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Abstract

Gaucher disease (GD) is caused by bi-allelic mutations in GBA1, the gene that encodes acid B-glucocerebrosidase (GCase).
Individuals affected by GD have hematologic, visceral and bone abnormalities, and in severe cases there is also neurodegen-
eration. To shed light on the mechanisms by which mutant GBA1 causes bone disease, we examined the ability of human in-
duced pluripotent stem cells (iPSC) derived from patients with Types 1, 2 and 3 GD, to differentiate to osteoblasts and carry
out bone deposition. Differentiation of GD iPSC to osteoblasts revealed that these cells had developmental defects and lysoso-
mal abnormalities that interfered with bone matrix deposition. Compared with controls, GD iPSC-derived osteoblasts ex-
hibited reduced expression of osteoblast differentiation markers, and bone matrix protein and mineral deposition were de-
fective. Concomitantly, canonical Wnt/p catenin signaling in the mutant osteoblasts was downregulated, whereas
pharmacological Wnt activation with the GSK3p inhibitor CHIR99021 rescued GD osteoblast differentiation and bone matrix
deposition. Importantly, incubation with recombinant GCase (rGCase) rescued the differentiation and bone-forming ability of
GD osteoblasts, demonstrating that the abnormal GD phenotype was caused by GCase deficiency. GD osteoblasts were also
defective in their ability to carry out Ca®*-dependent exocytosis, a lysosomal function that is necessary for bone matrix depo-
sition. We conclude that normal GCase enzymatic activity is required for the differentiation and bone-forming activity of os-
teoblasts. Furthermore, the rescue of bone matrix deposition by pharmacological activation of Wnt/p catenin in GD osteo-
blasts uncovers a new therapeutic target for the treatment of bone abnormalities in GD.

Introduction GBA1 gene, which encodes lysosomal B glucocerebrosidase

(GCase) (3,4). Patients with GD are generally classified into
Gaucher disease (GD) is an inherited autosomal recessive dis- three clinical subtypes: Type 1 (non-neuronopathic), Type 2
order with a carrier frequency of 1:18 among the Ashkenazi (acute neuronopathic) and Type 3 (chronic neuronopathic),
Jewish population and a disease incidence of 1:50 000 in the but there is great clinical variability between patients, suggest-
general population (1,2). GD is caused by mutations in the ing that environmental factors and genetic background play
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an important role in determining the course of the disease (5).
GCase enzyme deficiency results in the accumulation of
glucosylceramide, primarily in macrophages, owing to their
inability to digest glucosylceramide present in the plasma
membrane (PM) of phagocytosed red blood cells (6-8). This
accumulation leads to the appearance of lipid-engorged,
pathologic Gaucher macrophages in bone marrow, liver and
spleen (9). Other clinical manifestations include anemia,
thrombocytopenia and bone disease (3,5,10-13). In addition,
20% of GD cases involving severe mutations result in signifi-
cant neuronopathy (14-17).

To model GD we generated induced pluripotent stem cells
(iPSC) from patients with all three clinical subtypes of GD and
differentiated them to cell types affected in the disease. GD
iPSC-derived macrophages had a striking defect in clearance
of phagocytosed red blood cells, recapitulating a pathologic
hallmark of the disease (18); using hematopoietic progenitors
derived from GD iPSC we found that mutant GCase causes
developmental abnormalities in the hematopoietic lineage
resulting in aberrant myelopoiesis and decreased erythropoie-
sis, reflecting the cytopenias in GD patients (19); we also found
that iPSC-derived neurons from neuronopathic GD patients
have reduced lysosomal biogenesis, dysregulated autophagy,
and developmental defects, which may contribute to GBA1-as-
sociated neurodegeneration (20,21). All of the phenotypic ab-
normalities observed in GD macrophages, hematopoietic
lineages and neuronal cells were reversed by recombinant
GCase, demonstrating that the phenotypes observed were in-
deed caused by GCase deficiency and were not an artifact of
the iPSC system.

Patients affected by all types of GD develop bone disease,
and its manifestations include osteopenia, osteoporosis, re-
duced bone mineral density, increased fracture risk, avascular
necrosis, bone infarctions and growth retardation in severe
cases (22-26). Enzyme replacement therapy (ERT) with recombi-
nant glucocerebrosidase reverses hematological and visceral
parameters in Type 1 GD patients within 6 months (27). While
the skeletal manifestations in GD are reversed more slowly by
ERT, there is very significant reduction in osteopenia, in particu-
lar in young patients (25,28,29). The mechanisms leading to GD
bone pathology are still unknown, but studies in animal models
of GD with a targeted deletion of GBA1 in the hemangioblast
compartment have shown dysfunctional osteoblast activity re-
sulting in decreased bone mineralization (30). Studies in zebra-
fish showed that GBA1 loss of function is associated with
impaired osteoblast differentiation and defective bone ossifica-
tion, owing to increased oxidative stress and reduced Wnt/f-
catenin signaling (31). It is also believed that increased osteo-
clast numbers in circulation and the inflammatory environment
in GD are also important contributors to the bone pathology in
this disorder (6,32-39).

