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Background
Pompe disease is caused by a deficiency in the lysosomal enzyme 
α-glucosidase (GAA) and results in the progressive accumulation 
of glycogen in autophagosome-autolysosome vesicles [1] and 
multivesicular bodies [2] in affected cells. There is currently no 
effective cure for this lysosomal storage disorder, but enzyme 
replacement therapy (ERT) has been clinically approved. ERT 
has been shown to reduce the amount of glycogen in a number 
of affected tissues, including heart and skeletal muscle [3], and 
there is evidence of prolonged patient survival [4]. However, 
it has been reported to be ineffective in some patients [3] and 
appears to have limited capacity to access the glycogen stored 
in some major sites of pathology, including type II skeletal 
muscle [1,5]. This inability of GAA to access the glycogen stored 
in certain autophagosomes-autolysosomes [6] necessitates the 

development of novel or adjunct therapeutic options to more 
effectively treat the disease.

The hallmark of Pompe disease is the accumulation of glycogen 
in autolysosomes, but a glucose tetrasaccharide (Glc4) has 
been observed in both the urine and blood of Pompe patients 
[7]. This product of glycogen breakdown is presumed to arise 
from digestion by circulating amylases [8] and to be the result 
of glycogen being released into circulation from affected cells. 

Glycogen Exocytosis from 
Cultured Pompe Skin Fibroblasts
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Methods: A sensitive mass spectrometry assay was used to quantify glycogen in 
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One possible explanation for this extracellular glycogen is cell 
death, and there is some evidence for apoptosis in the advanced 
stages of Pompe disease [9]. However, the amount of circulating 
tetrasaccharide in Pompe patients appears to be similar in both 
early- and late-stage disease [10], suggesting that cell death is 
at best only a partial explanation for this glycogen release from 
Pompe cells. An alternative explanation is the release of stored 
glycogen from muscle and other cells by exocytosis, a process 
that involves the fusion of intracellular vesicles with the cell 
surface and the release of vesicular content.

There is evidence that storage material can be released from 
lysosomal storage disorder cells by exocytosis. In kidney cells 
derived from metachromatic leukodystrophy patients, sulphatide 
storage material is released into the culture medium [11]. Exocytosis 
was induced in Niemenn Pick type C [12], multiple sulphatase 
deficiency, mucopolysaccharidosis (MPS) type-IIIA and neuronal 
ceroid lipofuscinoses cells [13], and resulted in a reduced amount of 
intracellular storage material. Recently, the induction of exocytosis in 
cultured Pompe cells was shown to cause a reduction in intracellular 
glycogen storage [13-15], suggesting that glycogen exocytosis is 
possible. Lysosomal exocytosis was induced by overexpressing 
transcription factor EB, which activated lysosomal Ca2+ channel 
MCOLN1 and increased the intracellular Ca2+ concentration. The 
modulation of exocytosis, by specific media and culturing conditions 
[16,17] as well as a number of drugs/compounds targeting the 
exocytic machinery [18,19], could also be utilized to modulate 
glycogen release. Here, a mass spectrometry based glycogen 
quantification assay [20] was used to accurately define glycogen 
exocytosis from Pompe skin fibroblasts under culture conditions 
that induce Ca2+-dependent exocytosis, confirming the work of 
Medina et al. [13], and Ca2+-independent exocytosis,  identifying 
alternative targets with the potential to release a higher 
proportion of vesicular glycogen. We also defined the amount of 
exocytosis and glycogen released relative to other vesicular cargo 
and compared this process in fibroblasts from control, Pompe 
disease and MPS type I, a lysosomal storage disorder which 
accumulates different storage substrates. This led to the novel 
finding that although increased exocytosis in Pompe cells led to 
elevated glycogen release, it was partially impaired.

Materials and Methods
Cell culture
De-identified Pompe and MPS I skin fibroblasts were isolated 
from skin biopsies referred to the National Referral Laboratory 
for Lysosomal, Peroxisomal and Related Genetic Disorders 
(Women’s and Children’s Hospital, Adelaide, Australia) and 
used in accordance with Women’s and Children’s Human 
Research Ethics Committee approval 668/4/2009. Unaffected 
skin fibroblasts were derived from skin biopsies from apparently 
healthy volunteers. Each of the cultured fibroblast lines used had 
a similar rate of growth and was limited to less than nine sub-
cultures.

Cytoplasmic glycogen depletion
To deplete the skin fibroblast cultures of cytoplasmic glycogen, 
cells were cultured in FBS- and glucose-free culture medium. For 

depletion, cells were then washed twice with 12 mL of PBS, pH 
7.2 (Sigma, St. Louis, USA), and then cultured in FBS-free Basal 
Eagle medium (Sigma, St. Louis, USA) for 24 hours at 37°C. After 
discarding this culture medium, the cell monolayer was washed 
with 12 mL of PBS (three times) and cultured in glucose-free 
Dulbecco’s modified Eagle’s medium (Sigma, St. Louis, USA) for 
24 hours at 37°C.

