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In LAMP-2-deficient mice autophagic vacuoles accumulate in many tissues, including liver,
pancreas, muscle, and heart. Here we extend the phenotype analysis using cultured hepatocytes.
In LAMP-2-deficient hepatocytes the half-life of both early and late autophagic vacuoles was
prolonged as evaluated by quantitative electron microscopy. However, an endocytic tracer
reached the autophagic vacuoles, indicating delivery of endo/lysosomal constituents to autoph-
agic vacuoles. Enzyme activity measurements showed that the trafficking of some lysosomal
enzymes to lysosomes was impaired. Immunoprecipitation of metabolically labeled cathepsin D
indicated reduced intracellular retention and processing in the knockout cells. The steady-state
level of 300-kDa mannose 6-phosphate receptor was slightly lower in LAMP-2—-deficient hepato-
cytes, whereas that of 46-kDa mannose 6-phosphate receptor was decreased to 30% of controls due
to a shorter half-life. Less receptor was found in the Golgi region and in vesicles and tubules
surrounding multivesicular endosomes, suggesting impaired recycling from endosomes to the
Golgi. More receptor was found in autophagic vacuoles, which may explain its shorter half-life.
Our data indicate that in hepatocytes LAMP-2 deficiency either directly or indirectly leads to
impaired recycling of 46-kDa mannose 6-phosphate receptors and partial mistargeting of a subset
of lysosomal enzymes. Autophagic vacuoles may accumulate due to impaired capacity for

lysosomal degradation.

INTRODUCTION

Lysosomes are acidic membrane-bound organelles contain-
ing hydrolytic enzymes for degradation of proteins, lipids,
nucleic acids, and polysaccharides. Lysosomal enzymes are
synthesized in the endoplasmic reticulum and sorted in the
trans-Golgi network (TGN) by mannose 6-phosphate recep-
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tors (MPRs). MPRs bind the mannose 6-phosphate tag of
lysosomal enzymes in the trans-Golgi network (TGN), and
the receptor-ligand complexes are transported to endosomes
in clathrin-coated vesicles. In endosomes ligands dissociate
from the MPRs due to the acidic pH, and receptors may then
recycle back to TGN. A small proportion of newly synthe-
sized lysosomal enzymes is secreted to the extracellular
medium (Jadot et al., 1997). Mammalian cells contain two
different MPRs, the cation-independent or 300-kDa MPR,
and the cation-dependent or 46-kDa MPR. Both receptors
are needed for efficient intracellular retention of lysosomal
enzymes (Kasper et al., 1996). In addition MPRs also recycle
between early endosomes and the plasma membrane. How-
ever, only MPR300 is able to mediate endocytosis of exoge-
nous mannose 6-phosphate containing ligands (Hille-
Rehfeld, 1995).

The limiting membrane of the lysosomal compartment has
multiple functions. It is responsible for acidification of the

3355



E.-L. Eskelinen et al.

interior, sequestration of the active lysosomal enzymes (Korn-
feld and Mellman, 1989), and transport of degradation prod-
ucts from the lysosomal lumen to the cytoplasm (Lloyd and
Forster, 1986; Fukuda, 1991; Peters and von Figura, 1994). The
lysosomal membranes contain several highly N-glycosylated
proteins including LAMP-1 and LAMP-2. These two glycop-
roteins are structurally similar and evolutionary related
(Granger et al., 1990). Like LAMP-1, LAMP-2 is composed of a
large luminal portion, which is separated by a proline-rich
hinge region in two disulphide containing domains, a single
transmembrane-spanning segment, and a short cytoplasmic
tail of 11 amino acids (Lewis et al., 1985; Fambrough et al., 1988).
The latter contains a Gly-Tyr motif critical for transport to
lysosomes (Guarnieri et al., 1993; Honing and Hunziker, 1995).
LAMP-2 is one of the major carriers for poly-N-acetyllac-
tosamines in cells (Fukuda, 1991).

Although the ubiquitously expressed LAMP-2 is localized
primarily in the late endosomes and lysosomes (Lippincott-
Schwartz and Fambrough, 1987), under certain circumstances,
e.g., after platelet activation, during granulocytic differentiation
and activation, in malignant carcinoma cells, and in cytotoxic T
lymphocytes, it is also found at the cell surface (Febbraio and
Silverstein, 1990; Lee et al., 1990). LAMP-2 has also been de-
scribed as a receptor for the selective import and degradation
of cytosolic proteins in the lysosome, or chaperone-mediated
autophagy (Cuervo and Dice, 1996, 1998).

Autophagy is a central mechanism in cellular metabolism
that cells use to degrade parts of their cytoplasm and or-
ganelles using lysosomal enzymes. The autophagic-lysoso-
mal pathway is known to play an important role in the
cellular protein economy (Mortimore et al., 1989; Seglen and
Bohley, 1992). In hepatocytes exposed to nutrient starvation
it can account for as much as three quarters of the overall
protein degradation (Mortimore et al., 1989; Seglen and
Bohley, 1992). The first step in autophagy is segregation of
cytoplasm by a membrane cisterna, which forms a double or
multiple membrane-bound vacuole called the autophago-
some. Autophagosomes acquire lysosomal membrane pro-
teins, vacuolar proton pumps, and acid hydrolases, presum-
ably by fusing with endosomes/lysosomes. Finally, the
contents are degraded by lysosomal enzymes (Arstila and
Trump, 1968; Dunn, 1994; Klionsky and Emr, 2000). The
autophagic pathway is subject to complex regulation, it is
activated in mammalian cells by amino acid deprivation
(Mitchener et al., 1976; Seglen, 1987; Talloczy et al., 2002).

LAMP-2 deficiency leads to premature postnatal death of
about half of all LAMP-2-deficient mice (Tanaka ef al., 2000).
In several LAMP-2-deficient tissues, including muscle,
heart, pancreas, and liver, an accumulation of autophagic
vacuoles was observed. We also observed a reduced con-
tractile function of the heart muscle. Thus, LAMP-2—defi-
cient mice represent a valuable animal model for autophagic
vacuolar myopathy, or Danon disease, a human disease
associated with a mutated LAMP-2 gene (Nishino et al.,
2000). Here we extend the phenotype analysis of these mice
using cultured hepatocytes.

MATERIALS AND METHODS
Primary Antibodies

The following antibodies were used in this study: Rabbit antiserum
against mouse cathepsin D (Pohlmann et al., 1995), rabbit antiserum
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against rat liver cathepsin D purified from lysosomal contents by
affinity chromatography on pepstatin A-sepharose as described
(Yamamoto et al., 1979), affinity-purified rabbit antibody against the
cytoplasmic tail of MPR46 (MSC1; Klumperman et al., 1993), rabbit
antiserum against human MPR46 (II-4; Wenk et al., 1991), rabbit
antiserum against rat MPR300 (I-5; Claussen et al., 1995), mouse
mADb against y-adaptin (Transduction Laboratories, Lexington, KY),
and rat monoclonal antibodies against LAMP-2 (ABL93) and
LAMP-1 (1D4B; Developmental Studies Hybridoma Bank, Iowa
City, Iowa).

