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Lysosomal storage disorders (LSD) are a group of het-
erogeneous diseases caused by compromised enzyme 
function leading to multiple organ failure. Therapeutic 
approaches involve enzyme replacement (ERT), which 
is effective for a substantial fraction of patients. How-
ever, there are still concerns about a number of issues 
including tissue penetrance, generation of host antibod-
ies against the therapeutic enzyme, and financial aspects, 
which render this therapy suboptimal for many cases. 
Treatment with pharmacological chaperones (PC) was 
recognized as a possible alternative to ERT, because a 
great number of mutations do not completely abolish 
enzyme  function, but rather trigger degradation in the 
endoplasmic  reticulum. The theory behind PC is that they 
can stabilize enzymes with remaining function, avoid 
degradation and thereby ameliorate disease  symptoms. 
We tested several compounds in order to identify novel 
small molecules that prevent premature degradation of 
the mutant lysosomal enzymes α-galactosidase A (for 
Fabry disease (FD)) and acid α-glucosidase (GAA) (for 
Pompe disease (PD)). We discovered that the expecto-
rant Ambroxol when used in conjunction with known 
PC resulted in a significant enhancement of mutant 
α-galactosidase A and GAA activities. Rosiglitazone was 
effective on α-galactosidase A either as a monotherapy or 
when administered in combination with the PC 1-deoxy-
galactonojirimycin. We therefore propose both drugs as 
potential enhancers of pharmacological chaperones in 
FD and PD to improve current treatment strategies.

Received 21 April 2014; accepted 7 November 2014; advance online  
publication 20 January 2015. doi:10.1038/mt.2014.224

INTRODUCTION
Lysosomes contain acid hydrolase enzymes, which are involved in 
the degradation and recycling of macromolecules. For example, 
the enzymes α-galactosidase A (GLA, α-Gal A, NM_000169.2, 
EC 3.2.1.22) and acid α-glucosidase (GAA, acid maltase, 
NM_000152.3, EC 3.2.1.3) belong to the family of exoglycosi-
dases that catalyze the cleavage of terminal α-D-galactoside and 
α-D-glycoside residues respectively.1,2 Mutations within the genes 
encoding lysosomal acid hydrolases lead to accumulation of the 

corresponding substrates3 with subsequent development of phe-
notypically distinct diseases described by the umbrella term “lyso-
somal storage disorders” (LSDs).

Fabry disease (FD, OMIM #301500), an X-linked lysosomal 
storage disorder causing the accumulation of glycosphingolipids 
(mainly globotriaosylceramides), classically presents with angio-
keratoma, chronic pain, major pain crisis, anhidrosis, and gastro-
intestinal problems in childhood or adolescence with a progressive 
course.4 Pompe disease (PD, OMIM #232300) is an autosomal 
recessive neuromuscular disorder typically fatal during the first 
12 months of life due to respiratory insufficiency.5,6 Despite dif-
ferent clinical presentations, both diseases share some important 
analogies. The two lysosomal enzymes involved belong to the 
same GH-D clan of the O-Glycosyl hydrolase group of the glycosyl 
hydrolases superfamily possessing an α/β8 barrel fold in the domain 
containing the active site and a comparable catalytic mechanism 
(retaining aspartate acts as catalytic nucleophile) (www.cazy.org). 
Certain mutations in FD and PD are associated with a milder dis-
ease course, characterized by later onset and slower progression of 
symptoms.7–9 These “mild” genotypes are missense mutations that 
disrupt the structure and stability of the lysosomal enzyme, result-
ing in misfolding, premature degradation, and failure to reach the 
target organelle.10–12 This leads to loss of specific lysosomal hydro-
lytic activity. To date, the number of reported missense mutations 
associated with both diseases is high, ranging from >200 in Pompe 
to >400 in FD (HGMD Professional 2013.2, fabry-database).

Enzyme replacement therapy (ERT) based on the intravenous 
administration of human enzyme (Replagal, Shire Human Genetic 
Therapies; Fabrazyme, Lumizyme, Genzyme) is available for each 
disease. The effectiveness of ERT relies on mannose 6-phosphate 
residues being recognized by their widely distributed receptors in 
the plasma membranes of cells.13 One main shortcoming of ERT 
is limited tissue penetrance.14 Central nervous system manifes-
tations such as cerebrovascular complications and neuropathic 
pain in FD cannot be addressed due to the blood–brain barrier, 
which is not penetrated by ERT. Another shortcoming is the risk 
of an immune response with potentially neutralizing antibodies 
generated against the therapeutic enzymes.15–17 This might partly 
explain differences in ERT efficacy between individuals observed 
in long-term safety studies. A positive correlation has been noted 
between the deleterious effect of a mutation and the titer of cross-
reactive immunological material;18 so, patients with damaging 
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missense mutations are also at risk of developing antibodies, 
which can compromise the efficacy of ERT.19