In this study we used iPSC-derived osteoblasts from GD pa-
tients to identify the mechanisms leading to bone disease in
these patients. We report that GD osteoblasts have developmen-
tal defects, as evidenced by their inability to fully differentiate
into functional osteoblasts capable of normal bone deposition.
We also found downregulation of Wnt/B-catenin signaling, which
may contribute to the developmental defects of GD osteoblasts.
In addition, the mutant osteoblasts had reduced numbers of lyso-
somes, there was a concomitant reduction in lysosomal hydro-
lases, and lysosomes from GD osteoblasts exhibited defective
exocytosis, a process that is critical for deposition of bone matrix
protein and mineral.

Results

Directed differentiation of GD iPSC to mesenchymal
stem cells and osteoblasts

The control and GD iPSC used in this study have been previ-
ously described (6,18) and are listed in Supplementary Material,
Table S1. Control and GD iPSC were differentiated to mesenchy-
mal stem cells (MSC) via embryoid bodies followed by culture in
osteogenic differentiation media as described in the section
‘Materials and Methods’. The MSC were then analyzed for ex-
pression of specific markers by flow cytometry. Both control
and GD iPSC were efficiently differentiated to MSC as deter-
mined by expression of CD44, CD29, HLA-ABC, and lack of ex-
pression of the hematopoietic marker CD45 (Fig. 1A,
Supplementary Material, Fig. S1). More than 95% of control and
GD MSC expressed markers of MSC.

Control and GD iPSC-derived MSC were then differentiated
to osteoblasts by culturing in osteogenic media for 3 weeks, fol-
lowed by mRNA analysis for expression of specific markers of
osteoblast differentiation. As shown in Figure 1B and
Supplementary Material, Figure S2A and B, GD osteoblasts ex-
pressed lower levels of alkaline phosphatase (ALP), Collagen 1
(Col1), and Runx2 mRNA than control cells. Osteocalcin was
also downregulated in GD osteoblasts (data not shown). ALP is
an enzyme secreted in vesicles into the extracellular space,
where it hydrolyzes pyrophosphate and other phosphate moie-
ties to monophosphate (40-42). This enzyme is critical for min-
eral bone matrix formation, whereas Col1 is a major component
of the protein bone matrix (43,44). As shown in Figure 1C and
Supplementary Material, Figure S2C, GD osteoblasts had very re-
duced levels of ALP enzymatic activity compared with controls.
The ability of GD iPSC-osteoblasts to deposit mineral matrix as
measured by Alizarin Red staining, was also considerably re-
duced compared with control osteoblasts (Fig. 1D).

GD osteoblasts expressed low levels of GCase compared with
control osteoblasts (Fig. 2A). To determine whether the defects in
osteoblast differentiation and mineral deposition could be re-
versed by treatment with recombinant GCase (rGCase), control
and GD iPSC-derived MSC were differentiated in osteogenic me-
dia supplemented with rGCase enzyme throughout the 3-week
differentiation period. As shown in Figure 2B and Supplementary
Material, Figure S3, rGCase was able to restore ALP enzymatic ac-
tivity and calcium phosphate deposition by GD osteoblasts, dem-
onstrating that the phenotype observed was caused by GCase
deficiency. The ability of rGCase to reverse the phenotype caused
by even severe Types 2 and 3 GD mutations suggests that the re-
combinant enzyme can overcome the deleterious effects of a po-
tential gain-of-function by mutant GCase.

Taken together, the reduction in markers of osteoblast dif-
ferentiation and the defects in matrix protein and mineral de-
position in the mutant cells suggest that GCase deficiency
interferes with osteoblast differentiation and their bone-
forming ability.

Downregulation of Wnt/p-catenin signaling in GD
iPSC osteoblasts

As the canonical Wnt/p-catenin pathway plays a major role in os-
teoblast differentiation and maturation (4548), we examined
whether Wnt signaling was affected in the mutant osteoblasts.
To this end, we carried out immunostaining for p-catenin, a ma-
jor downstream mediator of Wnt signaling. Immunofluorescence
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Figure 1. Characterization of mesenchymal stem cells and osteoblasts derived from control and GD iPSC. (A) Flow cytometry analysis of iPSC-derived control MSC.
Scatter plots show staining for the specific markers of MSC, CD29, CD44 and HLA-ABC, and staining with anti-CD45 as a negative control. Isotype controls are shown at
the left. (B) gRT-PCR analysis showing the expression of osteoblast markers in iPSC-derived control and GD MSC and osteoblasts as indicated. Results are expressed as
fold-change of each osteoblast line compared with its corresponding MSC line (mean = SEM). P values for control, GD2a and GD3a for each marker are as follows: ALP
(0.003, 0.016 and 0.002), Col1 (0.002, 0.372 and 0.049), RUNX2 (0.020, 0.034 and 0.049). (C) Alkaline phosphatase stain in control and GD2 osteoblasts. (D) Alizarin red stain
showing the mineral deposits in control and GD2 osteoblast cultures. Scale bar, 50 um.

analysis showed decreased B-catenin levels in GD osteoblasts
compared with those in control osteoblasts (Fig. 3A). Five-day in-
cubation of GD osteoblasts with rGCase partially rescued total
B-catenin levels in the mutant cells. To further assess the effect
of mutant GBA1 on Wnt/p-catenin signaling, we carried out im-
munofluorescence and immunoblot analysis using antibodies to
the activated, unphosphorylated form of B-catenin. As shown
in Figure 3B and C, GD osteoblasts had reduced levels of activated
B-catenin, and rGCase treatment caused a significant increase in
active B-catenin levels.

