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endocytosis, autophagy, and phagocytosis through the 
concerted action of more than 50 acid hydrolases ( 1 ). To 
maintain their function, lysosomes require a continuous re-
plenishment of newly synthesized components transported 
from the endoplasmic reticulum (ER) via the Golgi appara-
tus to the endosomal/lysosomal compartment. The effi cient 
transport of soluble lysosomal enzymes to lysosomes requires 
mannose 6-phosphate (M6P) residues on their  N -linked 
glycans, which serve as recognition markers for M6P-specifi c 
receptors (MPRs) ( 2 ). The formation of M6P residues is 
catalyzed by two enzymes, the  N -acetylglucosamine-1-
phosphotransferase (termed “GlcNAc-1-phosphotransferase”) 
and the GlcNAc-1-phosphodiester  � - N -acetylglucosaminidase 
(termed “uncovering enzyme”) localized in the  cis -Golgi 
apparatus and  trans -Golgi network, respectively ( 3 ). 

 The GlcNAc-1-phosphotransferase is a heterohexameric 
complex of three subunits ( �  2  �  2  �  2 ), which are encoded by 
two genes ( 4–6 ). The  � - and  � -subunits of the GlcNAc-
1-phosphotransferase are synthesized in the ER as a single, 
highly  N -glycosylated, 190 kDa, type III membrane protein 
( 6 ). For the transport to the Golgi apparatus, combinatorial 
dileucine and dibasic sorting motifs in the N- and C-terminal 
cytosolic domains, respectively, are required ( 7 ). Upon ar-
rival in the  cis -Golgi compartment, the  � / � -subunit precur-
sor is proteolytically cleaved by the site-1 protease (S1P) into 
mature  � - and  � -subunits ( 8 ), which are prerequisite for 
the enzymatic activity of the GlcNAc-1-phosphotransferase 
complex ( 9 ). 
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 Lysosomes function in the degradation of macromole-
cules, such as proteins, lipids, glycosaminoglycans or nucleic 
acids, intracellular organelles, and pathogens obtained by 
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6-phosphate sodium salt, penicillin/streptomycin, cyclohexi-
mide, TRI ®  Reagent, protease inhibitor cocktail (P2714), and 
BSA were obtained from Sigma-Aldrich. Maxima™ Probe qPCR 
Master Mix, Iodination reagent, and prestained protein molecu-
lar mass marker Pageruler™ were from Thermo Fisher Scientifi c. 
Prestained molecular mass marker Full-Range Rainbow™, FCS, 
and methionine-free DMEM were from GE Healthcare. TaqMan ®  
Gene Expression Assays, High Capacity cDNA Reverse Transcrip-
tion Kit, DMEM, and Opti-MEM ®  were purchased from Life 
Technologies. Transfection reagent JetPEI ®  was purchased from 
Peqlab. Roti ®  Quant Protein Assay was from Roth. Lipoprotein-
defi cient serum (LPDS) and human LDL were prepared from 
human plasma as previously described ( 20 ). Recombinant hu-
man arylsulfatase B (ASB) was kindly provided by Dr. Vellard 
(BioMarin/Genzyme LLC, Novato, CA). 

 Antibodies 
 A myc-tagged, single-chain antibody fragment against M6P 

residues (scFv M6P-1) and the monoclonal rat antibody against 
the  � -subunit of the GlcNAc-1-phosphotransferase have been de-
scribed recently ( 21, 22 ). The monoclonal anti-myc antibody was 
purchased from Cell Signaling. The polyclonal antibody against 
cathepsin Z was obtained from R&D Systems. Monoclonal anti-
bodies against glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH), LDLR and the Golgi marker protein (GM130) were 
obtained from Santa Cruz Biotechnology, Epitomics-Abcam, and 
BD Biosciences, respectively. The monoclonal antibody against 
 � -tubulin was obtained from the Developmental Studies Hybrid-
oma Bank (University of Iowa). Anti-rat Mpr300 antibodies were 
a kind gift from Dr. von Figura (Göttingen, Germany). Second-
ary antibodies conjugated to HRP or Alexa Fluor ®  were pur-
chased from Dianova and Life Technologies, respectively. 

