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Lysosomal Proteome and Secretome Analysis
Identifies Missorted Enzymes and Their
Nondegraded Substrates in Mucolipidosis lli

Mouse Cells*s
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Targeting of soluble lysosomal enzymes requires man-
nose 6-phosphate (M6P) signals whose formation is initi-
ated by the hexameric N-acetylglucosamine (GIcNAc)-1-
phosphotransferase complex (a,8,Y,). Upon proteolytic
cleavage by site-1 protease, the «/B-subunit precursor is
catalytically activated but the functions of y-subunits
(Gnptg) in M6P modification of lysosomal enzymes are
unknown. To investigate this, we analyzed the Gnptg ex-
pression in mouse tissues, primary cultured cells, and in
Gnptg reporter mice in vivo, and found high amounts in
the brain, eye, kidney, femur, vertebra and fibroblasts.
Consecutively we performed comprehensive quantitative
lysosomal proteome and M6P secretome analysis in fibro-
blasts of wild-type and Gnptg“® mice mimicking the lyso-
somal storage disorder mucolipidosis lll. Although the
cleavage of the «/B-precursor was not affected by Gnptg
deficiency, the GilcNAc-1-phosphotransferase activity
was significantly reduced. We purified lysosomes and
identified 29 soluble lysosomal proteins by SILAC-based
mass spectrometry exhibiting differential abundance in
Gnptg“® fibroblasts which was confirmed by Western
blotting and enzymatic activity analysis for selected pro-
teins. A subset of these lysosomal enzymes show also
reduced M6P modifications, fail to reach lysosomes and
are secreted, among them a-L-fucosidase and arylsulfa-
tase B. Low levels of these enzymes correlate with the
accumulation of non-degraded fucose-containing glyco-
structures and sulfated glycosaminoglycans in Gnptg<°®
lysosomes. Incubation of Gnptg*® fibroblasts with arylsul-
fatase B partially rescued glycosaminoglycan storage.
Combinatorial treatments with other here identified mis-

Thomas Braulke1§s§,

sorted enzymes of this degradation pathway might further
correct glycosaminoglycan accumulation and will provide
a useful basis to reveal mechanisms of selective, Gnptg-
dependent formation of M6P residues on lysosomal
proteins. Molecular & Cellular Proteomics 17: 1612-
1626, 2018. DOI: 10.1074/mcp.RA118.000720.

Lysosomes are acidic organelles of eukaryotic cells de-
grading extracellular and intracellular macromolecules as well
as damaged organelles by the sequential activities of more
than 70 different soluble lysosomal enzymes such as glyco-
sidases, proteases, lipases, phosphatases, sulfatases, nu-
cleases, and accessory proteins. For the directed delivery
to lysosomes, newly synthesized lysosomal enzymes are
equipped with mannose 6-phosphate (M6P)" residues, which
are generated by two enzymes. First, the cis-Golgi-resident
GIcNAc-1-phosphotransferase catalyzes the transfer of
GlIcNAc-1-phosphate from UDP-GIcNAc to selected C6 hy-
droxyl groups of high-mannose type N-glycans on lysosomal
enzymes. Second, the masking GIcNAc is removed by an
a-N-acetylglucosaminidase, also called uncovering enzyme,
in the trans-Golgi network (TGN) exposing the M6P residues
(1, 2). Subsequently, M6P-containing lysosomal enzymes
bind to M6P receptors mediating their vesicular transport
from the TGN, via the endosomal compartment to lysosomes
3).

GIcNAc-1-phosphotransferase is a hexameric complex
consisting of two membrane-bound «- and B-subunits and
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two soluble y-subunits (a,57,) (4). The human a- and -sub-
units are encoded by a single gene, GNPTAB, and synthe-
sized as a common type Ill precursor membrane protein (5, 6),
whereas the soluble y-subunits are encoded by GNPTG (7).
After assembly of the GlcNAc-1-phosphotransferase in the
ER, the inactive enzyme complex is transported to the Golgi
apparatus that requires a combinatorial cytoplasmic sorting
motif of the o/B-subunit precursor proteins (8, 9). On arrival in
the cis-Golgi apparatus, the «/B-subunit precursor is proteo-
lytically cleaved by the site-1 protease into the individual
a- and B-subunits, which is a prerequisite for catalytic Gl-
cNAc-1-phosphotransferase activity (10). The mature «- and
B-subunits exhibit catalytic activity and binding sites for lys-
osomal enzymes (11), whereas the function of the y-subunits
is poorly defined. It has been suggested that the y-subunits
enhance the recognition and M6P formation of distinct lyso-
somal enzymes by the a- and B-subunit (11, 12), whereas
other studies failed to show direct interactions of the y-sub-
units with lysosomal enzymes (6, 13). Recently, we identified
the y-subunit binding domain in a previously uncharacterized
luminal region of the a-subunit required for maximum GI-
cNAc-1-phosphotransferase activity (14, 15).