GSK3p, the major negative regulator of Wnt signaling, is a ki-
nase that phosphorylates p-catenin, targeting it for degradation by
the proteasome. The activity of GSK3p is negatively regulated by
inhibitory phosphorylation on Ser 9 (49,50). To investigate the
mechanism of B-catenin degradation in mutant osteoblasts, we
examined expression of both total GSK3f and pGSK3B(S9).
Western blot analysis showed no significant difference in total
GSK3p protein level between control and mutant osteoblasts
(Supplementary Material, Fig. S4A). However, there was a reduction
in the levels of inhibitory pGSK3B(S9) in GD osteoblasts compared
with controls (Supplementary Material, Fig. S4B). When differentia-
tion of GD2 MSC to osteoblasts was carried out in the presence of
rGCase the levels of pGSK3pB(S9) were restored to control levels
(Supplementary Material, Fig. S4B). Immunofluorescence images
also showed reduced levels of pGSK3p(S9) in GD osteoblasts com-
pared with control cells, and rescue by rGCase treatment
(Supplementary Material, Fig. S4C). These data suggest that the

reduced levels of B-catenin in GD osteoblasts may be a conse-
quence of increased activity of GSK3p.

Taken together, our results suggest that GD osteoblasts have
defective Wnt/p-catenin signaling, which may contribute to the
defect in GD osteoblast differentiation we observed.

Pharmacological Wnt/p-catenin activation rescues GD
osteoblast differentiation

To determine whether pharmacological activation of the Wnt/f-
catenin pathway would restore GD osteoblast differentiation, we
tested the effect of CHIR99021 (CHIR), a potent inhibitor of GSK3
(51). As shown in Supplementary Material, Figure S5, when we
supplemented the osteogenic media with CHIR during differenti-
ation of the mutant MSC to osteoblasts, this treatment restored
ALP enzymatic activity and calcium phosphate deposition. These
results suggest that downregulation of Wnt/B-catenin signaling
by mutant GCase may be an important contributor to the devel-
opmental defects of GD osteoblasts. Furthermore, the functional
rescue of GD osteoblasts by CHIR points to the Wnt pathway as a
novel therapeutic target to treat the bone pathology in GD.

Lysosomal depletion in GD osteoblasts

As the deposition of bone matrix protein and minerals by osteo-
blasts is dependent on lysosomal functions such as exocytosis,
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Figure 2. GCase expression in control and GD osteoblasts and phenotypic rescue
by rGCase. (A) Left panel, representative immunoblot of GCase expression in
control and GD2 iPSC-derived osteoblasts using specific antibodies to GCase.
Right panel, quantitation of immunoblot analysis of GCase expression in control
and GD2 osteoblasts. Results are expressed as fold-change compared with con-
trol osteoblasts (n=3, **P < 0.001). (B) GD2 iPSC-derived MSC were differentiated
to osteoblasts in the absence or presence of 0.24 U/ml rGCase for 3 weeks. After
differentiation, the cultures were stained for alkaline phosphatase (ALP) (upper
panel) or Alizarin red (lower panel). Scale bar, 50 pm.

we assessed the integrity of the lysosomal compartment in GD
osteoblasts. To this end, we first examined expression of lysoso-
mal markers, and the activity of lysosomal hydrolases.
Immunofluorescence analysis showed a reduction in expres-
sion of the lysosomal membrane protein LAMP1 in GD osteo-
blasts compared with control cells, and 5-day treatment of GD
osteoblasts with rGCase restored LAMP1 expression to almost
control levels (Fig. 4A and B). Immunoblot analysis also showed
a reduction in LAMP1 protein levels in GD compared with con-
trol osteoblasts (Fig. 4C and D). In addition to lower expression
of LAMP1, the enzymatic activities of the lysosomal hydrolases
Cathepsin B, L, D and acid sphingomyelinase (ASM) in GD osteo-
blasts were reduced compared with those in control cells
(Fig. 5A). These results show that mutant GCase has deleterious
effects on the osteoblast lysosomal compartment and as shown
below, this is reflected in an impairment of lysosomal exocyto-
sis, a process that is required for bone deposition.

