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Mucolipidosis IT (ML-II) is a fatal inherited metabolic disease
caused by deficiency of GlcNAc-phosphotransferase, which
plays a role in generating the mannose 6-phosphate recognition
marker on lysosomal enzymes. In ML-II, many lysosomal acid
hydrolases are mistargeted out of cells, and lysosomes become
filled with undigested substrates, which explains inclusion cell
disease as an alternative name for this disease. In this study, we
revealed various cellular phenotypes in ML-II skin fibroblasts.
We quantitated phospholipid and cholesterol within cells and
showed ~2-fold accumulation in ML-II as compared with nor-
mal cells. Lysosomal pH of ML-II cells was higher than that of
normal cells (5.29 * 0.08 versus 4.79 = 0.10, p < 0.001). The
proliferated lysosomes in ML-II cells were accumulated ~3-fold
in amount as compared with normal cells. Intracellular logistics
including endocytosis and mannose 6-phosphate receptor recy-
cling were impaired in ML-II cells. To confirm whether these
ML-II cellular phenotypes derive from deficient lysosomal acid
hydrolases within lysosomes, we performed supplementation of
lysosomal enzymes using a partially purified total enzyme mix-
ture, which was derived from the conditioned culture medium
of normal skin fibroblasts after NH,Cl treatment. This supple-
mentation corrected all of the previously described ML-II phe-
notypes. In addition, the autophagic and mitochondrial impair-
ment that we have previously reported improved, and inclusion
bodies disappeared on electron micrography following total lys-
osomal enzyme supplementation. Our results indicate that var-
ious cellular phenotypes in ML-II are caused by the deficiency of
many lysosomal enzymes and massive accumulation of undi-
gested substrates.

The first step of mannose 6-phosphorylation of lysosomal
enzymes, which is required for their localization in lysosomes,
is mediated by GlcNAc-phosphotransferase (UDP-N-acetyl-
glucosamine:lysosomal-enzyme  N-acetylglucosaminephos-
photransferase; EC2.7.8.17) (1, 2). This enzyme is located in the
endoplasmic reticulum or cis-Golgi network and transfers
GlcNAc-phosphate to the sugar chain of lysosomal acid hydro-
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lases followed by removal of GIcNAc by uncovering enzyme (3).
GlcNAc-phosphotransferase is composed of six subunits,
a5B,7,. The a and B subunits are encoded by a single gene
GNPTAB (4), which has two transmembrane domains, whereas
the y subunit is encoded by GNPTG. Mucolipidosis I (ML-11)*
alpha/beta (Mendelian Inheritance in Man (MIM) number
252500) and its milder forms, mucolipidosis III alpha/beta
(MIM number 252600) and mucolipidosis III gamma (MIM
number 252605), are caused by mutations in GNPTAB (5) or
GNPTG (6) and are inherited as an autosomal recessive trait. In
these diseases, mannose 6-phosphorylation of many lysosomal
enzymes is impaired, which finally causes massive accumula-
tion of undigested substrates in lysosomes. These lysosomes are
observed in skin fibroblasts as phase-dense bodies, which is the
origin of the term “inclusion cell disease.”

ML-II patients show developmental delay and severe bone
deformities (dysostosis multiplex), which partially overlap with
mucopolysaccharidoses, and life expectancy is limited to ~10
years. Enzyme replacement therapy (ERT) using recombinant
enzyme, which is designed to be incorporated by the mannose
6-phosphate (M6P) receptor and targeted to lysosomes, is avail-
able in some lysosomal storage disorders such as Fabry disease,
Gaucher disease, Pompe disease, and various mucopolysaccha-
ridoses, whereas many other therapies that enhance enzyme
activities or reduce substrates are undergoing clinical trials for
many different lysosomal storage disorders (7—13). In the case
of ML-II, however, there is no ERT to date as lysosomes lack
dozens of enzymes targeted by the M6P receptor-dependent
pathway. Extrinsic replacement of GlcNAc-phosphotrans-
ferase also seems to be difficult because of its hexameric com-
position and localization.

