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Extract

Glycogen synthetase, phosphorylase, debrancher, and acid maltase activities were
measured in fibroblasts from normal subjects and from five patients with three differ-
ent forms of glycogen storage disease. Acid maltase was absent in fibroblasts from
two patients with glycogenosis type II, debrancher activity was decreased in fibroblasts
from two patients with glycogenosis type III, and phosphorylase activity was normal in
fibroblasts from one patient with glycogenosis type V.

Fibroblasts from patients with glycogenosis types II and / / / accumulated more
glycogen than normal cells; glycogen concentrations were about twice normal 10
days after subculture. In both types of mutant cells, glucose starvation was followed
by rapid utilization of glycogen. Effective metabolism of glycogen in cells devoid of
acid maltase activity makes the role of this enzyme uncertain.

Speculation

Glycogen is stored excessively in cultured skin fibroblasts from patients with glyco-
genosis types II (lack of acid maltase) and / / / (debrancher deficiency). The ready
mobilization of glycogen in glycogenosis type II cells challenges the postulated lyso-
somal mechanism of this disease, or indicates that this in vitro system is not exactly
comparable with the in vivo situation.

Introduction

Human fibroblasts in culture have been used increas-
ingly to investigate genetic diseases [23]. A particular
advantage of this in vitro system is the opportunity to
study the dynamics of cell macromolecules in mutant
states. This study examines the concentration of glyco-
gen in cells from patients with three forms of glycogen
storage disease.

Materials and Methods

Cell Cultures and Preparation of Cell Lysates

Human fibroblast cell cultures were derived from
skin biopsies of 18 individuals. With one exception

they were initially propagated in the cytogenetic labo-
ratories of Children's Hospital of Philadelphia. Con-
trol cell lines were obtained from chromosomally nor-
mal, healthy parents of children with cytogenetic and
metabolic disorders (UPG70-9, 70-14, 68-32, 71-15, 71-
10 [29]), from children with isolated cardiac (UPG71-3)
or surgical (UPG69-21) lesions, and from patients with
a variety of metabolic and cytogenetic disorders
(UPG68-33, 68-38, 70-16, 68-3, 71-36, CCL76). The cell
lines from patients with glycogen storage diseases were
from two infants with Pompe's disease (glycogenosis
type II, lack of acid maltase; one was biopsied here
(UPG68-42), the other was supplied by Dr. Rody Cox
from a culture established in his laboratory); from two
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children with limit dextrinosis (glycogenosis type III,
lack of debrancher system (UPG71-12, 69-29)); and
from one 18-year-old youth with McArdle's disease
(glycogenosis type V, lack of muscle phosphorylase
(UPG70-7)).

The cells were in the phase of uniform growth
('phase II" [14]) and were passaged routinely after they
had reached confluency in glass milk dilution or 1-liter
Blake bottles. The medium, unless otherwise noted in
descriptions of individual experiments, contained Ea-
gle's minimal essential components [30] with glucose,
100 mg/100 ml (w/v), supplemented with 10% (v/v)
fetal calf serum [30], and chlortetracycline [31], 50 fig/
ml. Periodic tests of cell cultures were performed for
mycoplasma contamination and only negative cells
were used in the data reported [13].

When cells were harvested for glycogen determina-
tions or enzyme assays, the cell monolayer surface was
washed once with phosphate buffered saline, 0.15 M,
pH 7.4 (PBS), then 0.25% (w/v) trypsin was layered
over the monolayer surface for 1 min and decanted.
When the cells detached (5-10 min) they were sus-
pended in PBS, counted in a standard hemocytometer,
centrifuged at 600 X g for 10 min, and the pelleted
cells lysed by freezing and thawing in distilled water.

For glycogen determination, lysates contained 5-10
X 10e cells/ml. For glycogen synthetase assay, the cell
concentration was in the range of 10-20 X 106 cells/
ml, for phosphorylase and debrancher assays, 20-30 X
10(i cells/ml. After lysis, preparations were centrifuged
at 1,500 X g for 15 min and the supernatant solution
was used for analysis.

Glycogen was measured as glucose after digestion
with Diazyme [32], a mixture of glucosidases from As-
pergillus niger capable of quantitatively converting
glycogen to glucose. Aliquots of cell lysates (0.25 ml)
were boiled for 2 min, cooled, and incubated at 37° for
1.5 hr with 0.25 ml Diazyme, prepared in 0.1 M phos-
phate buffer, pH 6.0, as described by Johnson and
Fusaro [19]. Control samples were incubated with
buffer alone. After precipitation with 0.3 M Ba(OH)2

and 0.3 M ZnSO4 (0.5 ml of each), the glucose pro-
cluced was measured by glucose oxidase [33] in 0.1-0.25
ml supernatant.