GD osteoblasts have defective lysosomal exocytosis

Regulated exocytosis is a Ca?"-dependent process in which in-
tracellular cytoplasmic vesicles fuse with the PM and release en-
zymes and other contents into the extracellular space (52-54).
To assay for exocytosis, cells are treated with the pore-forming
cytolysin streptolysin-O (SLO) in the presence of Ca?", which
triggers a fusion of lysosomes with the PM, as part of a normal
PM repair process. This process results in the release of

lysosomal contents into the culture medium (55-57). To exam-
ine exocytosis in GD osteoblasts, control and GD osteoblasts
were subjected to PM injury by treatment with SLO, and the ac-
tivities of Cathepsins B, L and ASM were assayed as described in
the section ‘Materials and Methods’. As shown in Figure 5B,
there was a decrease in Ca®'-dependent exocytosis of
Cathepsins B, L and ASM in GD osteoblasts compared with con-
trol cells. Taken together, our results showed that both, total
Cathepsin and ASM activities (Fig. 5A) and exocytosed
Cathepsin and ASM (Fig. 5B), were lower in GD osteoblasts than
in control cells. To address whether the decrease of total hydro-
lase activity observed was the cause of lower exocytosed enzy-
matic activity, we calculated the exocytosis efficiency by
normalizing exocytosed to total Cathepsin L. As shown in
Figure 5C, lysosomal exocytosis in GD osteoblasts was defective,
suggesting that the decrease in exocytosed protease activity
was not secondary to the reduced total levels of hydrolases, but
that it was caused by an intrinsic defect in exocytosis in the mu-
tant cells. We then examined whether the exocytosis pheno-
type of the mutant osteoblasts would be rescued by rGCase.
iPSC-derived MSC were differentiated in osteogenic media in
the presence or absence of rGCase, and the cells were assayed
for exocytosis. As shown in Supplementary Material, Figure S6,
rGCase was able to significantly restore Cathepsin B exocytosis
in the mutant osteoblasts.

We conclude that Ca?'-dependent exocytosis, a lysosomal
function that is critically required for bone matrix deposition, is
significantly impaired by GCase deficiency.

Defective PM repair in GD iPSC osteoblasts

PM repair is a survival process that is constantly taking place in
healthy cells and is regulated by Ca?"-dependent exocytosis of
lysosomal repair enzymes (55,58). As exocytosis in GD osteo-
blasts was compromised, we wanted to determine whether PM
repair was also impaired. To examine the membrane repair
ability of GD osteoblasts, GD and control cells were tested for
their ability to repair membrane wounds made by the pore-
forming toxin SLO, taking advantage of the membrane imper-
meant dye propidium iodide (PI). In the presence of Ca®" cells
are able to repair their wounds and exclude PI, but under no
Ca?" conditions cells remain permeabilized, as indicated by PI
staining. The sensitivity to wounding and PM repair ability at
different concentrations of SLO with and without Ca®" were es-
tablished in control experiments. As shown in Supplementary
Material, Fig. S7, control and mutant osteoblasts were equally
susceptible to SLO permeabilization (Supplementary Material,
Fig. S7A and C) and the optimum concentration of SLO to
achieve effective resealing in the presence of Ca>" was 50 ng/ml
(Supplementary Material, Fig. S7B and D). Therefore, this was
the concentration used in the subsequent PM repair assays.
Control and mutant cells were treated with SLO, stained with PI,
and permeabilization was evaluated by flow cytometry. As
shown in Figure 6A and B, in the absence of Ca®!, both control
and mutant osteoblasts exhibited the same PI staining with and
without SLO. However, in the presence of Ca”*, GD osteoblasts
had a reduced ability to carry out PM repair compared with con-
trol cells (Fig. 6C). A similar defect in PM repair in the presence
of Ca®" was observed in GD osteoblasts mechanically injured by
scraping of the dish (results not shown). Taken together, these
results suggest that GCase deficiency causes significant alter-
ations in the ability of GD osteoblasts to carry out Ca®*-depen-
dent exocytosis and PM repair, two lysosome-dependent
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Figure 3. GD osteoblasts have lower levels of total and active p-catenin. (A) Control and GD2 iPSC-derived osteoblasts were incubated in the absence or presence of
0.24 U/ml rGCase for 5 days. The cultures were then stained using anti-f catenin antibody (red). Nuclei were stained with DAPI (blue). Magnification, x40. Scale bar,
25 pum. (B) Control and GD2 osteoblasts were incubated in the absence or presence of 0.24 U/ml rGCase for 5 days. The cultures were then stained with antibodies to ac-
tive B catenin (non-phosphorylated) (red). Nuclei were stained with DAPI (blue). Magnification, x40. Scale bar, 25 pm. (C) Left panel, representative immunoblot show-
ing the expression of active p catenin in control and GD2 osteoblasts that were incubated in the absence or presence of 0.24 U/ml rGCase. Right panel, quantitation of
immunoblot analysis of active  catenin expression in control and GD2 osteoblasts; Results are expressed as fold-change with respect to non-treated control osteo-
blasts (mean = SEM, n = 3). **P < 0.001 (one-way ANOVA). ***P < 0.001 between control versus GD2, *P < 0.01 between GD2 versus GD2 + rGCase.

functions that are important for bone matrix deposition and os-
teoblast survival.

Discussion

In this study, we report that iPSC-derived osteoblasts from pa-
tients with GD have developmental defects and lysosomal func-
tional abnormalities that interfere with their bone-forming
ability. While GD iPSC differentiated normally to MSC, there
was a substantial impairment in osteoblastic differentiation. GD
iPSC osteoblasts exhibited lower levels of osteoblast markers in-
cluding ALP, Coll and Runx2, and there was a decrease in ALP
enzymatic activity and calcium phosphate deposition. We
found that Wnt/p-catenin signaling was downregulated in GD
osteoblasts, and that pharmacologic Wnt activation rescued os-
teoblast differentiation. In addition to developmental defects,
the mutant cells had reduced numbers of lysosomes, which
were functionally deficient in their ability to carry out exocyto-
sis and PM repair. Our results lend support to the idea that nor-
mal GCase activity plays an essential role in the ability of
osteoblasts to carry out bone deposition, and further suggest
that the in vitro phenotypes we observed contribute to the skele-
tal abnormalities seen in GD patients.

