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Abstract

Gaucher disease (GD) results frommutations in the acid b-glucocerebrosidase (GCase) encoding gene, GBA, which leads to

accumulation of glucosylceramides. GD patients and carriers of GDmutations have a significantly higher propensity to

develop Parkinson disease (PD) in comparison to the non-GD population. In this study, we used the fruit fly Drosophila mela-

nogaster to show that development of PD in carriers of GDmutations results from the presence of mutant GBA alleles.

Drosophila has two GBA orthologs (CG31148 and CG31414), each of which has a minos insertion, which creates C-terminal de-

letion in the encoded GCase. Flies double heterozygous for the endogenous mutant GBA orthologs presented Unfolded

Protein Response (UPR) and developed parkinsonian signs, manifested by death of dopaminergic cells, defective locomotion

and a shorter life span. We also established transgenic flies carrying the mutant human N370S, L444P and the 84GG variants.

UPR activation and development of parkinsonian signs could be recapitulated in flies expressing these three mutant variants.

UPR and parkinsonian signs could be partially rescued by growing the double heterozygous flies, or flies expressing the N370S

or the L444P human mutant GCase variants, in the presence of the pharmacological chaperone ambroxol, which binds and

removes mutant GCase from the endoplasmic reticulum (ER). However flies expressing the 84GGmutant, that does not

express mature GCase, did not exhibit rescue by ambroxol. Our results strongly suggest that the presence of a mutant GBA

allele in dopaminergic cells leads to ER stress and to their death, and contributes to development of PD.

Introduction

Gaucher disease (GD) is a lysosomal storage disease that results

from mutation in the GBA gene encoding lysosomal acid b-glu-

cocerebrosidase (GCase) (1). The disease is characterized by ac-

cumulation of glucosylceramide mainly in monocyte-derived

cells. Due to its heterogeneity, the disease has been divided into

three types: the type 1 GD, primarily a non-neurological disease,

and Type 2 and 3, two forms associated with a neuronopathic

disease (2,3).

More than 300 mutations were identified in the GBA gene. A

large fraction of them are missense mutations, though prema-

ture termination, splice site mutations, deletions and recombi-

nant alleles have been recognized as well (4). There are several

abundant mutations. For example, the N370S mutation is the

most prevalent among type 1 GD patients (5), while the L444P

mutation is most common among the neuronopathic forms of

GD. The majority of patients homozygous for the L444P muta-

tion develop type 3 GD (6). The 84GG mutation is an insertion of

a guanine 84 nucleotides downstream from the first initiator
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methionine of the GBA mRNA, resulting in premature protein

termination (7).

As a lysosomal enzyme, GCase in synthesized in the endo-

plasmic reticulum (ER) on ER-bound polyribosomes. Upon its

entry into the ER, it undergoes N-linked glycosylation on

four asparagines, after which it is subject to ER quality control.

When correctly folded it shuttles to the Golgi compartment for

further modifications on its N-linked glycans and finally it traf-

fics to the lysosomes (8–11). Mutant GCase variants undergo

ER-associated degradation (ERAD), the degree of which corre-

lates with disease severity (12). ER-retained mutant

GCase leads to ER stress and to unfolded protein response

(UPR) (13).

In recent years, a large number of independent studies doc-

umented association between GD and Parkinson disease (PD).

GD patients have significantly higher propensity to develop PD

than non-GD population, and a high frequency of GD muta-

tions were found in PD population (14–23). PD is the second

most common motor neurodegenerative disorder that usu-

ally affects individuals above the age of 60. The hallmark of

PD is the loss of dopaminergic cells in the substansia nigra

pars compacta, which results in movement disorder with

resting tremor, stiffness, postural instability and bradykinesia

(24).

The accumulation of misfolded proteins in the brain is a

common feature in many neurodegenerative diseases such

as Huntington’s disease, Alzheimer’s disease and Amyotro-

phic Lateral Sclerosis (25,26). Accumulation of misfolded pro-

teins has also been documented in PD (27), contributing to ER

stress (28) and upregulation of the UPR pathways (29).

This raises the possibility that accumulation of misfolded pro-

teins in PD triggers stress-response pathways that induce neu-

rotoxicity and cell death exhibited in brains of afflicted

patients.

As ERAD and UPR are well conserved across species,

Drosophila has proven an excellent organism to model neuro-

nal degenerative diseases in general and PD in particular (30–

33). Deregulation of gene expression can be achieved in the fly

by the use of existing mutations, the use of lines containing

endogenous genes with an insertion of a transposable element

(34), by siRNA or by mutating the gene using the CRISPR-Cas

system (35,36). Transgenic expression of heterologous genes is

another way to follow the in vivo effect of expression of nor-

mal or mutant genes in the fly. Expression of the foreign gene

is regulated by the GAL4 transcription factor, under any de-

sired promoter, with a wide or a very narrow expression pat-

tern (37).

In a previous study, we have shown UPR activation in fibro-

blasts derived from GD patients and in fibroblasts heterozygous

for various GD mutations. We, and others, have also demon-

strated that in Drosophila melanogaster models for carriers of GD

mutations, UPR was activated (13,38) and that locomotion of the

flies was impaired (13).

In this study, we extended our analyses to show that

aging flies, double heterozygous for the fly GBA variants, pre-

sented death of dopaminergic cells, impaired negative

geotaxis and a shorter life span compared with normal flies.

Transgenic flies expressing the N370S, L444P or the 84GG hu-

man mutations also showed UPR and developed parkinsonian

signs. With the exception of the 84GG line, in all fly models UPR

as well as parkinsonian signs could be partially rescued by the

addition of the pharmacological chaperone ambroxol, high-

lighting the importance of misfolded protein in development of

PD.

