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Extract

A matked intracellutar reduction of six lysosomal enzymes
could be demonstrated in fibroblasts from four different
patients with mucolipidosis type II or I-cell disease. In contrast
to that finding, conditioned media from the same cells
contained a 2—10-fold increase of the activities of five lyso-
somal enzymes over control values, In obligate heterozygotes
elevated lysosomal enzyme activities in the conditioned media
were also found, but normal enzyme activities were measured
intracellularly. A functional impairment of the lysosomal
degradation of (3580,) mucopolysaccharide (MPS) and of
(3” §)-sulfatide could be shown in the I-cell fibroblasts, as a
consequence of decreased enzyme activities.

Substitution of the enzyme-deficient cells with normal
urinary arylsulfatase A and with mucopolysaccharide degrad-
ing factors from normal conditioned media was possible, but
failed when urine from patients or conditioned media factors
from the I-cell fibroblasts were used.

Speculation

Genetic disorders of lysosomal functions can be caused not
only by lack of synthesis or by a structural defect of a

lysosomal enzyme, but also by a genetically determined loss of
enzyme into the extracellular fluid. These lysosomal enzymes
are functionally abnormal only insofar as they cannot be
retained within the cells, and, furthermore, once they are
outside of the cells, they can not re-enter the cells by
pinocytosis as can normal enzymes,

Mucelipidosis B or inclusion cell (Icell) disease is an
inherited condition clinically resembling a classic mucopoly-
saccharidosis, without the typical excessive excretion of
mucopolysaccharides in urine (15). Highly increased levels of
lysosomal enzyme aclivities are found in the extraceliular
fluids of the patients (17,21, 22). In cultured fibroblasts from
patients fypical granular cytoplasmic inclusions are seen,
hence, the name I-cell disease (10). A multiple deficiency of
lysosemal enzymes has been demonstrated in cultured I-cell
fibroblasts (10, 11). In a preliminary report (18) we have
shown that increased lysosomal enzyme activities also can be
measured in conditioned culture medium of I-cell fibroblasts.
We have now confirmed these findings for a number of
different I-cell lines from patients with mucolipidosis I1 and
have studied i{he impact of the mukiiple enzyme deficiency on
lysosomal function in the I-cell fibroblasts. Furihermore, the
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effect of the substitution of deficient lysosomal enzymes on
the degradation defects was analyzed, Finally, stimulated by
the paper of Hickman and Neufeld (9), who postulate an
impaired uptake of lysosomal enzymes via defective recogni-
tion sites, the uptake of lysosomal arylsulfatase A (EC,
3.1.6.1) from I-cell patient into enzyme-deficient cells was
studied.

MATERIAL AND METHODS

TISSUE CULTURE

Skin fibroblasts from four patients with mucolipidosis IT
(24) were grown in FEagle’s minimal essential medium
supplemented with 10% fetal calf serum as described
previously (20).

ENZYME DETERMINATIONS

For determination of enzymes the cells were grown to
confluency, trypsinized with 0.25% trypsin, washed once in
0.9% saline, and sonicated two times for 30 sec at 0° in a
Branson Ultrasonicator. The culiure medium was not sonicated
but was dialyzed overnight against 0.1 M Na acetate buffer,
pH 5.7, before enzyme determination,

Arvlsulfatase A and B were determined according to the
method of Baum et gl (2). Acid phosphatase was assayed
according to the method of Baggiolini et af. (1). All other
lysosomal enzymes were measured according to the method of
Van Hoof and Hers (16). Malate dehydrogenase (MDH) and
lactic acid dehydrogenase (LDH} were estimated following the
methods of Bergmeyer (3}. Heat inactivation of arylsuifatase A
was measured after incubating the cell homogenates at 60° for
30 min. Heat inactivation of N-acetyl3-galactosaminidase was
performed by heating the homogenates at 55° for 30 min.
Proteins were determined according to the Lowry method
(12).