Patients with Type 1 GD may present with decreased bone
density, osteoporosis, increased risk of bone fracture, bone cri-
sis and osteonecrosis, and in Types 2 and 3 GD there is growth
retardation (23,25). The etiology of the skeletal pathology in GD
is not well understood. Maintenance of bone density and integ-
rity is the result of a dynamic interaction between osteoblasts
and osteoclasts (59,60). Osteoblasts, the cells primarily responsi-
ble for bone matrix deposition, secrete Type I Collagen, growth
factors and calcium phosphate mineral complexes, which pro-
vide a strong and flexible bone structure. Osteoclasts, which are
derived from myeloid hematopoietic progenitors, carry out
bone resorption, secreting proteases that digest protein matrix,
and protons that dissolve bone minerals (38). There is in vivo ev-
idence that dysfunctional osteoblasts play a major role in GD
bone disease. Using a mouse model in which the Mx1 promoter
was used for targeted deletion of GBA1l in hematopoietic and
mesenchymal progenitors, Mistry et al. showed recapitulation of
nearly all of the visceral abnormalities of Type 1 GD. The strik-
ing bone abnormalities observed were caused mainly by dys-
functional osteoblasts, while no major contributions from the
bone-resorption activity of osteoclasts were reported (30).

To investigate whether GD iPSC-derived osteoblasts have de-
velopmental defects, we examined the ability of GD iPSC to
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(B) Quantitation of mean fluorescence intensity (MFI) of LAMP1 expression in control and GD2 osteoblasts. Results are expressed as fold-change with respect to non-
treated control osteoblasts (mean + SEM, n=3). **P <0.001 (one-way ANOVA). **P <0.001 between control versus GD2, P <0.01 between GD2 versus GD2 +rGCase.
(C) Representative immunoblot showing the expression of LAMP1 in control and GD2 osteoblasts. (D) Quantitation of immunoblot analysis of LAMP1 expression in con-
trol and GD2 osteoblasts; results are expressed as fold-change compared with control osteoblasts (mean + SEM, n= 3, *P < 0.05).

differentiate to functional osteoblasts. While mutant GCase had
no effect on the generation of MSC from GD iPSC, further differ-
entiation under osteogenic conditions showed that mRNA lev-
els of the osteoblast markers ALP and Coll were reduced,
suggesting that the differentiation of GD osteoblasts from MSC
was compromised. Further analysis showed that GD osteoblasts
had lower levels of total and activated B catenin, a major effec-
tor of the canonical Wnt/B-catenin pathway, and that excess
catenin degradation may be the result of increased GSK3p ki-
nase activity. As the canonical Wnt pathway is an important
regulator of osteoblast differentiation, our results suggest that
mutant GCase may interfere with differentiation to mature os-
teoblasts in part through downregulation of Wnt/B catenin sig-
naling. This conclusion is supported by the reversal of GD
osteoblast phenotype by pharmacologic Wnt activation with
CHIR, a potent inhibitor of GSK3p. Importantly, differentiation
of MSC to osteoblasts in the continued presence of rGCase res-
cued GD osteoblast differentiation, demonstrating that the in-
trinsic developmental defects of GD osteoblasts observed were
caused by GCase deficiency. Our results are in agreement with
previous studies carried out in a zebrafish model of GD (31). In
this system, a truncation in GCase that abolished its enzymatic
activity resulted in bone abnormalities and defects in the Wnt/
B-catenin pathway. Significantly, neuronopathic mutations in
GBA1 have been recently found to cause neurodevelopmental
defects by interference with Wnt/p-catenin signaling (21). Thus,
downregulation of this pathway may be a common mechanism
by which mutant GBA1 interferes with normal development in
affected tissues. Future analysis will identify the precise mecha-
nisms by with mutant GCase impairs Wnt/p-catenin signaling,
and how this contributes to the developmental defects ob-
served. GD osteoblasts also had lower levels of Runx2, another

transcription factor important for osteoblast differentiation (61),
suggesting that mutant GCase may interfere with osteoblast dif-
ferentiation by more than one mechanism. Taken together, the
results from this study, those of our previous work showing
that GD hematopoietic and neuronal progenitors have intrinsic
developmental defects (19,21), and recent reports from animal
models (30,31,62-64), strongly suggest that mutant GBA1 inter-
feres with normal developmental pathways in a number of cell
types affected in GD.

There is considerable evidence that GBA1 deficiency disrupts
the lysosomal compartment. In neurons, mutant GCase inter-
feres with lysosomal biogenesis, there is accumulation of
autophagic vesicles that are unable to fuse with lysosomes
(20,65-68), and there is an increase in aggregate-prone proteins
such as a-synuclein (66,69). This study showed that GD osteo-
blasts had reduced numbers of lysosomes, which were defective
in their ability to carry out exocytosis, a process that is essential
for the transport of bone matrix protein and mineralization
enzymes to the extracellular space. Taken together, our results
suggest that the impaired bone-forming activity of GD
osteoblasts resulted from a combination of incomplete differen-
tiation and impaired lysosomal function, and that the abnor-
malities identified in this iPSC system are likely to play a role in
the skeletal manifestations in GD patients.