Trypan blue cell viability measurement
To evaluate the viability of cultured cells at harvest, a 20 μL aliquot 
of cell suspension was mixed with an equal volume of 0.1% (v/v) 
trypan blue and incubated for 5 mins at 20°C, transferred to a 
haemocytometer and examined at 100X magnification. Non-
viable cells were stained blue due to uptake of trypan blue into 
the cell. Culture viability was evaluated as the percentage of total 
cells that did not stain blue. Data were not collected from control 
fibroblast cultures with <90% trypan blue exclusion.

Lactate dehydrogenase cell viability measurement
A 300 μL aliquot of glucose-free DMEM from cultured cells 
was mixed with 200 μL of lactate dehydrogenase (LDH) assay 
substrate, 200 μL of LDH cofactor and 200 μL of LDH dye solution, 
and incubated for 30 mins at 20°C in the dark, in accordance 
with the TOX-7 kit instructions. Each reaction was stopped by the 
addition of 90 μL of 1 N HCl and analysed spectrophotometrically 
at both 690 nm (background signal) and 490 nm. A sample of 
glucose-free DMEM was included as a negative control. For 
the positive control, 10 mL of LDH assay lysis solution (diluted 
1:10 in glucose-free DMEM) was added to a flask of cells to 
release cellular LDH. All assays, including the positive control, 
were performed in triplicate. The amount of LDH in the culture 
medium was corrected for total cell protein and expressed as the 
percentage of LDH released per culture. Data were not collected 
from control fibroblast cultures with >5 μg/mg of total cell protein 
LDH release.

Cell surface immune-fluorescence
Skin fibroblasts were seeded onto sterile coverslips in 6-well 
plates at approximately 1×104 cells/mL (each well containing 2 
mL of complete culture medium). Cells were cultured to either 
20% to 50% confluence (3.4 to 8.5×104 cells/well) or confluence 
(1.7×105 cells/well). Each well was washed three times with 4 mL 
of PBS for 5 minutes at 4°C on a plate shaker. One hundred μL 
of mouse α-Lysosomal-associated membrane protein (LAMP)-
1 monoclonal antibody clone BB6 was then added to each well 
(diluted to 2.2 μg/mL in complete culture medium) and incubated 
for 1 hour at 4°C. Wells were then washed three times with 4 
mL of PBS for 5 minutes at 4°C on a plate shaker. Each well was 
then aspirated and 100 μL of Fluorophore-488 conjugated goat 
α-mouse antibody (Invitrogen, Carlsbad, USA; diluted to 1:1000 
in complete culture medium) was added and incubated in the 
dark for 1 hour at 4°C. All wells were washed three times with 3 
mL of PBS for 5 minutes at 4°C on a plate shaker, in the dark. To 
stain the nucleus, 50 µL of Prolong Gold nuclear stain (Invitrogen, 
Carlsbad, USA), containing DAPI, was added to each coverslip. The 
coverslip was then inverted onto a microscope slide. Coverslips/
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cells were stored in the dark at 4°C until examined on a Leica SP5 
spectral scanning confocal microscope (Leica Microsystems Pty 
Ltd., North Ryde, Australia) at 100X magnification. Fluorescence 
intensity per unit area was determined using AnalySIS software 
(Soft Imaging System GmbH, Munster, Germany).

Intracellular immune-fluorescence
To visualise the intracellular location of LAMP-1 in skin fibroblasts, 
cells were permeabilised and stained by immune-fluorescence. 
To fix and permeabilise the cells, 1 mL of methanol/acetone 
(1:1) was added to each well (coverslip) and then incubated for 
10 minutes at –20○C. Each well was then aspirated and air-dried 
for 20 minutes at 20○C. To prevent non-specific antibody binding, 
1 mL of PBS containing 5% (w/v) bovine serum albumin (BSA; 
Sigma, St. Louis, USA) was added to each well and incubated for 
1 hour at 20○C on a plate shaker. Each well was aspirated and 100 
μL of monoclonal LAMP-1 antibody (diluted to 2.2 μg/mL in 5% 
(w/v) BSA in PBS) was added and incubated for 1 hour at 20○C.  
Each well was washed three times with 4 mL of PBS for 5 minutes 
at 4○C on a plate shaker. One hundred μL of Fluorophore-488 
conjugated goat α-mouse secondary antibody (diluted to 1:200 
in 5% (w/v) BSA in PBS) was added to each well and incubated 
in the dark for 1 hour at 20○C. All wells were washed three times 
with 4 mL of PBS for 5 minutes at 20○C on a plate shaker, in the 
dark. To stain the nucleus, 50 µL of Prolong Gold nuclear stain 
was added to each coverslip; the coverslip was then inverted 
onto a microscope slide. Coverslips/cells were stored in the dark 
at 20○C until examined on a Leica SP5 spectral scanning confocal 
microscope at 100X magnification.