A new strategy in the treatment of LSDs is the use of small 
molecules known as pharmacological chaperones (PC) to enhance 
lysosomal activity by binding to and stabilizing the mutant enz
yme.9,11,12,20–24 The prerequisite for this treatment approach, therefore, 
is the presence of a misfolded enzyme, which is still capable of func-
tioning. The PC binds to the mutant enzyme, corrects protein fold-
ing, and recovers its lysosomal activity. A large number of mutations 
are potential candidates for PC therapy, although this is not yet clini-
cally approved. For example, about half of all mutations described in 
FD are missense mutations and among those, about 50% respond in 
vitro to the PC galactose analog 1-deoxygalactonojirimycine (DGJ, 
Migalastat hydrochloride).9,25,26 A recently published study revealed 
that 26 PD mutations responded to the PC glucose analogue 
1-deoxynojirimycine (DNJ).27 In Gaucher disease, the potent PC 
Ambroxol (ABX), exists to treat mutant enzymes resulting from the 
common missense mutations p.N370S and p.L444P, which together 
account for about two thirds of cases worldwide.28,29 ABX was inves-
tigated in the current study as a potential PC for both FD and PD. 
The reason behind this approach is that lysosomal hydrolases share 
common structural and functional features. PC display little selec-
tivity for their target due to promiscuity within the glycosidase 
enzyme family and therefore in theory may bind to various differ-
ent lysosomal hydrolases. For instance, the imino sugar N-butyl-
deoxynojirimycin (NB-DNJ) was shown to be a PC for both PD and 
Gaucher disease.23,24,30 In another example, DGJ potently inhibits 
α-Gal A and α-N-acetylgalactosaminidase.31

It has already been established that PC correct misfolding, sta-
bilize protein structure, and prevent rejection in the quality con-
trol system of the endoplasmic reticulum (ER), thereby avoiding 
premature proteasomal degradation and facilitating transport to 
the lysosome. Another treatment approach used in Gaucher and 
Niemann-Pick type C disease, both aim to bypass early enzyme deg-
radation in the ER by either upregulating molecular chaperones or 
inhibiting the ubiquitin-proteasome-system.32–34 We therefore sys-
tematically investigated a broad range of small molecules for their 
ability to avoid premature enzyme degradation by either of these two 
mechanisms, e.g., Tunicamycin, MG-132, Rosiglitazone (RSG), etc.

The most effective small molecules in enhancing mutant lyso-
somal enzyme function in our cell culture-based system were 
found to be Ambroxol, RSG/Pioglitazone, and Bezafibrate. The 
fact that Ambroxol has been shown to be effective in increasing 
activity of mutant enzymes in both FD (the current study) and GD 
(previous study) suggests that one single compound could poten-
tially be used in the treatment of different LSDs.

RESULTS
A screening system for mutant glycosylase 
enhancement
The purpose of this study was to produce different mutant forms 
of the lysosomal hydrolase α-galactosidase A (α-Gal A) to inves-
tigate their response to small molecules with a view to (i) elucidat-
ing cellular pathways that can potentially be modulated in order 
to increase mutant enzyme activity and (ii) to identify potential 
compounds for the treatment of LSD. Substances with distinct bio-
logical and biochemical functions were investigated in an in vitro 

model for FD. HEK-293H cells were cultured and transfected with 
various mutant GLA cDNAs to produce α-Gal A with defects in 
folding but residual enzyme activity. These α-Gal A mutants were 
previously shown to be responsive to the pharmacological chap-
erone DGJ, which was used as an indicator of the capacity of the 
enzymes to gain functional recovery (Supplementary Figure S1). 
From the 32 mutations depicted in Supplementary Figure S1, a 
set of nine mutations was selected for further testing based on (i) 
residual activity (>1 % of wild type) and (ii) DGJ responsiveness 
(>1.5-fold increase, overall >5% of wild type), as established in an 
earlier article.9

The first candidate substance: ambroxol, a 
pharmacological chaperone effective in Gaucher 
disease
For FD, mutant misfolded α-Gal A enzymes were tested with 
Ambroxol (ABX), a recently identified PC for Gaucher dis-
ease. Several of the mutant α-Gal A enzymes appeared to show 
slightly elevated function after administration of 40 µmol/l ABX 
to the cell-culture medium, but a significant effect was only seen 
for wild-type α-Gal A and two specific mutants p.A156V and 
p.R301Q (Figure 1a). The concentration–response relationship 
was recorded for the wild-type enzyme (Figure 1b). ABX was 
effective at a concentration range of 10–60 µmol/l while displaying 
a decline to about 40% of the maximal effect at 120 µmol/l ABX; 
we used sigmoidal curve fit and calculated an EC50 of 17.4 µmol/l. 
The drop in activity detected at concentrations >80 µmol/l could 
actually be caused by a harmful effect on the cultured cells that has 
formerly been reported for ABX28 rather than a specific inhibitory 
effect of the compound on the enzyme. A concentration–response 
curve was recorded for one mutant (p.A156V), resulting in a simi-
lar EC50 to that of the wild-type, of 13.0 µmol/l (Supplementary 
Figure S2). In the following experiments, ABX was also used at 40 
µmol/l, which represents approximately twice EC50. The mutations 
from Figure 1a were tested using a combination of 20 µmol/l DGJ 
and 40 µmol/l ABX, which resulted in increased enzyme activity 
for all nine mutations tested (p.E59K, p.A73V, p.A143T, p.A156V, 
p.I232T, p.R301G, p.R301Q, p.R356W, and p.R363H) when com-
pared to treatment with DGJ alone (Figure 1c). The mutants 
p.A73V, p.I232T, and p.R363H attained close to normal enzyme 
activity, while the mutants p.A143T and p.R301Q exceeded 50% 
activity thereby crossing the estimated threshold for the normal 
range.35 This increase in activity was associated with a parallel 
increase in the level of α-Gal A protein in the cells (Figure 1d). 
The stronger α-Gal A signals suggest a potential stabilizing effect 
of the double treatment and/or enhanced transport into the lyso-
some. In summary, double treatment with DGJ and ABX resulted 
in increased enzyme activity for all mutations tested. This in turn 
prompted a similar double-treatment study using galactose and 
ABX (galactose, like DGJ, is also a PC in FD). A subset of six 
mutations responded with an elevated α-Gal A activity using this 
particular double treatment (Supplementary Figure S3).

