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SUMMARY
Gaucher’s disease (GD) is an autosomal recessive disorder caused by mutations in the GBA1 gene, which encodes acid b-glucocerebrosi-

dase (GCase). Severe GBA1mutations cause neuropathology that manifests soon after birth, suggesting that GCase deficiency interferes

with neuronal development. We found that neuronopathic GD induced pluripotent stem cell (iPSC)-derived neuronal progenitor cells

(NPCs) exhibit developmental defects due to downregulation of canonical Wnt/b-catenin signaling and that GD iPSCs’ ability to differ-

entiate to dopaminergic (DA) neurons was strikingly reduced due to early loss of DA progenitors. Incubation of themutant cells with the

Wnt activator CHIR99021 (CHIR) or with recombinant GCase restoredWnt/b-catenin signaling and rescued DA differentiation.We also

found thatGDNPCs exhibit lysosomal dysfunction, whichmay be involved inWnt downregulation bymutantGCase.We conclude that

neuronopathicmutations in GCase lead to neurodevelopmental abnormalities due to a critical requirement of this enzyme for canonical

Wnt/b-catenin signaling at early stages of neurogenesis.
INTRODUCTION

Gaucher’s disease (GD) is an inherited disorder caused by

biallelic mutations in the GBA1 gene, which encodes the

lysosomal enzyme b-glucocerebrosidase (GCase) (Cox,

2010). Reduced GCase activity results in accumulation of

glucosylceramide and glucosylsphingosine in liver, spleen,

bone marrow, and nervous system (Brady et al., 1966;

Farfel-Becker et al., 2014; Thomas et al., 2014). Clinically,

patients with severe mutations develop a broad range of

neurological manifestations that vary in onset and severity

(Sidransky, 2012). Neuronopathic GD subtypes (types 2

and 3 GD) are characterized by neuronal loss and degener-

ation in various areas of the brain including cerebral cortex,

hypothalamus, cerebellum, and midbrain (Kaye et al.,

1986; Wong et al., 2004). Type 3 GD exhibits a subacute,

slow, progressive course, while type 2 GD develops rapid

and extensive neuronal loss leading to death in early child-

hood due to neurodegeneration that starts during gestation

(Pastores and Hughes, 1993; Orvisky et al., 2000; Stone

et al., 2000; Weiss et al., 2015). GBA1 mutation is also the

most frequent genetic risk factor for Parkinson’s disease

(PD) (Lwin et al., 2004; Swan and Saunders-Pullman, 2013).

Using GD mouse models and patient-derived induced

pluripotent stem cells (iPSCs), it has been shown that

GBA1mutant neurons exhibit lysosomal alterations, defec-

tive autophagic clearance, accumulation of protein aggre-

gates, and increased vulnerability to cell death (Sun and

Grabowski, 2010; Sun et al., 2010; Mazzulli et al., 2011;
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Schondorf et al., 2014; Awad et al., 2015). We further

showed that autophagy lysosomal pathway (ALP) alter-

ations in GD are due to deregulation of transcription factor

EB (TFEB) (Awad et al., 2015), the master regulator of lyso-

somal biogenesis and autophagy (Settembre et al., 2011,

2012). In addition to the essential role of the ALP in the sur-

vival of post-mitotic neurons, this system plays a direct role

in neuronal development and differentiation through

subcellular remodeling (Song et al., 2008; Aburto et al.,

2012). Moreover, recent reports showing that the endoly-

sosomal compartment modulates canonical Wnt/b-cate-

nin signaling (Taelman et al., 2010; Dobrowolski et al.,

2012) further suggest that this compartmentmay also regu-

late neuronal development through direct interactionwith

neurodevelopmental signaling cascades.

The canonical Wnt/b-catenin pathway is a highly

conserved developmental pathway that plays a key role

in neuronal development (Loh et al., 2016; Noelanders

and Vleminckx, 2016). Wnt ligands are secreted glycopro-

teins that bind to Frizzled receptor and LRP5/6 co-receptors

on target cells (Mikels and Nusse, 2006). Wnt receptor

binding prevents b-catenin association with its destruction

complex, which consists of glycogen synthase kinase 3b

(GSK3b), adenomatous polyposis coli, and axis inhibition

protein (AXIN). This prevents b-catenin phosphorylation

by GSK3b and its subsequent degradation by the protea-

some (Verheyen and Gottardi, 2010; Nusse and Clevers,

2017). It has been proposed that sequestration of GSK3b

into the endolysosomal compartment stabilizes b-catenin,
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allowing its translocation to the nucleus (Niehrs and

Acebron, 2010). In the nucleus, b-catenin associates with

TCF/LEF transcription factors to activate Wnt target genes,

many of which regulate the survival, proliferation, and

differentiation of neuronal stem/progenitor cells (Willert

and Nusse, 1998; Grigoryan et al., 2008). Wnt/b-catenin

signaling is important for brain development as well as

maintaining neuronal functions during adulthood (Ben-

goa-Vergniory and Kypta, 2015; Noelanders and Vle-

minckx, 2016). Several Wnt family members also play a

critical role in embryonic midbrain dopaminergic (DA)

neurogenesis by regulating the survival, proliferation, and

fate commitment of DA precursors (Joksimovic and Awa-

tramani, 2014; Arenas et al., 2015). The importance of

Wnt signaling in midbrain DA neurogenesis is highlighted

by the use of chemical Wnt activators for efficient genera-

tion of midbrain DA neurons from cultured PSCs (Kriks

et al., 2011). In agreement with this role of Wnt in DA

development, genome-wide analysis of gene expression

identified Wnt signaling as an over-represented pathway

in iPSC-derived DA population (Momcilovic et al., 2014).

In this study we used GD iPSCs to investigate whether, in

addition to deregulating lysosomal functions (Awad et al.,

2015), neuronopathic GBA1 mutations would affect the

developmental potential of neuronal stem cells. We found

that severe biallelic mutations in GBA1 resulted in a dra-

matic decrease in the survival of DA progenitors due to

interference with Wnt/b-catenin signaling. Consistent

with mutant GBA1 interference with Wnt signaling, GD

NPCs also exhibited reduced expression of hindbrain pro-

genitor markers and an increased expression of forebrain

progenitor markers. This mechanism highlights the

requirement for normal GCase activity during early stages

of neuronal development and points to theWnt/b-catenin

pathway as a potential therapeutic target for neurono-

pathic GD.
RESULTS

Generation of GD iPSC-Derived Neuronal Progenitor

Cells

In this study we used previously described control and GD

iPSC lines that were derived from two neuronopathic

type 2 GD patients harboring the biallelic mutations

L444P/RecNciI and W184R/D409H (GD2), two neurono-

pathic type 3 patients with L444P/L444P mutations

(GD3), and a non-neuronopathic type 1 GD patient car-

rying N370S/N370S mutations (GD1) (Panicker et al.,

2012, 2014; Sgambato et al., 2015). To generate neuronal

progenitor cells (NPCs) from control and GD mutant

iPSC lines, we followed our previously described protocol

(Awad et al., 2015). In brief, iPSC-derived neuronal rosettes
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expressing neuronal stem cell markers SOX1 and PAX6

(Figure S1A) were manually picked and expanded in cul-

ture. The resulting NPC population from both control

and GD mutant iPSC lines expressed similar levels of

MUSASHI and SOX1 (Figure S1B). As shown in Figures

S1C and S1D, GCase protein levels and enzymatic activity

were decreased in neuronopathic NPCs, and incubation

with recombinant GCase (rGCase) resulted in a significant

increase in GCase activity in mutant cells.