In this study, we analyzed ML-II skin fibroblasts and clarified
various cellular phenotypes including the pH increase of lyso-
somes, accumulation of cholesterol, and impaired intracellular
trafficking. These impaired cellular functions were corrected
and inclusion bodies disappeared following extrinsic total lyso-
somal enzyme supplementation.

EXPERIMENTAL PROCEDURES

Cell Lines and Cell Culture—We obtained skin fibroblasts
from an unaffected individual and three individuals affected
with ML-II. Samples were collected after obtaining written

2 The abbreviations used are: ML-ll, mucolipidosis Il; BODIPY-Cer, BODIPY FL
C5-ceramide; Cer, ceramide; ERT, enzyme replacement therapy; LAMP-2,
lysosome-associated membrane protein 2; LBPA, lysobisphosphatidic
acid; M6P, mannose 6-phosphate; V-ATPase, vacuolar-type H"-ATPase.
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informed consent according to the institute’s regulations for
using human cells. We also purchased two normal skin fibro-
blast cell lines (HDFn from Invitrogen and NHDF from
Lonza). The ML-II patients had typical ML-1I phenotype and
were diagnosed both enzymatically and genetically (14).
Mutations in GNPTAB gene were ¢.3565C>T(p.R1189X)/
¢.3565C>T(p.R1189X), ¢.310C>T(p.Q104X)/c.3428_3429
insA(p.N1143fs), and ¢310C>T(p.Q104X)/c.2544delA (p.K848fs)
in respective ML-II patients. Standard culture medium was
Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen)
with heat-inactivated 10% fetal bovine serum (Sigma) and anti-
biotic-antimycotic (Invitrogen) according to the manufactur-
ers’ instructions. Heat inactivation of fetal bovine serum was
performed at 56 °C for 30 min. 250X cholesterol lipid concen-
trate (Invitrogen) was added at a ratio of 1/1000 and 1/100 to
standard culture medium for cholesterol loading.

Antibodies—Purified mouse anti-LBPA (Z-PLBPA; Echelon
Biosciences), polyclonal anti-LC3 (PM036; MBL International),
polyclonal anti-B-actin HRP DirecT (PM053-7; MBL Interna-
tional), monoclonal anti-LAMP-2 (H4B4; Santa Cruz Biotech-
nology), polyclonal anti-cathepsin B (S-12; Santa Cruz Biotech-
nology), polyclonal anti-cathepsin D (H-75; Santa Cruz
Biotechnology), polyclonal anti-B-glucosidase (H-300; Santa
Cruz Biotechnology), monoclonal anti-mannose-6-phosphate
receptor (2G11; Abcam), polyclonal anti-ATP6V1B2 (ab73404;
Abcam), rabbit polyclonal anti-ATP6VOD1 (18274-1-AP; Pro-
teintech Group), and rabbit anti-mucolipin-1 (N-terminal)
(M1696; Sigma) antibodies were purchased.

Measurement of Lysosomal pH—The pH of lysosomes was
measured with LysoSensor Yellow/Blue DND-160 (Molecular
Probes) according to the manufacturer’s protocol. In short, skin
fibroblasts were collected by trypsin and stained with LysoSen-
sor at 1:200 concentration in standard culture medium for 10
min followed by washing with PBS. Fluorescence of cell suspen-
sion in 2-(N-morpholino)ethanesulfonic acid (MES) buffer (pH
7.0) was measured by microplate reader (MTP810Lab; Corona)
at excitation 365 nm/emission 450 nm (for blue) and 385
nm/emission 550 nm (for yellow). Standard curves were
obtained in each sample using pH-fixed MES buffer (pH 4.0 -
6.5) with 10 uMm nigericin (Sigma) and 10 uM monensin (Sigma).