Results

Parkinsonian signs in GBA double heterozygous flies

Two GBA homologs exist on chromosome 3 of D. melanogaster,

designated CG31414 and CG31148, encoding proteins with �31%

identity and �50% similarity to the human GCase. There are two

available fly lines, each carrying a minos transposable element

insertion in one of the fly GBA orthologs (13). In each case the

minos insertion causes premature termination of the fly GCase

protein. As a result, mutant CG31414 and CG31148 GCases are 129

and 34 amino acids shorter, respectively, than the corresponding

wild-type fly proteins. By crossing these two lines to each other

we generated double heterozygous flies as a model for the GD

carrier state in humans. These flies did not accumulate glucosyl-

ceramide, in comparison to positive controls (fibroblasts derived

from type 2 GD patients or mouse macrophages, that were

treated with the GCase inhibitor conduritol B epoxide [CBE]), as

tested on thin-layer chromatography (TLC) (Fig. 1A). In a previous

work we have shown, using the artificial substrate 4-methyl

umbelliferyl glucopyranoside, that GCase activity in the double

heterozygotes is decreased by 30% compared with that in normal

flies. In this study, we tested GCase activity using the synthetic

GCase substrate C6-NBD-GlcCer. The results showed a 30% de-

crease in activity of the GCase in the double heterozygotes com-

pared with that of normal flies (Fig. 1B), which is the expected

decrease in activity expected in carriers of GD mutations. We

have previously shown that there is UPR activation in these dou-

ble heterozygous flies and age-dependent decrease in their loco-

motive ability (13). In this study, we directly tested death of

dopaminergic cells by quantifying the amount of tyrosine hy-

droxylase (TH), as a marker of dopaminergic cells, in heads of ag-

ing flies. To do so, we tested the amount of TH on western blots

of head lysates or quantified the fluorescence intensity as well as

the number of dopaminergic cells that interacted with anti-TH

antibodies in fixed, stained brains. As shown in Figure 1C and D

there was a significant decrease in the amount of TH in heads of

double heterozygous flies already at day 12 post-eclosion, in com-

parison to control flies. This difference was more pronounced at

day 22 post-eclosion, clearly indicating death of dopaminergic

cells. Fluorescence intensity of TH was analyzed in the posterior

region of the brain, where �70 dopaminergic cells occupy very

distinct areas (39) (Fig. 1E). As shown (Fig. 1F and G), fluorescence

intensity significantly decreased in double heterozygous brains

already at day 12 post-eclosion, strongly indicating that dopami-

nergic cells gradually lose their ability to synthesize TH before

they die. TH positive cells were also counted in the protocerebral

posterior lateral region 1 (PPL1) and protocerebral posterior me-

dial regions 1, 2 and 3 (PPM1/2, PPM3) (Fig. 1D) at 2, 12 and 22 days

post-eclosion (Fig. 2A–C). At days 2 (Fig. 2A) and 12 (Fig. 2B) post-

eclosion there was no significant difference in the number of TH

positive cells between the double heterozygous flies and the con-

trol flies. However, at day 22 post-eclosion (Fig. 2C), a significant

decrease in the number of TH positive cells was noted in all the

analyzed regions in the double heterozygous flies compared with

the control counterparts. Taking into consideration that dying

cells express low TH levels, cell numbers were not much different

between control and double heterozygous flies at day 12, but the

amount of TH on gels and its intensity were significantly different

at day 12 between control and double heterozygotes. We have

shown in the past a significant decrease in the locomotive ability

of aging double heterozygous flies. The survival of the double het-

erozygous flies was significantly lower than that of the control

flies. Although control flies showed 50% survival at day 60, the
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same percentage of survival for double heterozygotes was found

at day 22 (Fig. 2D).

Taken together our results point to development of parkin-

sonian signs in aging flies that are double heterozygous in their

two GBA genes, CG31148 and CG31414.

Parkinsonian signs in transgenic flies expressing
humanmutant GCase

We decided to test the effect of mutant GCase on development

of parkinsonian signs in transgenic flies expressing the human

GCase variants, and which otherwise have and express the nor-

mal set of two endogenous fly GBA genes. The GAL4-UAS bipar-

tite system was used to drive expression of the normal, the

N370S and the L444P human GCase variants in the dopaminer-

gic cells, using the Ddc-GAL4 driver (40). We have shown in the

past that these human GCase mutant variants present different

degrees of ER retention, detected by their endo-H sensitivity,

and increased UPR (13). The expression level of the different

transgenes was re-tested and was consistent with ERAD of the

mutant GCase variants, as previously shown (Fig. 5A in Maor et

al., 2013). Thus, the L444P mutant GCase underwent extensive

Figure 1. Decrease in amount of TH in flies double heterozygous for the fly GBA homologs. (A) TLC plate showing no GlcCer accumulation in heads and bodies of 22-

day-old flies in comparison to its accumulation in type 2 GD fibroblasts or in RAW 264.7 mouse macrophages, both treated with 200 lM CBE for 10 days. (B) Activity as-

say using the synthetic fluorescent GCase substrate C6-NBD showing activity level of GCase in double heterozygous flies in comparison to control flies. For a positive

control, control flies were treated with 3 lM of the GCase inhibitor CBE. (C) Protein lysates, prepared from heads of 10 w1118 (cont.) or double heterozygous flies (double

hets.) at days 2, 12 and 22 post-eclosion, were subjected to western blotting. The corresponding blots were interacted with anti TH antibody. As a loading control, the

blots were interacted with anti-actin antibody. (D) Intensities of the corresponding bands were quantified by densitometry and the value obtained for control flies was

considered 1. Results represent the mean6SEM of four independent experiments. (E) Schematic representation of dopaminergic neuronal clusters in the posterior re-