Ambroxol stabilizes α-Gal A in combination with DGJ 
in vitro
We wanted to test the previous suggestion that the DGJ/ABX dou-
ble treatment stabilized the enzyme. We therefore carried out a 
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thermal denaturation test in a cell-free environment using human 
α-galactosidase A produced in a human fibroblast cell line (agal-
sidase alfa, Shire Human Genetic Therapies, Berlin, Germany), to 
examine the hypothesis that ABX could act via pharmacological 
chaperoning (i.e., bind to the enzyme and in turn lead to stabi-
lization). Briefly, the method involves incubation of agalsidase 
alfa at 51 °C for 60 minutes in a 96-well plate with or without the  
respective additive (DGJ, ABX or a combination of both) as 
previously described.26 A control plate with the same sample 
set up was kept on ice. Enzyme activity was measured with the 

artificial substrate 4-methylumbelliferyl-α-D-galactopyranoside 
(4-MUG). The thermal incubation of mock-treated (DMSO) 
α-Gal A at 51 °C led to a decreased active enzyme fraction of 
about 29.9% compared to control incubation on ice (Figure 2). 
Increasing DGJ concentrations attenuated α-Gal A thermal dena-
turation (restoring up to 63.4% of normal activity at 2.5 µmol/l) 
whereas increasing concentrations of ABX led to an accelerated 
loss of enzyme activity (reducing to 18.8% of normal activity at 
2.5 mmol/l). Coadministration of DGJ and 2.5 mmol/l ABX led 
to a further stabilization compared to DGJ alone. The conclusion 

Figure 1  Effect of ABX on overexpressed mutant forms of α-Gal A in HEK-293H cells. ABX was administered 6 hours after transfection of the GLA 
cDNA-containing plasmids and then cultured for 60 hours changing the media any other day adding fresh treatment as described in the Materials 
and Methods section (a) Bona fide analysis with 40 µmol/l ABX revealed a tendency to mildly increase intracellular activities of several mutant  
α-Gal A forms that was significant for p.A156V and p.R301Q. Wild-type enzyme increased markedly upon the addition of the compound as well. 
(b) Concentration–response relation analysis showed increasing wild-type α-Gal A activity. An EC50 of 17.4 µmol/l was calculated by a nonlinear 
regression analysis A maximum stimulatory effect was obtained at 60 µmol/l. At concentrations ≥80 µmol/l, the α-Gal A activity dropped back to nor-
mal. (c) In the same culture system as under (a), the GLA expressing HEK-293H cells were DGJ or DGJ/ABX combination-treated. The DGJ-responsive 
α-Gal A forms (see also Supplementary Figure S1) displayed considerable gains from the additional administration of ABX. (d) Western blot of 
the mutant α-Gal A forms indicated higher levels of intracellular enzyme after treatment with DGJ in combination with 40 µmol/l ABX compared 
to the monotherapy. Western blots were repeated at least three times. In each lane 30 µg of total protein was loaded and separated by SDS-PAGE. 
Semiquantitative analysis was carried out using the Odyssey software v1.2. Calculated intensities were normalized for GAPDH internal loading control 
(not shown). The average intensities (“INT”) are given as fold change ± standard error. Enzyme activity values are shown as mean ± SEM (n ≥ 5). 
Results were considered significant if *P < 0.05, **P < 0.01, ***P < 0.005. Control treatment denotes the respective carrier solvent used for the com-
pounds (DGJ was diluted in hypure H2O as a 10 mmol/l stock solution, ABX was typically diluted in DMSO (100 mmol/l).
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drawn is that following heat denaturation, ABX alone does not 
preserve enzyme activity but when used with DGJ has a synergis-
tic positive effect.

Can the effect of ABX be applied mutatis mutandis to 
other LSD cell culture models?
In a similar heterologous expression system as described for 
GLA mutations in FD, ABX was combined with a PC to analyze 
the effect on mutant GAA in PD. Mutations with a known abil-
ity to respond to PC treatment were investigated in this study.23,24 
For example, p.Y455F, p.P545L, and p.L552P showed a significant 
benefit from the 60-hour N-butyl-deoxynojirimycine (NB-DNJ) 
treatment, whereas no effect was achieved with the ABX (Figure 3, 
upper part). Surprisingly, mutant p.L552P showed a significant 
benefit from the combination of NB-DNJ and ABX indicated by 
an increase of activity from 6.9 to 15.3% of wild type, compared 
to monotherapy with NB-DNJ. The same did not hold true for 
p.Y455F and p.P545L. The effect of another pharmacological chap-
erone DNJ, was also triggered by the addition of ABX, increasing 
activity of the mutant p.L552P from 11.4 to 25.1% (Figure 3, lower 
part), which corresponds to the ratio observed with NB-DNJ (2.2-
fold increase). A significant improvement in enzyme activity using 
a combination of DNJ and ABX was also seen for mutants p.Y455F 
(1.6-fold) and p.P545L (2.3-fold). Apparently, in the case of the 

GAA enzyme, the success of combined administration with ABX 
strongly depended on the chaperone used and the type of muta-
tion. The combination DNJ/ABX was efficient on all tested muta-
tions except p.Y575S.