Glycogen quantification
The mass spectrometry based glycogen assay has been described 
previously for the quantification of glycogen in mouse tissue 
extracts [20]. Here, the assay was applied to the quantification 
of glycogen in culture medium (100 µL analysed per sample) and 
skin fibroblast extracts (0.1 µg cell protein made up to 10 µL in 
water analysed per sample).

β-Hexosaminidase activity
The β-Hexosaminidase fluorometric assay was used as described 
previously [21].

Evaluation of cell division in skin fibroblasts
Approximately 1×106 cells were resuspended in 220 μL of 
propidium iodide solution, containing 0.5% (v/v) of Triton-X 100 
(Sigma, St. Louis, USA), 250 µg/mL propidium iodide (Sigma, St. 
Louis, USA) and 250 µg/mL of RNase I (Sigma, St. Louis, USA) in 
PBS, and incubated in the dark for 30 minutes at 20○C. Different 
stages of the cell cycle were distinguished by the relative 
proportion of propidium iodide incorporated into the nucleus 
of each cell as described previously by Givan [22]. To remove 
excess propidium iodide solution, cells were washed with 1 mL 
of PBS for 1 minute on a plate shaker before final re-suspension 
in 1 mL of PBS. Cells were then injected into a FACScalibur flow 
cytometer (BD Biosciences, Franklin Lakes, USA) and the amount 
of propidium iodide intercalated into each cell was evaluated 

using CellQuest software (BD Biosciences, Franklin Lakes, USA); 
20,000 cells were counted for each culture.

Statistical analysis
Differences between two independent groups of data with a 
normal distribution were determined by the student T-test, and 
the significance defined by a P value of <0.05. To compare three 
or more groups of data analysis of variance (ANOVA) was utilised, 
with P-values adjusted by the Holm's Stepdown Bonferroni 
procedure.

Results
Cell surface LAMP-1 staining of cultured skin 
fibroblasts
The integral lysosomal membrane protein LAMP-1 has previously 
been used to visualize vesicle exocytosis at the cell surface, 
by immune staining the luminal domain of this protein as it is 
exposed at the plasma membrane of live cells [23]. LAMP-1 
fluorescence was observed as punctate staining on the cell 
surface of Pompe (Figure 1A), MPS I (Figure 1B) and unaffected 

Cell surface and intracellular LAMP-1 in cultured 
skin fibroblasts. Cell surface LAMP-1 staining was 
performed in non-permeabilised Pompe (A), MPS I 
(B) and unaffected (C) cells, and Pompe (D), MPS I (E) 
and unaffected (F) cells that had been pre-incubated in 
the presence of 1 nM of colchicine for 2 hours at 37°C. 
Intracellular LAMP-1 staining of permeabilised Pompe, 
MPS I and unaffected cells are shown in panels (G), (H) 
and (I), respectively. Images are an overlay of LAMP-1 
fluorescence using the 488 channel (green) and DAPI 
(blue). Each image is representative of ≥ 20 images 
with each experiment performed in triplicate. Bar is 
equivalent to 5 µm.

Figure 1
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cells (Figure 1C), with no apparent difference in fluorescence 
intensity and cell surface distribution among different cell 
types. Colchicine, a cytoskeletal destabiliser that inhibits 
exocytosis [23], caused a >70% reduction in cell surface LAMP-
1 fluorescence intensity on Pompe, MPS I and unaffected cells 
when compared to untreated cells (P <0.005; Figure 1D-F). There 
was no difference in cell surface LAMP-1 fluorescence intensity 
for Pompe, MPS I and unaffected cells treated with colchicine, 
while the absence of DAPI nuclear staining indicated that the cells 
had not been permeabilised. Permeabilised cells displayed an 
extensive network of larger LAMP-1-positive vesicular structures 
(Figure 1G-I), and DAPI nuclear staining.