gion of the Drosophila brain. (F) Representative confocal images of brains that were isolated from w1118 (cont.) or double heterozygous (double hets.) flies after staining

with anti-TH antibody, at days 2, 12 and 22 post-eclosion. G. Quantification of signal intensity obtained from brains at 2, 12 and 22 days post-eclosion. Results represent

the mean6SEM of 15 brains (n¼ 15). **P < 0.01.
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ERAD, in comparison to the N370S mutant variant, in accor-

dance with the severity associated with these two mutations in

humans, and as shown in GD patients (12) (Fig. 3A). Therefore,

the amount of mature lysosomal L444P GCase was the lowest

(Fig. 3A). Dopaminergic cells were stained with anti-TH antibod-

ies and anti-myc antibody to confirm expression of the trans-

genes in dopaminergic cells (Fig. 3B).

To follow death of dopaminergic cells, TH was quantified in

brain lysates on western blots. The results indicated a signifi-

cant decrease in the amount of TH in brains of transgenic flies

expressing mutant human GCase, at day 22 post-eclosion, in

comparison to its amount in flies expressing normal human

GCase or in control flies expressing only the Ddc-GAL4 driver

(Fig. 3C and D).

Quantification of the amount of TH fluorescence emitted

from dopaminergic cells (Fig. 4A) showed limited death of dopa-

minergic cells at days 2 and 12 post-eclosion for all tested lines

(Fig. 4B). Extent of death of dopaminergic cells in the flies ex-

pressing the mutant variant forms in comparison to the normal

human GCase was significantly higher at day 22 post-eclosion

(Fig. 4B). The number of dopaminergic neurons was tested in

the PPL1, PPM1/2 and PPM3 regions of brains of the transgenic

flies. There was no significant difference in the number of dopa-

minergic cells between flies expressing the transgenic normal

or the mutant (N370S or L444P) GCase variants at days 2 (Fig 4C)

or 12 (Fig 4D) post-eclosion. At day 22 post-eclosion, there was a

significant decrease in the number of TH positive cells in all

tested areas of the brains of transgenic flies expressing mutant

human GCase variants but not in brains of flies expressing the

normal human GCase (Fig. 4E).

We have already shown in the past that aging flies express-

ing the human N370S or the L444P mutant variants present de-

creased locomotor activity, as tested by climbing assays (13). In

the present study we tested the effect of expression of mutant

human GCase in dopaminergic cells on fly survival. The results

(Fig. 4F) strongly indicated that flies expressing the N370S or the

L444P mutant GCase variants in their dopaminergic neurons

presented premature death in comparison with flies expressing

the normal human GCase.

To summarize, the results strongly indicate the develop-

ment of parkinsonian signs in transgenic flies expressing the

human mutant GCase variants N370S and L444P.

Rescue of parkinsonian signs in GBA double
heterozygous and GCase transgenic flies by ambroxol

Our results suggest that the parkinsonian signs, presented by

the GBA double heterozygous flies as well as by the transgenic

flies, expressing human mutant N370S or L444P, resulted from

ER retention of mutant GCase, which activated UPR. If this is re-

ally so, removing mutant GCase from the ER should rescue, at

least partially, the phenotype. Such removal of mutant mis-

folded GCase molecules from the ER can be achieved by phar-

macological chaperones (41–44). Pharmacological chaperones

are small molecules that bind to mutant proteins in the ER and

stabilize their native folding, thus enabling them to leave the ER

(45,46). As small molecules, pharmacological chaperones can

cross the blood brain barrier, thus be applicable for neurodegen-

erative diseases (47–49). One such GCase chaperone is

ambroxol, previously used to increase amount and lysosomal

activity of mutant GCase in GD-derived skin fibroblasts

(38,42,50,51). Growth of GBA double heterozygous flies on 1mM

ambroxol containing food resulted in decreased levels of UPR

parameters: Hsc-70-3 mRNA level and splicing of Xbp-1 mRNA

compared with untreated flies (Fig. 5A). The same was true for

ambroxol treated transgenic flies, expressing the N370S or the

L444P mutant GCase variants in comparison to flies expressing

the normal human GCase (Fig. 6A). The amount of TH (tested by

western blotting, by its fluorescence intensity and by the num-

ber of TH containing cells in the posterior region of the brain) in-

creased in the treated double heterozygous flies (Fig. 5B–F) as

Figure 2. Degeneration of dopaminergic neurons and decreased survival in flies double heterozygous for the fly GBA homologs. Quantitative representation of the aver-

age number of cells in dopaminergic clusters in the brains at days 2 (A), 12 (B) or 22 (C) post-eclosion. Results represent the mean6SEM of 15 brains. (D) Kaplan Meier

curve showing the overall survival rates of control and double heterozygote flies tested on 100 flies. Flies were grown as 10 flies per vial and were transferred to fresh

food every other day. ***P < 0.005.
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well as in treated transgenic flies expressing mutant, but not

normal human GCase compared with the corresponding

untreated flies (Fig. 6B–F). It also led to partial rescue of the de-

fective locomotion of the flies compared with untreated coun-

terparts (Fig. 5G and 6G), strongly indicating that removal of

mutant misfolded GCase from the ER alleviated development of

PD-like disease in the fly.