Preparation of Primary Mouse Hepatocytes

Mouse hepatocytes were prepared from 3- to 6-month-old mice
according to a described procedure (Meredith, 1988). Hepatocytes
were enriched using a Percoll gradient (58% wt/vol) and plated on
collagen-coated or -uncoated plastic culture dishes. Unless stated
otherwise, the cells were cultured overnight in RPMI-1640 contain-
ing 10% fetal calf serum (FCS) and penicillin/streptomycin (Life
Technologies, Rockville, MD) before the experiments.

Endocytic Uptake

Six-nanometer gold particles were prepared (Slot and Geuze, 1985)
and coated with bovine serum albumin (BSA). BSA-gold was dia-
lyzed against RPMI-1640 medium and diluted to serum-free RPMI
containing 0.2% BSA. After uptake the cells were rinsed and fixed
for electron microscopy.

Immunofluorescence

Hepatocytes were grown on glass coverslips. The cells were fixed
with cold methanol or 4% paraformaldehyde in 0.1 M HEPES, pH
7.4, and permeabilized with 0.5% saponin or 0.1% Triton X-100. The
cells were immunostained using antibodies against MPR46. The
primary antibodies were detected with goat anti-rabbit IgG conju-
gated with Texas red or fluorescein (Dianova GmbH, Hamburg,
Germany). After embedding in Mowiol (Calbiochem-Novabiochem
GmbH, Bad Soden, Germany) containing DABCO, fluorescence was
examined using a confocal laser-scanning microscope (LSM 2; Zeiss,
Oberkochen, Germany).

Western Blotting

Expression of cathepsin-D, MPR46, and MPR300 was analyzed in
hepatocyte homogenates (cathepsin D) and membrane fractions
(receptors). Hepatocytes were homogenized in Tris-buffered saline
(wt/vol; 1:9) at 4°C using an Ultra-Turrax, and the homogenate was
analyzed for protein content. To obtain membrane fractions cell
pellets were resuspended in TBS including proteinase inhibitors,
subjected to sonication (3 times, 200 s), and pelleted at high speed
(100,000 X g). The resulting pellet was resuspended in TBS/protein-
ase inhibitors /1% Triton X-100 and subjected to sonication (3 times,
20 s). One hundred micrograms of protein was subjected to SDS-
PAGE (5% polyacrylamide in case of MPR300; 10% in case of
MPR46 and cathepsin D) under reducing conditions. Proteins were
transferred to a polyvinylidene difluoride membrane (Schleicher &
Schiill, Dassel, Germany), which was subsequently blocked with 10
mM PBS, pH 7.4, 0.05% Triton X-100, 5% milk powder (blocking
buffer) for 1 h at 37°C. The blot was incubated overnight at 4°C with
rabbit anti-mouse cathepsin-D, anti-MPR46 MSC1, or anti-MPR300
serum. Membranes were washed six times for 5 min in 10 mM PBS,
pH 7.4, 0.1% Tween 20. Subsequently, incubation with horseradish
peroxidase-coupled anti-rabbit antibody was performed for 1 h at
room temperature followed by washing six times for 5 min in 10
mM PBS, pH 7.4, 0.1% Tween 20. Blots were finally analyzed using
the ECL Detection System (Amersham Pharmacia Biotech, Piscat-
away, NJ). Quantification was performed by densitometry (Scan Jet
4c/T; Hewlett-Packard, Palo Alto, CA; WinCam 2.2).
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Metabolic Labeling and Immunoprecipitation

Hepatocytes were incubated in methionine-free medium for 1 h and
then labeled with 3°S-methionine/cysteine (Amersham Life Science,
Inc., Rockville, MD) in the same medium containing 5% dialyzed
FCS. During the chase, the medium was supplemented with 0.25
mg/ml L-methionine/L-cysteine. Immunoprecipitation from cells
and media was carried out as described previously (Waheed et al.,
1988) with rabbit antibodies against cathepsin-D, MPR46 (II-4), or
MPR300. Densitometric quantification of the bands was done with a
phosphoimager (Fuji, Stamford, CT) and the program MacBas.

Incubation of Cells with Radioactive
Glucosylthioceramide and thioGM3

An aliquot of a stock solution of the desired glucosylthioceramide
and thioGM3 in methanol was dried under a stream of nitrogen. The
dried lipid was dissolved by first adding 20 ul of ethanol and then
0.75 ml of RPMI containing 5 mg of defatted BSA under vigorous
stirring. The resulting solution was diluted with 6.85 ml of RPMI to
yield a 10 uM lipid-BSA complex.

Hepatocytes seeded on 6-cm dishes were washed in RPMI and
incubated with the [“C]C4Glc-S-Cer/BSA complex or the
[**C]thioGM3/BSA complex in RPMI for 3 h at 37°C, washed with
PBS, and further incubated for 24 h at 37°C in RPMI containing 5%
heat-inactivated FCS. The incubation media were saved, and the
cells were washed with PBS, harvested with a rubber policeman,
and centrifuged at 2000 X ¢ for 10 min. For protein determination,
the pellet was suspended in 0.4 ml of H,O, and 5-ul aliquots were
assayed. The lipids were extracted with 4 ml of chloroform/meth-
anol (1:1, by volume) for 3 h at 38°C. The lipid extracts and the
media were desalted according to Williams and McCluer (1980).
Total radioactive lipids of both cells and media were determined by
liquid scintillation counting of aliquots. The lipid extracts of cells
and media were analyzed by TLC using chloroform/methanol/15
mM calcium chloride (60:35:8, by volume) as the developing sol-
vent. In addition, TLC plates were exposed to x-ray film (Kodak
X-Omat XAR-5; Eastman Kodak, Rochester, NY).

Northern Blotting

Total RNA of cultured hepatocytes was prepared using the Qiagen
Rneasy system (Hilden, Germany). Ten micrograms of total RNA
were separated in a formaldehyde agarose gel and processed as
described (Isbrandt et al., 1994). Filters were hybridized with a
MPR46 and MPR300 cDNA probe (Koster et al., 1991) and a B-actin
probe (CLONTECH, Palo Alto, CA). Hybridization and washing of
the filters were performed as described (Lehmann et al., 1992).