PREPARATION OF ARYLSULFATASE A AND OF
CORRECTIVE FACTORS

Partially purified arylsulfatase A was prepared from normal
human male urine by ammonium sulfate precipitation as
described previously (20). Conditioned culture medium con-
centrates were prepured according to the method of Fratan-
toni et al. {6).

FREPARATION OF (**S)SULFATIDE

(*38)Sulfatide was prepared from rat brain as described
previously (8, 20). The specific activity was 350 uCifmmol.
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RESULTS
INTRACELLULAR ACTIVITY OF LYSOSOMAL ENZYMES

The intracellular activity of six lysosomal enzymes was
markedly reduced in all four I-cell fibroblast strains as shown
in Table 1. The activity of acid phosphatase, however, was
normal. Nonlysosomal enzymes like MDH, a mitochendrial
enzyme, and LDH, a cytoplasmic enzyme marker, were
normal. Mixing of cell homogenates of normal and JT-cell
fibroblasts gave intermediate enzyme activities, Fibroblasts
from obligate heterozygotes (parents of patient GG} showed
normal activities of the lysosomal enzymes.

EXTRACELLULAR LYSOBSOMAL ENZYME ACTIVITIES IN
CONDITIONED CULTURE MEDIA

Lysosomal enzyvme activities have previously been found
elevated in “used” {(conditioned) culture medium in which
fibroblasts from patient G& had been growing for 3 days {18).
This preliminary finding could be confirmed in the culture
media obtained from three more I-cell fibroblast lines as
shown in Table 2, No increase in the activity of nonlysosomal
enzymes {LDH and MDH) could be detected in the media of
these cells, Fibroblast medium from the parents of patient GG
also showed elevated lysosomal enzyme activities (Table 2).

FUNCTIONAL DEFECTS OF THE LYSOSOMAL
DEGRADATION

Degradation of (35804 MPS. In normal celis the half-life of
the degradation of 3%80,-labeled MPS was estimated to be
45 hr. In the fibroblasts of the patients with mucolipidosis II
the halflife was 24—-36 hr. In contrast, the rate of
disappearance of the label from cells of a Hurler patient
vielded a halfdlife of more than 48 hr (Fig. 1).

Degradation of (388)Sulfutide. In the presence of ¢8>
sulfatide in the culture medium for 3 days this compound
accumulated intracellularly in I-cell fibroblasts about twice the
amount in normal cells, In metachromatic leucodystrophy
(MLD)} fibroblasts the accumulation was up to 3 times the
normal values, At the same time the degradation of
(*58)sulfatide to free extracellular 35804 in I-cell fibroblasts
proceeded only at about 30% of normal but still at higher rates
than in MLD fibroblasts {Fig. 2).

Substitution of Aryisulfatase A in [-cell and in MLD
Fibroblasts, Arylsulfatase A preparation from normal urine
was added in increasing amounts to the medium in which
fibroblasts from I[-cell or from MLD patients were growing
(Fig. 3). Addition of extracellular enzyme resulted in nearly
linear dose-dependent increase in intracellular arylsulfatase A
in both enzyme-deficient cell lines, However, when arylsul-
fatase A activity prepared from urine of mucolipidosis II
patients was used, no such substitution of intracellular enzyme

Table 1. Lysosomal enzymes {mean £ $D) in fibroblases!

I-cell fibroblasts

g-Gal

ND Aryl A Aryl B NAGA NAGU a-Fuc Acid P-ase

1. BK 6 0.14 =+ 0.03 0.34 2 0.16 .93 £ Q.16 21705 0.06 = 0.03 0.75 = 0.08 0.3

2 LB 7 012+ 0.08 0.12 =+ 0.08 1.50 £ 0.67 367215 0.00 041 2 0.16 0.34

3. LG § 0.16 + 0.03 022:290.12 .75 £ 0.50 233:1.0 0.1 £0.03 0.16 + (.08 0.58

4, GG 13 0.33+0.16 0.25 +0.10 0.87 +0.50 3.0 £0.33 015 £0.06 ~0.20 + .01 0.37
Parents of &G