Most glycogen determinations were carried out im-
mediately after preparation of the cell lysates. In some
cases the lysates were frozen and stored for several days
at —20°, without detectable loss of glycogen.

Protein [22] and DNA [26] were assayed in samples
of cell suspensions. Protein determinations are there-
fore expressions of total cell protein, and not of cell

supernatants as used elsewhere to quantitate glycogen
contents [8].

Enzyme Assays

Acid maltase (a-D-glucoside glucohydrolase, EC.
3.2.1.20) activity was measured essentially by the
method of Hers and Von Hoof [16]. The assay me-
dium contained, in a final volume of 0.15 ml: 0.14%
maltose, 33 HIM acetate buffer, pH 4.0, and 0.05 ml cell
lysate. In studies of acid maltase activity at different
pH values, 33 mM citrate buffer was used instead of
acetate. After 4 hr at 37°, the reaction was stopped by
placing the tube in boiling water for 2 min. After
cooling, 1 ml glucose oxidase reagent [33] was added
and the tubes were incubated for 1 hr at 37°. The
reaction was stopped by addition of 0.5 ml 2 N HC1,
the mixture was centrifuged and filtered through glass
wool, and the optical density measured at 400 nm.

Debrancher (amylopectin 6-glucanohydrolase, EC.
3.2.1.9) activity was measured as 14C-glucose incorpo-
ration into glycogen [7]. The reaction mixture con-
tained, in a final volume of 0.3 ml: 25 mM histidine-
HC1 buffer (pH 6.5), 30 mg shellfish glycogen, 7.5 mM
U-"C-glucose (0.4 ^Ci/^mol), and 0.09 ml fibroblast
lysate. At zero time and after incubation at 37° for 15,
30, and 60 min, 0.05-ml aliquots were spotted on filter
paper discs (Whatman no. 5); the discs were washed
twice (45 and 10 min) in 66% ethanol and once (5
min) in acetone and were dried and counted in a Beck-
man LS-150 scintillation counter [34], with 0.5% 2,5-
diphenyloxazole in toluene as scintillation mixture.

UDPG-glycogen synthetase (UDP-glucose: a-l,4-glu-
can, a-4-glucosyltransferase, EC. 2.4.1.11) was assayed
by measuring the incorporation of labeled UDP-glu-
cose into glycogen at 37° [27]. The reaction mixture
had the following composition, in 0.15 ml: 50 mM
Tris-HCl (pH 7.8), 5 mM EDTA, 15 mg shellfish glyco-
gen, 6.7 mM UDP-l4C-glucose (0.05 fiCi/piaol), 6.7 mM
glucose 6-phosphate, and 0.05 ml fibroblast lysate. At
zero time and after 10 min of incubation at 37°, 0.05-
ml aliquots were spotted on filter paper discs (What-
man no. 5). The discs were washed and counted as
described for the assay of debrancher.

Phosphorylase («-l, 4-glucan: orthophosphate gluco-
syltransferase, EC. 2.4.1.1). The activity was meas-
ured spectrophotometrically in terms of NADP re-
duced [21]. The assay system contained, in a final vol-
ume of 1 ml: 20 mM Na-phosphate buffer (pH 7.2), 2

MgSO4, 1 mM NADP, 0.1% shellfish glycogen, 0.8
5'AMP, 2 units glucose 6-phosphate dehydrogen-

ase, 2 units phosphogiucomutase [35] and 0.1 ml cell
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lysate. The reduction o£ NADP was followed at 340
nm in a Beckman DU spectrophotometer [34] by
means of a Gilford 2000 recorder [36].

Results

Glycogen Concentration of Normal and Mutant Cells
during Their Growth in Serial Passage (Fig. 1).

The cells in these experiments were subcultured
weekly, when they were fully confluent monolayer cul-
tures at a "split ratio" of 1/4. Although glucose was
utilized (see accompanying paper [8]) in the period be-
tween medium changes, detectable glucose was contin-
uously present in the culture medium; the medium
was completely replaced with fresh medium containing
glucose (100 mg/100 ml) every 3-4 days. Under these
conditions, glycogen content steadily increased over a
10-day period of observation. At 10 days, the mean cell
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Fig. 1. Glycogen concentrations (expressed as micrograms of
glucose per milligram of total cell protein) of control cells and
cells from patients with glycogenosis type II (Q, H). type III (X),
and type V (•)• Cells from the same cell strain and passage num-
ber were divided after trypsinization into 14 replicate cultures (in
milk dilution bottles). The medium was completely replaced 3,
7, and 10 days after subculture: at 3 and 7 days with complete
medium; at 10 days with medium lacking glucose in the defined
portion (some glucose was present in the serum). The cells from
two cultures were harvested and pooled on days 3, 7, 10, 11, 12,
13,14, for glycogen determination.