β-Hexosaminidase exocytosis from cultured skin 
fibroblasts
The exocytosis of β-hexosaminidase has been used as a marker to 
track the release of the luminal content from vesicles fusing with 
the cell surface [24]. Fibroblast cells were cultured to confluence 
and either depleted or not depleted of cytoplasmic glycogen. The 
amount of intracellular β-hexosaminidase was 2-fold higher in 
Pompe (P <0.05) and 3.5-fold higher in MPS I when compared 
to unaffected cells, but there was no apparent difference in the 
amount of intracellular β-hexosaminidase in glycogen depleted 
cells, when compared to non-depleted cells (Figure 2). There 
was a rapid exocytosis of β-hexosaminidase from Pompe, MPS 
I and unaffected cells in the first 30 minutes of culture, which 
then plateaued over the next 1.5 hours (Figure 3A). Significantly 
more β-hexosaminidase was released from Pompe (2.2 ± 0.4 
nmol/min/mg) and MPS I (3.8 ± 1.9 nmol/min/mg) cells than 
unaffected control cells (0.9 ± 0.4 nmol/min/mg; P <0.05). 
However, when the amount of β-hexosaminidase released was 
expressed as a percentage of total β-hexosaminidase in each 
cell type, Pompe, MPS I and unaffected cells released the same 
relative amount of this enzyme (approximately 2%; Figure 3B), 
suggesting β-hexosaminidase release was not impaired in Pompe 
and MPS I cells. Cell viability for each cell line was similar, when 
assessed by trypan blue exclusion ≥ 90% and LDH release <5 µg/
mg of total cell protein.

Glycogen exocytosis from cultured skin fibroblasts
There were similar amounts of total cellular glycogen in non-
glycogen-depleted Pompe, MPS I and unaffected cells (Figure 4). 
However, in the glycogen depleted cells (have mainly vesicular 
glycogen), Pompe cells contained 88 ± 5 µg/mg of glycogen, MPS 
I cells had 47 ± 11 µg/mg of glycogen and unaffected cells had 20 
± 5 µg/mg of glycogen (P <0.05 for all comparisons). The amount 
of glycogen released from glycogen depleted Pompe cells was 
1.4-fold greater than glycogen depleted MPS I cells (P <0.05) 
and 2.7-fold greater than glycogen depleted unaffected control 
cells (P <0.005; Figure 5A). Although releasing significantly more 
glycogen, the percentage of glycogen released from Pompe 
cells was >30% less than that observed for MPS I (P <0.05) and 
unaffected control cells (P <0.005; Figure 5B).

Glycogen and β-hexosaminidase exocytosis from 
colchicine-treated skin fibroblasts
Colchicine-treated Pompe, MPS I and unaffected cells (glycogen 
depleted) showed a ≥ 20% reduction in the release of 

β-hexosaminidase and glycogen into the culture medium after 
two hours, when compared to untreated control cells (P <0.03; 
Figure 6). Trypan blue exclusion was ≥ 90% and LDH release <5 
µg/mg of total cell protein for each treatment group.

The effect of Ca2+ on cell surface LAMP-1 staining, 
and β-hexosaminidase and glycogen exocytosis 
from Pompe skin fibroblasts
Approximately 2-fold more glycogen was released into the culture 
medium from Pompe fibroblast cells after treatment with 2.3 mM 
of extracellular Ca2+, when compared to 1.8 mM of extracellular 
Ca2+ (P <0.05; Figure 7A). The amount of β-hexosaminidase 
released into the culture medium of Pompe cells increased after 
treatment with 2.3 mM of extracellular Ca2+, but this was not 
significantly more when compared to 1.8 mM of extracellular Ca2+ 
(P >0.05; Figure 7B). Trypan blue exclusion was ≥ 90% and LDH 
release was <5 µg/mg of total cell protein for Ca2+ concentrations 
of both 1.8 mM and 2.3 mM. The amount of LDH release was more 
variable with 2.3 mM Ca2+ treatment (3.2 ± 2.5 µg/mg), as was 
trypan blue exclusion (93.8 ± 3.6% of total cells), when compared 
to 1.8 mM Ca2+ treatment (93.3 ± 1.3% of total cells). Pompe cells 
treated with 3.6 mM Ca2+ displayed increased cell permeability, 
suggesting some cell death, with LDH release at 10.1 ± 2.1 µg/mg 
and trypan blue exclusion at 79.2 ± 4.4% of cells.

 
Intracellular amounts of β-hexosaminidase 
(β-hex) in cultured skin fibroblasts. The amount of 
β-hexosaminidase was determined in cell extracts 
derived from non-depleted (total) and depleted 
(vesicular) Pompe (□), MPS I (×) and unaffected (∆) 
cells (cell lines were from different individual patients 
or control subjects). The activity of β-hexosaminidase 
is presented as nmol/min/mg of total cell protein. 
*Indicates cell lines used in Figure 5 onwards. 

Figure 2
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Pompe skin fibroblasts treated with the Ca2+ chelator, 1,2-Bis(2-
aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid tetrakis-
acetoxymethyl ester (BAPTA-AM), which decreases the 
concentration of cytosolic Ca2+, showed a ≥ 65% reduction in the 
amount of glycogen (Figure 7C) and β-hexosaminidase (Figure 7D) 
released into the culture medium, when compared to untreated 
cells (P <0.05; at two hours). There was no significant difference 
in the amount of LDH released into the culture medium (3.1 ± 
0.6 µg/mg) or trypan blue exclusion (93.8 ± 2.4% of total cells) 

in cells treated with BAPTA-AM, when compared to untreated 
cells. BAPTA-AM-treated cells demonstrated an 20% reduction in 
the fluorescence intensity of external plasma membrane LAMP-1 
staining compared to untreated cells (Figure 7E, F; P <0.05), while 
DAPI nuclear staining was similar.