Fluorescence Staining and Micrography—Cells were cultured
and fixed with 3.7% formaldehyde for 1 h followed by permea-
bilization with 0.1% Triton X-100 for 15 min and blocking with
1% bovine serum albumin for 1 h at room temperature. Primary
antibody was used at a concentration of 1:100 for all antibodies
at room temperature for 1 h. Secondary antibodies (Alexa Fluor
488 or 555; Molecular Probes) were used at a 1:1000 dilution at
room temperature for 1 h. MitoTracker Red CMXRos (Molec-
ular Probes) and LysoTracker Red DND-99 (Molecular Probes)
were purchased and used at a concentration of 0.2 um at 37 °C
for 1 h before fixation. Filipin III (Sigma) was diluted in PBS to
100 pg/ml for staining at room temperature for 1 h. All fluores-
cence images were acquired using a fluorescence microscope
(BX51; Olympus) or confocal laser scan microscopy system
(TCS SP-2; Leica Microsystems). Electron micrographs were
taken by Tokai Electron Micrograph Analysis Co. We tested all
skin fibroblast cell lines (i.e. three normal and three ML-II) and
confirmed similarities within each group. In Figs. 1- 6, we show
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an unaffected individual as an example of a normal case and the
first patient (see above) as an ML-II case.

Measurement of Lysosome Amount in Each Cell—We har-
vested skin fibroblasts using the standard trypsin method with
collection into small tubes. We resuspended the cellular pellet
with standard culture medium containing both 1 um Lyso-
Tracker Red DND-99 and 1 ug/ml 4',6-diamidino-2-phenylin-
dole (DAPI) followed by incubation at 37 °C for 1 h. After incu-
bation, cells were collected by centrifugation, washed once with
PBS, and finally resuspended in PBS. We measured the fluores-
cence intensity of the cell suspension with a fluorescence
microplate reader at excitation 530 nm/emission 590 nm (for
LysoTracker) and excitation 365 nm/emission 450 nm (for
DAPI). We calculated the LysoTracker/DAPI intensity ratio,
which estimates the lysosomal amount (i.e. number and size) in
each cell.

Endocytic Targeting of BODIPY-Cer—We prepared skin
fibroblasts in glass bottom dishes. BODIPY FL C5-ceramide
(BODIPY-Cer) complexed to BSA (Invitrogen) was purchased
and diluted in standard culture medium at a concentration of
2.5 nM. Cells were cultured in this medium for 30 min, washed
once with PBS, and directly observed by confocal microscopy.
We also tested the attachment of BODIPY-Cer to plasma mem-
brane in ice-cold medium, which showed no difference
between normal, ML-II, and enzyme-treated ML-II cells.

MG6P Receptor Antibody Uptake Test—Cells were incubated
in standard culture medium containing M6P receptor antibody
at 1:75 concentration. For the 30-min uptake test, cells were
incubated with antibody-containing medium for 30 min,
washed twice with ice-cold PBS, and quickly fixed with 3.7%
formaldehyde. Cells were treated with secondary antibody fol-
lowing permeabilization with 0.1% Triton X-100 for 15 min and
blocking with 1% BSA for 1 h at room temperature. For exam-
ination of uptake and subcellular distribution, we incubated
cells with antibody-containing medium for 1 h, washed twice
with PBS, and then followed by incubation in standard culture
medium without antibody for 2 h. Subsequent processing was
the same as for the 30-min assay described above. We used
Alexa Fluor 488 (Molecular Probes) as the secondary antibody
against the M6P receptor antibody.

Western Blotting—Skin fibroblasts were collected and sub-
jected to sonication in pure water with Complete protease
inhibitor mixture (Roche Applied Science). Protein concentra-
tion was measured (protein assay rapid kit; Wako) and mixed
with sample buffer containing SDS. For each lane, 10 ug was
applied to a 16% polyacrylamide gel. After SDS-PAGE, protein
was transferred to a PVDF membrane followed by blocking in
5% skim milk. For the primary antibodies, anti-LC3 was used at
a 1:2000 dilution, and anti-ATP6V1B2, anti-ATP6V0D1, and
anti-mucolipin-1 were used at 1:5000 dilution followed by the
secondary antibody conjugated with HRP. Detection was per-
formed with chemical luminescence (SuperSignal West Dura;
Thermo Scientific).