Electron Microscopy and Autophagosome
Quantification

Isolated hepatocytes were fixed in 2% glutaraldehyde in 0.2 M
HEPES, pH 7.4, at room temperature for 2 h. The cells were scraped
off the culture dish, pelleted, and postfixed in 1% osmium tetroxide
in 0.1 M phosphate buffer for 1 h. The cells were dehydrated in
ethanol and embedded in Epon. For estimation of volume fractions
by stereology (Howard and Reed, 1998), 20-25 micrographs, pri-
mary magnification X10,000, were taken with systematic random
sampling from each sample. The cytoplasmic volume fraction of
autophagic vacuoles was estimated by point counting. Autophagic
vacuoles were classified as early, containing morphologically intact
cytoplasm, and late, containing partially degraded but identifiable
cytoplasmic material (Tanaka et al., 2000). Statistical significance
was estimated using Student’s ¢ test.

Immunogold Electron Microscopy and Quantitation

Cultured hepatocytes were fixed in 4% paraformaldehyde in 0.2 M
HEPES, pH 7.4, at room temperature for 2 h and then stored in 2%
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paraformaldehyde for up to 4 d. Some samples were fixed by
adding 0.1% glutaraldehyde to the initial fixative. The cells were
then embedded in gelatin and processed for cryosectioning as de-
scribed (Andrejewski ef al., 1999). Cryosections were picked up with
2.3 M sucrose or a mixture of sucrose and 2% methyl cellulose. The
sections were labeled with rabbit antibodies against MPR46 (MSC1),
mouse anti-y-adaptin, or rat anti-LAMP-1 or -LAMP-2. The pri-
mary antibodies were detected with goat anti-rabbit-IgG, goat anti-
rat-IgG, or goat anti-mouse IgG coupled to 5 or 10 nm gold (British
BioCell, Cardiff, UK). Double labelings were done by mixing two
primary antibodies, from different species, and the corresponding
secondary antibodies, conjugated to different sized gold particles.
The smaller gold size was used for the less abundant antigen.
Density of LAMP-2 labeling on the limiting membranes of autoph-
agic vacuoles was estimated as described (Tanaka et al., 2000). To
quantitate the distribution of MPR46 labeling, the sections were
systematically screened under the electron microscope, and each
time a gold particle was seen, it was recorded into a certain cellular
compartment, as explained in Table 2, or into an unrecognizable
compartment. To estimate MPR46 labeling in endosome associated
tubular and vesicular structures (Klumperman et al., 1993), LAMP-
1-positive multivesicular endosomes of 200-800-nm diameter (Fig-
ure 8, B-D) were systematically scored. Gold particles situated
inside and outside, within a distance of 300-400 nm of the endo-
somes, were counted. At least 40 endosomal profiles, from two
independent samples, were counted, and the results were expressed
as a ratio of gold inside/gold outside.

Enzyme Activities

Hepatocytes were isolated and cultured overnight. After washing
with PBS the cells were incubated in RPMI medium containing 5%
heat-inactivated FCS. After 6, 12, and 24 h, samples of the medium
were removed and cells were washed, scraped, and homogenized in
TBS/1% Triton X-100. Lysosomal enzyme activities were detected
using fluorometric and colorometric assays as described (Koster et
al., 1993). To avoid a possible effect of the medium change leading
to nonspecific increase of lysosomal enzyme activities, the enzyme
activity in the medium after 6-h culture was withdrawn from the
specific activities measured in the medium after 12 and 24 h. In each
experiment the enzyme activities were measured from two parallel
culture dishes. Statistical significance was evaluated using Student’s
t test.

RESULTS

We observed accumulation of both early autophagic vacu-
oles (Avi), containing morphologically intact cytoplasm, and
late autophagic vacuoles (Avd), containing partially de-
graded cytoplasmic material, in liver and cultured hepato-
cytes of LAMP-2-deficient mice (Tanaka et al., 2000). We
performed immunogold labeling of control hepatocytes to
examine the presence of LAMP-2 in autophagic vacuoles
and detected labeling in both Avi and Avd (for Avi see
Figure 1). Quantitation of LAMP-2 labeling on the limiting
membrane showed that the labeling in Avd was five times
higher than that in Avi. This enrichment of LAMP-2 in Avd
is similar to that observed for LAMP-1 (Tanaka et al., 2000).

Half-life of Autophagic Vacuoles

Long-lived protein degradation is decreased in LAMP-2-
deficient hepatocytes (Tanaka et al., 2000), suggesting that
autophagic vacuoles accumulate because of impaired deg-
radation of autophagocytosed material. To clarify this, we
determined the half-life of autophagic vacuoles using quan-
titative electron microscopy. Isolated hepatocytes were in-
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cubated in starvation medium (free of serum and amino
acids) for 5 h to induce autophagy. Subsequently the fate of
the autophagic vacuoles was followed by shifting the cells to
FCS containing medium, supplemented with 10 mM
3-methyladenine (3MA) to prevent formation of new auto-
phagosomes (Seglen and Gordon, 1982, 1984). Samples for
electron microscopy were taken before the starvation, after
5-h starvation, and 1- and 3-h chase in full medium with
3MA, as indicated in Figure 2. The volume fractions of Avi,
Avd, and endosomes/lysosomes were estimated using ste-
reology. The latter compartment included all endo/lysoso-
mal vesicles lacking morphologically identifiable cytoplas-
mic material, i.e., early and late endosomes and lysosomes.
In control cells (Figure 2, A and B) the volume fraction of Avi
and Avd increased ~3.8-fold (p = 0.0012) and 1.7-fold (p =
0.078), respectively, during 5-h starvation. After 1-h chase in
full medium with 3MA, almost all Avi had disappeared
from the control cells (p = 0.000015 compared with the 5-h
starvation). This suggests that Avi matured into Avd and
these in turn degraded their contents. During the 3-h chase
the size of Avd decreased in control cells (p = 0.047 com-
pared with the 5-h starvation), suggesting further degrada-
tion of the cytoplasmic material.