The effect of culture confluence on cell surface 
LAMP-1, β-hexosaminidase and glycogen 
exocytosis from Pompe skin fibroblasts
The amount of exocytosis and glycogen release was evaluated 
in Pompe cells at different stages of confluence. Cell cultures at 
pre-confluence contained a higher percentage of dividing cells, 
when compared to Pompe cells at confluence and the percentage 
of dividing cells remained at 5% for Pompe cells from 90% 
confluence through to three weeks post-confluence (Figure 8A). 
There was a >3.6-fold increase in the amount of glycogen released 
into the culture media in cells that had not yet reached confluence 
(40% and 70%), when compared to one week post-confluence (P 
<0.001 at two hours; Figure 8B). There was a greater than 6-fold 
increase in the amount of β-hexosaminidase released from cells at 
40% confluence and 70% confluence, when compared to cells at 
one week post-confluence (P <0.001 at two hours; Figure 8C). Cell 
viability was measured at each stage of confluence with trypan blue 
exclusion ≥ 90% and LDH release <5 µg/mg of total cell protein.

Pompe, MPS I and unaffected cells at 40% confluence displayed 
punctate cell surface LAMP-1 staining that was localised to distinct 
areas of each cell (Figure 9A-C); which was associated with ruffling 
and filopodia (also known as microspikes; Figure 9J and Figure 

β-Hexosaminidase release from cultured skin 
fibroblasts. The release of β-hexosaminidase (β-hex) 
was determined from glycogen-depleted Pompe (red), 
MPS I (green) and unaffected (black) cells (cell lines 
were from different individual patients or control 
subjects; (□), (○) and (∆)). All cells were cultured in 
glucose-free DMEM from t=0 to 2 hours. In panel (A), 
results are expressed as nmol/min/mg of β-hex activity 
released into the culture medium (mean ± standard 
deviation (n=3)). In panel (B) results are expressed as 
the percentage of total β-hex activity in the culture 
medium (mean ± standard deviation (n=3)). *Significant 
difference (P<0.05) when compared to unaffected cells.

Figure 3

Intracellular amounts of glycogen in cultured skin 
fibroblasts. The amount of glycogen was determined 
in cell extracts derived from non-depleted (total) 
and depleted (vesicular) Pompe (□), MPS I (×) and 
unaffected (∆) cells (cell lines were from different 
individual patients or control subjects). The amount 
of glycogen is presented as µg/mg of total cell protein. 
*Indicates cell lines used in Figure 5 onwards. 

Figure 4
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9K for Pompe cells). The amount of cell surface LAMP-1 staining 
in Pompe, MPS I and unaffected cells at 40% confluence was 1.6-
fold higher, when compared to cells at confluence (P <0.05; Figure 
9L for Pompe cells). Pompe, MPS I and unaffected cells at 40% 
confluence were permeabilised by fixation and displayed a more 
extensive staining pattern and larger vesicular structures than non-
permeabilised cells (Figure 9G-I). Pompe, MPS I and unaffected 
cells at 40% confluence were also treated with colchicine, which 
showed a >30% reduction in the fluorescence intensity of cell 
surface LAMP-1 punctae in colchicine-treated (10 minutes), when 
compared to untreated cells (P <0.05; Figure 9D-F). The release of 
β-hexosaminidase and glycogen from colchicine treated cells at 

Glycogen release from cultured skin fibroblasts. 
Glycogen release was determined from cytoplasmic 
glycogen-depleted Pompe (red), MPS I (green) and 
unaffected (black) cells (cell lines were from different 
individual patients or control subjects; (□), (○) and (∆)). 
All cells were cultured in glucose-free DMEM from t=0 
to 2 hours. In panel (A), results are expressed as μg/mg 
of glycogen released into the culture medium (mean 
± standard deviation (n=3)). In panel (B), results are 
expressed as the percentage of total glycogen in the 
culture medium (mean ± standard deviation (n=3)). 
*Significant difference (P<0.05) when compared to 
unaffected cells. **Significant difference (P<0.005) 
when compared to unaffected cells. Panel (C) shows 
a comparison of the amount of vesicular glycogen (●) 
released from cytoplasmic glycogen-depleted Pompe, 
MPS I and unaffected cells. Data are presented as µg 
of glycogen in the culture medium per mg of total cell 
protein or the total percentage of glycogen released 
into the culture medium. 