RSG, a known inhibitor of the ubiquitin-proteasome-
system, acts as enhancer of intracellular mutant α-Gal 
A activity
ER stress inducers and ubiquitin-proteasome-system inhibitors 
have both been proposed as potential drugs in several LSDs.32–34 
Both strategies aim to modulate cellular proteostasis in order to 
beneficially influence enzyme folding and subsequently deliver 
mutant enzymes to the lysosome. We treated mutant α-Gal A 
(p.R301Q), overexpressed in HEK-293H cells, in the presence 
or absence of DGJ, with different ER stress inducing agents: 
Kifunensine (an α-mannosidase inhibitor), Thapsigargin (an 

Figure 2 Thermal denaturation of α-Gal A. Replagal was mixed with 
increasing amount of compound. The mixture was incubated at 51 °C for 
60 minutes and the enzymatic reaction was started upon the addition of 
substrate directly thereafter. The decrease of activity was compared to a 
reference sample kept on ice for 60 minutes before the enzymatic assay. 
The curve obtained for DGJ showed attenuated denaturation heat-treated 
enzyme in a concentration-dependent manner (light-grey graph) and 
significant stabilization at 500 nmol/l onwards. ABX showed no change 
compared to the untreated state at concentrations up to 200 µmol/l 
(dark–grey graph). In millimolar concentrations ABX accelerated the dena-
turation resulting in lowered enzyme activity compared to the untreated 
enzyme. In combination with a constant addition of 2.5 mmol/l ABX, the 
DGJ treatment led to enhanced stabilization of the enzyme at higher DGJ 
concentrations. At 2.5 µmol/l DGJ, the enzyme was more effectively stabi-
lized under combination compared to monotherapy. Data was obtained 
from at least five independent experiments, each experiment included 
duplicate measurements. Values are shown as mean ± SEM (n ≥ 5). Results 
were considered significant if *P < 0.05, **P < 0.01, ***P < 0.005.
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ER Calcium releaser and reuptake inhibitor), and Tunicamycin 
(an inhibitor of N-glycosidic linkage formation). None of these 
three agents produced a positive effect on cellular enzyme activ-
ity (Supplementary Figure S4). Thapsigargin even had a negative 
effect on α-Gal A activity in a concentration-dependent manner 
and at concentrations >50 nmol/l, it appeared to be toxic to the 
cells. MG-132, an inhibitor of proteasomal activity, showed a mod-
est, but not statistically significant increase on p.R301Q enzyme 
activity at 50 nmol/l (1.2-fold) (Supplementary Figure S4). The 
effect was also detected when MG-132 was administered in com-
bination with 20 µmol/l DGJ leading to a 1.1-fold increase over 
DGJ monotherapy (from 8.6- to 9.5-fold of the untreated control). 
Other inhibitors of proteasomal activity, Lactacystin, Bortezomib, 
and Ritonavir, were also tested, but did not show an effect on 
mutant α-Gal A function (data not shown). Supplementary 
Table S1 shows the effect on the distinct proteasomal activities 
(Chymotrypsin-, Trypsin-, and Caspase-like activity) in the cell 
system used at different concentrations. Remarkably, MG-132 
had no inhibitory effect on the proteasome when applied at a con-
centration of 100 nmol/l. Only at a concentration of 1 µmol/l, an 
inhibitory effect on all three proteasomal activities was noticeable. 
However, due to the cytotoxic effect of MG-132, it was not feasible 
to apply concentrations above 100 nmol/l over long periods (such 
as 60 hours) in the present cell system. A short-term treatment 
with 1 µmol/l MG-132 for 12 hours preceding cell harvest did not 
significantly change α-Gal A activity either (data not shown).

Contrary to the findings for MG-132, a major response to 
RSG, a Peroxisome proliferator–activated receptor-γ (PPAR-γ) 
agonist reported to inhibit global cellular ubiquitination,36 was 
observed for p.R301Q. The administration of 50–140 µmol/l RSG 
led to approximately threefold increase of p.R301Q activity. RSG 
in combination with DGJ was even more effective in enhancing 
activity of the mutant p.R301Q enzyme (Figure 4). Therefore, 
other mutant α-Gal A forms, which had previously been classi-
fied as DGJ nonresponders were also tested for responsiveness 

(compare Supplementary Figure S1). Mutant α-Gal A forms 
p.R118C, p.A156V, p.R301Q, and p.T385A were exposed to 20 
µmol/l DGJ, 100 µmol/l RSG, and a combination of 20 µmol/l DGJ 
and 100 µmol/l RSG (Figure 5a). The DGJ nonresponding mutants 
p.R118C and p.T385A showed a 1.2- and 1.1-fold increase in activ-
ity when DGJ was administered, which increased to a 1.4- and 
1.3-fold increase when RSG was added, respectively. According 
to the established responder criteria, both drugs failed to increase 
the enzyme activity >1.5-fold. However, taking into account the 
fact that p.R118C and p.T385A retain intrinsic activities of 22.9% 
and 47.0% of wild type respectively, both mutations can be con-
sidered as RSG responders, because activity was increased by 
over 5% up to 30.7 and 62.5%, respectively. The efficiency of the 
combinational treatment exceeded the monotherapy. p.A156V 
and p.R301Q are strong DGJ responders and the addition of RSG 
boosted the monotherapy by 1.8-fold (p.R301Q) and 1.3-fold  
(p.A156V). Pioglitazone is a structural and functional analogue of 
RSG. The combination of DGJ/Pioglitazone was equally effective 
as DGJ/RSG on p.R301Q activity.