 Cell culture and cDNA transfection 
 Mouse embryonic fi broblasts (MEFs) of WT and MLII “knock-

in” mice were prepared as previously described ( 18 ). Human fi -
broblasts were obtained from skin biopsies with informed consent 
of two controls and three NPC1 patients carrying the following 
mutations encoded by the  NPC1  gene: Patient 1 (P1) was heterozy-
gous for p.G910S and p.G1034R; patient 2 (P2) and patient 3 (P3) 
were homozygous for p.S940L and p.I1095del, respectively. MEFs 
and fi broblasts from healthy controls and NPC1-defective patients 
were cultured in DMEM containing 10% FCS and penicillin/
streptomycin. To change the cholesterol content, MEFs were 
grown on 6- or 3.5-cm plates or glass coverslips, rinsed with PBS 
(pH 7.4), and further incubated in DMEM containing 10% 
NBCS or LPDS. To deplete or overload the cholesterol content 
in cells, 10 µM atorvastatin or 100 µg/ml human LDL was added 
to the DMEM/LPDS medium for 48 h, respectively. Twenty-four 
hours after addition of atorvastatin (ATV) or LDL, MEFs and hu-
man fi broblasts were transfected with cDNA of the  � */ � -subunit 
construct #3 ( 8, 22 ) using JetPEI ®  according to the manufacturer´s 
instructions. The  � */ � -subunit miniconstruct lacks amino acids 
431–819 and results in a shortened  � *-subunit exhibiting identi-
cal topology, N- and C-terminal ER exit structures, and structural 
requirements for effi cient proteolytic cleavage by S1P ( 8, 22 ). 
The medium was replaced 6 h after transfection, and cells were 
further incubated with cholesterol depletion medium or LDL 
loading medium for 18 h. 

 mRNA analysis 
 Total RNA isolation, cDNA synthesis, and real-time PCR were 

performed as previously described ( 8 ). TaqMan™ Gene Expres-
sion Assays, including predesigned probes and primer sets for 
mouse  Ldlr  (Mm00440169_m1),  Gnptab  (Mm01773334_m1), 

 S1P [also known as subtilisin kexin isoenzyme-1 (SKI-1)] 
is a type I membrane serine protease and plays a crucial role 
in the proteolytic activation of the sterol regulatory element-
binding proteins (SREBP)-1 and -2, which are necessary 
for synthesis of fatty acids, triglycerides, and cholesterol, 
respectively ( 10, 11 ). SREBPs are type III membrane-
bound transcription factors with both cytosolic N-terminal 
transcription factor domains and C-terminal regulatory 
domains ( 12 ). At conditions of cholesterol abundance, 
SREBPs form ER-anchored complexes with the polytopic 
sterol-sensing SREBP cleavage-activating protein (SCAP) 
and INSIG, an insulin-induced gene product. Upon cho-
lesterol depletion, the complex dissociates, and SCAP es-
corts SREBPs from the ER to the Golgi apparatus, followed 
by S1P-initiated release of the active transcription factor 
domain entering the nucleus ( 13, 14 ). 

 In cells defi cient for S1P, the  � / � -subunit precursor of 
GlcNAc-1-phosphotransferase cannot be cleaved and acti-
vated, which is subsequently associated with the lack of 
M6P residues, missorting of newly synthesized lysosomal 
enzymes, and accumulation of nondegraded storage mate-
rial in lysosomes ( 8 ), which are hallmarks of mucolipidosis 
type II (MLII). MLII (also called I-cell disease) is a severe 
multisystemic inherited disorder of childhood caused by 
mutations in the  GNPTAB  gene encoding the  � / � -subunit 
precursor protein of the GlcNAc-1-phosphotransferase ( 6, 
15 ). Although the nature of storage material in MLII cells 
and tissues has not been fully characterized, analysis of fi -
broblasts of MLII patients and MLII mice revealed, in ad-
dition to increased levels of phospholipids, fucosylated 
oligosaccharides, and sialic acid-containing glycosphin-
golipids, an elevation and lysosomal accumulation of cho-
lesterol ( 16–18 ). 

