the
fresh ones (not containing the IL-8 released by chondrocytes) before the loading of neutrophils in the
transwell.
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Neutrophil invasion and inflammation are the main aspects of the two major arthritic diseases, rheumatoid
arthritis (RA) and osteoarthritis (OA), respectively. Even though their pathogenesis differs, in both cases
inflammation eventually causes the production of factors such as matrix metalloproteinases (MMPs) which
areresponsible for the degradation not only of cartilage but alsobone and tendons in joints [173-176]. Thus,
it will not be surprising if alsoin GD chondrocytes or other infiltrating cells in joints may cause damage at the
bone level.

To the best of our knowledge, only one group investigated cartilage tissue in GD, by exploiting zebrafish
model [112]. Interestingly they noticed a decrease in COL10A1 gene expression during the development,
which suggests an impaired endochondral ossification process during skeletal development; however, no
evident alterations of cartilage were observed in terms of mucopolysaccharides and type Il collagen
expression.

Figure D5 reports our findings on GD and chondrocytes: we suggest that GD chondrocytes are different from
the normal ones and probably committed to a hypertrophic fate. They seem to enhance inflammation by
releasing high levels of IL-8 and attract neutrophils.
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Figure D5 | Overview of findings on chondrocytes in our model of GD.

5.5 IMPAIRED SIGNALLING FROM GD OSTEOBLASTS AND
CHONDROCYTES MAY AFFECT OSTEOCLASTOGENESIS

To study the interactions between cells, we decided to investigate the effect of GD osteoblasts and
chondrocytes on osteoclastogenesis. Although it would have been also interesting to study the effect of GD
osteoclasts on osteoblasts and chondrocytes, our osteoclast model was not suitable to perform these
experiments since while GD osteoblasts and chondrocytes represent homogeneous populations, GD
osteoclasts are obtained by differentiating monocytes and therefore we obtained a heterogeneously

differentiating population of macrophages, osteoclasts, and osteoclasts precursors.
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We decidedto investigate the role of osteoblasts in osteoclastogenesis aswe found anincreased RANKL/OPG
expressionratio in Sa0S GBAKO A7 in comparison with wt, which may suggest anincreasedrelease of free
RANKL binding its receptor RANK on the surface of osteoclasts precursors inducing increased
osteoclastogenesis and osteoclastic activity. Indeed, with the use of the conditioned medium from GBA KO
cells on THP-1 wt, we noticed increased osteoclastogenesis in comparison to the use of the conditioned
medium from Sa0OS wt. We did not find any difference in the release of IL-1B, TNF-a, IL-6, and IL-8 by Sa0S
GBA KO cells, thus we can exclude the role of these cytokines in enhancing osteoclastogenesis. To confirm
that the increasein the release of RANKL by GD osteoblasts is the key player in the process, an inhibitor of
this factor (i.e., OPG) should be used, or its synthesis should be decreased by silencing its gene, as we were
not able to directly detect its presence in the supernatant of SaOS cells with the commercial kit we used.

Increased osteoclastogenesis and bone resorption have been observed in the wide majority of works in which
conditioned media from GCase deficient osteocytes or MSCs are used to culture osteoclasts precursors
[113,115,116,120,124-126], and three factors have been demonstratedto play a role in the process: RANKL,
IL-1B, and TNF-a [115,116,124]. As the release of IL-1B and TNF-a is not increased in our osteoblast model,
our data suggest that increased osteoclastogenesis in our setting might be mediated by RANKL as a pro-
osteoclastogenic factor produced by osteoblasts and IL-1B and TNF-a as pro-osteoclastogenic factors
produced by osteoclasts and/or osteoclasts precursors acting in an autocrine/paracrine fashion. However,
many other factors than IL-1B, IL-6, TNF-a and IL-8 released by osteoblasts that have not been investigated
in our Sa0S model may mediate the process.