Activation of UPR pathways and development of
parkinsonian signs in 84GG transgenic flies

The 84GG mutation is an insertion of a guanine after the 84th

nucleotide of the human GBA mRNA (7), starting from the first

ATG (52,53). This mutation leads to shift of frame and prema-

ture termination 18 amino acids downstream from the insertion

and to a putative 48 amino acids peptide. The amount of GCase

mRNA in individuals carrying this mutation is normal, but no

protein product has been detected (7). No homozygous new-

borns for this mutation have been reported thus far. Flies ex-

pressing the human 84GG transgene under the Da-GAL4 driver

contained an 84GG mRNA product (Fig. 7A). They presented ele-

vation in transcription of the chaperone Hsc-70-3, in splicing of

the transcription factor Xbp-1 (Fig. 7B) and in phosphorylation

of the initiation factor eIF2a (Fig. 7C and D). Like human carriers

of these mutations, flies transgenic for the 84GG mutations pre-

sented activation of the UPR pathways.

The 84GG transgenic flies, expressing the transgene under

the Ddc-GAL4 driver developed parkinsonian signs. Their sur-

vival was significantly shorter than that of wild-type flies or flies

expressing the normal human GCase (Fig. 7E). Likewise, there

was a significant decrease in the amount of TH in the 84GG ex-

pressing flies compared with flies expressing the normal human

GCase, as tested by western blotting (Fig. 7F).

In the 84GG expressing flies UPR and parkinsonian signs

cannot be attributed to retention of misfolded GCase. Therefore,

ambroxol should not rescue their defective phenotype. Indeed,

ambroxol did not change the tested UPR parameters: Hsc-70-3

mRNA and Xbp1 splicing (Fig. 8A) in these flies. More so, there

was no change in the number of dopaminergic cells in these

flies as inferred from examining the TH levels in their brains by

western blotting (Fig. 8B and C), by counting the number of do-

paminergic cells in the posterior region of their brain (Fig. 8D

and E) and by monitoring the intensity of fluorescence emitted

by TH containing cells in their brain (Fig. 8F). The results of all

these experiments strongly indicated death of TH containing,

dopaminergic cells. As expected, growing the 84GG transgenic

flies on ambroxol containing food did not affect their defective

locomotion (Fig. 8G). These results imply that there is no mature

Figure 3. Parkinsonian signs in transgenic flies expressing mutant versions of human GCase. (A) Protein lysates were prepared from 10 flies expressing the human

UAS-mycHisWTGCase or human UAS-mycHisN370SGCase, driven by daughterless (Da) - GAL4. Samples, containing 100 lg of protein, were subjected to overnight

Endo-H digestion, after which they were electrophoresed through SDS-PAGE and the corresponding blot was interacted with anti-GCase and anti-actin antibodies. lys-

lysosomal, endo-H resistant, fraction. (B) Confocal images of flies expressing mycHis WT, N370S or L444P human GCase transgenes under the Ddc- GAL4 driver. Brains

were stained at day 2 using anti-TH antibody (green) and anti-myc-antibody (red). The images show co-expression of TH and GCase in one confocal plane. (C) Protein

lysates were prepared from heads of 10 control flies, or 10 flies expressing normal human GCase variants, at days 2, 12 and 22 days post-eclosion, and were subjected

to western blotting. The corresponding blots were interacted with anti-TH antibody. As a loading control, the blots were interacted with anti-actin antibody. (D)

Intensities of the corresponding bands were quantified by densitometry and the value obtained for control flies was considered 1. Results represent the mean6SEM of

four independent experiments. **P < 0.01.
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84GG protein that ambroxol can bind and remove from the ER.

Therefore, there is no alleviation of UPR in the 84GG transgenic

flies and no improvement in PD-like signs by a pharmacological

chaperone.

Discussion

In this study, we show that flies carrying mutations in the two

Drosophila GBA genes: CG31148 and CG31414 (namely double

heterozygous flies) or transgenic flies expressing the human

mutant N370S, the L444P or the 84GG mutations, developed par-

kinsonian signs. We also show that the parkinsonian phenotype

could be alleviated in flies carrying misfolded mutant GCase

(the N370S or for the L444P mutant variants) by growing them in

the presence of the pharmacological chaperone ambroxol.

These results strongly imply that presence of mutant GCase in

the ER plays a major role in development of Parkinson’s-like

disease in the fly. Another group has shown that expression of

the mutant human R120W or the RecNci variants in the fly eye

leads to ER stress, UPR activation and degeneration of the eye

(38). Both studies imply that ER stress caused by mutant GCase

leads to neurodegeneration.

In this study, we also tested the effect of the 84GG GBA allele

that does not express a mature GCase, on UPR activation and

development of parkinsonian signs. It is of note that the mutant

84GG allele has been widely observed among PD patients

(54,55). Moreover, we have documented UPR activation in skin

fibroblasts derived from an 84GG-carrying individual (13). The

84GG expressing flies exhibited activation of UPR and develop-

ment of parkinsonian signs. Treatment with ambroxol did not

improve UPR parameters or the course of Parkinson’s-like dis-

ease. The question remains what drives this UPR activation. We

Figure 4. Degeneration of dopaminergic neurons and decreased survival in transgenic flies expressing mutant versions of human GCase. (A) Representative confocal

images of brains isolated from control flies (w118, cont.) or flies expressing the different human GCase transgenes, following their staining with anti-TH antibody, at

days 2, 12 and 22 post-eclosion. (B) Quantification of signal intensity obtained from the tested brains described in (A). Quantitative representation of the average num-

ber of cells in dopaminergic clusters at days 2 (C), 12 (D) or 22 (E) post-eclosion. Results represent the mean6SEM of 15 brains. (F) Kaplan Meier curve showing the over-

all survival rates of control (Ddc-GAL4), or flies expressing wild-type, N370S or L444P human GCase flies tested on 100 flies. Flies were grown as 10 flies per vial and

were transferred to fresh food. ***P < 0.005.
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hypothesize that a small, 48 amino acids peptide, translated

from the 84GG mRNA, either clogs the translocons (56) or else,

enters the ER with or without its signal peptide and activates

one of the BiP-bound ER receptors, thus, inducing UPR. There is

evidence that small molecules or peptides can activate the UPR.