Mother 1 5.67 3.86 16,00 £ 2.0 5217 0,42 417 0.5

Father 1 643 2.60 10.5 56.67 1.0 3.33 0.37
Normal fibroblasts

N = 6 cell lines T12+1.75 148 £+2.67 416715 0.83 +0.16 4.3+25 042+ 0,08

243+ 1.0

YAryl A, aryl B: arylsulfatase A, B: NAGA: N-zcetyl-ggalactosaminidase; NAGU = N-acetyl-f-glucosaminidase; a-Fue: a-fucosidase; g-Gal:
B-galactosidase; Acid P-ase: acid phosphatase; ND: number of determinations. All enzyme activities are expressed as millimicromoles of substrate

cleaved per minute and per milligram of protein.
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Table 2. Lysosomal enzymes in culture medium’

I-cell fibroblasts ND Aryl A Aryl B NAGA NAGU a-Fue
1. BX 5 0.5+ 013 0.3 £0.08 3515 11.25+ 5.0 0.0
2.LB & 042+ 0,15 0.26 + 0.06 30+1.8 1533+ 3.5 0,12 0.1
LG 8 042+ 0,13 03+£0.13 56620 2417+ 6.0 0.0
4. GG 10 0.36 + 0.16 0.4 = 0,06 567+ 2.0 12.0+4.0 027+ 0.1

Parents of GG
Mother 0.30 0.26 2.8 8.5 0.0
Father 0.17 042 13.2 0.0

Normal fibroblasts
N =6 cell lines

0.03 + 0.008 0.02 = 0.01 1.6+ 048 50+ 25 0.0

VAryl A, atyl B: arylsulfatase A, B: NAGA: N-acetyl-g-galactosaminidase; NAGU: N-acetyl-g-glucosaminidase; a-Fuc: e-fucosidase: ND: number
of determinations. Enzyme activity was measured in an aliquot of the conditioned medium. The activity in an aliquot of unconditioned medium
was substrated from this value. The total activity was calculated from the net aclivity of the aliquat for the total volume of the medjum (15 ml)
and cotrected for the protein of the cells of the culture from which the media had been harvested.
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Fig. 1. Degradation of intracellular (**SO,)-mucopolysaccharide-
(MPS) in fibroblasts. Fibroblasts were prelabeled for 72 hr with 5 pCi
carrier-free ** 580, /ml medium in 100-mm plastic petri dishes. Then
the medium was removed, the cells were washed once in situ with
saline, and fresh medium was supplied to all plates except for the ones
that were analyzed immediately (zero time value). Plates were harvested
after 6 and after 24 hr, respectively, The intracellular 3 * SO, )MPS was
expressed as percentage of the values at zero time. 7, 2, 3, 4 [-cell
fibrablasis (numbers correspond to those in Tables T and 2).

activity was observed. Arylsuifatase A prepared from obligate
heterozygotes was less active in the substilution of enzyme-
deficient cells than normal. In both I-cell and MLD fibroblasts
the substituted normal arylsulfatase A remained active for the
same period of time, The half-life was estimated to be 10--14
days.

Substitution of MPS-degrading Factors in I-Cell and in
Fibroblasts from Mucopolysaccharidoses, Fibroblasts from
different types of mucopolysaccharidoses show a defect in the
degradation of suifated MPS (6). This could be demonstraied
by the greatly retarded disappearance of (3°S04)MPS from
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Fig. 2. Degradation of (**8)sulfatide. {*58)Sulfatide was solubilized
in 0.5 N NaOH and added to the culture medium. The pH of the
medium was set at pH 7.4 with 0.5 N HCI and the cells were grown in
the presence of 50,000 dpm (** S)sulfatide/10 ml in petri dishes for 3
days. Intracellular (3% S)sulfatide was measured as described previously
(19). Free extracellular ** S0, was measured in the nonlipid-soluble,
dialyzable fraction in the medium after 72 hr of incubation. All valucs
are expressed as percenfage of normal {100%). Left: intracellular
accumulation of (3% §)sulfatide per milligram of cell protein; right: frec
extracellular **S0, comected for cell protein; vertical bars: range of
values; N normal; F,, I,: I-cefl fibroblasts; MLD: metachromatic
leucodystrophy fibrablasts.