The data for control cells is based on 11 individual experi-
ments with six different cell strains. The mean (•) glycogen con-
centrations for the control cells and ±2 SD about the mean
(shaded areas) are indicated. The same type of data for cell lines
from two different patients with glycogenosis type 11, and patients
with glycogenosis type III and type V is superimposed on the con-
trol values.
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Fig. 2. The effect of pH on maltase activity of a control cell
line and a cell line from a patient with glycogenosis type II.

glycogen was 64.7 /tg glycogen/mg total cell protein.
Further increases of glycogen concentration were occa-
sionally observed if these culture conditions were
maintained for longer periods, with maximum glyco-
gen concentrations after 14-21 days.

After 10 days of culture in the presence of glucose, if
the medium was replaced with medium that contained
all the usual components except glucose, the glycogen
content of the cells decreased, and after 3-5 days with-
out glucose in the medium, glycogen was barely detect-
able in the cells of most lines.

Similar experiments were performed with cell lines
from patients with glycogenoses types II, III, and V
(Fig. 1). In fibroblasts from two patients with glycogen-
osis type II (acid maltase deficiency) and from one
patient with type III (debrancher deficiency), glycogen
accumulated in excess of the control cell lines.

On the basis of 5 individual studies of two glycogen-
osis type II cell lines and 14 experiments with six
control cell lines, there was a significant difference in
the glycogen concentration after 10 clays of subculture
(P < 0.01). In the absence of glucose in the medium,
these mutant cells utilized glycogen stores at approxi-
mately the same rate as normal cells. However, the
residual amounts of glycogen, after 4 days of glucose
deprivation, were slightly higher than in any control
cell line.

Enzymes of Glycogen Metabolism in Normal and Mu-
tant Cells

The deficiency of acid maltase in patients with gly-
cogenosis type II was reflected in the fibroblasts; the
enzyme was undetectable at pH 4.0. At pH 7.0, maltase
activity in mutant and control cells was similar, but
was lower in mutant cells at pH 6.0 (Fig. 2).

Debrancher activity in two cell lines from patients
with type III glycogenosis was lower than control cell



742 DIMAURO, ROWLAND, AND MELLMAN

Table I. Activities of enzymes of glycogen metabolism in normal and glycogenoses fibroblasts1

Controls2

No. of cell lines
Range of values

Patients3

Cox line
UPG68-42
UPG91-12
UPG69-29
UPG7O-7

type II
type II
type III
type III
type V

Glycogen synthetase,
glucose incorporated,

m^mol/min

126.2
4

105.3-158.8

73.3 (2)

126.7 (2)

Phosphorylase glucose 1-
phosphate liberated,

ntyimol/min

69.3
3

51.4-84.5

53.4 (2)

73.2 (2)

Debrancher, glucose
incorporated,
m,umol/min

39.5
4

32.5-48.8

22.8 (4)
27.5 (4)
34.3 (2)

Acid maltase, maltose
hydrolyzed,
m^mol/min

101.0
3

85.0-118.0

0 (2)
0 (2)

91.6 (1)

1 All activities are expressed per milligram of DNA.
2 Ranges of values refer to mean values of different lines. Number of determinations: synthetase, 16; phosphorylase, 7; debrancher,
12; acid maltase, 3.
3 For the mutant cells, the number of determinations is in parentheses.

•fa

1
l l 6 0

1 \40

G
lu

e
m

in

| ^ 2 0

n

-

•
•

•

t

t -
V.

Patients Controls
2 4

Fig. 3. Debrancher activity of control cells (#) and of cells from
two patients with glycogenosis type III (•, ^ ) .

lines (Table I), only slightly less than some controls
but about 66% of control mean activity. In liver and
muscle of the same patients, in contrast, debrancher
activity was less than 10% of normal. There was consid-
erable variation in different determinations of the
same mutant cell lines, some essentially normal, others
as low as one-third of the lowest normal activity (Fig.
3).

Phosphorylase activity (Table I), absent in skeletal
muscle of a patient with glycogenosis type V, was nor-
mal in his fibroblasts.

Discussion

Cells cultures from human skin store glycogen when
glucose is present and utilize it when glucose is deleted
from the medium. These dynamics have been studied
with cell lines from controls and patients with glyco-

gen storage diseases. These studies suggest that glyco-
genoses type II and / / / are expressed under appropri-
ate conditions in cells from affected individuals. Such
cell lines can be used, therefore, to improve our under-
standing of the pathogenesis of the diseases and to
evaluate approaches to therapy.