For example, a small peptide that binds IRE1, one of the three

ER membranal receptors (57), activated the UPR (58). In another

work three chemical compounds were shown to activate UPR

via binding to PERK (59). Further studies are needed to solve this

enigma.

It has been well documented that GD patients and carriers of

GD mutations have a significantly higher propensity to develop

PD in comparison to the non-GD population (14–19,22,23,48,60–

67). Since carriers of GDmutations develop PD, a mutant GBA al-

lele is a predisposing factor for the development of PD and,

therefore, a dominant effect of mutant GBA gene should be con-

sidered. Dominance can result from haplo-insufficiency or from

gain of function (68). Haplo-insufficiency is a situation where

the single normal allele does not yield enough product, leading

to development of clinical disease signs. Gain of function refers

Figure 5. Rescue of the parkinsonian phenotype in flies double heterozygous for the fly GBA homologs. (A) RNA was isolated from ambroxol treated or untreated double

heterozygous flies, and the cDNA prepared from it was subjected to quantitative RT-PCR with primers specific for Drosophila Hsc-70-3 or for the spliced form of

Drosophila Xbp1. The results (three different experiments) were quantified, and the values obtained for untreated flies were considered 1. RP49 was used as a normaliz-

ing control. (B) Protein lysates prepared from heads of ten double heterozygous flies, treated or untreated with 1mM ambroxol for 22 days, were subjected to western

blotting and interaction with anti-TH antibody. As a loading control, the blots were interacted with anti-actin antibody. (C) Intensities of the corresponding bands were

quantified by densitometry and the value obtained for untreated flies was considered 1. Results represent the mean6SEM of four independent experiments. (D)

Representative confocal images of adult brains from treated and untreated double heterozygous flies, stained with anti-TH antibody at day 22 post-eclosion. (E)

Quantitative representation of the average number of cells in dopaminergic clusters. Results represent the mean6SEM of 15 brains. (F) Quantification of signal inten-

sity obtained from the brains described in (D). Results represent the mean6SEM of 15 brains. (G) Five vials, each containing 10 double heterozygous flies were analyzed

for locomotion behavior at days 2, 12 and 22 post-eclosion. *P < 0.05; **P < 0.01; ***P < 0.05.
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Figure 6. Rescue of parkinsonian phenotype in transgenic flies expressing mutant human GCase. (A) RNA was isolated from ambroxol treated or untreated transgenic

flies, expressing the normal or the N370S or L444P human GCase variants, and the cDNA prepared from it was subjected to quantitative RT-PCR with primers specific

for Drosophila Hsc-70-3 or for the spliced form of Drosophila Xbp1. The results (three different experiments) were quantified, and the values obtained for untreated flies

were considered 1. RP49 was used as a normalizing control. (B) Lysates prepared from heads of transgenic flies, treated or untreated with 1mM ambroxol, were ana-

lyzed by western blotting, as described in the legend to Figure 5. (C) Intensities of the corresponding bands were quantified by densitometry and the value obtained for

untreated flies was considered 1. Results represent the mean6SEM of four independent experiments. (D) Representative confocal images of adult brains of transgenic

flies, expressing the human normal (mycHisWTGCase), the N370S (mycHisN370SGCase) or the L444P (mycHisL444PGCase) variants, untreated or ambroxol treated, fol-

lowing their staining with anti-TH antibody at day 22 post-eclosion. (E) Quantitative representation of the average number of cells in dopaminergic clusters. Results

represent the mean6SEM of 15 brains. (F) Quantification of TH signal intensity (Signal intensity) obtained from tested brains at day 22 post-eclosion. Results represent

the mean6SEM of 15 brains. (G) Flies expressing wild-type, N370S or L444P human GCase transgenes in their dopaminergic cells were treated with 1mM ambroxol and

analyzed for climbing ability. **P < 0.01.
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to a gene product with a deleterious cellular effect (68). Since

there is no accumulation of glucosylceramide in brains of car-

riers of GD mutations (69), dominant deleterious effect of the

mutant GBA gene product is a possible cause for development

of PD in the carriers. In the present work we show that presence

of endogenous mutant misfolded GCase or heterologously ex-

pressed transgenic mutant GCase variants activate the UPR and

lead to development of parkinsonian signs in D. melanogaster.

Figure 7. Activation of the UPR pathways and development of parkinsonian signs in 84GG transgenic flies. (A) RNA was isolated from Ddc-GAL4 or from flies expressing

the human wild-type or the 84GG GBA transgenes under the Ddc-GAL4 driver. cDNA was prepared and subjected to PCR using primers specific for an 1200bp fragment

of the human GBA mRNA. Primers for the CG31414 Drosophila gene were used as a DNA loading control. Products were separated through a 1% agarose gel. (B) RNA was

isolated from the above-mentioned flies, and the cDNA prepared from it was subjected to quantitative RT-PCR with the appropriate primers. RP49 was used as a nor-

malizing control. The results (three different experiments) were quantified and the values obtained for flies expressing normal human GCase were considered 1. (C)