 In the present study, we investigated whether alterations 
in the cholesterol content of murine and human fi broblasts 
affect the ER-Golgi transport, the proteolytic activation of the 
 � / � -subunit precursor of GlcNAc-1-phosphotransferase, 
and the subsequent lysosomal targeting of lysosomal 
enzymes. The results were compared with data from fi bro-
blasts of Niemann-Pick type C1 (NPC1) patients and MLII 
mice that were characterized by abnormal cholesterol me-
tabolism ( 18, 19 ). These analyses demonstrate that the ex-
port and the S1P-mediated cleavage of the  � / � -subunit 
precursor protein of GlcNAc-1-phosphotransferase is inde-
pendent of the cellular cholesterol content. Furthermore, 
missorting of lysosomal enzymes and lysosomal dysfunction 
in MLII fi broblasts lead to up-regulation of endocytic re-
ceptors, such as LDL receptor (LDLR) and the 300 kDa 
MPR (MPR300), and accumulation of their degradation 
intermediates. 

 MATERIALS AND METHODS 

 Reagents 
 Sodium  125 I (74 TBq/mmol) and [ 35 S]methionine (37 Bq/mmol) 

were purchased from Hartmann Analytik. Atorvastatin, newborn 
calf serum (NBCS), saponine, paraformaldehyde, mannose 
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10 µM ATV for 48 h increased the mouse  Ldlr  mRNA ex-
pression 6-fold (  Fig. 1  ).  When cholesterol levels are high 
after LDL loading, the  Ldlr  mRNA expression dropped to 
20% of controls. For comparison, the transcript concen-
tration of  Gnptab  was not affected by changes in the cho-
lesterol level in WT cells. These data indicate that both 
treatments to increase or decrease the cellular cholesterol 
concentration in MEFs were effective and reproducible. In 
MEFs of MLII mice harboring the mutant  Gnptab  c.3082insC  
( 18 ), the  Gnptab  transcript level was reduced, whereas 
the  Ldlr  mRNA concentration was 3-fold higher under 
basal conditions (DMEM supplemented by 10% NBCS) 
than in WT MEFs, which could be further increased by 
50% after treatment with ATV ( Fig. 1 ), suggesting low 
amounts of cholesterol in ER membranes under basal con-
ditions of MLII fi broblasts. Incubation of MLII MEFs with 
LDL reduced the  Ldlr  mRNA level to 20% of nontreated 
MLII cells. 

 The cholesterol-dependent alterations in the  Ldlr  mRNA 
expression in WT MEFs could be confi rmed on the LDLR 
protein level (  Fig. 2  ).  ATV treatment resulted in a 12-fold 
increase, whereas LDL overload suppressed the LDLR 
concentration to 30% of control cells ( Fig. 2A ). No or 
marginal effects on the LDLR expression have been ob-
served when the cells were incubated in the presence of 
10% NBCS or LPDS alone (supplementary Fig. 1). In MLII 
MEFs, the basal LDLR protein level was 3-fold higher than 
in wild-type MEFs ( Fig. 2A, B ). Incubation of MLII MEFs 
with ATV or LDL led to a 7-fold increase and a 6-fold re-
duction of LDLR expression, respectively. 

 Cholesterol-independent transport and proteolytic 
cleavage of the GlcNAc-1-phosphotransferase 

 The site-1 protease substrates SREBPs are translocated 
from the ER to the Golgi apparatus in dependency of the 
membrane cholesterol content ( 12 ). To examine whether 
the  � / � -subunit precursor is transported to the Golgi ap-
paratus in a cholesterol-dependent manner, MEFs of WT 
mice (not shown) and human fi broblasts were treated with 
and without ATV and LDL and were transfected with the 

 Actb  (Mm00607939_s1) and human  LDLR  (Hs00181192_m1) 
and  ACTB  (Hs9999903_m1), were used. The relative expression 
of human and murine LDLR and  Gnptab  mRNA was normalized 
to the level of ACTB mRNA in the same cDNA using the com-
parative C T  method (2  – �  � CT ). 