Defective Dopaminergic Differentiation of

Neuronopathic GD NPCs

Because of the well-established link between GBA1 muta-

tions and PD, we evaluated the ability of GD NPCs to

undergo dopaminergic differentiation using a protocol

that recapitulates DA neurogenesis from primitive NPCs,

which were picked and expanded from neuronal rosettes

(Figure 1A) (Swistowski et al., 2009; Swistowski and Zeng,

2012). Following this protocol, freshly generated NPCs

from both control and GD iPSC gave rise to DA neurons,

as shownby tyrosine hydroxylase (TH) staining (Figure 1B).

However, quantitative image analysis showed a small

reduction in the percentage of TH-positive neurons gener-

ated from neuronopathic GDNPCs compared with control

cells (Figure 1C). We also noticed that upon propagation in

culture, while control GD NPCs retained their ability to

generate DA neurons the GD NPC population exhibited a

striking decline in its ability to differentiate to TH-positive

neurons (Figure 2A). As shown in Figure 2B, quantitation of

TH-positive neurons from immunofluorescence images

showed a significant decrease in the percentage of TH-pos-

itive neurons generated from GD3 and GD2 NPCs

compared with control cells. In contrast, we did not detect

a significant difference in TH expression between control

and non-neuronopathic GD1 NPCs after passage (Fig-

ure S2). When we examined the expression of additional

DA markers, namely PITX3, VMAT2, LMX1, GIRK2, and

FOX2A, there was also decreased expression of these DA

markers in GD2 DA cultures compared with controls (Fig-

ure 2C). Consistent with our previous report (Awad et al.,

2015), GD NPCs’ ability to differentiate to TUJ1 (neuron-

specific class III b-tubulin)-positive neurons was not dimin-

ished compared with control NPCs (Figures 2A and 2C)

(Awad et al., 2015). We then examined the expression level

of DA differentiation gene regulatory network by qRT-PCR

at days 0, 15, and 30 of DA differentiation. We found that

in control DA cultures there was a significant induction

of LMX1B and NURR1, two transcription factors that are

critical for DA differentiation (Figure 3A). Concomitantly,

control DA cultures exhibited significant upregulation of

the DA markers TH, VMAT2, AADC, and DBH over the

time course of DA differentiation (Figure 3A). In contrast,

there was no significant induction of LMX1B, NURR1, or



Figure 1. Differentiation of Early-Pas-
sage NPCs to DA Neurons
(A) Schematic representation of the dopa-
minergic differentiation protocol from iPSCs
used in this study (Swistowski and Zeng,
2012). EBs grown in adherent cultures gave
rise to neural tube-like rosette structures.
Neuronal rosettes were then manually picked
and expanded in NPC medium. NPCs were
differentiated to DA neurons by culturing in
medium supplemented with SHH and FGF8
for 10 days, followed by prolonged culture in
medium supplemented with BDNF and GDNF,
as described in Supplemental Experimental
Procedures.
(B) Representative immunofluorescence
images from control, GD2, and GD3 dopa-
minergic differentiation cultures generated
from freshly generated NPCs. Neurons were
co-labeled with anti-TUJ1 (red) and anti-
tyrosine hydroxylase (TH, green) antibodies.
Magnification 203; scale bar, 100 mm.
(C) Quantitative analysis of TH expression in
control, GD2, and GD3 dopaminergic
neurons from freshly generated NPCs. Bar
graph represents the percentage of TH-pos-
itive neurons relative to control counted in
three different fields per experiment ± SEM.
n = 3 per group (compiled data are repeats
from two GD2 and one GD3 patient). p > 0.05
between control and both GD3 and GD2 as
assessed by one-way ANOVA.
DAmarkers in GD2 and GD3 cultures over time, indicating

downregulation of the DA gene regulatory network in GD

NPCs. Next, we investigated whether incubation with

rGCase would restore GD NPCs’ ability to differentiate to

DA neurons. Treatment of GD NPCs with rGCase during

theDAdifferentiation period did not upregulateDAmarker

expression as determined by qRT-PCR analysis (data not

shown). However, when treatment of the GD cultures

with rGCase started at the embryoid body (EB) stage, before

neuroectodermal induction, and was continued

throughout NPC generation and DA differentiation, there

was an increase in the abundance of TH-expressing neu-

rons (Figure 3B) and a significant upregulation of DA
marker expression (Figure 3C). These results suggest that

neuronopathic GD NPCs exhibit altered DA neurogenesis

due to early defects in the neuronal progenitor population.

Pharmacological Wnt/b-Catenin Activation Rescues

Neuronopathic GD Dopaminergic Differentiation

During embryonic development, the Wnt/b-catenin

signaling pathway is known to regulate dopaminergic

differentiation by controlling the expression of DA gene

regulatory network (Joksimovic and Awatramani, 2014).

To determine whether exogenous Wnt/b-catenin activa-

tion would restore DA differentiation in GD NPCs, we

treated the mutant progenitors with a pharmacological
Stem Cell Reports j Vol. 9 j 1853–1867 j December 12, 2017 1855



Figure 2. Defective Differentiation of Neuronopathic GD NPCs to DA Neurons
(A) Representative confocal z stack images from control, GD2, and GD3 dopaminergic neuronal cultures differentiated as described in the
legend to Figure 1A. Neurons were co-labeled with anti-TUJ1 (red) and anti-TH (green) antibodies. Magnification 403; scale bar, 50 mm.
(B) Quantitative analysis of TH expression in control, GD2, and GD3 DA neurons. Bar graph represents the percentage of TH-positive
neurons relative to control counted in three different fields per experiment. n = 5 per group ± SEM (compiled data are repeats from two GD2
and two GD3 patients). **p < 0.005 between control and both GD2 and GD3 as assessed by one-way ANOVA.
(C) Representative immunofluorescence images for DA marker expression in control and GD2 DA neuronal cultures. Neurons were
co-stained with antibodies to TUJ1 (red) and antibodies to PITX1, VMAT2, LMX1, GIRK2, or FOX2A (green) as indicated. Magnification
203; scale bar, 100 mm.
Wnt activator. To this end, wemodified our protocol for DA

differentiation outlined in Figure 1A by adding the Wnt

activator CHIR99021 (CHIR) during the first 10 days of

incubation of NPCs, during the Sonic Hedgehog (SHH)/

fibroblast growth factor 8 (FGF8) incubation period. Immu-

nofluorescence images showed that adding CHIRmarkedly

increased TH expression in GD NPC cultures compared
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with those differentiated in the absence of CHIR (Fig-

ure 4A). Quantitation of TH-positive neurons showed a

significant increase in the percentage of TH-positive neu-

rons generated from GD2 NPC cultures differentiated in

the presence of CHIR compared with those differentiated

in its absence. However, TH expression was not fully

restored to control levels (Figure 4B). qRT-PCR analysis



Figure 3. Downregulation of Dopami-
nergic Marker Gene Expression in Neuro-
nopathic GD DA Neurons
(A) qRT-PCR analysis showing fold expres-
sion of DA marker gene expression in con-
trol, GD2, and GD3 DA neuronal cultures at
days 0, 15, and 30 of dopaminergic differ-
entiation according to the diagram in
Figure 1A. Dopaminergic marker genes
examined were NURR1, LMX1B, TH, VMAT2,
AADC, and DBH. **p < 0.005 and *p < 0.05
between the indicated groups as assessed
by one-way ANOVA. Error bars denote SEM;
n = 3–4 per group (compiled data are re-
peats from two GD2 and one GD3 patient).
(B) Representative immunofluorescence
images from control and GD2 DA neuronal
cultures that were either left untreated or
were treated with 0.24 U/mL rGCase at the
EB stage. rGCase incubation was continued
throughout the NPC generation and DA
differentiation period. Neurons were co-la-
beled with anti-TUJ1 (red) and anti-tyro-
sine hydroxylase (TH, green) antibodies.
Magnification 203; scale bar, 100 mm.
(C) qRT-PCR analysis of DA marker gene
expression in GD2 DA neurons that were
either left untreated or were treated with
0.24 U/mL rGCase at the EB stage, with
treatment continued throughout the NPC
generation and DA differentiation period.
Data represent fold change relative to
control. **p < 0.005 and *p < 0.05 assessed
by one-way ANOVA. Error bars denote SEM;
n = 3 (compiled data are repeats from one
GD2 patient).
showed that the expression of other DA markers was also

significantly upregulated in GD cultures treated with

CHIR (Figure 4C). The rescue of DA differentiation by phar-

macological Wnt activation in the mutant cells (Figures

4A–4C) suggests that the defective DA differentiation

observed may be due to impaired Wnt/b-catenin signaling

in GD NPCs.