Consistent with our previous findings (Tanaka et al.,
2000), the volume fractions of both Avi and Avd were much
higher in LAMP-2-deficient hepatocytes. Also the volume
fraction of endo/lysosomes was twice as high as in the
control cells (Figure 2, A-C). Starvation did not increase the
volume fraction of total Avi/Avd/endo/lysosomal pool in
LAMP-2—-deficient cells, suggesting that autophagy cannot
be further stimulated by starvation. However, we observed
a small increase in Avd volume fraction (p = 0.041) on the
expense of endo/lysosomes (p = 0.051). During the 1-h
chase in full medium and 3MA, less than half of the Avi
volume fraction was consumed (p = 0.016), indicating re-
tarded conversion of Avi into Avd. Approximately corre-
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Figure 1. LAMP-2 localizes to au-
tophagic vacuoles in control hepa-
tocytes. Isolated hepatocytes were
cultured overnight, fixed, and pro-
cessed for cryosectioning. Thin fro-
zen sections were immunogold la-
beled for LAMP-2 (10 nm gold) and
cathepsin-D (5 nm gold). LAMP-2
localizes to the limiting membrane
of the autophagic vacuole, which
can be identified by its cytoplasmic
contents (a mitochondrion) as an
Avi. Cathepsin-D is found in the
space between the limiting mem-
brane and the contents of the vac-
uole. The arrow indicates a vesicle,
containing both LAMP-2 and ca-
thepsin-D, that is likely to be in the
process of fusion with the autoph-
agic vacuole. Bar, 200 nm.

sponding increase was observed in the volume fraction of
endo/lysosomes (p = 0.0029), which suggests initial matu-
ration of some Avd into lysosomes. During the 3-h chase no
further decrease of Avi volume fraction was observed,
whereas the volume of Avd tended to increase (p = 0.08311
compared with the 5-h starvation). This increase in Avd may
point to fusion with plasma membrane derived endosomes,
which would increase the volume fraction similar to matu-
ration of Avi into Avd. The results indicate that in LAMP-
2—-deficient hepatocytes the consumption of Avd is severely
retarded and that the half-lives of both Avi and especially
Avd are prolonged.

Fusion of Endosomes with Autophagic Vacuoles

In LAMP-2-deficient hepatocytes the pH in Avi and Avd is
only slightly higher than in control cells and the limiting
membranes of Avd contain substantial amounts of LAMP-1
(Tanaka et al., 2000). This suggests that transport of mem-
brane proteins such as the vacuolar proton pump and
LAMP-1 to Avi and/or Avd does take place. To directly
demonstrate the convergence of endocytic and autophagic
pathways we used 6-nm gold particles coated with BSA
(BSA-gold) as a fluid phase endocytic tracer. To check that
the knockout hepatocytes are able to perform fluid-phase
endocytosis at rates comparable to that of the control cells,
the cells were fed with horseradish peroxidase for 10-30 min
and washed, and the peroxidase activity was assayed from
cell homogenates. The results revealed that the rate of fluid-
phase uptake is comparable in LAMP-2—-deficient and con-
trol hepatocytes. BSA-gold was then fed to cells for 1 h, and
the cells were chased for 2 h. Electron microscopy was used
to score the distribution of gold particles in endo/lysosomes
and autophagic vacuoles. Typical fusion profiles of Avd and
multivesicular endosomes in LAMP-2-deficient cells are
presented in Figure 3, A and B. In control cells, ~20% of gold
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Figure 2. Half-life of autophagic vacuoles in control and LAMP-2—-
deficient hepatocytes. The cells were cultured overnight and then starved
for serum and amino acids for 5 h to induce autophagy. Subsequently the
cells were shifted to serum and amino acid-containing culture medium
(full medium), including 10 mM 3MA. Samples for quantitative electron
microscopy were taken as indicated in D. Cytoplasmic volume fractions of
early (Avi, A) and late (Avd, B) autophagic vacuoles and endo/lysosomes
(C) were estimated by point counting. The results are the mean = SEM
from two independent experiments; a minimum of 40 micrographs were
quantitated for each time point. Statistical significance compared with the
previous time point on the same graph: *, 0.00122 < p < 0.042; **, p =
0.000015; ©,0.05 < p < 0.079. Statistical significance compared with the 5-h
time point on the same graph: &, p = 0.08311; §, p = 0.04716.
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Figure 3. Endocytosed BSA-gold is transported to autophagic vacu-
oles in LAMP-2-deficient cells. Cells were fed with BSA-gold for 1 h,
chased in full culture medium for 2 h, and subsequently fixed and
processed for electron microscopy. (A and B) Typical fusion profiles of
multivesicular endosomes and autophagic vacuoles in LAMP-2-defi-
cient cells. The arrowheads indicate the BSA-gold, which is associated
with small vesicles. Autophagic vacuoles were identified by their cy-
toplasmic contents: electron dense, partially degraded ribosomes or
rough ER (Avd) or a mitochondrion (Avi). No BSA-gold was found in
early autophagic vacuoles. Bars, 200 nm. (C) Distribution of the endo-
cytic tracer between autophagic vacuoles and endo/lysosomes (end/
lys) was estimated by systematically screening the thin sections. A total
of 1469 and 2186 gold particles were screened from control and
LAMP-2 —/— cells, respectively.
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Figure 4. Postendocytotic glycosylation of ["*C]Cg-
Gle-S-Cer and of catabolites of thioganglioside
[*C]C¢-SGM3 in control and LAMP-2-deficient
hepatocytes. Mouse hepatocytes were incubated
with ["C]Cg-Gle-S-Cer (lanes 1-4) and [“C]Cg-S-
GM3 (lanes 6-9) as described in MATERIALS AND
METHODS. After 3-h labeling the cells were chased
for another 24 h. The chase media were saved, and

O IE | the cells were harvested. The desalted lipids of cells
z and chase media were separated by TLC using chlo-
2 roform/methanol /15 mM calcium chloride (60:35:8,

by volume) as a developing system. The radioactive
lipids were visualized by exposure to x-ray-sensi-
tive film. Lane 5, reference lipids from top to bottom:
1, ["*C]C4-Gle-S-Cer; 2, [*C]Cg-Lac-S-Cer; 3, [C]Cg-
GbOse,Cer; 4, [M*C]C4-S-GM3; 5, [1*C]Cq-S-GM2; 6,
[*C]Cg-S-GM1; 7, [*C]C,-GDla with their relative
mobilities denoted by standard abbreviations for
GSL as explained in Schwarzmann et al. (1995). In
addition the mobilities of N-glycolyl neuraminic
acid containing thiogangliosides GM3 and GM2 de-
noted as NeuGc-GM3 and NeuGce-GM2 are indi-
cated, respectively. Their endogenous counterparts
are the predominant gangliosides in murine hepa-

tocytes and are formed by sialylation of lactosylceramide with CMP-NeuGc as the activated sugar. GM3 cannot be transformed directly into
NeuGce-GM3 or NeuGe-GM2. Arrowheads indicate the labeled glycosphingolipids that were fed to the hepatocytes.

particles were found in Avd, compared with >40% in
LAMP-2-deficient hepatocytes (Figure 3C). The larger frac-
tion of gold in Avd in LAMP-2—deficient cells may be due to
the prolonged half-life of these organelles, resulting in trap-
ping of the tracer within Avd. The result indicates that
multivesicular endosomes are able to fuse with autophagic
vacuoles in LAMP-2—-deficient hepatocytes.