The corresponding effect on the protein level is shown in 
Figure 5b. As shown before, the mutant enzyme forms responded 
to the administration of 20 µmol/l DGJ, 100 µmol/l RSG, and 
the combination of both. In the case of p.R118C and p.T385A, 
the band signal of 100 µmol/l RSG-treated mutants was stronger 
than for DGJ-treated mutants, but the combination revealed the 
strongest effect. For mutants p.A156V and p.R301Q, RSG alone 
increased the amount of the 50 kDa immature form of the enzyme, 
whereas DGJ apparently enhanced maturation resulting in higher 
levels of the 46 kDa mature form. With the combination therapy, 
an enhancement of the effect of DGJ on the 46 kDa mature form 
was observed. In order to clarify whether the inhibitory effect on 
global cellular ubiquitination or the PPAR-γ agonism was key 
for the α-Gal A activity elevation, Ubiquitin-activating enzyme 
(E1) inhibitor Pyr-41 and PPAR-α/γ agonizing agent Bezafibrate 
were tested. Pyr-41 did not enhance α-Gal A activity, whereas 
Bezafibrate increased p.R301Q activity significantly in 100, 200, 
and 500 µmol/l with or without the simultaneous administration 
of DGJ (Figure 5c). This evidence shows that PPAR function may 
play a role in mutant α-Gal A activity elevation rather than ubiq-
uitination inhibition alone.

DISCUSSION
To date, large scale screenings to identify compounds, which 
enhance enzyme activity in LSD have been based on direct inter-
action with the lysosomal enzyme in vitro.28,37,38 Our approach was 
to instead use HEK-293H cells and screen for compounds that 
enhanced activity of mutant lysosomal enzymes within a cellular 
environment. The advantage of a cell-based system over a cell-free 
in vitro system is that any beneficial compounds identified may be 
(i) more relevant for clinical applications and (ii) generally appli-
cable to different diseases sharing the same biochemical basis.  
A particular problem however, is the relatively low throughput of 
this system due to the time and labor demands of cell culture with 
a high number of repetitions required for each compound.

In order to discover substances counteracting the loss of 
enzyme activity in lysosomal storage disorders, Ambroxol (ABX) 
was tested in the HEK-293H cellular model of Fabry and PD. ABX 

Figure 4 Mutant p.R301Q α-Gal A activity under treatment with 
Rosiglitazone. The GLA mutation p.R301Q was overexpressed in HEK-
293H cells and treated with the known ubiquitination modifying agent 
RSG in the presence or absence of 20 µmol/l DGJ. Significant enzyme 
activity enhancement was gained at concentrations ≥50 µmol/l. In a 
therapeutic margin of 50–140 µmol/l RSG proved to be an effective 
enhancer of mutant α-Gal A activity.
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is a compound formerly tested in Gaucher disease that was shown 
to interact with GCase, causing diminished enzyme activity in 
vitro but increased activity of mutant enzymes in fibroblasts,28  
(p.N370S in non-neuronopathic type I GD and p.L444P29 in sub-
acute neuronopathic type III GD). In the current study, ABX 
alone was applied to HEK-293H cells expressing either normal 
(wild type) or mutant α-Gal A (Figure 1a,b). Combined treat-
ment with ABX and synthetic α-Gal A PC DGJ was also tested 
(Figure 1c). Wild-type α-Gal A showed a 1.4-fold increase in 
activity after the addition of 60 µmol/l ABX, but its effectiveness 

was less pronounced at concentrations ≥100 µmol/l. Mutants of 
α-Gal A, which were DGJ-responsive, showed an additional ben-
efit from combined treatment with ABX (Figure 1c) leading to 
higher enzyme levels after 60 hours of treatment (Figure 1d). 
This was due to a stabilizing effect of DGJ/ABX on the enzyme 
as demonstrated by an in vitro heat-treatment experiment using 
the pharmaceutical form of α-Gal A (agalsidase alfa). DGJ mono-
therapy was not as effective in stabilizing the enzyme as when 
used in combination with ABX (Figure 2). In contrast, ABX 
monotherapy in vitro led to accelerated loss of enzyme activity. 