Decreased Survival of Neuronopathic GD DA

Progenitors in the Absence of Exogenous Wnt/

b-Catenin Activation

We then determined whether neuronopathic GBA1 muta-

tions interfere with the generation of DA progenitors,

and further examined the requirement for exogenous

Wnt/b-catenin activation in this process. To this end, we
used an efficient DA differentiation protocol that has

been optimized for enrichment of midbrain DA progeni-

tors directly from iPSCs, which results in high yields of

TH-positive neurons (Kriks et al., 2011). Significantly,

CHIR is one of the key components in the DA differentia-

tion media (flow diagram in Figure 5A). When we followed

this protocol, both control and GD2 mutant iPSCs effi-

ciently differentiated into DA neurons as shown by TH

expression (Figure 5B), and the yield of TH-positive

neurons was >85% in both control and GD2 cultures.

This indicates that when a pharmacological Wnt activator

is used to enrich for DA progenitors, GD iPSCs are capable

of efficiently differentiating to TH-positive neurons.

To further investigate the requirement for exogenous

Wnt activation during DA differentiation from GD iPSCs,
Stem Cell Reports j Vol. 9 j 1853–1867 j December 12, 2017 1857



Figure 4. Wnt Activation by CHIR Enhances Dopaminergic Differentiation of Neuronopathic GD NPCs
(A) Representative immunofluorescence images for control and GD2 dopaminergic neurons that were differentiated from NPCs in the
presence or absence of 3 mM CHIR for the first 10 days of the differentiation protocol shown in Figure 1A. Neuronal cultures were labeled
with antibodies against MAP2 (red) and TH (green). Rightmost panel is an enlargement of a small area from each corresponding TH panel
showing TH expression in DA neurons differentiated in the presence or absence of CHIR. Magnification 203; scale bar, 100 mm.
(B) Quantitative analysis of TH expression in GD2 DA neurons that were differentiated in the presence or absence of 3 mM CHIR for the first
10 days of the differentiation protocol shown in Figure 1A. Bar graph represents the percentage of TH-positive neurons relative to total cell

(legend continued on next page)
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we carried out directed differentiation of control and GD

iPSCs to DA neurons in the presence or absence of CHIR.

All of the protocol steps were precisely followed except

for the omission of CHIR from day 3 of differentiation (Fig-

ure 5A). We found that initially both control and GD iPSC

cultures grew similarly, but after 10 days from the begin-

ning of CHIR treatment, in GD iPSC cultures not incubated

with CHIR themajority of the cells died and detached from

the culture dishes (Figure 5C). In striking difference, in the

control iPSC cultures without CHIR, no significant loss of

cells was observed and the cells continued to grow, albeit

to a lower density than in the presence of CHIR (Figure 5D).

We then determined whether rGCase would be able to

functionally replace CHIR. To this end, we carried out

directed differentiation of GD iPSC to DA neurons in the

presence of rGCase without CHIR, and followed survival

of the cultured cells. Interestingly, rGCase treatment of

GD2 cultures grown without CHIR enhanced DA progeni-

tor survival, and no noticeable loss of cells was observed

(Figure 5D). These results lend strong support to the idea

that defective DA neurogenesis in neuronopathic GD

NPCs is due to decreased survival of DA progenitors

because of interference of mutant GCase with canonical

Wnt signaling.

Skewed Anterior-Posterior Axial Identity of GD NPCs

We also examined the anterior-posterior (A-P) axial identity

of the NPC population, which has been shown to be regu-

lated by endogenous Wnt activity both in vivo and in vitro

(Nordstrom et al., 2002; Blauwkamp et al., 2012; Moya

et al., 2014; Imaizumi et al., 2015). Immunofluorescence

analysis using antibodies to regional specific markers

showed that GD2 NPCs exhibited a marked decrease in

both the hindbrain/spinal cord NPC marker HOXB4 and

the midbrain NPC marker EN1, consistent with low Wnt

activity (Figure S3A). On the other hand, expression of the

forebrain NPC marker, FOXG1, which is not dependent on

highWntactivity,wasmarkedly increased inGD2compared

with control NPCs (Figure S3A). qRT-PCR analysis of A-P

gene expression confirmed the downregulation of posterior

hindbrain markers (HOXB4 and HOXC4) and the upregula-

tion of anterior forebrain markers (FOXG1 and SIX3) in GD

NPCs (Figure S3B). Incubation of GD NPCs with CHIR

resulted in increased HOXB4 and EN1 expression (Fig-

ure S3C), showing that exogenous Wnt activation resulted

in a GD NPC population with a more posteriorized pattern
number counted in three different fields ± SEM, n = 5 per group (comp
control and GD2, and *p < 0.05 between GD2 and GD2+CHIR, as asse
(C) qRT-PCR analysis of DA marker gene expression in GD2 DA neuronal
the first 10 days of the differentiation protocol shown in Figure 1A.
represent fold change relative to control. *p < 0.05 between GD2 and G
SEM; n = 3 per group (compiled data are repeats from one GD2 patien
of regional identity. These results further suggest that

GBA1mutation interferes with endogenous Wnt signaling,

whichskews theA-P identityof themutantNPCpopulation.

Downregulation of Canonical Wnt Signaling in

Neuronopathic GD NPCs

To further investigate the effect ofGBA1mutations onWnt/

b-catenin signaling,we examined levels ofb-catenin, the key

mediator of canonical Wnt signaling, in GD versus control

NPCs. As shown in Figure 6A, immunofluorescence images

showed a noticeable decrease in b-catenin expression in

GD2 and GD3 NPCs compared with controls. Incubation

with rGCase increased b-catenin expression in GD2 and

GD3 NPCs, demonstrating that this phenotype is caused

by GCase deficiency. To determine whether the decreased

b-catenin level inmutantNPCswas due todecreased protein

stability, we treated control and mutant cells with a protea-

some inhibitor (PSI). As shown in Figure 6B, PSI treatment

did not significantly change total b-catenin levels in control

NPCs but markedly increased those in GD2 and GD3 cells.