Protein lysates, prepared from Da-GAL4 (Cont.), or flies expressing WT and 84GG human GCase using the Da-GAL4 driver, were subjected to western blotting and inter-

action with anti-phosphorylated eIF2a antibodies (p-eIF2a). As a loading control, the blot was interacted with anti-IF2a antibodies. (D) The results (three different exper-

iments) were quantified and the values obtained for control flies were considered 1. (E) Kaplan Meier curve showing the overall survival rates of control (Ddc-GAL4), or

flies expressing wild-type, or 84GG human GCase tested on 100 flies. Flies were grown as 10 flies per vials and were transferred to fresh food every other day. (F) Protein

lysates were prepared from heads of 10 transgenic flies with the genotypes: Ddc-GAL4; wild-type GCase (cont.) or Ddc-GAL4; 84GG GCase, at days 2, 12 and 22 post-

eclosion. They were subjected to western blotting and the corresponding blots were interacted with anti-TH antibody. As a loading control, the blots were interacted

with anti-actin antibody. (G) Intensities of the corresponding bands were quantified by densitometry and the value obtained for control flies was considered 1. Results

represent the mean6SEM of four independent experiments. **P < 0.01.
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Figure 8. Development of parkinsonian signs in 84GG transgenic flies. (A) Transcription levels of Drosophila Hsc-70-3 or of the spliced form of Drosophila Xbp1 in

ambroxol treated or untreated flies, expressing the human 84GG GBA transgene, were analyzed by quantitative RT PCR as described in the legend to Figure 5. The

results (three different experiments) were quantified, and the values obtained for untreated flies were considered 1. RP49 was used as a normalizing control. (B) Protein

lysates prepared from heads of ten Ddc-GAL4 flies or flies expressing the 84GG human GBA transgene, treated or untreated with 1mM ambroxol for 22 days, were sub-

jected to western blotting and interaction with anti-TH antibody. As a loading control, the blots were interacted with anti-actin antibody. (C) Intensities of the corre-

sponding bands were quantified by densitometry and the value obtained for untreated flies was considered 1. Results represent the mean6SEM of four independent

experiments. (D) Representative confocal images of the posterior region of brains isolated from Ddc-GAL4 flies or flies expressing the human 84GG GBA transgene,

stained with anti-TH antibody at days 2, 12, 22 post-eclosion and treatment with 1mM ambroxol. (E) Quantitative representation of the average number of cells in

dopaminergic clusters. Results represent the mean6SEM of 15 brains. (F) Quantification of TH signal intensity obtained from tested brains at days 2, 12, 22 post-eclo-

sion and treatment with 1mM ambroxol. Results represent the mean6SEM of 15 brains. (G) Five vials, each containing 10 control flies or control, or flies expressing the

wild-type or the 84GG human GBA transgenes were analyzed for locomotion behavior. Climbing ability was tested at days 2, 12 and 22 post-eclosion. For each fly line,

locomotion at day 2 was considered 100%. **P < .01, ***P < 0.005.
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Such effects of mutant GCase on development of Parkinson’s-

like disease has not been shown in the different mice models

that exist for GD. There are several mouse models for GD, rang-

ing from knockout to knockin models. GBA knockout mice have

a complete loss of GBA expression. They accumulate the gluco-

sylceramide substrate but do not have misfolded GCase (70–73),

and therefore are not suitable as models to study the contribu-

tion of mutant GCase to the development of PD. On the other

hand, none of the GBA knockin animals mimic the human phe-

notype. Thus, while most N370S homozygous patients present

with a mild disease (5,74), mice with the same genotype die

soon after birth due to a severe skin lesion (75). On the other

hand, patients homozygous for the L444P mutation develop

Type 3 GD, whereas the parallel animals do not accumulate glu-

cosylceramide in their brain (76). Mouse models for GD, and

mice carrying a mutant GBA allele, have been reported to de-

velop synucleinopathies, but none of the knockout or knockin

models has ever developed death of dopaminergic cells or ex-

hibited decline of motoric skills (48,77–81). The fact that none of

the GD mice models phenocopy the human disease makes it

reasonable to use Drosophila models to study the development

of parkinsonian signs in carriers of GDmutations. As mentioned

earlier, Drosophila has proven as an excellent tool to study hu-

man neurodegenerative diseases and protein misfolding dis-

eases in general (31,32,33) and PD in particular (40,82–86).

A growing number of publications discuss a possible contri-

bution of factors like substrate accumulation (48,80), altered

lipid metabolism or lysosomal dysfunction (87) to the develop-

ment of PD. Substrate accumulation has never been recorded in

carriers of GD mutations (69) or in mice heterozygous for a null

or a knockin GBA mutation (48,77), nor in Type 1 GD patients. In

this study, we show that GBA double heterozygous mutant flies

do not accumulate the glucosylceramide substrate (Fig. 1A). A

minor accumulation of GlcCer has been reported in neurons dif-

ferentiated from inducible pluripotent stem cells heterozygous

for GBA mutations (88).

Altered lipid metabolism has also been discussed as a possi-

ble mechanism to initiate development of PD in carriers of GD

mutations (69). Concerning lysosomal dysfunction, we assume

that it results from aggravated autophagy, already reported in

cells carrying GD mutations (89,90). Dysregulated autophagy is a

well-documented outcome of ER stress (91), which occurs in car-

riers of GDmutations due to ER retention of mutant GCase.

A key factor contributing to PD is a-synuclein. One of the ma-

jor characteristics of PD is the presence of insoluble oligomeric

and fibrillar a-synuclein-positive inclusions known as Lewy

bodies and Lewy neurites in neurons in the substantia nigra

pars compacta (92) (for review, see:(93)) Alpha-synuclein is a

membrane associated 19kDa protein, found in neuronal synap-

ses (94). In brain autopsies from PD patients, who were GD pa-

tients or carriers of GBA mutations, there was accumulation of

a-synuclein aggregates in the substantia nigra (21,95,96).

Furthermore, mutant GCase contributes to aggregation of a-syn-

uclein (48,77,80,95–99). In a-synuclein-KO mice, transgenic for

the human A53T mutant a-synuclein and heterozygous for the

L444P mutant allele of GBA there was a significant increase in a-

synuclein half-life, compared with mice expressing the human

A53T mutant a-synuclein only, highlighting the effect mutant

GCase on a-synuclein (81).