Figure 5

Effect of colchicine on the release of β-hexosaminidase 
and glycogen from cultured skin fibroblasts. The 
release of β-hexosaminidase (β-hex) and glycogen 
was determined from cytoplasmic glycogen-depleted 
Pompe (A, B; red), MPS I (C, D; green) and unaffected 
(E, F; black) cells. Cells were treated with 1 nM of 
colchicine in glucose-free DMEM for 2 hours at 37°C 
(□) or untreated (■ ). Results are expressed as the 
percentage of β-hex/glycogen in the culture medium 
(mean ± standard deviation (n=3)). *Significance P<0.05 
when compared to untreated controls. **Significance 
P<0.005 when compared to untreated controls.

Figure 6
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40% confluence could not be evaluated for ≥ 30 minutes because 
of a significant reduction in cell viability (≥ 6.9 µg/mg LDH and ≤ 
82.3% trypan blue exclusion). In non-permeabilised cells treated 
with colchicine for <30 minutes, trypan blue exclusion was ≥ 90% 

and LDH release was <5 µg/mg of total cell protein.

Discussion

The effect of Ca2+ on exocytosis in Pompe skin fibroblasts. Panel (A, B) shows the effect of extracellular Ca2+ on 
Pompe skin fibroblast exocytosis. Pompe cells were treated with glucose-free DMEM containing 1.8 mM (■  ) 
and 2.3 mM (□) of CaCl2. CaCl2 supplemented DMEM was added to the cells at t=0; cells were then incubated 
for 2 hours. The release of glycogen (panel A) and β-hexosaminidase (β-hex; panel B) into the culture medium 
was determined. Panel (C, D) shows the effect of intracellular Ca2+ on Pompe skin fibroblast exocytosis. Pompe 
cells were treated with 10 µM of BAPTA-AM. The BAPTA-AM-supplemented DMEM was added to the cells at 
t=0 and cells were incubated for 2 hours. The release of glycogen (panel C) and β-hexosaminidase (panel D) into 
the culture medium of BAPTA-AM-treated (□) and untreated (■  ) cells was determined. Results are expressed 
as the total percentage released into the culture medium (mean ± standard deviation (n=3)). *Significance 
P<0.05 and **significance P<0.005 compared to untreated control cells. Cell surface LAMP-1 fluorescence of 
non-permeabilised BAPTA-AM-treated and untreated cells is shown in panels (E) and (F), respectively. Images 
are an overlay of LAMP-1 fluorescence (green) and DAPI (blue). Each image is representative of >20 images. 
Size bar equivalent to 5 µm. 

Figure 7
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The effect of Pompe skin fibroblast culture confluence on exocytosis. The percentage of Pompe cells at each 
stage of the cell cycle was determined for cells from 20% confluence to three weeks post-confluence (A). Non-
glycogen-depleted cells were cultured in DMEM (10% FBS) until harvested. The percentage of Pompe cells 
in the G0/G1 phase (■ ; senescent), S phase (◊; growth phase) and G2/M phase (Δ; growth phase) is shown. 
Data for stages S and G2/M were also combined to provide a total percentage of cells in the growth phase 
(●). Each data point was evaluated from the measure of 20,000 Pompe cells by flow cytometry. The release 
of glycogen (B) and β-hexosaminidase (β-hex; C) was evaluated in non-glycogen-depleted Pompe cells at 40% 
confluence (○), 70% confluence (□) and one week post-confluence (◊). Glucose-free DMEM was added to the 
cells at t=0 and cells were incubated for 2 hours.  Results are expressed as the mean ± standard deviation 

(n=3). **Significance P<0.005 when compared to cells at confluence. 

Figure 8

Exocytosis is not impaired in Pompe and MPS I 
fibroblasts
Exocytosis involves the fusion of vesicles with the cell surface 
to deliver luminal cargo to the extracellular milieu. LAMP-1-
positive punctae have been used to define Ca2+-triggered exocytic 
events at the cell surface of non-permeabilised NRK cells, 
keratinocytes and fibroblasts [13,25]. Newly synthesised LAMP-
1 is transported from the trans-Golgi network to endosomes/

lysosomes via intracellular vesicles [26]. Surface expression of 
LAMP-1 occurs when endosomal/lysosomal vesicles fuse with 
the plasma membrane exposing the luminal face of the vesicle 
[26]. The fluorescence intensity and cell surface distribution 
of LAMP-1 was similar in Pompe, MPS I and unaffected skin 
fibroblasts, suggesting that there were similar amounts of these 
exocytic events in these different cell types. The activity of 
β-hexosaminidase in cell extracts and culture medium has been 
used to determine the amount of exocytosis from cultured cells 