Figure 5 Mutant α-Gal A forms respond to PPAR-γ agonist drugs. HEK-293H cells were transfected and treated as described in Materials and 
Methods (“Transient GLA/GAA expression in HEK-293H cells”). (a) The administration of 100 µmol/l RSG increased the enzyme activity of mutant 
forms of α-Gal A. In the case of p.A156V and p.R301Q the DGJ treatment is an efficacious single treatment, but the combination with RSG leads to a 
further increase of activity. A structural and functional analogue of RSG, Pioglitazone (Pio), administered at 100 µmol/l is similarly effective on p.R301Q 
in combination with DGJ. RSG had a distinct effect on mutants p.R118C and p.T385A that did not respond to DGJ (see Supplementary Figure S1). 
The combination of both drugs was most effective. Values are shown as mean ± SEM (n ≥ 3). Students T-test was used to investigate significance of 
the combined treatment compared to control and to DGJ monotherapy. Results were considered significant if *P < 0.05, **P < 0.01, ***P < 0.005. 
(b) Western blot analysis of different mutant α-Gal A forms under DGJ, RSG and DGJ/RSG combination treatment. In accordance with (a) the mutant 
enzyme forms displayed best responsiveness towards the combination of pharmacological chaperone DGJ and RSG. Experiments were repeated at 
least 3 times for reliability. Western blot analysis was taken out essentially as described under Fig. 1d. (c) E1 ubiquitin activating enzyme inhibitor Pyr-
41 and PPAR-α/γ agonist Bezafibrate were tested on overexpressed p.R301Q mutant in HEK-293H cells. No change of α-Gal A activity was observed 
for Pyr-41 over a concentration range of 0.1–40 µmol/l. By contrast, treatment with Bezafibrate led to an increase from 8.4- to 12.7-fold and from 
1.0 to 2.3 with or without additional administration of DGJ, respectively.
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Hypothetically, binding of ABX to the enzyme and stabilization 
could be enhanced by structural changes induced by DGJ bind-
ing. However, ligand binding to the protein has been reported to 
barely affect the conformation of the enzyme.39 Moreover, ABX 
monotherapy provoked a significant, though modest, activity ele-
vation of α-Gal A wild-type, p.A156V and p.R301Q enzyme forms 
in HEK-293H cells, which could argue for an alternative work 
mechanism of ABX via a general cellular process, affecting pro-
tein maturation and transport. For example, it has been reported 
that ABX regulates the efflux of extracellular Ca2+ in dorsal root 
ganglion cells40 possibly mediated by inhibition of voltage-gated 
sodium and calcium channels.41 Calcium is a critical agent for 
protein folding. Manipulating the release of Ca2+ from the ER, 
the largest intracellular Ca2+ store, was shown to have an influ-
ence on mutant GCase enzyme in Gaucher disease.33 Since α-Gal 
A mutants show an increased propensity to aggregate within the 
cell,42 we can speculate that ABX perhaps enhances the effect of 
the pharmacological chaperone via modulation of the protein 
folding conditions in the ER. Besides the chaperoning effect, ABX 
was recently speculated to impact on GBA expression and func-
tion in Gaucher disease fibroblasts.43 Therefore, the utilized cell 
culture system cannot elucidate the specific mode of action of sub-
stances that have a diverse functional spectrum.

Anyhow, ABX did not act as an in vitro inhibitor of α-Gal 
A activity (Supplementary Figure S5), so evidently does not 
bind the active site in a substrate competitive manner. Allosteric 
binders of mutant lysosomal enzymes are regarded as promising 
treatment options, because the risk of undesired side-effects and 
overdosage is minimized.44

Mutant GAA activity was also beneficially influenced by the 
combination of a PC and ABX (Figure 3). ABX alone had no effect 
on mutant GAA; a differential effect was shown for both PCs, 
NB-DNJ and DNJ, when used in combination with ABX. While 
DNJ and NB-DNJ as a monotherapy had a similar outcome, it is 
not yet clear why DNJ/ABX had a synergistic effect on mutants 
p.Y455F and p.P545L and NB-DNJ/ABX did not.

PPAR-γ agonist RSG increased mutant α-Gal A activity  
(p.R301Q, p.A156V, p.R118C, p.T385A). It was assumed that 
RSG mediates its effect via inhibition of cellular ubiquitina-
tion, thereby avoiding α-Gal A degradation. However, the ubiq-
uitination inhibitor Pyr-41 did not increase α-Gal A activity. 
Interruption of the ubiquitin–proteasome system by the use of 
proteasomal inhibitors (e.g., MG-132) was also ineffective. An 
earlier report suggested that treatment with the proteasomal 
inhibitor Lactacystin led to increased amounts of α-Gal A in 
COS7 cells expressing several mutant forms of the enzyme, but 
without a concurrent enhancement of enzyme activity.45 Western 
blot analysis performed in our laboratory did indeed show that 
Lactacystin and MG-132 increased the amount of p.R301Q, but 
not p.A156V (Supplementary Figure S6), which is in accordance 
with the results from Ishii et al. Since only the immature 50 kDa 
band of p.R301Q is markedly increased, we conclude that this α-
Gal A form does not significantly contribute to enzyme activity 
under the applied assay conditions.

On the other hand PPAR-γ agonist Bezafibrate did enhance 
activity of p.R301Q which suggests that increased PPAR-γ activity 
may instead play a role. However, it cannot be excluded that both 

increased PPAR-γ activity and inhibition of ubiquitination enhance 
enzyme activity since there is crosstalk between PPAR-γ-mediated 
transcriptional regulation and the ubiquitination machinery.46 For 
example, PPAR-γ itself is an E3 ubiquitin ligase that facilitates the 
degradation of NF-κb.47 Certain players in the ubiquitin machin-
ery have been shown to interact with mutant GCase48,49 indicating 
a role in its premature degradation. Elucidation of why RSG was 
operative demands further investigation. The use of more specific 
drugs could reveal the pivotal mechanism of action. Interestingly, 
RSG did not display an effect on GAA (data not shown).