We then examined the levels of active b-catenin (unphos-

phorylated form) and found that in GD2NPCs, active b-cat-

enin levels were significantly decreased compared with

control NPCs, as assessed by immunofluorescence staining

and immunoblot analysis (Figures 6C and 6E). Western

blot analysis showed that incubation with PSI also restored

active b-catenin expression in GD2 NPCs to control levels,

suggesting that active b-catenin in the mutant cells is desta-

bilized by proteasomal degradation (Figure 6D). To deter-

mine whether active b-catenin levels in mutant cells can be

restored by pharmacological Wnt/b-catenin activators, we

treated control and GD NPCs with the GSK3b inhibitor

CHIR, which prevents b catenin destruction. As shown in

Figure 6E, treatment with CHIR stabilized active b-catenin

in GD NPCs, increasing its expression to a level similar to

that in control cells. rGCase treatment also upregulated

active b-catenin levels inGDNPCs (Figure 6E).We conclude

that in neuronopathicGDNPCs,Wnt/b-catenin signaling is

likelydownregulateddue to increased b-catenindegradation

by the proteasome, and that both exogenousWnt activation

and rGCase treatment can stabilize b-catenin.

Decreased Level of pGSK3b(S9) in Neuronopathic GD

NPCs

GSK3b, the major negative regulator of Wnt signaling,

is a constitutively active kinase that phosphorylates
iled data are repeats from two GD2 patients). **p < 0.005 between
ssed by unpaired Student’s t test.
cultures that were either left untreated or were treated with CHIR for
DA markers examined were AADC, DAT, LMX1B, TH, and DBH. Data
D2 + CHIR as assessed by unpaired Student’s t test. Error bars denote
t).
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Figure 5. Decreased Survival of Neuronopathic GD NPCs in the Absence of Exogenous Wnt Activation
(A) Schematic representation of the protocol used for directed differentiation of iPSCs to DA neurons as described by Kriks et al. (2011).
(B) Representative immunofluorescence images for TH expression (green) in control and GD2 DA neurons generated by directed differ-
entiation of iPSCs as shown in (A). Nuclei were labeled with DAPI (blue). Magnification 203; scale bar, 100 mm.
(C) Control and GD iPSC were differentiated in the presence or absence of CHIR as indicated in the text. Images show the culture dishes
containing control and GD2 iPSC cultures at day 13 of differentiation following the protocol described in (A).
(D) Control and GD2 iPSCs were differentiated in the presence or absence of CHIR and rGCase as indicated in the text. Panels show
representative phase-contrast images for control and GD2 iPSC cultures at day 13 of DA differentiation following the protocol described in
(A). Insets are an enlargement of a small area in each condition. Magnification 103; scale bar, 100 mm.
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Figure 6. Decreased b-Catenin Level in
Neuronopathic GD NPCs
(A) Representative immunofluorescence
images of control, GD3, and GD2 NPCs
stained with anti-b-catenin antibody
(green) and with DAPI (blue). Cells were
either left untreated or were treated with
0.24 U/mL rGCase for 5 days. Magnification
203; scale bar, 100 mm.
(B) Representative immunofluorescence
images of control, GD3, and GD2 NPCs
stained with anti-b-catenin antibodies
(green) and with DAPI (blue). Cells were
either left untreated or were treated with
proteasome inhibitor (PSI) for 18 hr.
Magnification 403; scale bar, 75 mm.
(C) Representative immunofluorescence
images of control and GD2 NPCs stained
with anti-active b-catenin antibodies
(green) and with DAPI (blue). Magnifica-
tion 203; scale bar, 100 mm.
(D) Representative Western blot showing
active b-catenin level in control and GD2
NPCs that were either left untreated or were
treated with PSI for 18 hr as indicated.
b-Actin was used as a loading control.
(E) Representative Western blot showing
active b-catenin level in control and GD2
NPCs. Cells were either left untreated,
treated with rGCase for 5 days, or treated
with the Wnt activator CHIR for 3 days as
indicated. b-Actin was used as a loading
control. Bar graph below represents quan-
titation of active b-catenin level in NPCs
with and without treatment. Data represent
average ± SEM, n = 3–4 per group (compiled
data are repeats from one GD2 patient).
*p < 0.05 between untreated GD2 and all
groups as assessed by one-way ANOVA.
b-catenin, triggering its degradation by the proteasome.

The activity of GSK3b is negatively regulated by inhibi-

tory phosphorylation on Ser 9, which stabilizes b-catenin

by preventing its degradation (Doble and Woodgett,

2003; Verheyen and Gottardi, 2010). To investigate the

mechanism of excess b-catenin degradation in GD

NPCs, we examined the expression of both total GSK3b

and pGSK3b(S9). Western blot analysis showed no

noticeable difference in total GSK3b protein level be-

tween control and mutant NPCs (Figure 7A, upper

panel). However, both the levels and subcellular localiza-

tion of inhibitory pGSK3b(S9) were different in GD NPCs

compared with control cells. Western blot analysis

showed a significant decrease in pGSK3b(S9) levels in
neuronopathic GD NPCs compared with control cells

(Figure 7A, middle and lower panels). As shown in Fig-

ure 7B, immunofluorescence analysis using an antibody

against pGSK3b(S9) also showed marked decrease in

inhibitory pGSK3b(S9) signal in GD2 NPCs compared

with controls. While control NPCs exhibited a bright,

punctate pGSK3b(S9) signal clustered in the supranuclear

region, the pGSK3b(S9) signal in GD2 NPCs was weak

and diffuse in the cytoplasm (Figure 7B, insets). Treat-

ment of GD2 NPCs with rGCase upregulated pGSK3b(S9)

signal intensity and restored its punctate appearance in

these cells (Figure 7B). We conclude that mutant GBA1

interferes with both the activity and subcellular distribu-

tion of GSK3b.
Stem Cell Reports j Vol. 9 j 1853–1867 j December 12, 2017 1861



Figure 7. Decreased pGSK3b(S9) Levels
in Neuronopathic GD NPCs
(A) Representative Western blot showing
levels of total GSK3b (upper panel) and
pGSK3b(S9) (middle panel) in control
and neuronopathic GD NPCs. b-Actin
was used as a loading control. Bar
graph below represents quantitation of
pGSK3b(S9) levels in control, GD2, and
GD3 NPCs. Data represent average ± SEM,
n = 3–4 per group (compiled data
are repeats from two GD2 and two GD3
patients). **p < 0.005 between control
and GD2, *p < 0.05 between control
and GD3.
(B) Representative immunofluorescence
images for pGSK3b(S9) (green) and DAPI
(blue) staining in control and GD2 NPCs.
Cells were either left untreated or were

treated with rGCase for 5 days. Magnification 403; scale bar, 75 mm. Inset is an enlargement of an image area from untreated NPCs showing
pGSK3b(S9) punctuated appearance in control but not in GD2 NPCs. Magnification 403; scale bar, 25 mm.
Decreased Co-localization of pGSK3b(S9) with

Lysosomes in Neuronopathic GD NPCs

It has been proposed that the endolysosomal compartment

is involved in the positive regulation of Wnt/b-catenin

signaling through GSK3b sequestration. Upon Wnt activa-

tion, GSK3b has been shown to be sequestered into endoly-

sosomal vesicles known as microvesicular bodies (MVBs),

thus protecting b-catenin from degradation (Taelman et al.,

2010). We previously demonstrated lysosomal depletion

and autophagy block in neuronopathic but not non-neuro-

nopathic GD iPSC-derived differentiated neurons. These

alterations were linked to downregulation of TFEB (Awad

et al., 2015), the master regulator of lysosomal biogenesis

and autophagy (Settembre et al., 2011). As shown in Figures

S4A and S4B, immunoblot analysis using antibodies against

the lysosomal marker LAMP1 and TFEB showed that both

LAMP1 andTFEB levelswere significantly lower inneurono-

pathic GD NPCs compared with control and non-neurono-

pathic (GD1) NPCs. Thus, neuronopathic GBA1 mutations

caused lysosomal depletion and TFEB downregulation in

early neuronal progenitors (Figure S4) aswell as in differenti-

ated neurons (Awad et al., 2015). To determine whether

lysosomal alterations in GD NPCs were involved in Wnt

deregulation, we examined co-localization of pGSK3b(S9)