In a preliminary experiment, we evaluated the rate of osteoclastogenesis in the presence of conditioned
media from C2812 wt or GBA KO Al supplemented with M-CSF, as increased levels of IL-8 were observed, and
this factor has been reported as a positive regulator of osteoclastogenesis [177,178]. Even though we did not
reach the statistical significance (p-value=0,056) probably because the experiment was repeated only twice,
we noticed anincreasein the percentage of osteoclasts when the conditioned medium from C2812 GBA KO
Al was used. Itis worth underlining that the percentage of osteoclasts obtained at the end of differentiation
is lower in comparison with data from osteoclastogenesis induced by the conditioned media from Sa0S, so
it is possible to speculate that to clearly observe a difference in this process not only M-CSF but also RANKL
should be provided to THP-1. In this way, the possible enhancing effect of IL-8 released from chondrocytes
on osteoclastogenesis mayemerge. Ifan increase in the percentage of osteoclasts inthe presence of M-CSF
and RANKL is confirmed, this will suggest that impairment in chondrocytes may also affect the
osteoclastogenic process. Todefine IL-8 as the key playerin the process, inhibition of this cytokine should be
performed (i.e., using inhibitors of the IL-8 cognate receptors CXCR1 and CXCR2 or an IL-8 blocking antibody).
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Figure D6 reports our findings on osteoblasts and chondrocytes influence on osteoclastogenesis : we suggest
that GD osteoblasts release high levels of free RANKL increasing osteoclastogenesis and that chondrocytes
may do the same using IL-8 as the mediator in the process.
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Figure D6 | Overview of findings on GD osteoblasts and chondrocytes influence on osteoclastogenesis from normal

monocytes.
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6 CONCLUSIONS AND FUTURE
PERSPECTIVES

59



The evidence on bone pathogenesis in GD is broad and sometimes contradictory; for this reason, in this work,
we have tried to add a piece of knowledge to the overall picture. Our data suggest that both osteogenesis
and osteoclastogenesis are affected by GCase deficiency. We demonstrated an impaired function of mature
osteoblasts, suggesting that not only are fewer osteoblasts produced in GD patients as a consequence of
impaired differentiation from MSCs, but they are also less active. By using naive THP-1 cells, we supported
the idea of a primary role of glycosphingolipid accumulation in impairing osteoclastogenesis, but also
strengthened the role of pro-inflammatory factors in this process. We emphasized the importance of
crosstalk between osteoblasts and osteoclasts, as we have shown that factors released by GD oste oblasts
affect osteoclastogenesis. In addition, we added a new player in the process, as we detected alterations in
GD chondrocytes that appear to induce neutrophil infiltration and may also influence osteoclastogenesis.
Finally, we identified miR-488-3p as a potential player in bone disease.

Many of the experiments that may help explain or further clarify our data have already been mentioned
throughout the discussion and will be performed in the near future. In particular, we would like to focus on
the C2812 chondrocyte model of GD to understand the potential role of these cells in neutrophil attraction
and to deepen their role in osteoclastogenesis. In addition, we would like to investigate other aspects of
chondrocyte function (such as matrix anabolism and catabolism) by providing specific stimuli and/or
performing micromass culture, which has been shown to be an excellent method for culturing chondrocyte
cell lines preserving their characteristic phenotype [179-181].
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SUPPLEMENTARY

SupplementaryTable 1 | Predicted miR-488-3p target genes and their roles in bone and bone-related processes.

miR-488-3ptargets were predicted by TargetScan (https://www.targetscan.org/vert_80/; release 8.0); genes were
clusteredby David software (https://david.ncifcrf.gov/; version 2021) using Functional annotation chart and filtered
according to terms related to bone or bone-related processes.

GENE

ROLE IN BONE / BONE RELATED
PROCESSES

chondrocyte differentiation

osteoclast differentiation

BMP2 bone morphogenetic protein 2
skeletal system development
bone mineralization
chondrocyte differentiation
FGFR3 fibroblast growth factor receptor 3 chondrocyte proliferation
skeletal system development
bone mineralization
EXT1 exostosin glycosyltransferase 1 chondrocyte proliferation
skeletal system development
o . . chondrocyte differentiation
HIF1A hypoxia inducible factor 1 subunit alpha i L
bone mineralization
. . chondrocyte proliferation
MMP16 matrix metallopeptidase 16
skeletal system development
] ) ) skeletal system development
NRP3 natriuretic peptide receptor 3 . .
osteoclast proliferation
. . osteoclast differentiation
RANKL receptor activator of NF-kB ligand ] .
osteoclast proliferation
. . chondrocyte differentiation
BMPR1A bone morphogenetic protein receptor type 1A . L
bone mineralization
ACVR2B activin A receptor type 2B bone mineralization
ATP2B1 ATPase plasma membrane Ca2+ transporting 1 bone mineralization
BNC2 basonuclin 2
CREB1 cAMP responsive element binding protein 1 osteoclast differentiation
IGF1 insulin like growth factor 1 skeletal system development
LOX lysyl oxidase bone mineralization
NFIB nuclear factor | B chondrocyte differentiation
PIK3R1 phosphoinositide-3-kinase regulatory subunit 1 osteoclast differentiation
RXRB retinoid X receptor beta bone mineralization
RPS6KA3  ribosomal protein S6 kinase A3 skeletal system development
SLC8A1 solute carrier family 8 member Al bone mineralization
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