 Internalization assay of [ 125 I]ASB 
 Recombinant human ASB was iodinated with Iodination Re-

agent and sodium  125 I to a specifi c activity of 6 µCi/µg as previ-
ously described ( 23 ). Cells grown on 3.5-cm plates were washed 
with PBS, preincubated with DMEM containing 0.1% BSA 
(DMEM/BSA) for 30 min at 37°C, and incubated with [ 125 I]ASB 
(625,000 cpm/ml DMEM/BSA) in the presence or absence of 
10 mM M6P for 20 min at 37°C. After four washes with PBS to re-
move nonbound [ 125 I]ASB. cells were either harvested or chased 
in DMEM/BSA for 2 to 16 h at 37°C. Cells were lysed in 0.1 ml 
PBS containing 0.2% Triton X-100 and protease inhibitors for 
30 min at 4°C and centrifuged at 15,000  g  at 4°C for 15 min. The 
supernatants were analyzed by SDS-PAGE and autoradiography. 

 Western blotting 
 Cells were lysed for 30 min at 4°C in PBS containing 1% Triton 

X-100 and protease inhibitor cocktail. After centrifugation at 
10,000  g , supernatants were used for measurement of the protein 
content by the Roti ®  Quant Protein Assay. Aliquots of cell ex-
tracts (75 µg protein) were solubilized, separated by SDS-PAGE, 
and analyzed by Western blotting either with monoclonal anti-
body against the  � -subunit of the GlcNAc-1-phosphotransferase 
(dilution 1:25) ( 22 ), cathepsin Z (1:500), LDLR (1:1,000), or 
Mpr300 (1:500).  � -Tubulin or GAPDH were used as loading con-
trols. After incubation with secondary HRP-conjugated antibodies, 
the immunoreactive bands were visualized by enhanced chemo-
luminescence (Molecular Imager ChemiDoc XRS, Bio-Rad). The 
content of M6P-containing proteins in cell extracts was analyzed 
by scFv M6P-1 Western blotting ( 21 ). 

 Other methods 
 Confocal immunofl uorescence microscopy of transfected cells, 

activity determination of the enzyme  � -hexosaminidase, and met-
abolic [ 35 S]methionine labeling of MEF followed by immunopre-
cipitation of cathepsin Z were described recently ( 18, 22 ). 
Densitometric analyses were performed with the Image J software 
(The National Institutes of Health) to quantify band intensities 
in Western blots and X-ray fi lms  . 

 Statistical analysis 
 For statistical analysis, Student’s  t -test was performed.  P  values 

<0.05 were considered signifi cant. 

 RESULTS 

 High LDL receptor expression in MLII mouse embryonic 
fi broblasts 

 To investigate whether the  � / � -subunit precursor pro-
tein of GlcNAc-1-phosphotransferase is transported from 
the ER to the Golgi apparatus independently of cholesterol/
LDL, the effects of the cholesterol-depleting drug ATV 
and the LDL-mediated cholesterol overload were exam-
ined in MEFs. The effi ciency of both treatments has been 
demonstrated by determination of LDL receptor gene 
( Ldlr ) expression, which is known to be regulated by cel-
lular cholesterol level ( 24 ). Treatment of WT MEFs with 

  Fig. 1.  Effect of ATV and LDL on  Ldlr  mRNA expression in fi bro-
blasts. MEFs from WT and MLII mice were cultured in DMEM con-
taining 10% NBCS or 10% LPDS supplemented with 10 µM ATV or 
100 µg/ml human LDL for 48 h. The relative mRNA level of  Ldlr  
and for comparison of  Gnptab  were determined by real-time PCR 
and normalized to  � -actin mRNA expression. The relative mRNA 
expression in nontreated WT cells, incubated in DMEM containing 
10% NBCS, was set at1. The data are the mean of triplicate PCRs 
obtained from three independent experiments and expressed as 
the fold change ± SD. *  P   �  0.05, **  P   �  0.01, and ***  P   �  0.005.   
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cholesterol content ( 18 ) and characterized by low choles-
terol sensing ( Fig. 2A, B ) were impaired in their capability 
to cleave the  � */ � -subunit precursor protein. As shown in 
 Fig. 3C , the majority of immunoreactive material is pre-
sented by the mature  � *-subunit. These data demonstrate 
that neither increase nor reduction of cellular cholesterol 
level affected the ER-Golgi transport and the proteolytic 
activation of the  � */ � -subunit precursor protein of 
GlcNAc-1-phosphotransferase. 