with LAMP1 by immunofluorescence imaging. We found

that in control NPCs, the punctuated pGSK3b(S9) fluores-

cence signal overlapped with LAMP1 staining almost

completely (Figure S5A), indicating that in control NPCs,

pGSK3b(S9)co-localizeswith lysosomes. Instrikingcontrast,

GD2 NPCs exhibited weak LAMP1 signal and decreased

pGSK3b(S9) co-localization with LAMP1 (Figure S5A). Treat-

ment with rGCase upregulated LAMP1 expression, restored
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the pGSK3b(S9) punctuated pattern, and increased

pGSK3b(S9)/LAMP1 signal co-localization (Figure S5A). Fig-

ure S5B shows the quantitation of fluorescence signal inten-

sity, which reflected a significant decrease in LAMP1 (Fig-

ure S5B, upper panel) and decreased pGSK3b(S9)/LAMP1

co-localization signal in GD NPCs compared with control

cells (Figure S5B, lower panel). GD NPC treatment with

rGCase significantly increasedLAMP1fluorescence intensity

and co-localizationof pGSK3b(S9)with LAMP1 (Figure S5B).

Treatmentwith themTOR (mammalian target of rapamy-

cin) inhibitor Torin has been shown to upregulate lyso-

somal biogenesis thorough TFEB activation (Settembre

et al., 2012). As shown in Figure S6A, Torin treatmentmark-

edly upregulated LAMP1 expression in GD2 NPCs, and to a

lesser extent in control cells. We then examined whether

enhancing lysosomal biogenesis throughmTOR inhibition

would prevent b-catenin degradation in mutant cells. As

shown in Figure S6B, Torin treatment induced a marked

increase in active b-catenin levels in GD2 NPCs and had a

smaller effect in control cells. Thus, increasing lysosomal

biogenesis in the mutant cells either by Torin treatment

(Figure S6) or by incubation with recombinant GCase (Fig-

ure S5) appeared tobe sufficient to stabilize activeb-catenin.

Taken together, our data suggest that a dysfunctional

endolysosomal compartment in GD NPCs may contribute

to b-catenin destabilization, thus interfering with canoni-

cal Wnt signaling.

DISCUSSION

In this study we report that the ability of rosette-derived

neuronopathic GD NPCs to differentiate to DA neurons



was markedly reduced due to downregulation of

Wnt/b-catenin signaling. This phenotype was rescued by

incubation of the mutant NPCs with CHIR, a potent

Wnt/b-catenin activator. Similar results were obtained

using a different protocol, which has been optimized to

obtain highly enriched populations of DA neurons directly

from iPSCs (Kriks et al., 2011). In the presence of CHIR, a

critical component of this DA differentiation protocol,

the yield of TH-positive neurons from GD iPSC was above

85%. However, omission of CHIR resulted in a marked

loss of DA progenitors in GD but not control cultures,

demonstrating that the mutant DA progenitors require

exogenous Wnt/b-catenin activation for their survival.

We also found that rGCase was able to functionally substi-

tute for CHIR, suggesting that normal GCase activity is

required for canonical Wnt signaling and DA progenitor

survival. A susceptibility of DA neuronal development to

the deleterious effects of GBA1 mutations has been

reported in some in vivo models of GBA1 deficiency but

not in others. Zebrafish with a truncation in the ortholog

of human GBA1 display a decrease in motor activity and

a reduction in DA neuronal cell count, and this effect is in-

dependent from a-synuclein neurotoxicity, as zebrafish

lack this gene (Keatinge et al., 2015); similarly, mutations

or deletion of GBA1 Drosophila orthologs cause dopami-

nergic neuronal loss, defective locomotion, and a shorter

life span (Maor et al., 2016; Sanchez-Martinez et al.,

2016); however, in a GBA�/� medaka model of neurono-

pathic GD, the mutant fish exhibited brain infiltration of

Gaucher-like cells, microgliosis, and progressive neuronal

loss that included but was not limited to TH-positive cells

(Uemura et al., 2015); and in mice with a targeted deletion

of GBA1 in mature, DAT-expressing midbrain dopami-

nergic neurons (DAT-GBA1-KO mice) there was no reduc-

tion in the number of TH-positive neurons in the substan-

tia nigra of the mutant mice (Soria et al., 2017). Thus, the

effect of GBA1 mutation on DA neuronal numbers and

survival seems to be model dependent, and our results

using GD iPSC model will need to be validated in future

studies.

Analysis of postmortem brains from neuronopathic GD

patients shows widespread neurodegeneration in the cere-

bral cortex, hypothalamus, midbrain, and cerebellum

(Kaye et al., 1986; Wong et al., 2004). There is also promi-

nent gliosis, infiltration of Gaucher macrophages, and

neuroinflammation (Kaye et al., 1986; Wong et al., 2004;

Farfel-Becker et al., 2011; Vitner et al., 2012), indicative of

the involvement of multiple cell types in the neuropa-

thology of GD. As the Wnt/b-catenin pathway regulates

neuronal progenitors in different areas of the brain (Chenn

and Walsh, 2002; Nordstrom et al., 2002; Mutch et al.,

2010; Munji et al., 2011; Blauwkamp et al., 2012), it is

possible that Wnt downregulation by mutant GBA1 may
interfere not only with DA neurogenesis but also with

development of other regional neuronal subtypes. This

idea is supported by our finding that in the GBA1 mutant

NPC population, not only were midbrain DA progenitors

depleted but also hindbrain/spinal cord progenitors, which

are also dependent on high Wnt activity. On the other

hand, forebrain progenitors, which require low Wnt activ-

ity, were highly abundant in mutant NPCs. Furthermore,

exogenousWnt activation by CHIR resulted in phenotypic

rescue, with reversal of the mutant NPC population to a

more posteriorized pattern of regional identity. These find-

ings are consistent with previous reports demonstrating

that establishment of the A-P axis in the developing brain

is controlled by a gradient of Wnt signaling activity (Nord-

strom et al., 2002; Blauwkamp et al., 2012; Moya et al.,

2014; Imaizumi et al., 2015). We should note, however,

that while iPSC models of diseases that are manifested

in utero or shortly after birth are powerful tools to identify

potential early developmental abnormalities, the results

of this study cannot be extrapolated to GD pathogenesis

in vivo and only point to future areas of inquiry. Thus,

whether theWnt downregulation uncovered in this neuro-

nopathic GD iPSCmodel reflects pathological mechanisms

of GBA1-associated neurodegeneration will require further

analysis.

GBA1mutations are the highest known risk factor for the

development of PD, and 7% of all cases of PD have muta-

tions in GBA1 (Lwin et al., 2004; Swan and Saunders-Pull-

man, 2013). Although the mechanisms involved in

development of GBA1-associated PD are not well under-

stood, there is evidence that mutant GBA1 increases the

levels and aggregation of a-synuclein in midbrain DA

neurons (Choi et al., 2011; Mazzulli et al., 2011, 2016;

Aflaki et al., 2016; Fernandes et al., 2016), and this is

believed to be a leading cause of DA neuronal loss in PD.

Our results showed that in contrast to controls, DA differ-

entiation of GDNPCs in the absence of CHIR did not result

in upregulation of LMX1b and NURR1, twoWnt-regulated

transcription factors that are essential for the differentia-

tion and maintenance of DA neurons (Zetterstrom et al.,

1997; Kadkhodaei et al., 2009; Doucet-Beaupre et al.,

2015; Laguna et al., 2015). Thus, our results raise the ques-

tion of whether the mechanism described in this study

might be a contributing factor in GBA1-associated PD.