ERT with rGCase, which is successfully used to treat GD1
(27), corrects hepato-splenomegalia within 6 months. Although
normalization of bone parameters by ERT takes longer, this
treatment results in significant reversal of osteopenia, in partic-
ular in younger patients (29), and the risk of osteonecrosis is re-
duced. In GD patients treated by ERT, the infused enzyme is
removed from circulation within minutes (70). This rapid up-
take, mostly by liver parenchyma and Gaucher macrophages,
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Figure 5. Reduced lysosomal enzyme activity and exocytosis in GD osteoblasts. (A) Cell lysates from control (green) and GD2 osteoblasts (blue) were assayed for activity
of the lysosomal enzymes Cathepsins B, L, D and acid sphingomyelinase (ASM) as described in the section ‘Materials and Methods’. Plots represent total enzymatic ac-
tivities in control and GD2 osteoblasts. (B) Lysosomal exocytosis of Cathepsins B, L and ASM in SLO-permeabilized control and GD2 osteoblasts. Control and GD2 osteo-
blasts were treated with SLO, and the activities of Cathepsins B, L and ASM (mean * SEM, n=3, **P <0.01) in the supernatant were assayed as described in the section
‘Materials and Methods’. Green, control osteoblasts; blue, GD2 osteoblasts. RFU, relative fluorescence units. (C) Exocytosis efficiency for Cathepsin L in control and GD2
osteoblasts was measured and expressed as the percentage of total Cathepsin L activity present in whole cell lysates of each cell type, as described in the section
‘Materials and Methods’. Green, control osteoblasts; blue, GD2 osteoblasts. The results show that after SLO permeabilization, GD2 osteoblasts have defective Ca**-de-

pendent lysosomal exocytosis.
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Figure 6. GD osteoblasts exhibit defective plasma membrane repair. Untreated and SLO-treated control and GD2 osteoblasts were incubated in the presence or absence
of Ca®" as described in the section ‘Materials and Methods’, and the samples were analyzed by FACS. (A) Cells without SLO and without Ca®". (B) Cells with SLO and
without Ca”". (C) Membrane repair in the presence of both SLO and Ca?*. Red, control osteoblasts; blue GD2 osteoblasts. In the assay shown, which is representative of
several independent experiments, the extent of membrane repair was 48.9% in GD osteoblasts, and 96.2% in control osteoblasts.

may be one of the reasons that normalization of bone parame-
ters is slower than reversal of visceral abnormalities caused by
GCase deficiency. Our results showed that rGCase was very ef-
fective in rescuing bone deposition by GD osteoblasts, suggest-
ing that targeting of rGCase to osteoblasts by improvements in
enzyme delivery (71), would be of clinical benefit to treat the
bone abnormalities in GD. Cerezyme, the enzyme preparation

used in this study is an rGCase treated with glycosidases to ex-
pose mannose residues on its surface, which facilitates rGCase
uptake by mannose receptors on Gaucher macrophages.
Osteoblasts are not believed to have mannose receptors but
they have mannose-6-phosphate (M6P) receptors (72). As
Cerezyme also has exposed M6P (73), binding of this moiety to
its receptor might mediate rGCase entry into osteoblasts.
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However, preincubation of control or mutant osteoblasts with
either mannan, a polymer of mannose, or with M6P, did not
block rGCase uptake by these cells (data not shown), suggesting
that rGCase was not taken up by iPSC osteoblasts through either
mannose or M6P receptors. The important question of the
mechanism of rGCase uptake by GD osteoblasts will be exam-
ined in future studies. Substrate reduction therapy, used as an
alternative to ERT for treatment of Type 1 GD, also improves
skeletal manifestations of GD over time (74-77). The results of
our study showing that pharmacologic Wnt activation can res-
cue bone matrix deposition by GD osteoblasts, suggest that the
Wnt pathway may be a novel druggable target to treat the bone
pathology in GD. Although the pleiotropic effects of the Wnt
pathway caution about potential side effects of Wnt modulators
(78), some of these agents are now reaching the clinic.
Romosozumab, a monoclonal antibody to the bone-specific Wnt
antagonist sclerostin, is being evaluated in clinical trials for os-
teoporosis (79-81).

In summary, using a GD iPSC system, we found that GD oste-
oblasts have developmental defects, which may result from in-
terference of mutant GCase with canonical Wnt/p-catenin
signaling. Critical lysosomal functions such as Ca?"-dependent
exocytosis were also affected by GCase deficiency, and the net
result was a greatly reduced deposition of bone matrix protein
and mineral. Our results lend support to the idea that the defec-
tive phenotype of GD osteoblasts is likely to contribute to the
bone manifestations observed in GD patients and animal mod-
els of GD. This study also points to the canonical Wnt signaling
pathway as a novel therapeutic target to treat the skeletal ab-
normalities caused by GD.