Preparation of Total Enzyme Mixture and Enzyme
Supplementation—We cultured normal skin fibroblasts with
standard culture medium containing 20 mm NH,CI. After 7
days of culture, supernatant was retrieved and passed through a
0.2-um sterilization filter to remove large debris and living
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cells, and lysosomal enzyme activities were measured. Filtered
supernatant was centrifuged in a 5000-Da molecular mass filter
column (Vivaspin 15R; Sartorius Stedim Biotech) at 0 °C. As a
result, this enzyme mixture was condensed into ~0.025 vol-
ume. Finally, we diluted the total lysosomal enzyme mixture to
a concentration of 600 nmol/h/mg of protein of a-mannosidase
activity with serum-free DMEM. Total lysosomal enzyme sup-
plementation was performed by culturing cells with this
enzyme mixture for 7 days. After 7 days, medium was changed
to standard culture medium, and samples were subjected to
each assay within 24 h. Subsequently within this study, we
describe this total lysosomal enzyme supplementation method
simply as “enzyme treatment.” We used normal and ML-II cells
cultured with standard culture medium for untreated groups,
which were divided and seeded at the same time as treated cells.

Other Methods—Phospholipid (phospholipids C-test; Wako)
and cholesterol (Amplex Red cholesterol assay kit; Molecular
Probes) measurements were performed according to the man-
ufacturers’ instructions. Activities of lysosomal enzymes were
measured by the standard method using artificial 4-methylum-
belliferyl substrates. In short, samples were incubated with arti-
ficial substrates in acidic phosphate or citrate buffer at 37 °C for
1 h, and fluorescence of excitation at 365 nm/emission at 450
nm was measured with a microplate reader. In the case of galac-
tocerebrosidase, we used 6-hexadecanoylamino-4-methylum-
belliferyl B-p-galactopyranoside (Slater & Frith Ltd.) and meas-
ured fluorescence of excitation at 385 nm/emission at 450 nm.
Enzyme activities were calculated as nmol/h/mg of protein or
nmol/h/ul.

Statistical Analysis—We first confirmed the normality of
values by Shapiro-Wilk W test for each assessment. Next, the
distribution of values was tested by Ftest. For testing significant
differences between the samples, we applied two-tailed Stu-
dent’s ¢ test or two-tailed Welch’s ¢ test especially in samples
that were not equally distributed. All data were obtained from
three independent measurements for each sample and reported
as means * S.D. Significant differences are indicated in Figs.
2—-4.

RESULTS

Total Lysosomal Enzyme Supplementation Mixture Is Tar-
geted to Lysosomes via the M6P Receptor-dependent
Pathway—W e first examined the validity of the total lysosomal
enzyme supplementation method (enzyme treatment). NH,Cl
is known to cause mistargeting of lysosomal enzymes, resulting
in their extracellular secretion (15). We generated total lyso-
somal enzyme mixture from the supernatant of normal skin
fibroblasts treated with NH,Cl. The supernatant contained
many kinds of lysosomal enzymes, and their secretion profile
was similar to that of natural ML-II culture supernatant not
treated with NH,Cl (Fig. 1A). After enzyme treatment, the
activities of major lysosomal acid hydrolases increased in ML-II
cells, although the degree of the increase for each enzyme dif-
fered between the enzymes (from 3.2% of normal for 8-galac-
tosidase to 92.1% of normal for B-glucuronidase) (Fig. 18 and
supplemental Fig. 14). As enzyme uptake was inhibited by M6P
in a concentration-dependent manner, it is considered that the
lysosomal enzymes were taken up by the M6P receptor (Fig. 1C
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and supplemental Fig. 1B). Incorporated lysosomal enzymes
were co-localized with the lysosomal marker, lysosomal-asso-
ciated membrane protein 2 (LAMP-2) (Fig. 1D). These results
show that lysosomal enzymes were supplied to the defective
lysosomes of ML-II skin fibroblasts. B-Glucosidase activity is
not defective by nature in ML-II skin fibroblasts as it is targeted
to lysosomes by lysosomal integral membrane protein 2
(LIMP-2) (16). We confirmed that 3-glucosidase was not defec-
tive in ML-II and not influenced by the addition of M6P (sup-
plemental Fig. 2). This result indicates that these experiments
were appropriately performed.