35804-prt-‘:labcled fibroblasts in chase experiments (6, 13).
Concentrates of conditioned culture media from normal
fibroblasts (Fig. 4) markedly increased the rate of disappear-
ance of the lubel through partial correction of the degradation
in Hurler, Hunter, and Sanfilippo fibroblasts (Fig. 4).
Concentrates from media from [-cell fibroblasts were not able
to correct the faulty degradation in any of the three
mucopolysaccharidoses.

The defective (** 80, )MPS degradation in i-cell fibrablasts,
however, was corrected by the addition of normal conditioned
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Fig. 3. Enzyme substitution in arylsulfatase A-deficient cells, Arylsulfatase A preparation from normal urine, from urine of two patients with
mucolipidosis II, and from urine of thelr parents was added in increasing activities to medium in which metachromatic leucodystrophy (MLD)
fibrobiasts and I-cell fibrablasts, respectively, were grown. After a 24-hr incubation the cells were harvested by trypsinization and arylsuifatase A
activity was measured in the cells and in the culture medium, o MLD fibroblasts; a: [-cell fibroblasts; v, 2: substitution with normal arylsulfatase

A; =, a; substitution with mucolipidosis II arylsulfatase A.
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Fig. 4. Failure to correct the faulty {**S0,)mucopelysaccharide
-(MPS) degradation in fibroblasts from patients with mucopolysac-
charidosis by conditioned media from [-cell fibroblasts. One milliliter of
conditioned, 100 times concentrated media preparations from normal
or I-cell fibroblasts respectively, were, added to 6 ml fresh medium
containing 5 wCi of carrier-free 580, /ml to culture plates with
fibroblasts trom Hurler, Hunter, and Sanfilippo patients, Intracellular
(**S0,)MPS per milligram of cell protein was measured after 48 h of
incubation. The results of the test plates were calculated as a percentage
of the results in control plates, which received saline instead of media
concentrales, The final results were expressed as a percentage reduction
of the intracelular (**80,)MPS accumulation in the test plates
compared with the controls. Source of the conditioned media. [, 7T, :
two different I-cell strains; ¥: normal fibroblasts.

media concentrates (Fig. 5) partially corrected by the media
from Hurler and Sanfilippo A and B fibroblasts. It was not
corrected by conditioned media from I-cell fibroblasts.

DISCUSSION

A multiple deficiency of lysosomal enzymes has been
demonstrated in cultured skin fibroblasts by us (12) and
others (11, 17). Some evidence exists that lysosomal enzyme
activities also are decreased in patients’ liver, skin (17, 22), and
lencocytes (17}, An important exception this muliiple enzyme
deficiency in fibroblasts is the apparent normal activity of acid
phosphatase and [-glucosidase (9, 19). There is residual
enzyme activity of the deficient enzymes. These display
normal pH optimum and heat inactivation characteristics.
Thus we have no evidence for a structural abnormality of the
metabolic active sife. As a consequence of the low intraceltular
lysosomal enzyme activily we could demonstrate abnormal
degradation function of the lysosomes. Both substrales tested,
(**80, )MPS synthetized by the cells themselves and 358
sulfatide, a lipid added exogenously to the culture medium,
are accumulated by the fibroblaslts because of defective
degradation. However, the block in the degradation of these
two compounds is not as complete as in single lysosomal
enzyme deficiencies. Increased Iysosomal enzyme activities in
the culture medium and in the extracellular fluids of patients
with mucolipidosis 1l seems to be a unique explanation for a
multiple intracellular lysosomal enzyme deficiency. There
seems to be a inverse correlation beiween intracellular and
extracellular enzyme activity, Normal acid phosphatase activ-
ity (18) and low normal S-glucasidase (9, 19) activity were
found in conditioned culture media and in plasma of patients
with mucolipidosis IT (19). In preliminary experiments we
could show that in every 3 hr as much of the total residual
activity of arylsulfatase A appears in the medium of I-cell
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Fig. §. Correction of the faulty (**S80,)mucepolysaccharide -(MPS)
degradation in I-ceil fibroblasts by conditioned media from normal
fibrobtasts and from fibroblasts from Hurler and Sanfilippo patients.
The experimental procedurs was the same as in Figure 4 with the
exception that L-cell fibroblasts were used as recipients for the
conditioned media. Source of the conditioned media. f,, f,: two
different I-cell strains; SF,: Sanfilippo type A fibroblasts; SFp:
Sanfilippe tvpe B fibroblasts; Hu: Hurler fibroblasts; & normal
fibroblasts.