Materials and Methods
iPSC lines

The iPSC from patients with Types 1, 2 and 3 GD (GD1a, GD1b,
GD2a, GD2b, GD3a and GD3b), and from control subjects used in
this study have been previously described (6,18) and are listed
in Supplementary Material, Table S1. Their genotypes are:
N370S/N370S (GDla and GD1b), L444P/RecNcil (GD2a), W184/
D409H (GD2b), L444P/L444P (GD3a and GD3b) and wild-type/
wild-type (control Mj).

Generation of multipotent GD iPSC MSC

For embryoid body (EB) formation, iPSC were detached from
plates and feeder cells by treatment with 0.2% dispase. The
iPSC were transferred into 6-well, ultra-low attachment
plates (Costar) and cultured for 10 days at 37°C in EB culture me-
dium [DMEM-F12 (Invitrogen), 20% (v/v) Knockout Serum
Replacement (Invitrogen), NEAA, 1 mM r-glutamine and 0.1 mM
B-mercaptoethanol]. To initiate MSC differentiation, EBs were
transferred to culture plates coated with 0.1% (w/v) gelatin and
maintained in MSC culture medium [high glucose DMEM
(Invitrogen), 20% FBS (Hyclone), 1 mM r-glutamine and 100 U/ml
Pen/Strep (Invitrogen)]. Stromal cells surrounding the flattened
EBs were visible after 3 days in adherent culture. Media was
changed every other day for 10-15 days, and the cells were ex-
panded in MSC media at 50% confluency. Cells were cultured for
five passages, at which stage the MSC cultures had uniform
morphology and expressed MSC-specific markers. MSC were
then either differentiated to osteoblasts or cryopreserved
until use.

Differentiation of GD iPSC-MSC to osteoblasts

iPSC-derived MSC were seeded on culture plates at
2 x10* cells/cm?) in MSC media. A day after seeding, cells
were cultured in osteoblast differentiation media [MSC media
supplemented with 10 mM beta-glycerophosphate (Sigma),
100 uM dexamethasone (Sigma) and 50 pg/ml ascorbic acid
(Sigma)]. Media was changed every other day and cells were
passaged upon attaining 90% confluency. The cells were cul-
tured in osteoblast media for 3-4 weeks.

Antibodies

Markers for MSC characterization were APC- or FITC-conjugated
anti-mouse anti-CD44 (Cat No. 550989), anti-CD29 (Cat No. 559883),
anti-HLA-ABC (Cat No. 560168) and anti-CD45 (Cat No. 550566)
from BD Bioscience (San Jose, CA, USA). The primary antibodies
used for immunofluorescence and Western blotting were: LAMP1
(H4A3, University of lowa Developmental Hybridoma Bank); GSK3
(Cat No. 12456), pGSK3p-Ser9 (Cat No0.9323) and non-phospho
(Active) p-catenin (Cat No. 8814) were from Cell Signaling; GBA1
(Cat No. WH0002629M1, Sigma); total B-catenin (Cat No. sc-7199,
Santa Cruz). The secondary antibodies DyLight 488- or 549-conju-
gated mouse or rabbit immunoglobulin-specific antibodies were
from Jackson InmmunoResearch Laboratories (West Grove).

Flow cytometry for marker analysis

iPSC-derived MSC were fixed in 4% paraformaldehyde, washed,
and incubated in blocking buffer consisting of phosphate-
buffered saline (PBS), human IgG (1 mg/ml, Sigma), 8% FBS and
0.01% sodium azide. Cells were then incubated with the indi-
cated antibodies in buffer containing PBS, 0.2% saponin, 8% FBS
and 0.01% sodium azide, washed, and kept at 4°C until FACS
analysis. Data were acquired by flow cytometry using a BD LSRII
Flow cytometer and analyzed using Flowjo software (Tree Star
Inc., Ashland, OR).

Real time PCR

Control and GD iPSC-derived MSC in 12-well plates were cul-
tured in osteoblast differentiation media for 3 weeks in dupli-
cate wells. mRNA was isolated using a Qiagen kit, and cDNA
was synthesized using the iScript kit (Bio-Rad). Gene expression
quantification was achieved by qPCR (7900 HT: Applied
Biosystems) using the SYBR Green method. The relative mRNA
expression of each gene tested was normalized to the values of
GAPDH mRNA for each reaction. The primers used are listed in
Supplementary Material, Table S2.

Alizarin red stain

Control and GD iPSC-derived MSC were differentiated to osteo-
blasts on chamber slides for 21 days. Staining for mineral de-
posit was done using Alizarin red 0.5% (v/v) aqueous solution
adjusted to pH 4.3 (Sigma), for half an hour at room tempera-
ture, followed by 3 washes with water. The chambers were re-
moved and slides were allowed to dry.