Trafficking of Lipids between the Plasma Membrane,
Lysosomes, and the Golgi

We studied the uptake of the nondegradable glycosphingo-
lipid glucosylthioceramide ([**C]Cg-Gle-S-Cer). A fraction of
the internalized glucosylthioceramide is transported to the
Golgi as indicated by its elongation to GM2 and GM3 by
Golgi resident glycosyltransferases (Schwarzmann and
Sandhoff, 1990; Schwarzmann et al., 1995; Schwarzmann,
2001). The glucosylthioceramide was taken up by control
and LAMP-2-deficient hepatocytes. In both genotypes
Golgi-specific glycosylation products (e.g., GM2 and GM3)
were detected to a comparable level in cells and media
(Figure 4, lanes 1-4). The appearance of glycosylation prod-
ucts in culture media containing FCS is due to transport of
the glycosylation products from the Golgi apparatus to the
plasma membrane and to the extraction of the semitruncated
glycolipids by protein components of the FCS.

Having shown that hepatocytes allow efficient uptake and
trafficking of labeled sphingolipids, we studied the metabo-
lism of the partially degradable thioganglioside ([*C]S-
GM3). This compound allows to follow the trafficking of the
internalized thioganglioside to endosomes/lysosomes,
where it is degraded to glycosylthioceramide, and the traf-
ficking of glucosylthioceramide to the Golgi where it is
elongated to GM2 and GM3. GM2 and GM1 originating
from elongation of the added GM3 contain neuraminic acid.
In contrast, the GM3, GM2, and GM4 originating from glu-
cosylthioceramide generated from the added GM3 in the
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lysosomes contain the hepatocyte derived N-glycolyl-neura-
minic acid and are thereby distinguishable (Schwartzmann,
2001). The uptake, accumulation, and degradation in lyso-
somes and the subsequent transport of the labeled lipids to
the Golgi apparatus and elongation to N-glycolyl neura-
minic acid containing thiogangliosides GM3 and GM2 were
similar in LAMP-2-deficient and control hepatocytes (Fig-
ure 4, lanes 6-9). This indicates that transport of lipids from
the plasma membrane to lysosomes and from there to the
Golgi apparatus is not affected by LAMP-2 deficiency.

Activities and Trafficking of Lysosomal Enzymes

The prolonged half-life of autophagic vacuoles could result
from impaired degradation of their content. Impaired acid-
ification as a cause for compromised lysosomal degradation
has already been excluded (Tanaka ef al., 2000). We therefore
determined the activities of lysosomal enzymes in isolated
hepatocytes and liver homogenates as well as the trafficking
and maturation of newly synthesized cathepsin D, a major
lysosomal proteinase. The activities of three representative
lysosomal hydrolases were differentially affected in LAMP-
2—-deficient hepatocytes. Intracellular B-mannosidase activ-
ity of LAMP-2-deficient hepatocytes was decreased to
~14% of control (p = 0.022), B-glucuronidase was un-
changed, and B-hexosaminidase seemed to be increased
about twofold, although this increase was not statistically
significant (Table 1). Interestingly, the activity of S-manno-
sidase was only moderately affected in liver homogenates of
LAMP-2-deficient mice (0.43 = 0.03 vs. 0.59 * 0.08 U/g in
control liver). This indicates that the f-mannosidase activity
in nonparenchymal liver cells is normal. The fraction of
enzyme activity recovered in the secretion was elevated
2.55-4.7-fold for B-mannosidase (p = 0.022) and B-glucu-
ronidase (p = 0.017) and not affected for p-hexosaminidase
(Table 1). This indicates mistargeting of a subset of lysoso-
mal enzymes into the culture medium.
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Table 1. Lysosomal enzyme activities in control and LAMP-2—-deficient hepatocytes

Control

Cells
(mU/mg)

B-Mannosidase

B-Hexosaminidase

B-Glucuronidase

1.33 + 0.33 (3)
8.28 +3.5(2)

3.13 + 0.55 (2)

LAMP-2 —/—

Medium Cells Medium
(% of total) (mU/mg) (% of total)
5.7 +=0.79 0.19 = 0.07 (4) 14.53 = 0.02
p = 0.022* p = 0.022*
17.09 = 1.0 16.54 = 3.5(2) 15.64 = 0.86

p = 0.12 p =0.19
1.83 = 0.63 3.45 = 0.26 (2) 8.61 +0.24
p = 0.67 p = 0.017*

Values are means = SEM; number of independent cultures used for each value is given in parentheses.
* p values indicating statistical significance of the difference between the control and LAMP-2 —/— cells.

Cathepsin-D was quantified in hepatocytes by Western
blotting. The total amount of cathepsin-D was decreased
~2.5-fold in LAMP-2-deficient hepatocytes. In particular
the amount of the catalytically active forms of cathepsin-D,
the 46-kDa processing intermediate, and the mature 30- and
14-kDa polypeptides were decreased in LAMP-2-deficient
hepatocytes, whereas that of the 52-kDa precursor form was
increased (Figure 5A).

The 3- to 5-fold higher fraction of B-mannosidase and
B-glucuronidase in the secretions (Table 1) and the decrease
of proteolytically processed cathepsin-D forms in the hepa-
tocytes points to a missorting of newly synthesized lysoso-
mal enzymes into the secretions. To follow the fate of newly
synthesized cathepsin-D, hepatocytes were metabolically la-
beled, and cathepsin-D was immunoprecipitated from cells
and media (Figure 5B). We observed in LAMP-2-deficient
cells an increased secretion of cathepsin-D. After 6-h chase,

47% of cathepsin-D was recovered in the secretions and 21%
had been proteolytically processed to the 46-kDa intermedi-
ate. In control hepatocytes 14% had been secreted, and 68%
were proteolytically processed to the catalytically active in-
termediate.

Taken together these results show that missorting contrib-
utes to the lower levels of cathepsin-D in LAMP-2—deficient
hepatocytes and possibly also to the intracellular deficiency
of B-mannosidase as well as to the increased proportion of
B-glucuronidase in the culture medium.