Prospectively, these compounds need to be tested in patient-
derived cell systems (i.e., lymphoblastoid or fibroblast cell lines) 
in order to verify the suspected effects. Such cell systems do not 
require previous transfection of plasmid vectors harboring cDNA 
of the mutations and allow for more flexible and optimized treat-
ment regimes.50 This is an advantage over more “synthetic” cell 
systems such as the HEK-293H system used here, in which tran-
sient expression (de novo enzyme synthesis) confounds the ben-
eficial effect of small molecules. Patient cell lines are therefore a 
convenient solution for temporal-oriented studies and should be 
applied as a second step. Testing findings in a humanized mouse 
model is also practical.51 Regrettably, to our knowledge, a mouse 
model does not yet exist for PD.

This work delivers a novel step forward in drug development 
for LSD. Our use of FDA-approved compounds renders this study 
an attractive target for further research to elucidate the role of pro-
posed pathways in the enhancement of mutant enzyme stability 
and activity as a prelude to preclinical and clinical testing.

In particular, ABX and RSG could potentially be suit-
able compounds as additional treatments in Fabry (or Pompe) 
patients where monotherapy with a pharmacological chaperone 
is not sufficiently effective. As described above, the combination 
of DGJ and ABX was successful in restoring either near normal 
α-Gal A activity (e.g., p.A73V) or boosting activity to >50% to 
cross the threshold into the normal range (e.g., p.R301Q). Both 
outcomes are potentially associated with an amelioration of the 
disease (Fabry) not obtained using PC monotherapy. Moreover, 
for mutants with residual activity but not responsive to DGJ, like 
p.R118C and p.T385A, the usage of RSG could be an alternative 
treatment strategy because it exceeds the effect of DGJ (Figure 5).

In PD, a genotype/phenotype correlation model is not avail-
able, but it can be assumed that an elevation of GAA activity from 
11.4% (DNJ) to 25.1% (DNJ/ABX) of normal, as observed for the 
mutant p.L552P, is likely to be clinically relevant.

Lately, it was demonstrated that small molecules can also have 
synergistic effects in ERT.52 Evidently, we must endeavor to find 
the most effective course of treatment for patients with FD and 
PD, not limited to just one active agent. It is important to note 
that combination treatments have possible implications for other 
LSDs as well.40,53

MATERIALS AND METHODS
Materials. HEK-293H cell line was purchased from Invitrogen (Carlsbad, 
CA). Ambroxol hydrochloride, Bezafibrate, 1-deoxygalactonojirimy-
cine hydrochloride, 1-Deoxynojirimycin, α-Lobelin, RSG, Thapsigargin, 
Tunicamycin, and the synthetic fluorogenic substrates for α-Gal A and GAA 
were purchased from Sigma Aldrich (Steinheim, Germany). Kifunensine, 
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MG-132 were obtained from Merck (Darmstadt, Germany). Lactacystin 
and bortezomib were purchased from Biomol (Hamburg, Germany). A 
rabbit polyclonal antibody targeted against human α-galactosidase A was 
custom-made (Eurogentec, Liège, Belgium)9 and mouse anti-GAPDH 
(ab8245) was purchased from abcam (Cambridge, UK). Secondary anti-
body Alexa Fluor 680 Goat Anti-Rabbit IgG (H+L) was purchased from 
Molecular Probes (Eugene, OR) and Anti-Mouse IgG (H&L) IRDye800 
was purchased from Rockland (Gilbertsville, PA).

All primers were obtained from MWG Operon (Ebersberg, GER).  
A register of used primers is shown in Supplementary Table S2.

Cultivation of HEK-293H cells. HEK-293H were maintained in Dulbecco’s 
modified Eagle medium containing 4,500 mg glucose/l supplemented 
with 10% fetal bovine serum (both from Gibco, Carlsbad, CA) and 1% 
Penicillin/Streptomycin.

Cloning. Human cDNA clones of α-Gal A (IRAUp969H0320D, GLA, 
NM_000169.2) and GAA (IRATp970C0971D, GAA, NM_000152.3) were 
obtained from Source BioScience (Berlin, GER). cDNAs were amplified 
by PCR (for primer sequences refer to Supplementary Table S2). After 
subcloning into pGEM-T (Promega, Mannheim, GER) or pCRII TOPO 
(Invitrogen), respectively, the fragments were obtained via restriction 
digestion using the respective restriction endonucleases indicated in 
Supplementary Table S2 and ligated into a mammalian expression vec-
tor (pcDNA3.1/V5-His TOPO, Invitrogen). Gene sequence integrity was 
confirmed by standard sequencing and alignment analysis as described 
earlier.9

Mutagenesis. Site-directed mutagenesis of GLA and GAA plasmids were 
carried out as described before.9 Supplementary Table S2 reports the list 
of applied primers for all GLA and GAA mutations.