9

ARCHIVOS DE MEDICINA
ISSN 1698-9465

2015
Vol. 6 No. 2:17

Translational Biomedicine
ISSN 2172-0479

© Under License of Creative Commons Attribution 3.0 License

 
The effect of confluence on cell surface LAMP-1 staining. LAMP-1 staining was evaluated in non-permeabilised 
(cell surface) and permeabilised (intracellular) Pompe, MPS I and unaffected cells at 40% confluence. Cells 
were non-glycogen-depleted and cultured in DMEM (10% FBS) until harvested. Cell surface LAMP-1 staining 
was evaluated in Pompe (A, J, K), MPS I (B) and unaffected (C) cells at 40% confluence. Cell surface LAMP-
1 staining was also measured in colchicine-treated (1 nM) Pompe (D), MPS I (E) and unaffected (F) cells at 
40% confluence (10 min incubation only). Intracellular LAMP-1 fluorescence was determined in permeabilised 
Pompe (G), MPS I (H) and unaffected (I) cells at 40% confluence. Cell surface LAMP-1 staining of Pompe (l) 
skin fibroblasts at confluence (i.e. cell-to-cell contact) is also presented. Images are an overlay of LAMP-
1 fluorescence (green), DAPI (blue) and DIC. Each picture represents >20 images with each experiment 
performed in triplicate. Size bar equivalent to 10 µm.

Figure 9

[27]. β-Hexosaminidase can be released from the cell through 
the constitutive secretory pathway [28], however, for short term 
studies, based on the biosynthetic rate of β-hexosaminidase, the 
amount of enzyme release via this pathway is expected to be 
minimal (≤ 3% after 24 hours in culture) [29]. While the amount 
of intracellular β-hexosaminidase varied between Pompe, MPS I 
and unaffected cells the relative percentage of β-hexosaminidase 
released into the culture medium after two hours was similar 
for all three cell lines (approximately 2%) and was consistent 
with previous reports for unaffected cultured fibroblasts (1.5 to 

5%) [15,30]. The amount of exocytosis from Pompe and MPS I 
cells was therefore similar to unaffected control cells suggesting 
that the two lysosomal storage disorder cell types did not have 
any impairment in the process of exocytosis. In addition, Pompe, 
MPS I and unaffected control cells all released glycogen into the 
culture medium, which was consistent with previous reports of Ca2+-
dependent exocytosis and the release of lysosomal content [27]. 

Glycogen is effectively exocytosed from Pompe 
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fibroblasts
The treatment of cultured cells with colchicine, a cytoskeletal 
destabiliser, has been reported to inhibit exocytosis through 
its action on microtubules and this is thought to impede the 
traffic of vesicles to the cell surface [24]. Colchicine treatment 
of Pompe, MPS I and unaffected cells led to a >30% reduction in 
the exposure of LAMP-1 at the cell surface, and also the release 
of β-hexosaminidase and glycogen, but with no change in cell 
viability. The release of β-hexosaminidase was similar to that 
observed in NRK cells, with colchicine treatment leading to a 15% 
reduction in the exocytosis of this enzyme [30]. Treatment of 
fibroblast cells with colchicine was able to reduce the amount of 
glycogen released from Pompe, MPS I and unaffected control cells 
supporting the notion that this was being released by exocytosis. 
In cultured Pompe, MPS I and unaffected fibroblast cells, 
there was a rapid increase in the amount of β-hexosaminidase 
released into the culture medium for the first 30 minutes, 
followed by a plateau in the release. For exocytosis from NRK 
cells [24], fibroblasts [12] and mast cells [14] there was also a 
plateau in the amount of β-hexosaminidase released after time in 
culture. Extracellular β-hexosaminidase can be re-internalised into 
fibroblasts by endocytosis [29] and may therefore contribute to 
this apparent plateauing effect. Importantly, glycogen release did 
not plateau to the same extent as β-hexosaminidase release and 
this may indicate that there is not a specific uptake mechanism for 
glycogen in fibroblasts.

Ca2+ concentration affects glycogen exocytosis in 
Pompe fibroblasts
The concentration of Ca2+ in the culture medium had a significant 
impact on the amount of glycogen exocytosis from Pompe cells. 
Increasing the concentration of Ca2+ in the culture medium has 
been reported to facilitate the release of acid hydrolases from 
cells [15], whereas decreasing the concentration of Ca2+ reduces 
this exocytic release [31]. There was a 70% increase in the release 
of β-hexosaminidase from Pompe cells in response to a higher 
concentration of Ca2+; but a 300% increase in β-hexosaminidase 
release has been reported in NRK cells [15]. Similarly, there was a 
65% reduction in the release of β-hexosaminidase from Pompe 
cells in response to BAPTA-AM, whereas NRK cells displayed a 
>90% reduction [32]. Cultured fibroblasts may therefore be less 
responsive to Ca2+ than other cell types. Despite these differences in 
β-hexosaminidase release, modulation of Ca2+-dependent exocytosis 
was able to alter glycogen exocytosis, confirming the work of Medina 
et al. [13].