Expression of MPR300

Missorting of cathepsin-D and two other lysosomal enzymes
into secretion suggested that LAMP-2—deficient hepatocytes
might have a defect in the function of MPRs. We first inves-
tigated the expression of MPR300. Western blotting showed

LAMP-2 genotype | +/+ --

'”: - kDa

1
P — i —
i .'. a4

m—b . -

— 30
m— -, 14
Figure 5. Intracellular sorting of cathepsin D is LAMP-2 genotype ++ -/-
impaired in LAMP-2-deficient cells. (A) Western I : | p
blotting of cathepsin-D from control (+/+) and B bels medium cells medium
LAMP-2 —/— cells. p, precursor; i, intermediate; chase (h I 0 1 3 6|0 1 3 86 1 _ __ 6 0 1 ._ __

and m, mature form of the enzyme. Equal amounts
of protein were loaded in each lane. (B) Immuno-
precipitation of cathepsin-D. The cells were labeled
with [**S]methionine for 1 h and then chased as
indicated. Cathepsin-D was immunoprecipitated

from the cells and culture medium. The bands were
quantitated by densitometry.
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MPR300 immunoblot
LAMP-2-- MPR46-/-

genotype wit MPR300-/-

300 kDa — MPR300

A

| Ponceau

MPR300 half-life
LAMP-2 +/+ hepatocytes 6h pulse
chase | 12h  12h  24h  24h

0%  43% 9%

LAMP-2 -/- hepatocytes 6h pulse

chase

B 100% 52% 7%

Figure 6. Steady state levels of MPR300. (A) Western blotting and
of MPR300 in control (wt), LAMP-2 —/—, MPR46—/—, and
MPR300 —/— cells. Ponceau-stained bands are shown as a loading
control. (B) Immunoprecipitation of MPR300 after 6-h pulse with
radioactive methionine followed by chase for 0, 12, and 24 h. Den-
sitometric quantitation of the bands is also shown.

comparable protein levels in control and LAMP-2—deficient
hepatocytes (Figure 6A). Densitometric quantitation from 17
independent cultures revealed that LAMP-2—deficient cells
had 78.3 * 22.6% (mean = SD) of the protein level found in
control hepatocytes. Metabolically labeled MPR300 had
comparable half-lives in control and LAMP-2—-deficient
hepatocytes (Figure 6B).

Half-life and Localization of MPR46

We next performed Western blotting of MPR46 (Figure 7A).
Densitometric quantitation of bands from 10 independent
cultures revealed that the steady state level of MPR46 was
reduced to 27.5 * 8.9% of controls in LAMP-2—-deficient
hepatocytes. However, Northern blotting showed that the
level of MPR46 mRNA was comparable to the control (Fig-
ure 7B). Stability of metabolically labeled MPR46 showed
MPR46 to have a shortened half-life in LAMP-2—-deficient
hepatocytes: 41-42% of newly synthesized receptor was re-
covered in LAMP-2—-deficient cells after 12-h chase (Figure
7C), compared with 96% in control cells. Addition of lyso-
somal protease inhibitors, leupeptin and pepstatin, to the
chase medium rescued the half-life in knockout cells to
control level (Figure 7C), suggesting that degradation by
lysosomal proteinases contributes to the shorter half-life.
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The shortened half-life of MPR46 prompted us to study its
intracellular localization. Immunofluorescence showed that
in control cells MPR46 was localized to the perinuclear
region as vesicular-reticular labeling (Figure 7D), consistent
with earlier results showing that MPR46 is located in the
TGN, endosomes, and small cytoplasmic vesicles (Klump-
erman et al., 1993). In the LAMP-2-deficient hepatocytes
MPR46 labeling was observed in only 42% of cells, whereas
95% of control hepatocytes showed labeling. Thus, there is
an apparent inconsistency between the Western blot (27.5%
the protein level of controls) and immunofluorescence label-
ing of MPR46. However, 27% of average protein level could
be a result from 1) 27% of cells expressing normal amount of
protein, or 2) all cells expressing only 27% of protein, or any
combination of these two. In addition, immunofluorescence
does not detect labeling if the local concentration of the
protein is low, such as the concentration of MPR46 on the
plasma membrane. In LAMP-2-deficient hepatocytes with
detectable MPR46, the receptor was found more distributed
throughout the cytoplasm and less concentrated in the pe-
rinuclear region (Figure 7E).

To investigate localization of MPR46 in the TGN, we
performed double immunogold labeling of MPR46 with
v-adaptin. In control hepatocytes the most concentrated
MPR46 labeling was found in the Golgi region, identified by
v-adaptin labeling and the presence of a Golgi stack (Figure
8A). In LAMP-2—-deficient hepatocytes the proportion of
MPR46 label found in the Golgi region was reduced to 27%
of the control (Table 2). With y-adaptin double labeling it
was not possible to unequivocally identify the compart-
ments where the rest of MPR46 was located. We thus also
performed double labeling of MPR46 with LAMP-1. In con-
trol hepatocytes MPR46 was frequently found in small mem-
brane structures surrounding LAMP-1-positive multive-
sicular endosomes (Figure 8B). In LAMP-2-deficient
hepatocytes less MPR46 labeling was observed in these
structures (Figure 8C). The ratio of MPR46 labeling inside
versus outside of multivesicular endosomes was 4.8 times
higher in LAMP-2-deficient cells (Table 2). In addition more
MPR46 was found inside autophagic vacuoles in LAMP-2-
deficient cells (Figure 8, C and D). Quantitation showed that
3.9-5.2 times more MPR46 labeling was found in autophagic
vacuoles (Table 2). Typically the MPR46-positive autophagic
vacuoles were fusion profiles of an Avd and a multivesicular
endosome (Figure 8, C and D). Taken together, our results
show that in LAMP-2—-deficient hepatocytes MPR46 accu-
mulates in Avd/endosomes, suggesting that defective sort-
ing out of endosomes leads to faster degradation of the
protein.

DISCUSSION

We have shown that intracellular retention of cathepsin-D,
B-glucuronidase, and B-mannosidase is impaired in LAMP-
2—deficient hepatocytes. We also could show altered local-
ization of MPR46, including accumulation in Avd, less
MPR46 in the Golgi region, and altered localization within
endosomes. In control hepatocytes MPR46 was frequently
found in small membrane structures surrounding LAMP-1-
positive multivesicular endosomes (Figure 8B). These struc-
tures have been called “endosome associated vesicles and
tubules,” and they are thought to participate in MPR46
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hepat (MPRA6 i
: hepatocytes | Nothernblot)
genotype LAMP2 MPR46 | MPR300
++ -f- ++ - /! - genotype | +/+ -I- +fr+ "L
. . - -
. & . . _— - - _ <« MPR46
A Ponceau B ‘ ﬂ . ﬁ <+ Actin
100%  14% 100%  29% 179% | quantification
medium - - Leu/Pe
supplements P
chase Oh 12h 12h
' | Lamp2 -/-
C hepatocytes
100% 98% 41% 42% 117% 101%

Figure 7. MPR46 has a shorted
half-life and altered subcellular
localization in LAMP-2-deficient
hepatocytes. (A) Western blot-
ting of MPR46 from control
(+/+) and LAMP-2 —/— cells.
MPR46—/— and MPR300 —/—
hepatocytes are shown as con-
trols. (B) Northern blotting of
MPR46 and actin. (C) Immuno-
precipitation of MPR46. The cells
were labeled with [**S]methi-
onine for 12 h. Leupeptin (100
uM) and pepstatin (100 pM)
were added to the chase medium
as indicated (Leu/Pep). Quanti-
tation of the bands is shown at
the bottom. (D and E) Immuno-
fluorescence of MPR46 from con-
trol (D) and LAMP-2-deficient
cells (E).