fibroblasts as would appear in the culture medium after 3 days
from normal cells. Thus there can be little doubt thal the
lysosomal enzymes are lost from I-cells in great excess of
normal. /r vive this may or may not lead to a functional
disturbance of the lysosomes as a consequence of the residual
lysosomal activity within the cells, Fibroblasts from obligate
heterozygotes also lose lysosomal enzymes but do not show a
significant decrease of intracellular lysosamal enzymes and are
functionally normal, Since the parents are clinically normal it
could be speculated that not presence of increased extraceilu-
lar lysosomal enzyme activities but decreased intracellular
enzyme activities in vivo is responsible for the clinical picture
of muclipidosis II. In cultured fibrablasts from patients with
metachromatic leucodystrophy (20) and with mucopolysac-
charidosis of various types (13) caused by single lysosomal
enzyme deficiencies the missing enzyme can be substituted by
supplementing this enzyme into the culture medium. It is
taken up by pinocylosis and localized in secondary lysosomes
as can be shown by electronmicroscopy (4). Arylsulfatase A,
MPS-degrading factors, as well as other macromolecules like
(!*C)dextran (19), are normally pinocytosed and retained by
I-cell fibroblasts and the substitution of enzyme is followed by
a correction of the defective lysosomal degradation.

Enzymes prepared from conditioned culture media and/or
wrine of patients with mucolipidosis II failed to be pino-
cytosed into enzyme-deficient cells. This observation, first
published by Hickman and Neufeld (9) for I-cell N-acetyl{-
galactosaminidase, has now been confirmed for arylsulfatase
A. The same mechanism alse explains the failure of I-vell
media concentrates lo correct the defective metabolism of
(®*$0,4 YMPS in mucopolysaccharidoses.

As it has been suggested by Paigen (14), enzymes not only
can be structurally abnormal in respect to inactivation of the
active site, but also in regard to a retention or iniracellular
localization wunit, leaving the enzyme fully active. The
structural alteration could possibly be a carbohydrate unit of
the lysosomal enzyme glycoproteins (7, 23). Such alteration
must he small since preliminary data did not reveal significant
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differences beiween I-cell and normal arylsulfatase A regarding
density gradient ultracentrifugation and isoelectrofocusing
(19). We think that the loss of lysosomal enzymes into the
extracellular fluids ot culture medium is closely related to the
fact that they are not taken up into fibroblasts from the
medium. The same localization defect that makes them leave
the cells may be responsible for the fact that they can not
re-enter the cells, To explain the multiplicity of the enzyme
defect we assume that the structural change occurs at a part
common to ali of the enzyme molecules and which is under
genetic control independent of the gene which regulates the
synthesis of the active site. In this respect it may be relevant
that Fishmann et al (5} could demonstrate a partial
deficiency of a glycosyltransferase in two out three fibroblast
lines of patient with mucelipidosis IL

SUMMARY

A marked decrease in the activity of arylsuifatase A and B,
both hexosaminidases, a-fucesidase, and f-galactosidase, was
found in fibroblast lines from four patients with I-cell disease.