Glycogenosis type II: (Acid Maltase Deficiency)

Glycogen accumulated in fibroblasts from glycogen-
osis type II patients more than in control cells after
several days of culture. The highest levels in fibro-
blasts were about 3 times more than normal, in contrast
to the 10-fold increases in other tissues in the same
patients. Similar results in fibroblasts were reported by
Brown and Brown [2], who found that the half-life of
the polysaccharide was about 3 times normal. By add-
ing trehalose, a noncompetitive inhibitor of acid mal-
tase, to the medium of culture for normal fibroblasts,
they induced changes in glycogen metabolism similar
to the mutant cells.

This pattern is consistent with the absence of acid
maltase in cultured fibroblasts of affected children re-
ported here and by other investigators studying this
disease [2, 5, 6, 18, 24, 25]. Hug et al. [18] provided
morphologic evidence of intralysosomal accumulation
of glycogen in fibroblasts. However, we found that
when mutant cells were starved of glucose, glycogen
was utilized at the same rate, and almost to the same
extent, as in normal fibroblasts. These findings are
difficult to reconcile with the classical view of lysoso-
mal diseases [15] of which this was the prototype. The
accumulated substrate should be sequestered within
lysosomes and not available to extralysosomal enzymes.
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Glucose starvation may somehow have "labilized" the
lysosomes and made the accumulated glycogen availa-
ble to extralysosomal enzymes. This seems unlikely,
however, because a massive breakdown of lysosomes
should cause cell degeneration and death, whereas the
mutant fibroblasts were viable after glycogen depletion
and, if fresh medium was added, resumed glycogen
synthesis. Excess glycogen may accumulate in glycogen-
osis type II fibroblasts not only within lysosomes but
also free in the cytoplasm, as observed in many other
tissues [3, 12, 17]. Preliminary morphologic observa-
tions indicate that this is true also of fibroblast cells
in culture [11]. The mechanism of accumulation of
extralysosomal glycogen is still obscure, but this frac-
tion of the polysaccharide may be more easily de-
graded by extralysosomal enzymes when the cells are
grown in glucose-depleted media. However, the degree
o£ glycogen utilization we observed is difficult to ex-
plain, unless only a proportion of the excess glycogen
accumulates within lysosomes, or the lack of acid mal-
tase is not the only expression of this genetic disease.

Glycogenosis type III: Debrancher System Defect

The higher levels of glycogen found in this study in
cells from a patient with type III glycogenosis are con-
sistent with the notion that the enzyme defect is, at
least partially, expressed by fibroblast cells in culture.
On the other hand, the utilization of glycogen by glu-
cose-starved cells was much greater than expected if
the enzyme were functionless in the cells; the mutant
enzyme presumably has at least partial function in the
cultured cells.

In this study, the activity of debrancher system en-
zymes in fibroblasts of patients with type III glycogen-
osis was only slightly decreased, about 58% of the nor-
mal mean in cells from one patient and 70% of nor-
mal in the other. In cells from the only other patient
so studied, Justice et al. [20], using essentially the same
assay, recorded activity between 8% and 25% of the
normal mean. In affected tissues, enzyme activity is
usually less than 10% of normal as it was in liver and
muscle of these patients. The decreased activity in
these fibroblasts seemed to be functionally significant,
for we found slightly increased accumulation of glyco-
gen; in another patient's fibroblasts, Brown and
Brown [2] found that the accumulated polysaccharide
had the abnormally short outer chains that character-
ize other tissue stores. Similarly, variable activities
have been recorded in leucocytes; debrancher activity
is low in some patients [4, 10, 28], normal in others [1].

Glycogenosis type V: Muscle Phosphorylase Deficiency

Glycogen accumulation and utilization as well as
phosphorylase activity were normal in fibroblasts from
a patient with glycogenosis type V. Similar results were
also reported by Dreyfus and Alexandre [9]. They also
found that phosphorylase protein from normal fibro-
blasts was immunologically distinct from muscle phos-
phorylase. Whether the phosphorylase of cultured cells
is similar to liver phosphorylase and would therefore
reflect genetically determined abnormalities of liver
phosphorylase is not known.

Summary

Cultures of human skin fibroblasts express the enzyme
defect in glycogenoses type II and / / / but not in glyco-
genosis type V. Mutant cells accumulate more glycogen
than normal cells. However, glycogen is mobilized in a
similar manner by both mutant cell types when the
cells are incubated in glucose-free medium. This is
particularly interesting in glycogenosis type II cells,
because they have no detectable acid maltase activity.
The mobilization of glycogen in glycogenosis type II
fibroblasts remains to be explained.
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