recycling out of the endosomes (Klumperman et al., 1993;
Nicoziani et al., 2000). We observed less MPR46 in these
structures in LAMP-2-deficient cells (Figure 8, C and D, and
Table 2). During targeting of lysosomal enzymes, MPR46
and MPR300 deliver newly synthesized enzymes to early or
late endosomes (Ludwig et al., 1991; Diesner et al., 1993),
after which they may recycle back to TGN from late endo-
somes. Because in LAMP-2-deficient hepatocytes, endo-
somes and late autophagic vacuoles readily fuse (Figure 3),
both compartments can be assumed to act as starting point
for receptor recycling. The ratio of MPR46 in the Golgi
region versus MPR46 in endo/lysosomes and AVd was 1.81
in control and 0.28 in LAMP-2 knockout cells (Table 2).
Together with the lower amount of MPR46 in endosome-
associated vesicles and tubules, this suggests that the recy-
cling of MPR46 from endosomes back to the TGN is less
efficient in LAMP-2-deficient cells. However, we also ob-
served that the transport of lipids from endo/lysosomes to
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the Golgi is not affected by LAMP-2 deficiency (Figure 4),
suggesting that the recycling defect may be specific to
MPR46.

The recycling defect may be due to a failure to sort MPR46
in endosomes. Localization to different endosomal subcom-
partments is known to be the basis of sorting between the
endosome-to-plasma membrane recycling and early endo-
some-to-late endosome transport routes (Robinson et al.,
1996; Lemmon and Traub, 2000). MPRs are thought to recy-
cle to the TGN from late endosomes (Hirst ef al., 1998; Rohn
et al., 2000), which are also called multivesicular bodies or
the prelysosomal compartment (Griffiths et al., 1988). Re-
duced ability to recycle MPR46 from late endosomes has
been shown to lead to transport of the receptors to lyso-
somes where they are degraded (Schweizer et al., 1996,
1997). Because the endocytic and autophagic pathways
merge, we observed enrichment of MPR46 in autophagic
vacuoles (Table 2). Impaired trafficking of MPR46 could
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MPR46-10m, y-adaptin-5 mn MPR46-5 nm, LAMP-1-10 nm

MPR46-5 nm, LAMP-1-10 nm MPR46-5 nm, LAMP-1-10 nm

Figure 8. Immunogold electron microscopy of MPR46. (A) Double immunogold labeling of MPR46 (10 nm gold) and y-adaptin (5 nm gold,
arrowheads) in control cells. The most concentrated labeling is found in the Golgi region. G indicates the Golgi stack. (B-D) Double
immunogold labeling of LAMP-1 (10 nm gold) and MPR46 (5 nm gold) in control (B) and LAMP-2 —/— cells (C and D). (B) In control cells
MPR46 was typically located in membrane structures (arrowheads) around the endosomal vacuoles (indicated by E), and only some labeling
was seen inside the endosome (arrows). (C and D) In LAMP-2 —/— cells the amount of MPR46 in membrane structures around endosomes
was smaller (arrowheads), whereas more MPR46 was found inside endosomes (E) or autophagic vacuoles (AVd) (arrows). Note that in C and
D the autophagic vacuoles appear to have fused with multivesicular endosomes; stars indicate some of the internal vesicles. Bars, 200 nm.
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Table 2. Localization of MPR46 immunogold labelling (% of total)
in the Golgi region and endo/lysosomal compartments in control
and LAMP-2 —/— hepatocytes

LAMP-2
Control /=
MPR46 and y-adaptin double
labeling
Golgi region® 28.0 +0.3 7.6 £13
Total gold scored 1804 1780
MPR46 and LAMP-1 double labeling
LAMP-1-negative AVsP 05*0.1 26 0.1
LAMP-1-positive AVsP 35*1.6 137 £22
LAMP-1-positive endo/lysosomes ~ 12.0 + 2.5 13.0 £3.1
Plasma membrane 1044 +1.62 11.73 £1.33
Total gold scored 2630 2176
MPR46 inside/outside of MVB¢ 0.17 = 0.05 0.81 £0.2
Total number of MVB scored 43 46

The results are means = SEM from two independent cultures of
control and LAMP-2 —/— hepatocytes.

2 Golgi region was defined by y-adaptin labeling and presence of
the Golgi stack.

P Autophagic vacuoles (AVs) were identified by the presence of
cytoplasmic material (rough ER, mitochondria) inside the vacuoles.
¢ The ratio of labeling inside versus outside of LAMP-1-positive
multivesicular endosome profiles (MVB) was estimated as de-
scribed in MATERIALS AND METHODS.

explain partial mistargeting of a subset of lysosomal en-
zymes to the extracellular medium, which in turn could be
one cause for the impaired capacity for lysosomal degrada-
tion of long-lived proteins observed in LAMP-2—-deficient
hepatocytes (Tanaka et al., 2000). Thus, rather than by de-
creased fusion of autophagic vacuoles with lysosomes, the
increased half-life and accumulation of autophagic vacuoles
can be explained by defective lysosomal biogenesis.

In this study we observed impairment of intracellular
retention for cathepsin D, B-mannosidase, and S-glucuron-
idase. Intracellular activity of B-hexosaminidase appeared to
be increased but the proportion of activity recovered in the
culture medium was comparable to controls (Table 1). This
suggests that the increased intracellular activity is likely due
to increased synthesis. Partial mistargeting of a subset of
lysosomal enzymes is in agreement with the findings that
we observed a shorter half-life of MPR46, whereas the half-
life of MPR300 was comparable to controls. Both MPRs are
necessary for normal targeting of lysosomal enzymes
(Kasper et al., 1996; Munier-Lehmann et al., 1996). In addi-
tion, other lysosomal enzyme targeting mechanisms exist
besides the mannose 6-phosphate mediated route (Rijnboutt
et al., 1991; Glickman and Kornfeld, 1993).

We observed a lower steady state level and shorted half-
life for MPR46 in LAMP-2—deficient cells, whereas those of
MPR300 were comparable to the control. Although the en-
dosomal sorting and/or trafficking of both receptors may be
impaired in LAMP-2-deficient cells, their susceptibility to
lysosomal degradation or acidic pH may vary. Alternatively
LAMP-2 deficiency may impair, directly or indirectly, recy-
cling of MPR46 but not MPR300. In spite of being impaired
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in degrading autophagocytosed cytoplasm, LAMP-2—-defi-
cient hepatocytes are able to acidify autophagic vacuoles
(Tanaka et al., 2000).