The activities of acid phosphatase and of nonlysosomal
enzymes were found to be normal, The pH opiimum and
thermolability of the residual activity of arylsulfatase A and
N-acetyl{igalactosaminidase were normal. The activities of
arvlsulfatase A and B, both hexosaminidases, and of a-fuco-
sidase in the conditioned culture media from all four cell
strains were found to be 2—10 times higher than normal. Thus,
the decrease in the activity of intracellular lysosomal enzymes
was considered to be the consequence of a loss of enzymes
into the extracellular space.

The tate of degradation of (*%80,)MPS and of (**S)sulfa-
tide was abnormally low in I-cell fibroblasts, which indicated
that the function of the lysosomes was affected by this loss of
¢NZYINES.

Increased cell death as a source of extracellular lysosomal
enzyme activity could be excluded. No evidence was found
which indicated loss of lysosomal enzymes on the level of the
secondary lysosomes. Substitution of the enzyme-deficient
cells with normal arylsulfatase A was possible and the enzyme
was retained normally, but substitution with arylsulfatase A
from urine of a patient with I.cell disease failed. Substitution
experiments with arylsulfatase A from urine of obligaie
heterozygotes gave intermediate correction.

Correction of the faulty (33804)MPS was achieved by
conditioned media fractions from normal fibroblasts but not
with conditioned media fractions from patient fibroblasts.

The results suggest a loss of lysosomal enzymes from the
cells, before the entry into secondary lysosomes and a failure
of these enzymes to re-enter the cells, A theory is presented to
explain both the loss of enzymes and the fact that they are
unable to re-enter the cells.
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Extract

We have developed a randomized, multivariable block design
for guantitative evaluation of conditions for amniotic fluid
(AF) cell attachment to culture surface and subsequent growth
rate, We report the use of this method to determine optimal
fetal calf serum (FCS) concentration in the culture medium.
The AF cell growth, in the form of discrete colonies, was
scored by counting the number of colonies and measuring
their diameters. A two-way analysis of variance of the
preliminary experiment data (5-30% FCS) demonstrated a
significant difference among AF cells grown at different
percentages of FCS (P <C 0.0005). From a studentized range
analysis we concluded that 5% FCS is inferior to higher
percentages. No difference was demonstrated among 15-30%

FCS. Based on these data, a supplementary experiment was
planned to compare 10 and 15% FCS. The 15% FCS yielded at
least 0.31 coloniesfml AF more than did 10% FCS. We
conclude that 15% FCS is sufficient for AF cell culture using
our technique. Close agreement of the estimates of standard
deviation of the preliminary and supplementary experiments
(7.38 and 7.25) indicates that the assumptions required for
our experimental design are correct and that our technical
procedures are highly reproducible,

A larger series of 76 AF specimens was used to correlate
patient data with AF cell growth. We have shown that AF cell
growth is independent of: (1) gestational age between 11 and
24 weeks; (2) maternal age between 14 and 42 years; (3}
maternal ethnic group. A mean of 6 colonies/ml AF was
obtained.



	Studies on the Pathogenetic Mechanism of I-Cell Disease in Cultured Fibroblasts
	MATERIAL AND METHODS
	TISSUE CULTURE
	ENZYME DETERMINATIONS
	PREPARATION OF ARYLSULFATASE A AND OF CORRECTIVE FACTORS

	RESULTS
	INTRACELLULAR ACTIVITY OF LYSOSOMAL ENZYMES
	EXTRACELLULAR LYSOSOMAL ENZYME ACTIVITIES IN CONDITIONED CULTURE MEDIA
	FUNCTIONAL DEFECTS OF THE LYSOSOMAL DEGRADATION

	DISCUSSION
	SUMMARY
	REFERENCES AND NOTES