human  � */ � -subunit precursor construct ( 8, 22 ) of the 
GlcNAc-1-phosphotransferase. Immunofl uorescence mi-
croscopy revealed complete costaining of  � *-subunit im-
munopositive material with the  cis -Golgi marker protein 
GM130 independent of high (LDL) or low (ATV) levels of 
cholesterol (  Fig. 3A  ).  When fi broblasts of a NPC1 patient 
characterized by a high level of nonesterifi ed cholesterol 
in lysosomes ( 19 ) and 2- to 3.5-fold increased  Ldlr  mRNA 
level (supplementary Fig. 2) were analyzed,  � *-subunit im-
munoreactive material was found in GM130-positive Golgi 
membranes ( Fig. 3B ). These data were complemented by 
Western blot analysis of cell extracts of ATV- or LDL-
treated WT MEFs transiently transfected with the  � */ � -
subunit precursor construct. At steady state, small amounts 
of immunoreactive 120 kDa  � */ � -subunit precursor poly-
peptides were observed in WT MEFs ( Fig. 3C ) and human 
control fi broblasts ( Fig. 3D ). In contrast, strong signals of 
mature 90 kDa  � *-subunits were detected both in MEFs 
( Fig. 3C ) and human fi broblasts ( Fig. 3D ). The proteolytic 
pattern of  � */ � -subunit precursor and mature  � *-subunit 
was not affected by high or low cholesterol content ( Fig. 
3C ). Similarly,  � */ � -subunit precursor expressed in NPC1 
fi broblasts were proteolytically cleaved to mature  � *-
subunits ( Fig. 3D ). Identical cleavage patterns have been 
observed in two other NPC1 fi broblast cell lines ( Fig. 3E ). 
Of note, the endogenous  � / � -subunit precursor or ma-
ture  � -subunit cannot be visualized by the anti- � -subunit 
monoclonal antibody due to their low expression. Finally, 
we tested whether MLII MEFs exhibiting high lysosomal 

  Fig. 2.  Effect of ATV and LDL on LDLR protein expression in 
fi broblasts. MEFs from WT (A) and MLII (B) were cultured in 
DMEM containing 10% NBCS or 10% LPDS supplemented with 
10 µM ATV or 100 µg/ml human LDL for 48 h. The protein expres-
sion of LDLR was analyzed by Western blotting and evaluated by 
densitometry. The LDLR expression in cells incubated with DMEM 
containing NBCS was set at 1. The positions of the molecular mass 
marker proteins (in kDa) are indicated. The content of GAPDH in 
the samples served as loading control. Representative Western 
blots of four experiments (n = 4) are shown. **  P   �  0.01 and 
***  P   �  0.005.   