ALP stain

Control and GD iPSC-derived MSC were differentiated to osteo-
blasts on chamber slides for 21 days and stained for ALP using a

20z Iudy gz uo isenb Aq G628/ v/l 1.8/G/LZ/e101e/Buy/wod dno-olwapede//:sdyy wolj papeojumo(


Deleted Text: type 
Deleted Text: pharmacological 
Deleted Text: M
Deleted Text: M
Deleted Text: <bold>.</bold> 
Deleted Text: types 
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddx442#supplementary-data
Deleted Text: ,
Deleted Text: WT/
Deleted Text: WT
Deleted Text: Control 
Deleted Text: mesenchymal stem cells (
Deleted Text: )
Deleted Text: <bold>.</bold> 
Deleted Text: 1 
Deleted Text: L
Deleted Text: 1 
Deleted Text: &beta;
Deleted Text: 1 
Deleted Text: L
Deleted Text: 100 
Deleted Text:  to 
Deleted Text: 5 
Deleted Text: <bold>.</bold> 
Deleted Text: 2 
Deleted Text: x 
Deleted Text: 10<sup>4</sup> 
Deleted Text: 10 
Deleted Text:  
Deleted Text: 100 
Deleted Text: 50 
Deleted Text: &mu;
Deleted Text: <bold>.</bold> 
Deleted Text: ,
Deleted Text: Western 
Deleted Text: ,
Deleted Text: &beta;
Deleted Text: <bold>.</bold> 
Deleted Text: <bold>.</bold> 
Deleted Text: 12 
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddx442#supplementary-data
Deleted Text: <bold>.</bold> 
Deleted Text: Alkaline phosphatase
Deleted Text: <bold>.</bold> 
Deleted Text: alkaline phosphatase (
Deleted Text: ) 

SigmaFast BCIP/NBT tablet (Sigma Cat No. B5655) dissolved in
water for 10 min at 37°C.

Immunocytochemistry

For marker expression analysis, osteoblasts were plated on
chamber slides for 4-5 days. Cells were fixed in 4% paraformal-
dehyde, blocked (8% FBS in PBS) and incubated for 1 h with the
indicated primary antibodies or matching isotype controls, fol-
lowed by 1 h incubation with secondary antibodies. Cell nuclei
were labeled wusing DAPI-containing mounting medium
(Vectashield: Vector Laboratories Cat No. H-1200).

Recombinant GCase treatment

Recombinant human GCase (rGCase) (Cerezyme®, Genzyme,
Cambridge, MA, USA) was added to the cultures at a concentra-
tion of 0.24 U/ml for the indicated times, and replenished with
each media change. Cerezyme was obtained from patient infu-
sion remnants.

PM injury and repair assay

iPSC osteoblasts were seeded at 5 x10° cells/100 mm dish. After
48 h, cells were trypsinized and 1x10° cells/ml/treatment were
used to perfom SLO wounding and PM repair assays. For cytoly-
sin binding, cells were incubated with different concentrations
of SLO (50, 100 and 150 ng/ml) for 5 min on ice. This step allows
for cytolysin binding without causing pore formation. To induce
pore formation and trigger PM repair, the cells were transferred
to a 37°C water bath for 5 min. Experiments were done in the
presence of Ca?" for assessing PM repair, or without Ca®" to as-
sess the extent of SLO wounding. After 5 min at 37°C the
cells were placed on ice for 2 min, followed by the addition of
50 pg/ml PI. The cell population was then analyzed by flow cy-
tometry to measure the extent of PM repair; 1x 10* cells were
analyzed for each condition.

Exocytosis of lysosomal enzymes

For exocytosis assays, cells were seeded at 1 x10° cells/35 mm dish
in triplicate for each condition. After 24 h, the dishes were washed
twice with chilled Ca®>"-free PBS and incubated with SLO (a high
dose of 500 ng/ml was used to obtain maximum exocytosis) in the
same buffer for 5 min on ice. The cells were then washed with the
same media, transferred to a 37°C water bath, and 250 pl of 37°C
pre-warmed Ca”’-containing PBS were simultaneously added to
the cell layer, to trigger pore formation and PM repair. After 5 s, the
media containing the exocytosed lysosomal enzymes was recov-
ered, chilled on ice and centrifuged at 200g to remove any detached
cells. The supernatant was used to measure the activity of exocy-
tosed lysosomal enzymes. To keep the assay time constant for
each sample, transfer to the water bath was done one dish at a
time. To assess exocytosis efficiency, the results were expressed as
a percentage of the total activity of each enzyme present in the cell
lysates. The samples were analyzed for enzyme activity using spe-
cific fluorimetric kits for the detection of Cathepsin B (ABCAM Cat.
#ab65300), Cathepsin L (ABCAM Cat. #ab65306), Cathepsin D
(ABCAM Cat. #ab65302) and ASM (Invitrogen Cat. #A12220) follow-
ing the manufacturer’s instructions. Cleavage of the fluorogenic
specific substrates was monitored for up to 2 h in an ELISA reader
as a measure of enzymatic activity, with the initial maximum ve-
locity calculated from the slope of each reaction.

Human Molecular Genetics, 2018, Vol. 27, No. 5 | 819

Western blot analysis

Cells were lysed directly in SDS sample buffer and analyzed by
Western blot using specific antibodies as previously described (18).

Statistical analysis

Data were analyzed using Prism software version 4.0c (GraphPad
Software). The significance of differences was assessed using
two-tailed unpaired Student’s t-tests or one-way ANOVA fol-
lowed by Tukey Post post hoc test to compare different groups,
as appropriate. The confidence level for significance was 95%.

Supplementary Material
Supplementary Material is available at HMG online.
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