Phospholipid and Cholesterol Are Accumulated in ML-1I
Cells—To quantitate lysosomal storage materials, we measured
phospholipid and cholesterol in total cellular lysate. Phospho-
lipid and total cholesterol were accumulated about 2-fold in
ML-II skin fibroblasts as compared with normal cells, and
enzyme treatment decreased these amounts to near normal lev-
els (Fig. 2A). Next, we investigated the amount and localization
of these storage materials using fluorescent micrography. Lyso-
bisphosphatidic acid (LBPA), a phospholipid and marker of late
endosome and lysosome (17, 18), accumulated in ML-II cells
and showed a decrease after enzyme treatment on immunocy-
tochemistry (Fig. 2B). Storage of free cholesterol in natural
ML-II skin fibroblasts and its clearance by enzyme treatment
were also confirmed by filipin staining (Fig. 2C).

Lysosomal Acidification Is Impaired in ML-II—Lysosomal
acidification is essential for the proper function of lysosomes
and is one of the definitions of lysosomes. Lysosomal pH of
ML-II cells was significantly higher than that of normal cells
(5.29 = 0.08 versus 4.79 = 0.10, p < 0.001). Enzyme treatment
recovered lysosomal acidification in ML-II cells toward a near
normal level (4.99 £ 0.07, p < 0.001) (Fig. 3A). To elucidate the
effect of storage materials on lysosomal pH, we loaded choles-
terol in culture medium of normal cells. Cholesterol loading
increased the lysosomal pH dose dependently: from 4.79 = 0.10
without loading to 5.20 = 0.08 and 5.59 * 0.09 with 1/1000 and
1/100 cholesterol loading, respectively (Fig. 3B). Lysosomal
acidic pH is produced and modulated by vacuolar-type H-AT-
Pase (V-ATPase) and mucolipin-1. However, analysis of V-AT-
Pase VOd1 subunit, V1B2 subunit, and mucolipin-1 by Western
blotting of total cellular lysate from normal and ML-II skin
fibroblasts cultured under standard culture conditions revealed
no clear difference in V1/V0 protein ratio and the amount of
mucolipin-1 protein (controlled by B-actin) between normal
and ML-II cells (supplemental Fig. 44). On immunocytochem-
istry, V-ATPase V1B2 subunit was co-localized with Lyso-
Tracker in both normal and ML-II cells and showed a similar
pattern (supplemental Fig. 4B).

Lysosomal Amount Is Increased in ML-II Cells—One specific
feature of ML-II skin fibroblasts is the inclusion bodies that
represent proliferated lysosomes filled with undigested sub-
strates. These proliferated lysosomes can be observed in ML-II
cells using LysoTracker staining (Fig. 4A4). To evaluate the lys-
osomal amount in each cell numerically, we determined the
intensity ratio of LysoTracker and DAPI fluorescence of living
cells; the lysosomal amount was about 3-fold higher in ML-II
cells as compared with normal cells. LysoTracker fluorescence
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on micrography and the estimated lysosomal amount were
decreased after enzyme treatment in ML-II cells (Fig. 4B).
Endocytic Pathway and M6P Receptor Recycling Are Inhib-
ited in ML-II—Intracellular logistics including the endocytic
pathway and M6P receptor movement were analyzed by
BODIPY-Cer targeting (Fig. 54) and M6P receptor antibody
uptake tests (Fig. 5B), respectively. Similar to a previous study
using BODIPY-lactosylceramide (19), fluorescence was
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observed in the Golgi apparatus of normal cells and in the endo-
some and lysosome of ML-II cells 30 min after BODIPY-Cer
treatment. This endosomal and lysosomal pattern was not
changed by the duration of BODIPY-Cer uptake from 30 min
up to 6 h and was congruent with LysoTracker staining (sup-
plemental Fig. 3). Enzyme treatment of ML-II cells changed the
pattern of ceramide toward Golgi distribution, although slight
endosomal and lysosomal entrapment remained. The M6P
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receptor antibody uptake test showed a vesicular and Golgi pat-
tern in ML-II cells but only a vesicular pattern in normal cells.
This pattern was not changed by the duration of antibody
uptake from 30 min up to 6 h. After enzyme treatment of ML-II
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cells, the M6P receptor distribution changed from the Golgi
pattern to a vesicular pattern, similar to that in normal cells.
When we incubated ML-II cells for 1 h with antibody followed
by 2 h without antibody, the antibody was only detected as a
vesicular pattern. In normal cells, antibody was hardly detected
as it is likely to be degraded within 2 h following incubation
without antibody.