  Fig. 3.  ATV or LDL overload did not affect the localization or 
proteolytic cleavage of the GlcNAc-1-phosphotransferase  � */ � -
subunit precursor protein. A–E: Human fi broblasts of healthy con-
trols and NPC1 patients, WT and MLII MEFs were cultured in 
DMEM containing 10% NBCS or 10% LPDS supplemented with 
10 µM ATV or 100 µg/ml human LDL for 24 h as indicated. Cells were 
then transfected with cDNA of  � */ � -subunit precursor construct 
and analyzed after 24 h. A and B: The localization of  � */ � -subunit 
precursor of the GlcNAc-1-phosphotransferase ( � */ � , green) was 
determined in control patient (A) and in NPC1 patient 1 (P1) (B) 
fi broblasts by costaining with the  cis -Golgi marker protein GM130 
(red) using immunofl uorescence microscopy. Colocalization in 
merged images appears yellow. Scale bars, 5 µm. C and D: The pro-
teolytic cleavage of the  � */ � -subunit precursor as indicator for cor-
rect transport to the Golgi apparatus was analyzed by  � -subunit 
Western blot of transfected WT and MLII MEFs (C), human con-
trol and NPC1 (P1) fi broblasts (D), and three different NPC1 cell 
lines (P1, P2 and P3) (E). GAPDH/GAPDH Western blot analysis 
was used as a loading control. Extracts of nontransfected cells were 
used as a negative control. The positions of molecular mass marker 
proteins (in kDa),  � */ � -subunit precursor, and mature  � *-subunit 
are indicated.   
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proteolytic processing to the mature form, and the amount 
of secreted precursor forms were not affected by ATV or 
LDL treatment of WT MEFs ( Fig. 4B ). In contrast, in MLII 
MEFs used as control, the newly synthesized CtsZ was com-
pletely missorted into the medium during the 4 h chase 
period, and no CtsZ immunoreactive polypeptides were 
retained intracellularly ( Fig. 4B ). This was confi rmed by 
the steady-state expression level of CtsZ. The amount of 
intracellular detectable 36 kDa mature CtsZ in ATV- and 
LDL-treated and nontreated WT MEFs was similar ( Fig. 4C ), 
whereas no CtsZ immunoreactive material was observed 
in MLII MEFs. Furthermore, the activity of another lyso-
somal enzyme,  � -hexosaminidase, in ATV- or LDL-treated 
MEFs and in their respective media was comparable with 
nontreated control cells ( Fig. 4D ). In contrast, the  � -
hexosaminidase activity in MLII MEFs was markedly re-
duced by approximately 80% and missorted into the 
medium. These data indicate that neither ATV nor LDL 
treatment affected the GlcNAc-1-phosphotransferase ac-
tivity in the Golgi apparatus and the transport and process-
ing of lysosomal enzymes along the biosynthetic pathway 
to lysosomes. 

 To examine whether the transport of lysosomal enzymes 
along the endocytic pathway is altered in dependency of 
the cholesterol membrane content, WT MEFs were incu-
bated for 20 min with  125 I-labeled M6P-containing ASB fol-
lowed by variable chase periods. ASB is internalized in an 
M6P-dependent manner, as shown by the complete inhibi-
tion of ASB uptake in the presence of 10 mM M6P in the 
medium (  Fig. 5  ).  Subsequently, the internalized ASB is 
proteolytically activated via 47 kDa intermediate to mature 
15 kDa forms ( Fig. 5A ) (25). The amount of internalized 
[ 125 I]ASB was up to 2-fold higher in LDL-treated cells com-
pared with nontreated and ATV-treated cells, indicating 
that an elevated cellular cholesterol content resulted in 
increased [ 125 I]ASB endocytosis whereas the subsequent 
proteolytic processing of [ 125 I]ASB was not impaired by 
ATV or LDL treatment. In MLII MEFs, however, the 
amount of internalized [ 125 I]ASB was 8-fold higher than in 
WT MEFs and the proteolytic maturation was almost com-
pletely inhibited even 22 h after internalization of the ASB 
precursor ( Fig. 5B ). These data suggest that suffi cient 
amounts of proteases involved in the maturation of the 
ASB precursor are present in MLII lysosomes, whereas 
proteases mediating the degradation of ASB polypeptides 
are missing. Of note, in NPC1 cells (P1), both the amount 
of internalized [ 125 I]ASB and the stability of proteolytically 
generated ASB forms were comparable with that in hu-
man control fi broblasts ( Fig. 5C ). The addition of the 
vATPase inhibitor bafi lomycin A1 during the chase peri-
ods completely inhibited the maturation and degradation 
of ASB polypeptides by acid proteases. These data indicate 
that the defi ciency of various lysosomal enzymes, in par-
ticular lysosomal proteases in MLII cells rather than the 
lysosomal accumulation of nonesterifi ed cholesterol, af-
fects the proteolytic maturation of the internalized indica-
tor protein ASB. 