Transient GLA/GAA expression in HEK-293H cells. Commonly, HEK-
293H cells were seeded at a density of 1.5 × 105 cells/well of a 24-well plate 
(Greiner Bio-One, Frickenhausen, GER) the day before transfection. On 
the day of transfection, mutant GLA or GAA plasmid was transfected using 
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s guide-
lines. The compounds were added 6 hours after transfection and left for a 
60-hour cultivation unless indicated otherwise. Fresh medium and treat-
ment was added every other day. Transfection control was carried out by 
parallel transfections of the wild-type and mutant GLA/GAA, which differ 
by just one base pair.25 Additionally, enzyme activity of every mutant was 
checked for coherence and stability, indicating maintained plasmid quality.

For the compound serial tests, HEK-293H cells were plated on 
10 cm cell culture dishes and transfected with pcDNA3.1 p.A156V and 
p.R301Q mutated GLA inserts. Six hours after transfection, the cells were 
trypsinized, collected in a 50 ml tube, and spun down at 1,000 × g. The cells 
were then aliquoted in medium containing the respective compound or 
compound combination and plated at a density of 2 × 105/well on 24-well 
plates in order to obtain identical transfection efficiencies for all samples.

In vitro enzyme activity measurements in HEK-293H cell lysates. α-Gal 
A and GAA activities were measured in cell lysates of transiently express-
ing HEK-293H cells. On the day of cell harvest, 66 hours after transfection, 
medium was aspirated with a vacuum pump (KNF Neuberger, Freiburg i. 
Breisgau, GER) and washed in phosphate buffered saline. The cells were then 
collected in 150 µl sterile distilled water and transferred to fresh 1.5 ml cen-
trifugation tubes. The proteins were yielded using five cycles freeze and thaw 
in liquid nitrogen. For normalization purposes, the protein was quantified 
using BCA protein assay kit (Thermo Scientific, Braunschweig, GER). The 
crude protein extract was subsequently used for enzyme activity measure-
ment (0.5 µg for α-Gal A and 5 µg for GAA) employing synthetic fluorogenic 
substrates 4-methylumbelliferyl-α-D-galactopyranoside (for α-Gal A) and 
4-methylumbelliferyl-α-D-glucopyranoside (for GAA), respectively.

α-Gal A enzyme thermal denaturation test. In vitro thermal denaturation 
was carried out using 200 ng of human α-Gal A (agalsidase alfa, Replagal, 
Shire Human Genetic Therapies, Berlin, Germany) in a whole volume of 
25 µl (in 0.06 mol/l phosphate-citrate buffer, pH 6.7). The enzyme was 
pipetted in 96-well plates (Greiner bio-one GmbH, Frickenhausen, GER) 
and incubated at 51 °C for 60 minutes with the respective additive DGJ, 
ABX or a combination of both basically as reported elsewhere.26 A refer-
ence plate was kept on ice during that period. Thereafter, 4 volumes of 
0.06 mol/l phosphate-citrate buffer (pH 4.7) were added to the wells and 
mixed. Twenty-five microliters of the mixture were transferred into a fresh 
96-well plate. The enzyme activity measurement was started by addition of 
20 µl of the substrate 4-methylumbelliferyl-α-D-galactopyranoside solu-
tion (stock concentration: 2.0 mol/l. Samples were kept under slight agi-
tation in a 37 °C water bath for 20 minutes. To stop the reaction, 200 µl 
of glycine-NaOH buffer (pH 10.5) was added and substrate turnover was 
immediately surveyed as described above. Comparison of heat-treated ver-
sus reference sample was used to measure the reduction in enzyme activity.

Western blot analysis. Western blot analysis was carried out basically as 
described before.9

PPAR-γ transcriptional regulation reporter assay. The HEK-293H 
cells were seeded at a density of 4 × 104 in a 96-well plate in antibiotic 
free medium 24 hours before transfection. On the day of transfec-
tion, the medium was changed prior to adding the transfection solu-
tion (Lipofectamine 2000, Invitrogen) containing the reporter plasmid 
constructs (Cignal PPAR Reporter (luc) Kit, Qiagen, Hilden, GER). Six 
hours post-transfection, the compounds were added. The treatment was 
carried out for 18 hours before the cells were lysed in passive lysis buffer 
(Dual-Luciferase Reporter Assay System, Promega GmbH). The detected 
firefly luciferase activity was normalized against intrinsic renilla lucif-
erase contained in the transfection solution at a plasmid ratio of 1:40. 
Samples were diluted to ensure that the signal was in the linear assay 
range, transferred to polypropylene round bottom tubes and measured 
in a luminometer (Lumat LB9507, Berthold Technologies, Bad Wildbad, 
GER) with the respective substrates.

SUPPLEMENTARY MATERIAL
Figure S1. Excerpt of pharmacological chaperone- (DGJ-) treated 
GLA mutations.
Figure S2. ABX concentration-dependent increase of PC-treated 
p.A156V α-Gal A activity.
Figure S3. Synergistic effect of a galactose/ABX combination on 
galactose-responsive GLA mutations.
Figure S4. ER protein homeostasis re-modeling agents did not have 
a significant effect on p.R301Q α-Gal A activity.
Figure S5. Agalsidase alfa inhibition assay with DGJ and ABX.
Figure S6. Proteasomal inhibitors MG-132 and Lactacystin increased 
cellular α-Gal A mutants.
Table S1. Proteasomal activities in compound-treated HEK-293H cells.
Table S2. Primer registry.
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