Cell confluence affects glycogen exocytosis in 
Pompe fibroblasts
Pompe cells undergoing cell division released >75% of the total 
cell β-hexosaminidase and >80% of the glycogen into the culture 
medium after only 2 hours of culture, which was >7-fold higher 
than that observed for confluent cells. This high amount of glycogen 
release was surprising as Pompe cells only contain approximately 
50% vesicular glycogen (single point in time measurement), with the 
remainder being localised to the cytoplasm. A potential explanation 
for this high percentage of glycogen release may be that during 

cell growth cytoplasmic glycogen is rapidly autophagocytosed 
to provide an energy source to drive these processes, thereby 
depleting the cytoplasmic stock of glycogen and providing a 
pool of vesicular glycogen that is susceptible to exocytic release. 
Increased glycogen autophagy provides an energy source in liver 
cells during the high energy demand post-natal period [33].

Up-regulation of glycogen exocytosis in sub-
confluent Pompe fibroblasts correlates with in-
creased cell migration
Cell division and migration are elevated in cultures at pre-
confluence [34]. Increased exocytosis has been reported during 
cell division and occurs at the cleavage furrow, as cells divide 
[35]. Exocytosis also occurs during cell migration and this involves 
membrane localised to the leading edge of the cell [36]. There 
was no obvious increase in cell surface LAMP-1 staining at the 
cleavage furrow of dividing Pompe cells. Golgi-derived vesicles, 
but not endosomal or lysosomal compartments, have been 
linked to increased exocytosis during cell division [35], implicating 
Ca2+-independent exocytosis. In sub-confluent, migrating Pompe 
cells, there was an increase in cell surface LAMP-1 staining at 
the leading edge of the cell, in areas of ruffling and on filopodia. 
These structures are involved in the transfer of membrane from 
an intracellular location to the cell surface, thereby enabling 
forward motion [36]. The elevated exocytosis associated with 
sub-confluent Pompe skin fibroblasts, as measured by increased 
LAMP-1 staining and β-hexosaminidase release, may therefore be 
related to cell migration rather than cell division per se.

Glycogen release from Pompe and MPS I 
fibroblasts is partially impaired
When expressed as a percentage of total cellular glycogen for 
each cell, Pompe cells released the lowest proportion of vesicular 
glycogen compared to MPS I and unaffected cells (Figure 5C). 
However, the amount of exocytosis for each of these cell lines 
was similar, as determined by the presence of cell surface LAMP-
1 staining and the release of β-hexosaminidase into the culture 
medium. This suggested that the reduced glycogen release 
from Pompe (and to a lesser extent MPS I) cells was not due to 
impaired exocytosis per se. One possible explanation is that Ca2+-
induced exocytosis, which is the likely mechanism responsible for 
glycogen release, results in cavicapture [37], the partial release 
of vesicle content through an exocytic pore. An explanation 
for this reduced glycogen exocytosis may be that the glycogen 
granules in Pompe cells may be larger in diameter than those 
in unaffected cells, and therefore limited in their ability to be 
exocytosed. Alternatively, the diameter of the exocytic pore in 
Pompe cells may be restricted, when compared to unaffected 
cells, which would also limit glycogen release. These two possible 
mechanisms for the reduced release of glycogen from Pompe 
cells are the focus of future studies.

MPS I fibroblasts accumulate glycogen
MPS I cells were included in this study as these cells 
accumulate different storage substrates to Pompe cells, namely 
glycosaminoglycans. However, MPS I cells were shown to contain 
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more glycogen than unaffected cells, indicating elevated vesicular 
glycogen stores. While the defect in GAA explains increased 
glycogen in Pompe cells, a defect in α-L-iduronidase would not be 
expected to result in glycogen storage. It remains unknown as to 
why glycogen accumulates in MPS I cells, and further studies are 
required. However, it could be speculated that glycosaminoglycan 
storage in MPS I cells either impairs the catalytic activity in 
endosome-lysosome compartments or limits lysosomal fusion 
and therefore degradation in autolysosomes.

Conclusion
In this study, we showed no impairment of exocytosis in 
Pompe cells as defined by cell surface LAMP-1 staining and 
β-hexosaminidase release; and that glycogen was exocytosed 
from these cells. Importantly, glycogen release from Pompe 
fibroblasts was up-regulated by certain culture conditions, 
presumably due to specific effects on the exocytic machinery. This 
study provided proof of concept that glycogen exocytosis may 
be used to re-locate storage material from Pompe cells into the 

extracellular milieu. The induction of Ca2+-independent exocytosis 
appeared to release more glycogen from Pompe cells than Ca2+-
dependent exocytosis. A greater understanding of the Ca2+-
independent exocytic mechanism may lead to the identification 
of new therapeutic targets, which may be more beneficial than 
those identified for the induction of Ca2+-dependent exocytosis 
[13]. The induction of glycogen exocytosis opens the possibility 
for an alternative therapeutic strategy based on degradation by 
circulating amylases.
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