 The increased M6P-dependent endocytosis of [ 125 I]ASB 
correlated with a 3-fold increase of Mpr300 expression in 

 Biogenesis of lysosomes is independent of cellular 
cholesterol content 

 The enzymatic activity of the GlcNAc-1-phosphotransferase 
was determined indirectly by mannose 6-phosphate (M6P) 
Western blotting, showing that neither the reduction of 
cholesterol content by ATV nor the LDL treatment af-
fected the intensity or pattern of M6P-containing proteins 
in WT fi broblasts (  Fig. 4A  ).  MLII MEFs were used as nega-
tive controls lacking M6P-containing proteins ( 18 ). To 
analyze the M6P-dependent targeting of lysosomal en-
zymes, we performed [ 35 S]methionine pulse-chase experi-
ments followed by immunoprecipitation of the lysosomal 
protease cathepsin Z (CtsZ) from cell extracts and media. 
In WT MEFs, the 38 kDa CtsZ precursor (p) was transported 
to lysosomes, proteolytically processed to the 36 kDa 
mature (m) form, and partially secreted during the 
4 h chase period ( Fig. 4B ). The synthesis rate of CtsZ, the 

  Fig. 4.  ATV or LDL overload did not affect GlcNAc-1-
phosphotransferase activity and transport of lysosomal enzymes. 
A–D: WT and MLII MEFs were cultured in DMEM containing 10% 
NBCS or 10% LPDS supplemented with 10 µM ATV or 100 µg/ml 
human LDL for 48 h. A: The GlcNAc-1-phosphotransferase activity 
in cell extracts was indirectly determined by M6P Western blotting. 
The positions of the molecular mass markers (in kDa) are indi-
cated. B: The biosynthesis and sorting of the lysosomal protease 
CtsZ was analyzed by labeling of MEFs with [ 35 S]methionine for 1 h 
followed by 4 h incubation in nonradioactive medium and immu-
noprecipitation of CtsZ from cell extracts and media, SDS-PAGE, 
and fl uorography. The amounts of secreted CtsZ precursors were 
estimated by densitometry and expressed as percentage of totally 
synthesized CtsZ. The positions of the molecular mass marker pro-
teins (in kDa), precursor (p), and mature (m) form of CtsZ are 
indicated. The identity of the 45 kDa  35 S-labeled polypeptide im-
munoprecipitated from cell extracts (closed circle) is unknown. C: 
The total intracellular CtsZ expression at steady state was analyzed 
by Western blotting. Anti  � -tubulin Western blot was used as a load-
ing control. The positions of the molecular mass markers (in kDa) 
are indicated. D: The relative enzyme activity of the lysosomal enzyme 
 � -hexosaminidase was measured in cell extracts and media con-
ditioned for 24 h. The activities in control WT MEFs incubated 
with DMEM containing 10% NBCS were set at 1. The specifi c activity 
of  � -hexosaminidase in these cells and media were 57.7 mU/h/mg 
protein ± 14.0 and 4.1 mU/24 h/mg protein ± 1.3, respectively. 
***  P   �  0.005.   
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the plasma membrane or endosomes ( 26–28 ) followed by 
lysosomal degradation of the C-terminal fragments accu-
mulating in high amounts in MLII MEFs. 

 DISCUSSION 

 It is well known how the prototypical precursor mem-
brane proteins of lipogenic transcription factors, SREBP-1 
and SREBP-2, are released from the ER and proteolytically 
activated by S1P localized in the Golgi apparatus. In the 
presence of cholesterol, the formation of a complex be-
tween SREBPs, the sterol-sensing protein SCAP, and INSIG 
results in retention in the ER. When cells are depleted of 
sterols, the complex dissociates and exposes a Golgi sorting 
signal, which allows the ER exit of SREBP/SCAP complexes, 
and subsequent fi rst cleavage of SREBPs by S1P ( 29, 30 ). 
Here we examined whether the transport of the GlcNAc-
1-phosphotransferase  � / � -subunit precursor from the ER to 
the Golgi apparatus is also regulated by the intracellular sterol 
content because the loss of GlcNAc-1-phosphotransferase 
activity is associated with accumulation of cholesterol 
( 16–18 ). We demonstrated, however, that neither the induced 
reduction of the cholesterol content by the HMG-CoA 
reductase inhibitor atorvastatin nor the LDL-mediated 