However, the Wnt alterations and developmental pheno-

type reported here were observed in neuronal progenitors

carrying severe biallelic mutations, and no iPSCs from

GD carriers were included in our study. Therefore, without

further analysis our results cannot be extrapolated to

pathogenic mechanisms in PD cases harboring heterozy-

gous GBA1 mutations.

It has been reported that the endolysosomal compart-

ment positively regulates Wnt signaling by sequestering
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GSK3b inside MVBs, thus diminishing the cytosolic avail-

ability of the b-catenin destruction complex (Taelman

et al., 2010). In GD NPCs we detected reduced co-localiza-

tion of pGSK3b with lysosomes, perhaps as a consequence

of the lysosomal depletion caused by mutant GBA1. We

also found that increasing lysosomal biogenesis by either

mTOR inhibition or by incubation with rGCase increased

the levels of active b-catenin in the mutant NPCs. Thus,

reduced sequestration of GSK3b by a defective endolysoso-

mal compartment in the mutant cells may result in

increased b-catenin degradation and attenuation of the

canonical Wnt signal. A similar mechanism of Wnt signal

downregulation was recently reported in studies showing

that diminished TFEB levels in AMPK-deficient EBs

compromise the endolysosomal system, which in turn

blunts Wnt signaling (Young et al., 2016). In our studies,

treatment of the GD mutant cells with rGCase restored

the endolysosomal compartment, increased GSK3b

co-localization with lysosomes, and rescued Wnt activa-

tion and DA generation. Further analysis is required to

ascertain the contribution of lysosomal alterations in

GD NPCs to Wnt signal attenuation and impaired

neurogenesis.

In summary, this study describes a mechanism by which

severe mutations in GBA1 cause neurodevelopmental

defects by interfering with Wnt/b-catenin signaling. Our

finding that pharmacological Wnt activation can restore

the developmental potential of GD NPCs suggests that

early therapeutic intervention, before neuronal progeni-

tors have been significantly depleted, may be a promising

strategy to ameliorate neuronopathic GD.
EXPERIMENTAL PROCEDURES

All control and GD iPSC lines used in this study have been previ-

ously described (Panicker et al., 2012, 2014). The GD iPSC lines

were derived from two acute neuronopathic type 2 GD patients

harboring the biallelic mutations L444P/RecNciI and W184R/

D409H (GD2), two neuronopathic type 3 GD patients with

L444P/L444P mutations (GD3), and a non-neuronopathic type 1

GD patient with N370S/N370S mutations (GD1). Differentiation

of NPCs to DA neurons was performed based on the protocol by

Swistowski and Zeng (2012). For differentiation of DA neurons

directly from iPSCs, we followed the protocol described by Kriks

et al. (2011). All theworkwith human iPSCs described in this study

was carried out with approval from the Institutional Review Board

and Embryonic Stem Cell Research Oversight committees.

Detailed information on all experimental procedures is described

in Supplemental Experimental Procedures.

Statistical Analysis
Data presented were compiled from independent experiments

using iPSCs that were derived from two type 2 GD patients and

two type 3 GD patients, referred to as GD2 and GD3, respectively
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(as indicated in each corresponding figure legend). Results are

expressed as mean ± SEM. Data were analyzed using one-way

ANOVA followed by Tukey’s or Bonferroni’s post test to determine

statistical differences between multiple groups. Two-tailed

unpaired Student’s t tests were used for comparison between two

groups when appropriate. p values of <0.05 were considered statis-

tically significant. The confidence level for significance was 95%.

Data were analyzed using Prism software version 4.0c (GraphPad

Software).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental

Procedures, six figures, and two tables and can be found with this

article online at https://doi.org/10.1016/j.stemcr.2017.10.029.
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SUPPLEMENTAL INFORMATION 
 

SUPPLEMENTAL FIGURES AND TABLES 

 
 
Figure S1. Characterization of iPSCs-derived neuronal progenitor cells (NPCs).  A) Top panel, 
representative immunofluorescence images of control iPSC neuronal rosettes stained for neuronal stem cell 
markers SOX1, NESTIN and PAX6 using specific antibodies.  Nuclei were labeled with DAPI (blue).  
Magnification, 10x; scale bar, 100 µm.  Lower panel, immunofluorescence staining for SOX1 (green) and 
PAX6 (red) in NSCs, which were picked and expanded from neuronal rosettes.  Magnification, 20x; scale 
bar, 50 µm. B) Representative immunofluorescence images of control and GD2 NPCs labeled with 
antibodies against MUSASHI (green), NESTIN (red) and SOX1 (green) as indicated.  Nuclei were labeled 
with DAPI (blue).  Magnification, 20x; scale bar, 50 µm.  C) Immunofluorescence images of GCase 
expression (green) in control and GD2 NPCs.  Nuclei were labeled with DAPI (blue).  Magnification, 40x; 
scale bar, 50 µm.  D) GCase enzyme activity assayed in protein lysates from control, GD2, and GD3 
NPCs.  Cells were either left untreated, or were treated with 0.24 U/ml rGCase for 5 days.  Data represent 
fold-GCase activity relative to untreated control, as measured by fluorescence plate reader in duplicate 
wells (compiled data are repeats from two GD2 and two GD3 patients). Bars represent average + SEM. 
**p<0.005 between indicated groups as assessed by One-way ANOVA.  
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Figure S2. Dopaminergic differentiation of non-neuronopathic GD1 NPCs. Representative 
immunofluorescence images from control and GD1 dopaminergic differentiation cultures.  Neurons were 
co-labeled with anti-TUJ1 (red) and anti-tyrosine hydroxylase (TH, green) antibodies.  Last panel shows 
the overlay of both markers.  Magnification 20x; scale bar, 100 µm. 
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Figure S3.  Analysis of anterior-posterior marker expression in control and GD2 NPCs. A) 
Representative immunofluorescence images from control (Top panel) and GD2 (lower panel) NPCs that 
were labeled with either anti-HOXB4, anti-EN1 or anti-FOXG1 antibodies as indicated.  Also shown are 
the corresponding DAPI-labeled nuclei for each panel.  Magnification 20x; scale bar, 100 µm. B) qRT-PCR 
analysis of the hindbrain/spinal cord markers HOXB4 and HOXC4, and the forebrain markers FOXG1 and 
SIX3 in control and GD2 NPCs.  Data represent fold-change relative to control. *p<0.0001 between control 
and GD2 as assessed by unpaired Student’s t-test. Error bars ±SEM, n = 3 per group (compiled data from 
two GD2 patients). C) Representative immunofluorescence images from GD2 NPCs that were labeled with 
either anti-HOXB4 (top 4 panels) or anti-EN1 (lower 4 panels) antibodies.  Before immunofluorescence 
staining, the cultures were either left untreated or were treated with 3µM CHIR for ten days as indicated.  
Also shown are the corresponding DAPI-labeled nuclei. Magnification 20x; scale bar, 100 µm.  
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Figure S4.  Lysosomal alterations in neuronopathic GD NPCs.  A) Western blot showing LAMP1 and 
TFEB levels in control, GD1, and GD2 NPCs.  β-actin was used as a loading control.  B) Bar graphs 
represent quantitation of LAMP1 (left panel) and TFEB (right panel) levels in GD NPCs relative to control 
NPCs.  Data represent average ±SEM, n = 3 per group (compiled data are from repeats from two GD2 and 
one GD1 patient).  *p<0.05 between GD2 and both control and GD1 as assessed by One-way ANOVA.   
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Figure S5. Decreased pGSK3β (S9) association with the lysosomes in neuronopathic GD NPCs.  
A) Representative immunofluorescence images for pGSK3β(S9) (green), LAMP1 (red), and DAPI (blue) 
staining in control and GD2 NPCs with and without rGCase treatment for 5 days.  The overlay panels show 
co-localization of pGSK3β(S9) signal with LAMP1-labeled lysosomes.  Magnification 40x; scale bar, 75 
µm.  Inset is an enlargement of an area in each overlay panel showing co-localization of pGSK3β(S9) with 
LAMP1 in control NPCs, and in untreated or rGCase-treated GD2 NPCs.  Magnification 40x; scale bar, 25 
µm.  B) Top graph, quantification of LAMP1 fluorescence signal intensity in GD2 NPCs with and without 
rGCase treatment.  Data presented as fold-signal intensity relative to control NPCs.  Bottom graph, 
LAMP1/pGSK3β(S9) co-localization fluorescence signal intensity in GD2 NPCs with and without rGCase 
treatment.  Data presented as fold-signal intensity relative to control NPCs.  Average fluorescence intensity 
was measured in >100 cells/group assayed in at least 4 independent high-power fields. n = 3 per group 
(compiled data are repeats from one GD2 patient).  Bars represent average + SEM. **p<0.005 between 
GD2 and both control and GD2/rGCase as assessed by One-way ANOVA. 
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Figure S6. Pharmacological mTOR inhibition increases active β-catenin level in neuronopathic GD 
NPCs. A) Representative immunofluorescence images from control and GD2 NPCs that were labeled with 
anti-LAMP1 antibodies (red) to visualize the lysosomes.  Cells were either left untreated or were treated 
with 1 µM Torin for 4 hours. Magnification 20x; scale bar, 100 µm. B) Western blot showing active β-
catenin level in control and GD2 NPCs that were either left untreated, or were treated with 1 µM Torin for 
2 and 4 hours as indicated.  β-actin was used as a loading control.  
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 Table S1.  Primary antibodies used for Immunofluorescence staining. 
 