D. melanogaster does not contain a-synuclein expressing

gene. Therefore, the contribution of a-synuclein to development

of PD has traditionally been studied in transgenic flies express-

ing either the normal or the A53T mutant a-synuclein variants.

The results demonstrated that overexpression of the normal or

mutant a-synuclein leads to development of Parkinson’s-like

disease in the fly, manifested by death of dopaminergic cells,

decreased mobility, and shorter life span (13,30,31,40,84,85,100).

To summarize our results strongly argue that presence of

mutant misfolded GCase in dopaminergic cells of D. mela-

nogaster leads to development of parkinsonian signs. This phe-

notype can be partially rescued by treatment with the

pharmacological chaperone ambroxol, again, underscoring the

role of mutant GCase in development of PD.

Materials and Methods

Fly strains and maintenance

All experiments were performed in isogenized w118 background

(which was also used as a control) obtained from the

Bloomington Drosophila Stock Center, Indiana University,

Bloomington. Strains harboring a minos transposable element

in CG31414 [Mi{ET1}CG31414] or in CG31148 [Mi{ET1}CG31148]

(Nos. 23602 and 23435, respectively) were obtained from

Bloomington Stock Center. Transgenic flies, harboring

pUASTmycHisGCase, pUASTmycHisN370SGCase, pUASTmy

cHisL444PGCase on the second chromosome, or pUAST

mycHis84GGGCase on the first chromosome, were established

by Bestgene (Chino Hills, CA, USA). Da-GAL4 driver line (No.

55849) and Ddc-GAL4 driver line (No. 7009) were from

Bloomington Stock Center. Strains were maintained on stan-

dard cornmeal-molasses medium at 25 �C.

Cell lines

RAW 264.7 mouse macrophages (ATCC, No. TIB-71) were grown

in Dulbecco’s modified Eagle’s medium (DMEM) supplemented

with 10% fetal bovine serum (Beit Haemek, Israel). Human GD-

derived skin fibroblasts (NIGMS, No. GM1260) were grown in

DMEM supplemented with 20% FBS. All cells were grown at

37 �C in the presence of 5% CO2.

Survival assay

For each fly strain, 10 vials, each containing 10 flies, were main-

tained on food from day one post-eclosion. Fresh food was sup-

plied every other day and deaths were recorded. Results are

presented as percentage of initial number of flies in each vial.

Kaplan-Meier was used to plot survival using the graphpad

prism 6 software.

Climbing assay

Five vials, each containing 10 flies were knocked to the bottom

and allowed 15 s to climb 5 cm up the vial, containing standard

cornmeal molasses medium. The percentage of flies passing the

5 cm line was recorded. Results are presented as percentage of

all flies in the vial. Climbing ability was tested at days 2, 12 and

22 post-eclosion.

Immunofluorescence

Adult brains were dissected in PBS and fixed with 4% parafor-

maldehyde for 60min. Following rinsing with PBT (1� PBS sup-

plemented with 0.3% Triton X-100), samples were reacted with

anti-TH antibodies (1:80, AB152, Millipore, Billeria, MA, USA) or

with anti-myc antibody (1:100, Cell Signaling Technology,
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Beverly, MA, USA) diluted in BBT (1� PBS supplemented with

0.1% BSA, 0.1% Tween-20 and 250mM NaCl) for overnight incu-

bation at 4 �C with shaking. Following several washes with PBT,

Cy2-conjugated goat anti-rabbit or Cy3-conjugated goat anti-

rabbit (1:200, Jackson Immuno Research Laboratories, West

Grove, PA, USA) secondary antibodies were added and incu-

bated with shaking for 2 h at room temperature (68). After sev-

eral washes with PBT the preparations were mounted in

Galvanol. Slides were visualized using LSM510 Meta (ZEISS) con-

focal microscope. For quantitative studies, Z-projections of con-

focal sections (exposed and processed identically) were

analyzed images of a given experiment were exposed and pro-

cessed identically, unless otherwise detailed. Captured images

were analyzed using ImageJ software. The ImageJ software, sub-

strates background staining. Pixel intensity (in arbitrary units)

was used to quantify fluorescence in the indicated experiments.

Data was statistically evaluated using Student’s t test.

Construction of plasmids

A XbaI-SapI fragment, isolated from pcDNA4, was subcloned be-

tween XbaI and SapI restriction sites of pUAST, to create

pUASTmycHis. An EcoRI-XhoI fragment, containing the 84GG

mutant human GCase cDNA, was cloned in pUASTmycHis,

cleaved with the same restriction enzymes, to create

pUASTmycHis84GGGCase. Plasmids containing the human mu-

tant N370S or the L444P GCase variants were described else-

where (13).

RNA preparation

Total RNA was isolated using EZ-RNA kit (Biological Industries,

Beit Haemek, Israel), according to the manufacturer’s instruc-

tions. For RNA extraction form flies, adult flies were frozen in

liquid nitrogen and then homogenized in TRI Reagent solution

(MRC, Cincinnati, OH, USA). The extraction was performed ac-

cording to the manufacturer’s recommendations.

RT- PCR

Two micrograms of RNA were reverse transcribed with M-MLV

reverse transcriptase (Promega Corporation, Madison, WI, USA),

using oligo-dT primer (IDT, Jerusalem, Israel) in a total volume

of 20 ml, at 42 �C for 60min. Reactions were stopped by incuba-

tion at 70 �C for 15min. One to two microliters of the resulting

cDNA were amplified by PCR or by quantitative real time PCR.

Quantitative real time PCR

One microliter of cDNA was used for quantitative real time PCR.