MLII MEFs (  Fig. 6A  ).  The Mpr300 expression was not af-
fected by ATV-induced reduction of cholesterol content 
or by LDL overload. In addition to the major 300 kDa Mpr 
immunoreactive protein,  � 240 and 160 kDa Mpr300 im-
munoreactive polypeptide bands were observed in MLII 
MEFs ( Fig. 6A ). Furthermore, the cholesterol-dependent 
variations in the 160 kDa LDLR expression ( Fig. 2 ) corre-
lated with the appearance of high amounts of 17 kDa and 
minor 40 kDa LDLR fragments and intermediates, respec-
tively, in MLII MEFs ( Fig. 6B ) (26). Small percentages of 
the 17 kDa LDLR fragment were detectable in ATV-treated 
WT MEFs. These data support previous observations that 
both Mpr300 and LDLR undergo ectodomain shedding at 

  Fig. 5.  Endocytosis and proteolytic processing of arylsulfatase 
B. A: WT MEFs were cultured in DMEM containing 10% NBCS or 
10% LPDS supplemented with 10 µM ATV or 100 µg/ml human 
LDL for 48 h. A, B: WT and MLII MEFs were incubated with [ 125 I]
ASB (625,000 cpm/ml) in the presence or absence of 10 mM M6P 
for 20 min, washed, and either harvested (-) or chased for the indi-
cated time points (n = 3). C: Human healthy control and NPC1 
(P1) fi broblasts were incubated with [ 125 I]ASB (625,000 cpm/ml), 
washed, and either harvested (-) or chased in the presence or ab-
sence of 100 nM bafi lomycin A1 (Baf A1). Cell extracts containing 
equal amounts of  � -hexosaminidase activity (A: 21.0 mU/h/mg 
protein ± 3.1; B: 22 mU/mg protein ± 1.9 for WT and 4.5 mU/mg 
protein ± 0.6 for MLII; C: 19.4 mU/mg protein ± 3.3) were sepa-
rated by SDS-PAGE, and the internalized ASB was visualized by au-
toradiography. The positions of the molecular mass markers (in 
kDa) and the migration of precursor (p) and mature (arrow) 
forms of ASB are indicated.   

  Fig. 6.  Accumulation of LDLR in MLII embryonic fi broblasts. 
WT and MLII MEFs were cultured in DMEM containing NBCS or 
LPDS supplemented with 10 µM ATV or 100 µg/ml human LDL 
for 48 h. A: Cell extracts were separated by SDS-PAGE (5% acryl-
amide) under nonreducing conditions and analyzed by Mpr300 
Western blotting. B: Cell extracts were separated by SDS-PAGE 
(15% acrylamide) followed by LDLR Western blotting. Then the 
membrane was stripped and reused for GAPDH Western blotting 
as loading control. Western blot analyses were repeated twice with 
similar results. The positions of the molecular mass markers (in 
kDa) and the  Ldlr  fragments are indicated. * Unspecifi c polypep-
tide band.   
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observation is unexpected because the majority of lysosomal 
proteases (e.g., cathepsins D, L, B, S, and C) reach lysosomes 
in MLII cells in an M6P/sortilin-independent manner, with 
the exception of cathepsin Z ( Fig. 4B, C ), carboxypeptidase 
Q, and dipeptidylpeptidase 7 ( 33 ). It remains to be examined 
whether these missorted peptidases/proteases are involved 
in the degradation of ASB polypeptides or if the 17-kDa 
LDLR fragments ( Fig. 6B ) formed in the process of propro-
tein convertase subtilisin/kexin type 9 (PCSK9) initiated and 
mediated internalization and degradation of LDLR ( 26, 34 ). 

 Similarly to SREBPs, which are retained in the ER by SCAP, 
the ER exit of another S1P substrate, ATF6, is prevented by 
binding of the ER chaperone BiP, which dissociates in re-
sponse to ER stress and allows the translocation of ATF6 to the 
Golgi apparatus ( 35 ). Our data showed that the transport of 
the  � / � -subunit precursor of GlcNAc-1-phosphotransferase 
is independent of cholesterol and ER stress (unpublished 
data). However, mutational analysis suggests that the trans-
port of the  � / � -subunit precursor is not constitutive but de-
pends on the binding of a yet unknown protein in the lumen 
of the ER that is required for the ER transport of the precur-
sor protein to the Golgi apparatus ( 36 ). 

 The authors thank Sandra Ehret and Johannes Brand for 
expert technical assistance and the Microscopic Imaging 
Facility of the University Medical Center Hamburg-Eppendorf 
for support. 
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