	

 
Antibody 

 

 
Working Dilution 

 
Supplier/ Catalog Number 

SOX1  1:200 Millipore AB15766  

NESTIN  1:200 BD Transduction Laboratories 611658  

PAX6  1:100 Millipore MAB5552 

MUSASHI1  1:200 eBioscience, 14-9896-82 

GBA 1:100 Sigma Aldrich WH0002629M1 

TH 1:100 Novus Biologicals NB300-109 

TH 1:100 Sigma Aldrich T2928 

PITX3   1:200 Millipore AB5722  

VMAT2 1:100 Millipore AB1598 

LMX1  1:100 Millipore AB10533 

FOX2A  1:100 Santa Cruz sc-6554 

GIRK2  1:250 Millipore AB5200 

MAP2  1:200 Millipore MAB3418 

TUJ1  1:200 Neuromics MO15013  

LAMP1  1:200 DSHB H4A3 

ENGRAIL1 (EN1)  1:10 DHSB 4G11  

HOXB4  1:10 DHSB I12 

FOXG1 1:500 
 

Abcam, ab 18259 

β-Catenin  1:200 Santa Cruz Biotech sc-7199 

Non-phospho (active) β-catenin  1:100 Cell Signaling mAb 8814 

Phospho-GSK-3β (Ser9)  
 

 1:200  Cell Signaling mAb 9323 
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Table S2.  Sequence of qRT-PCR primers used in this study.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

AADC-F   5′-GGGACCACAACATGCTGCTC-3′ 

AADC-R 5′-CCACTCCATTCAGAAGGTGCC-3′ 

LMX1B-F 5′-AACTGTACTGCAAACAAGACTACC-3′ 

LMX1B-R 5′-TTCATGTCCCCATCTTCATCCTC-3′ 

Nurr1-F 5′-CGGACAGCAGTCCTCCATTAAGGT-3′ 

Nurr1-R 5′-CTGAAATCGGCAGTACTGACAGCG-3′ 

TH-F 5-GGTTCCCAAGAAAAGTGTCAG-3′ 

TH-R 5′-GGTGTAGACCTCCTTCCAG-3′ 

DBH-F 5′-GTGCTACATTAAGGAGCTTCCAAAG-3′ 

DBH-R 5′-GGCCTCATTGCCCTTGGT-3′ 

VMAT2-F 5′-CTTTGGAGTTGGTTTTGC-3′ 

VMAT2-R 5′-GCAGTTGTGATCCATGAG-3′ 

FOXG1-F 5′-CCCGTCAATGACTTCGCAGA-3′ 

FOXG1-R 5′-GTCCCGTCGTAAAACTTGGC-3′ 

SIX3-F 5′-ACCGGCCTCACTCCCACACA-3′  

SIX3-R 5′-CGCTCGGTCCAATGGCCTGG-3′ 

HOXB4-F  5′-ACGTGAGCACGGTAAACCCCAA-3′  

HOXB4-R 5′-ATTCCTTCTCCAGCTCCAAGACCT-3′ 

HOXC4-F  5′-TTCACGTTAGCACGGTGAAC-3′  

HOXC4-R 5′-GACTTTGGTGTTGGGGAGTC-3′ 

GAPDH-F 5′-CAAGATCATCACGAATGCCTC-3′ 

GAPDH-R 5′-GCATGGACTGTGGTCATGAGTC-3′ 
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES 
 
Generation of iPSC-neuronal progenitor cells (NPCs).  All the control and GD iPSC lines used in this 
study have been previously described (Panicker et al. 2012; Panicker et al. 2014).  The GD iPSC lines were 
derived from two acute neuronopathic type 2 GD patients harboring the bi-allelic mutations L444P/RecNciI 
and W184R/D409H (GD2), two neuronopathic type 3 GD patients with L444P/L444P mutations (GD3), 
and one non-neuronopathic type 1 GD patient with N370S/N370S mutations (GD1).  The analysis was 
carried out using two clones from each GD2 donor, one clone from each GD3 donor and one clone from 
GD1.  iPSCs were cultured on irradiated MEFs as we previously described (Panicker et al. 2012).  To 
generate neuronal progenitors from iPSCs we followed our previously described protocol (Awad et al. 
2015).  Briefly, iPSC-derived embryoid bodies were grown in Matrigel-coated plates (BD Biosciences, San 
Jose, CA) and differentiated into neuronal rosettes.  Neuronal rosettes were manually picked, dissociated 
using StemPro® Accutase (Thermo Fisher Scientific, Halethorpe MD), and expanded in Neurobasal 
medium (Life Technologies, Carlsbad, CA) containing 1X (Vol/Vol) MEM non-essential amino acids (Life 
Technologies), 1X (Vol/Vol) GlutaMAX-I CTS (Life Technologies), 1X (Vol/Vol) B27 supplement (Life 
Technologies), 1X (Vol/Vol) penicillin/streptomycin, and 20 ng/mL bFGF (Stemgent, Lexington, MA). 
NPCs were maintained in culture at high density (>80%) with media change every other day. 
 