PCR was performed using ‘power SYBR green QPCR mix reagent

kit’ (Applied Biosystems, Foster City, CA, USA) by Rotor-Gene

6000. The reaction mixture contained 50% QPCR mix, 300nM of

forward primer and 300nM of reverse primer, in a final volume

of 10 ml. Thermal cycling conditions were 95 �C (10min), and 40

cycles of 95 �C (10 s) 60 �C (20 s) and 72 �C (20 s). Relative gene ex-

pression was determined by Ct value.

SDS-PAGE and western blotting

Flies (usually 10 flies in each preparation) were homogenized in

RIPA lysis buffer (50mM Tris-HCl, 150mM NaCl, 1mM EDTA, 1%

Triton X-100, 1% sodium deoxycholate, 0.1% SDS), containing

protease inhibitors (10 mg/ml leupeptin, 10 mg/ml aprotinin and

0.1mM phenylmethylsulfonylfluoride, all from Sigma-Aldrich,

Israel). Lysates were incubated on ice for 30min and centrifuged

at 10 000g for 15min at 4 �C. Samples, containing the same

amount of protein, were electrophoresed through 10% SDS/

PAGE and electroblotted onto a nitrocellulose membrane

(Schleicher and Schuell BioScience, Keene, NH, USA).

Membranes were blocked with 5% (w/v) non-fat dried skimmed

milk powder and 0.1% Tween 20 in TBS (Tris-buffered saline;

20mM Tris/HCl, 4mM Tris-base, 140mM NaCl and 1mM EDTA)

for 30min at RT and incubated with the primary antibodies

overnight at 4 �C. The membranes were then washed three

times with 0.1% Tween 20 in TBS and incubated with the appro-

priate secondary antibodies for 1h at room temperature. After

washing, membranes were incubated with enhanced chemilu-

minescence detection reagent (Santa Cruz Biotechnology,

Dallas, TX, USA) and analyzed using a luminescent image ana-

lyzer (ChemiDoc XRSþ, Bio-Rad, Hercules, CA, USA).

Antibodies for western blotting

The following primary antibodies were used in this study: rabbit

polyclonal anti-TH antibodies AB152 (Millipore, MA, USA), rabbit

polyclonal anti-phospho-eIF2a (Ser51) antibodies, rabbit poly-

clonal anti-eIF2a antibodies (from Cell Signaling Technology,

Beverly, MA, USA), and mouse monoclonal anti-actin antibody

(Sigma-Aldrich, Israel).

Secondary antibodies used were: Horseradish peroxidase-

conjugated goat anti-mouse antibodies and Horseradish

peroxidase-conjugated goat anti-rabbit antibodies (both from

Jackson Immuno Research Laboratories, West Grove, PA, USA).

Ambroxol treatment

Ambroxol (Sigma Aldrich, Rehovot, Israel) was added into 10ml

food containing vials, to a final concentration of 1mM.

Separation of sphingolipids on TLC

Flies were lysed in 300 ml of distilled water. Protein amounts

were determined and 900ml chloroform:methanol (2:1) were

added. After centrifugation, the lower phase was isolated ac-

cording to the Folch protocol (101) and dried. Twenty ml of chlo-

roform:methanol (2:1) were added and samples containing

100 lg of protein were separated by TLC (Silica gel 60A; Sigma-

Aldrich, St Louis, MO, USA) in CHCl3: MeOH: ammonium hy-

droxide (65:25:4, by vol.). The TLC plates were developed with

Primuline reagent (Sigma-Aldrich, St Louis, MO, USA) and quan-

tified by ChemiDoc XRS (Bio-Rad laboratories, GmbH, Munich).

GCase activity assay

Frozen flies were lysed in McIlvaine’s buffer (0.1 M citric acid,

pH 4.2, 0.2 M Na2HPO0, 29:21, vol:vol) and protein concentra-

tions were estimated by the Bio-Rad protein assay (Bio-Rad lab-

oratories, GmbH, Munich). Tissue homogenates containing 100

mg of protein were incubated at 37 �C with 8 mM N-[6-[(7-Nitro-2-

1,3-benzoxadiazol-4-yl)amino]dodecanoyl]-Glucosylceramide

(C6-NBD-GlcCer) (Avanti Polar Lipids, Alabaster, AL, USA) in a fi-

nal volume of 50 ml McIlvaine’s buffer for 1h. Reactions were ter-

minated by addition of three volumes of chloroform:methanol

(2:1). Lipids were extracted and the lower phase was separated

by TLC as described under ‘Total lipid extraction and loading
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experimnts’. N-[6-[(7-Nitro-2-1,3-benzoxadiazol-4-yl)amino]-

caproyl]-Ceramide (C6-NBD-Cer) (Matreya LLC, State college, PA,

USA) was identified with an authentic standard using

Amersham imager 600 (Sucursal EM Portugal).

CBE treatment

Cells were treated with 200 lM CBE (Sigma-Aldrich, Rehovot,

Israel) for 10 days.

Endonuclease H sensitivity

Endo-H sensitivity was tested essentially as described else-

where (13).

Primers

For Hsc 70-3: F 50-GCTGGTGTTATTGCCGGTCTGC-30

R 50-GATGCCTCGGGATGGTTCCTTGC-30

For Xbp1 spliced form: F 50-CCGAACTGAAGCAGCAACAGC-30

R 50-GTATACCCTGCGGCAGATCC-30

For RP49: F 50-TAAGAAGCGCACAAAGCACT-30

R 50-GGGCATCAGATATTGTCCCT-30

For human 84GG GBA allele: F 50-CATCCGGGTACCCATG

GCCAGCTGTG-30

R 50-TCGATCCCAGGAGCCTAGCCGCAGAC-30
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