Impaired Autophagy and Mitochondria Are Corrected by
Total Lysosomal Enzyme Supplementation—We have previ-
ously reported the impairment of autophagy and mitochondria
in ML-II skin fibroblasts (20). After enzyme treatment of ML-II
skin fibroblasts, LC3-II, a specific autophagosome marker (21),
was decreased in immunoblotting of total cell lysates (Fig. 6A).
Immunocytochemistry also showed a decreased number of
LC3-positive large vesicles after enzyme treatment, which were
highly accumulated without treatment (Fig. 6B). Mitochondria
were usually tubular and showed a constructive network in nor-
mal cells but were thinned and fragmented in ML-II cells.
Enzyme treatment of ML-II cells resulted in a remarkable
recovery of mitochondrial structure on MitoTracker staining,
showing a normal tubular form and network (Fig. 6C).

Total Lysosomal Enzyme Supplementation Clears Inclusion
Bodies in ML-1I Skin Fibroblasts—Many inclusion bodies were
seen in ML-II skin fibroblasts using phase-contrast microgra-
phy, and they were decreased following enzyme treatment (Fig.
7A). Electron micrography also showed many vacuoles contain-
ing dense, uniform materials in untreated ML-II skin fibro-
blasts. These vacuoles, thought to be inclusion bodies, disap-
peared after enzyme treatment together with the recovery of
many intracellular structures including mitochondria and
some void vacuoles (Fig. 7B).

DISCUSSION

In this study, we describe two important results for under-
standing the pathogenesis of ML-IL First are the various cellu-
lar phenotypes of ML-II skin fibroblasts including quantitative
analyses and imaging of impaired cellular functions; second is
their correction by total lysosomal enzyme supplementation.

Phase-contrast micrography of ML-II skin fibroblasts shows
accumulation of dense vacuoles, inclusion bodies, that are con-
sidered to be swollen and proliferated lysosomes filled with
undigested substrates resulting from the lack of lysosomal acid
hydrolases. Storage materials in lysosomes are thought to be a
mixture of a range of various substrates as ML-II lysosomes lack
dozens of lysosomal enzymes. Using lectin staining, Kawashima
et al. (22) reported that GM2 ganglioside and some glycocon-
jugates were accumulated in ML-II cells because of the lack of
B-hexosaminidase A, sialidase, -galactosidase, and a-manno-
sidase. On the other hand, ML-II skin fibroblasts are well
known to be stained by filipin, which indicates free cholesterol
accumulation within endosomes and lysosomes (23). In this
study, we quantitated the amounts of phospholipid and total
cholesterol in ML-II total cellular lysate for the first time. In
addition, to see the localization of these lipids, LBPA and filipin
staining was performed with fluorescence microscopy. LBPA,
which is a particular kind of phospholipid that is a marker of
late endosomes and lysosomes, has never been investigated in
ML-II cells. Phospholipid and LBPA were accumulated in
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fluorescence was measured with a plate reader after dual staining of a living suspension of normal, ML-Il, and enzyme-treated ML-Il cells (n = 3). The lysosomal
amount was estimated to be accumulated ~3-fold in ML-Il cells. *, p < 0.05, **, p < 0.005.
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FIGURE 5. Intracellular logistics are impaired in ML-II. A, endocytic target-
ing of ceramide in normal, ML-Il, and enzyme-treated ML-Il cells was evalu-
ated by BODIPY-ceramide targeting. Micrographs show fluorescence of living
cells using confocal microscopy after treatment with BODIPY-ceramide for 30
min. Scale bars, 20 um. B, micrographs showing results of MP6 receptor anti-
body uptake testing of normal, ML-Il, and enzyme-treated ML-Il cells. In nor-
mal and enzyme-treated ML-II cells, M6P receptors appear to be cycling and
distributing broadly. Arrows indicate the Golgi pattern of M6P receptor local-
ization in ML-Il cells. Scale bars, 20 pm.