Dopaminergic differentiation of iPSC-NPCs.  Differentiation of NPCs to dopaminergic neurons was 
performed as described by Swistowski et al. 2012.  NPCs were plated at 50% density on culture dishes or 
glass cover slips coated with Poly-L-ornithine (20 µg/mL) and laminin (10 µg/mL) (Sigma-Aldrich St. 
Louis, MO).  Dopaminergic differentiation was initiated by culturing neuronal stem cells (NSCs) for 10 
days in Neurobasal medium (Life Technologies) supplemented with 1X (Vol/Vol) MEM non-essential 
amino acids (Life Technologies), 1X (Vol/Vol) GlutaMAX-I CTS, 1X (Vol/Vol) B27 supplement, SHH 
(200 ng/mL, Miltenyi Biotec, Bergisch Gladbach, Germany) and FGF8 (100 ng/mL, Miltenyi Biotec).  
SHH and FGF8 were then withdrawn and replaced with BDNF (20 ng/mL, R&D Systems, Minneapolis, 
MN) and GDNF (20 ng/mL, R&D Systems), cAMP (100 nM) (Sigma-Aldrich) and Ascorbic acid (200 
µM) (Sigma-Aldrich).  Neurons were maintained in culture for 3-4 weeks with media change every 2-3 
days. In some experiments, 3 µM CHIR99021 (Stemgent) was added to the media during DA 
differentiation as indicated.  For direct differentiation of DA neurons from iPSC without going through a 
rosette stage, we followed the protocol described by Kriks et al. (Kriks et al. 2011), which is outlined in 
Figure 5A.  Briefly, iPSC lines were cultured on mouse embryonic fibroblast (MEF) in hES/hiPSC medium 
(DMEM/F12, 20% Knockout serum, L-glutamine, β-mercaptoethanol, MEM/NEAA, and 16 ng/mL 
bFGF).  iPSC colonies were dissociated using StemPro®Accutase (Thermo Fisher Scientific).  MEFs were 
removed by adherence to gelatin for 1 hr at 37°C.  The dissociated iPSCs were then collected and counted.  
About 106 cells from each line were resuspended in MEF conditioned medium supplemented with 10 µM 
ROCK inhibitor (Tocris Bioscience, Ellisville, MO).   Cells were then plated on Matrigel-coated plates and 
expanded until confluent in conditioned medium supplemented with 10 ng/mL bFGF and 10 µM ROCK 
inhibitor.   Differentiation was induced by treatment with 100 nM LDN193189 (Stemgent), 10 µM 
SB431542 (Tocris), 100 ng/mL SHH, 2 µM Purmorphamine (Millipore), and 3 µM CHIR99021 
(Stemgent) as outlined in Figure 5A.  After 11 days, cells were passaged onto Poly-L-
ornithine/laminin/fibronectin in Neurobasal medium supplemented with 20 ng/mL BDNF (R&D systems), 
200 µM Ascorbic acid (Sigma), 20 ng/mL GDNF (R &D systems), 1 mM cAMP (Millipore), 2 ng/mL 
TGFβ3 (R&D systems), and 10 µM DAPT (Tocris).  Cells were fed every other day with the same medium 
composition for 10-15 more days and analyzed as described in the text.  
 
Immunofluorescence analysis.  NPCs were plated on chamber slides (Thermo Fisher Scientific), glass 
coverslips, or glass-bottom culture dishes (MatTek, Ashland MA), and differentiated to DA neurons as 
described above.  NPCs or DA neurons were fixed in 4% (Vol/Vol) paraformaldehyde for 15 minutes and 
blocked in PBS containing 8% FBS (Vol/Vol) for 1 hour.  Primary antibodies or isotype controls were 
diluted in PBS containing 2 mg/mL saponin and incubated for 2 hours at room temperature, or at 4°C 
overnight, followed by 1 hour incubation with the corresponding fluorochrome-conjugated secondary 
antibodies.  Table S1 lists all the primary antibodies that were used. The secondary antibodies were: 
DyLight 488- or 594-conjugated mouse or rabbit (Jackson ImmunoResearch Laboratories, West Grove, 
PA); and Alexa fluor 488-, or 594-conjugated mouse or rabbit (Life Technologies), all at 1:200 dilution.  
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DAPI-containing mounting medium (Vectashield; Vector Laboratories, Burlingame, CA) was used to 
visualize cell nuclei.  For some experiments, NPCs were treated with CHIR99021 (3 µM) (Stemgent) for 3 
days, with proteasome inhibitor Clasto-Lactacystin β-lactone (0.5 mg/mL) (Cayman Chemical, Ann Arbor 
MI) for 18 hours, with Torin (1 µM) for 4 hours, or with recombinant human GCase as described below. 
 
Recombinant GCase treatment. Recombinant human GCase (rGCase) (Cerezyme®, Genzyme, 
Cambridge, MA) was added to NPCs at a concentration of 0.24 U/mL for 5 days.  In some experiments, 
rGCase was added at the EB stage and incubation was continued throughout the NPCs generation and DA 
differentiation period (6-8 weeks), and replenished with each media change as indicated in the text.  
Cerezyme was obtained from patient infusion remnants. 
 
GCase assay. GCase enzyme activity was assayed in NPCs lysate using fluorescence-conjugated substrate, 
as previously described (Panicker et al. 2012; Awad et al. 2015) 
 
Western blot analysis.  Cell lysates of NPCs were prepared using RIPA buffer with protease inhibitor 
(Roche) and phosphatase inhibitors (Pierce) followed by sonication.  Cell lysates were denatured in SDS-
loading buffer at 95°C for 5 min, loaded onto a 4-20% polyacrylamide gel (Bio-Rad, Hercules CA) for 
electrophoresis.  Gels were transferred to a PVDF membrane (Millipore).  The membranes were blocked 
with 5% BSA and probed with the following antibodies as indicated: TFEB (Novus Biologicals, Cat No. 
NB100-1030), LAMP1 (DSHB, Cat. No. H4A3), non-phospho (active) β-catenin (Cell Signaling, Cat. No. 
8814), phospho-GSK-3β (Ser9) (Cell Signaling, Cat. No. 9323), GSK-3β (Cell Signaling, Cat. No. 12456), 
or β Αctin (Cell Signaling, Cat. No. 4967), followed by incubation with the corresponding HRP-conjugated 
secondary antibodies.  Blots were developed using a chemiluminiscence kit (Thermo Fisher Scientific) and 
visualized using Chemi-doc system (Bio-Rad).  Bands were quantitated and analyzed using ImageJ 
software (NIH). 
 
Real-Time PCR. For gene expression analysis, mRNA was isolated form DA neuronal cultures at the 
indicated time points using RNA isolation kit (Qiagen, Germantown, MD), and cDNA was synthesized 
using the iScript kit (Bio-Rad).  Gene expression was determined by quantitative PCR (7900 HT; Applied 
Biosystems, Foster City, CA) in duplicate or triplicate wells using the SYBR Green PCR Master Mix 
(Thermo Fisher Scientific).  The relative mRNA expression of each gene tested was normalized to the 
values of GAPDH mRNA for each reaction, and then normalized to the mRNA levels for the corresponding 
genes.  Table S2 lists the sequence for all primers used in this study. 
 
Imaging. Fluorescence images were captured using an inverted Nikon Eclipse TE-2000 microscope with 
Nikon Imaging Systems (NIS)-Elements AR 3.0 collection software, or upright Nikon Eclipse E-800 
microscope with SPOT Imaging Systems.  High-resolution images were captured using Zeiss LSM-510 
confocal microscope (Carl Zeiss) and an AxioCam digital microscope camera or DMi8 Leica fluorescence 
microscope with Leica Application Suite X software.  Fluorescence intensity was measured using ImageJ 
software with RGB analysis plugin.  For quantitation of TH expression, NPCs or iPSCs were differentiated 
to DA neurons as described above.  Fluorescence microscopy images were acquired at 20x magnification 
from at least three fields.  The percentage of TH expression was calculated as the number of TH positive 
cells divided by the number of DAPI-positive nuclei in the same vision field. 
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