MPR46 dissociates from its ligands in acidic environment
(Hoflack and Kornfeld, 1985; Holzman, 1989; Ma ef al., 1991).
Using the pH indicator drug DAMP, we estimated the pH of
Avd to be 5.7 in control and 5.8 in LAMP-2—-deficient hepa-
tocytes (Tanaka et al., 2000). Also the pH in multivesicular
endosomes was close to the controls (pH 5.8) in LAMP-2-
deficient hepatocytes (pH 5.9, unpublished observations).
This suggests that impaired acidification in endosomes or
Avd is not the cause of impaired MPR46 recycling and
accumulation in Avd.

How could LAMP-2 deficiency lead to impaired recycling
of MPR46 from late endosomes to the TGN? One possibility
is that LAMP-2 is necessary for sorting of MPR46 inside
endosomes, either directly or indirectly by stabilizing factors
needed for recycling. LAMP-2 has been shown to mediate
transport of a specific set of cytosolic proteins across the
lysosomal membrane in chaperone-mediated autophagy
(Cuervo and Dice, 1996, 1998). Thus it is possible that
LAMP-2 could participate in chaperone-mediated transport
of recycling promoting factors from the cytoplasm to the
endosomal lumen. Another possibility is that LAMP-2 is
needed to prevent transport of MPR46 from endosomes to
lysosomes and thus to increase the probability that the re-
ceptor will have time to reach the endosomal subcompart-
ment that is destined for recycling to the TGN. LAMP-2 has
been shown to recycle between the lysosomal limiting mem-
brane and matrix and thus regulate the rate of chaperone-
mediated autophagy (Jadot et al., 1996; Cuervo and Dice,
2000). Downregulation of chaperone-mediated autophagy
by LAMP-2 levels has been proposed to mediate epidermal
growth factor-induced cell growth in renal tubular cells
(Franch et al., 2001). These findings show that LAMP-2 is not
merely a structural component of the lysosomal membrane
but has more sophisticated functions.

Yet another possible explanation for the decreased intra-
cellular protein degradation in LAMP-2-deficient cells is
that LAMP-2 deficiency leads to selective disturbances in
lysosomal functions, including the observed B-mannosidase
deficiency, and B-glucuronidase and cathepsin-D mistarget-
ing. LAMP-2 has been suggested to play a role in intralyso-
somal matrix formation (Jadot et al., 1997). This could in turn
lead to secondary effects such as impaired receptor recy-
cling. It is also possible that altered trafficking of lysosomal
enzymes and loss of MPR46 are separate events caused by
loss of LAMP-2. Still another, although less likely explana-
tion of altered lysosomal enzyme trafficking would be al-
tered activity and/or localization of uncovering enzyme.
This enzyme performs the final cleavage step in the biogen-
esis of mannose 6-phosphate tag (Faulhaber et al., 1998;
Rohrer and Kornfeld, 2001). Further studies are needed to
differentiate between these possible connections between
LAMP-2 deficiency and lysosomal enzyme targeting.

MPR46 knockout mice had a normal phenotype, although
partial missorting of many lysosomal enzymes into secretion
was observed in cells isolated from these mice (Koster et al.,
1993; Ludwig et al., 1993). Lysosomal storage was not de-
tected in liver by electron microscopy (Koster ef al., 1993).
However, in intact tissues the increased secretion of lysoso-
mal enzymes was shown to be compensated by uptake via
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carbohydrate-specific endocytic receptors (Koster et al.,
1994). Our preliminary results suggest that, although fluid-
phase endocytic uptake is normal, receptor-mediated endo-
cytic uptake is impaired in LAMP-2-deficient hepatocytes,
suggesting that the compensatory uptake is not functional in
LAMP-2-deficient mice. This could explain the more severe
phenotype in LAMP-2-deficient mice and isolated hepato-
cytes.

yInhibi’cion of the phosphoinositide 3 kinase Vps34 by a
dominant negative form of this enzyme has been reported to
cause a similar mistargeting of cathepsin D (Row et al., 2001)
as observed in LAMP-2—-deficient hepatocytes. On the other
hand Vps34 has also been shown to be necessary for auto-
phagosome formation (Blommaart et al., 1997; Petiot et al.,
2000). Because we see a profound accumulation of autoph-
agic vacuoles in LAMP-2-deficient hepatocytes, we can rel-
atively safely conclude that Vps34 is functional in these cells
and thus rule out Vps34 deficiency as an explanation of the
defect in lysosomal enzyme targeting.

Why do we only see accumulation of autophagic vacuoles
in some tissues of LAMP-2—-deficient mice, including pan-
creas, liver parenchyme, heart, muscle, capillary endothe-
lium of kidney, intestinal wall, lymph nodes, and neutro-
philic leukocytes (Tanaka ef al., 2000), while other tissues
such as brain and fibroblasts seem to be normal? Many of
the affected tissues in LAMP-2-deficient mice are those that
have a high degree of autophagy in normal animals. Using
mainly rat tissues, active autophagy has been described at
least in liver (Pfeifer and Strauss, 1981; Kovacs ef al., 1982; de
Waal et al., 1986), pancreas (Kovacs et al., 1988), muscle
(Salminen and Vihko, 1984; Bahro et al., 1992), heart (Pfeifer
and Strauss, 1981; Dammrich and Pfeifer, 1983), and kidney
(Pfeifer and Scheller, 1975; Bahro et al., 1988). This suggests
that active ongoing autophagy in normal conditions may be
the prerequisite for the observed phenotype of autophagic
vacuole accumulation in LAMP-2-deficient tissues.

It should be noted that the structurally related LAMP-1
might compensate in part for the loss of LAMP-2 in LAMP-
2—deficient mice. These compensating functions are sup-
ported by the phenotype of LAMP-1/LAMP-2 double-defi-
cient mice. Although the single-deficient mice are fertile and
viable (Andrejewski ef al., 1999; Tanaka et al., 2000), the loss
of both LAMP molecules leads to embryonic lethality asso-
ciated with accumulation of autophagic vacuoles in almost
all embryonic tissues (P. Saftig, unpublished data).

In summary, instead of being only a structural component
of the lysosomal membrane, LAMP-2 plays a more dynamic
role than previously anticipated in cellular processes such as
macro autophagy, chaperone-mediated autophagy, and re-
ceptor trafficking. To further elucidate the postulated
LAMP-2 function in receptor sorting and/or trafficking, it
will be important to identify possible binding partners of
LAMP-2. Coimmunoprecipitation and yeast two-hybrid
screen experiments will possibly bring more light to this
intriguing question.
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