ML-II skin fibroblasts. Together with the result of measure-
ment of lysosomal amount, the inclusion bodies accumulated in
ML-II skin fibroblasts originated from late endosomes and
lysosomes, although we still believe that these two organelles
are a hybrid and cannot be clearly distinguished from each
other. Free cholesterol accumulation was obvious by filipin flu-
orescence staining in ML-II fibroblasts, which is similar to
Niemann-Pick type C disease. In Niemann-Pick type C disease,
the total amount of cholesterol is not clearly increased; only its
distribution is changed to accumulation in late endosomes (17).
In our study, we measured the total amount of cholesterol in
ML-II cells and showed a significant increase. Both the amount
and the distribution of cholesterol are changed in ML-II as
compared with normal cells, which is different from the results
seen in Niemann-Pick type C disease.
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FIGURE 6. Enzyme treatment improves autophagic and mitochondrial
status. A, LC3 immunoblotting of total lysates of normal, ML-Il (non), and
enzyme-treated ML-Il cells indicates a decrease in the specific autophago-
some marker, LC3-Il, after enzyme treatment of ML-ll cells. Band C, LC3 (B) and
MitoTracker (C) staining micrographs of normal, ML-Il, and enzyme-treated
ML-II cells. Scale bars, 20 um. Enzyme treatment of ML-II cells decreased the
number of LC3-positive large vesicles and showed a remarkable recovery of
mitochondrial structure.

In this study, we found that intracellular logistics, such as
endocytosis and M6P receptor recycling, were impaired in
ML-II cells. There is no primary defect of M6P receptor move-
ment in ML-II cells (24). However, there seems to be a second-
ary impairment of M6P receptor trafficking, probably due to
the pre-existing massive storage materials such as cholesterol
in endosomes and lysosomes as cholesterol has been reported
to modulate membrane traffic along the endocytic pathway in
sphingolipid storage diseases (19). M6P receptors cycle
between membranes such as plasma membrane, Golgi, and
endosomes bidirectionally. In our M6P receptor antibody
uptake study, the amount of M6P receptor in the perinuclear
region in ML-II is higher than normal after 30 min of uptake.
This indicates that M6P receptor movement through the peri-
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phase-contrast micrographs of ML-Il and enzyme-treated ML-II cells. Scale
bars, 20 um. B, electron micrographs of ML-ll and enzyme-treated ML-II cells.
Scale bars, 5 pm and 500 nm (inset). Micrographs show accumulation of inclu-
sion bodies in ML-Il cells and their reduction following enzyme treatment.

nuclear compartment appears delayed. This delay would seem
to be cleared after 2 h of incubation. We suggest that M6P
receptors moved from the perinuclear region to endosomes.
However, we cannot exclude other potential explanations, such
as the return of perinuclear antibody-labeled M6P receptor to
the plasma membrane or elsewhere possibly causing detach-
ment between M6P receptor and antibody or the bivalent anti-
body possibly cross-linking with the receptor and affecting the
intracellular movement of M6P receptor. Intracellular M6P
receptor recycling is important for the efficient uptake of lyso-
somal enzymes from the cell surface, and a smooth endocytic
pathway is also important for the targeting of lysosomal
enzymes from the cell surface to lysosomes. These two essential
pathways are indirectly impaired in ML-II cells, and enzyme
treatment was able to correct both pathways gradually. This
improvement promotes efficient enzyme uptake and eventually
makes total enzyme supplementation more effective.
Lysosomal acid pH is mainly produced by the lysosomal vac-
uolar-type proton pump, V-ATPase, and mucolipin-1 has
recently been reported to modulate lysosomal pH (25, 26). In
several lysosomal storage disorders, abnormal lysosomal pH
has been reported (27, 28). This is the first study showing
impaired lysosomal acidification in ML-II. Lysosomal pH was
significantly increased in ML-II skin fibroblasts, and it was nor-
malized by total lysosomal enzyme supplementation. Choles-
terol loading effectively increased lysosomal pH in normal cells.
These results indicate that storage materials, such as choles-
terol within lysosomes, increase lysosomal pH by an unknown
mechanism. Accumulated substrates may be at a higher pH, or
storage materials may inhibit the function of the proton pump.
It is also possible that cholesterol accumulation changes the
composition of the membrane lipid raft, which influences pro-
ton pump function. V-ATPase is made up of various subunits,
and one study has revealed the importance of the lipid raft and
V1/VO0 subunit ratio in modulating its acidifying function (29).
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As mentioned above, protein analysis of V-ATPase and muco-
lipin-1 showed no clear differences in Western blotting and
localization between normal and ML-II cells. From these
results, lysosomal maturation is impaired by defective lyso-
somal acid hydrolases and acidification, although the mecha-
nism of increased lysosomal pH remains unclear.

Lysosomal storage possibly causes autophagic impairment
and leads to accumulation of aberrant mitochondria as second-
ary storage (30). In the case of ML-II, autophagic and mito-
chondrial impairment has been reported in skin fibroblasts,
mice, and an autopsy case (20, 31, 32). Autophagic status and
mitochondrial structure recovered after enzyme treatment of
ML-II cells in our study. It is therefore suggested that mito-
chondrial turnover is also returned to a normal state combined
with the functional recovery of autophagy and lysosomes fol-
lowing clearance of storage materials within lysosomes by
enzyme treatment. Lysosomal accumulation drives lysosome-
related gene expression and increases the amount of lysosomes
(33). On the contrary, clearance of accumulation by enzyme
treatment significantly decreased the amount of lysosomes in
our study, which is clearly demonstrated on electron microgra-
phy. For the first time, we succeeded in the reversal of inclusion
bodies by total lysosomal enzyme supplementation.

Total lysosomal enzyme supplementation is based on the
idea that the enzyme mixture is taken up by M6P receptors on
the cell surface and targeted to lysosomes because there is no
primary defect of the M6P receptor-dependent targeting path-
way itself in ML-II. This concept is similar to that of other
commercially available ERTs. Our procedure clearly reduced
lysosomal storage and improved cellular phenotypes in ML-II
cells and is applicable for the functional correction of ML-II
cells. This may imply a potential method for “total lysosomal
ERT” in ML-II patients. Animal studies will be indispensable to
confirm the in vivo applicability of this enzyme treatment as a
therapeutic concept. Furthermore, the classical and convenient
method for obtaining the total enzyme mixture using NH,Cl
may provide ERT for not only ML-II but also for other lyso-
somal storage disorders for which ERT has not been developed.

In conclusion, storage materials and various cellular pheno-
types of ML-II are demonstrated quantitatively in our study. It
is presumed that the excessive lysosomal storage materials are
the main cause of the diseased state in ML-II and induce various
cellular phenotypes that are intricately intertwined with each
other. Finally, these phenotypes were reversed by supplemen-
tation with an enriched total lysosomal enzyme mixture
derived from normal skin fibroblasts, which suggests a poten-
tial new, alternative therapeutic approach for ML-II.
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