The significance of these data is demonstrated by the ex-
istence of the autosomal recessive lysosomal storage dis-
ease, mucolipidosis type Ill gamma (MLIII), caused by muta-
tions in the GNPTG gene. To date 32 different GNPTG
mutations are known including 12 frameshift, 6 nonsense, 5
missense, 2 small deletion and 7 splicing mutations (7, 13,
16-28). Biochemically, the cells from MLIII patients have re-
duced amounts of M6P residues on lysosomal enzymes lead-
ing to their missorting and hypersecretion into the extracellu-
lar compartment (29, 30). At present, however, it is unknown
which lysosomal enzymes reach lysosomes and might be
limiting for lysosomal function. The subsequent reduction of
several lysosomal enzymes in lysosomes may result in the
accumulation of non-degraded material, which impairs cellu-
lar homeostasis. The first clinical symptoms of MLIII patients
are joint stiffness of fingers, hips and shoulders, and have
been observed between 5 and 10 years of life developing to
moderate dysostosis multiplex with vertebral scoliosis (30—
32). The skin may become thickened with time. Recently
scleroderma-like symptoms were described in MLIII patients
(28). Because skeletal dysplasia is the most prominent clinical
complication in the MLIII disease, patients can survive into
adulthood (33). In contrast, the total loss of GIcNAc-1-phos-
photransferase activity caused by mutations in GNPTAB

" The abbreviations used are: M6P, mannose 6-phosphate; CS/DS,
chondroitin sulfate/dermatan sulfate; DTT, dithiothreitol; ER, endo-
plasmic reticulum; GAG, glycosaminoglycans; GlcNAc, N-acetylglu-
cosamine; Gnptg, y-subunit of GIcNAc-1-phosphotransferase; MEF,
mouse embryonic fibroblasts; ML, mucolipidosis; PDI, protein disul-
fide isomerase; PSM, peptide-spectrum match; PNS, postnuclear
supernatant; S1P, site-1 protease; SILAC, Stable isotope labeling by
amino acids in cell culture; TGN, trans-Golgi network.

leads to complete failure to generate M6P residues on lyso-
somal enzymes and a fatal lysosomal disease, mucolipidosis
Il (MLII). The patients show progressive and severe dysostosis
multiplex and cranofacial abnormalities, gingival hyperplasia,
mental retardation, hepato- and cardiomegaly, immune de-
fects and death in the first decade of life (30, 34, 35). However,
in certain cell types (such as hepatocytes and leukocytes) and
organs (liver, kidney and brain) in MLII patients and mice
nearly normal level of selected lysosomal enzymes were ob-
served, suggesting the existence of alternate M6P-independ-
ent targeting pathways (35-38). So far it is not clear whether
tissue-specific expression of the y-subunit or differences in
the targeting efficiency of distinct lysosomal enzymes are
responsible for the different clinical courses and features of
MLII and MLIII patients. One study reports on similar GNPTG
transcript level in human heart, brain, placenta, lung, liver,
skeletal muscle, kidney, and pancreas based on Northern blot
analysis (7) but lacks however, information on the expression
in specific cell types.

In the present study, we determined the mRNA expression
distribution of GIcNAc-1-phosphotransferase y-subunits in a
Gnptg'®° reporter mouse at different ages in tissues that have
previously not been reported to be affected in MLIII patients.
In addition, the comparative lysosomal proteomes and M6P
secretomes of fibroblasts from wild-type and Gnptg*® mice
led to the identification of a subset of lysosomal enzymes
whose lysosomal targeting depend on the presence of y-sub-
units and fail to use alternative M6P-independent pathways to
lysosomes. The accumulation of chondroitin sulfate/dermatan
sulfate (CS/DS) glycosaminoglycans (GAG) in Gnptg”® fibro-
blasts correlated with low amounts of arylsulfatase B (Arsb), a
key enzyme in the degradation of CS/DS. The CS/DS storage
can be rescued for the most part by incubation of cells with
recombinant arylsulfatase B that has been applied as enzyme
replacement therapy for patients deficient for this enzyme
(39).

EXPERIMENTAL PROCEDURES

Antibodies—The following antibodies were used: goat anti-Creg1,
goat anti-Ctsc, goat anti-Ctsz, and goat anti-Ctsl from R&D (Minne-
apolis, MN); goat anti-Ctsb from Neuromics (Edina, MN); goat anti-
Ctsd, mouse anti-Ctss, rabbit anti-Gapdh, rabbit anti-Npc2, and
mouse anti-Ctsk from Santa Cruz Biotechnology (Dallas, TX); rabbit
anti-Gba, rabbit anti-Pla2g15, goat anti-transferrin, and mouse anti-
a-tubulin from Sigma-Aldrich (St. Louis, MO); mouse anti-GM130
from BD Bioscience (BD Biosciences, Franklin Lakes, NJ); mouse
anti-myc and rabbit anti-PDI from Cell Signaling Technology (Cam-
bridge, UK); rat anti-Lamp1 1D4B from the Hybridoma Bank, Univer-
sity of lowa, USA. The polyclonal rabbit anti-y-subunit and mono-
clonal rat anti-a-subunit of GIcNAc-1-phosphotransferase and
myc-tagged single-chain M6P antibody fragment are described pre-
viously (8, 40, 41). Polyclonal rabbit anti-Limp2, anti-Plbd2, anti-Clc7
and anti-Ppt1 antibodies were kindly provided by Dr. M. Schwake,
University Bielefeld, Germany (42), Dr. T. Libke, University Bielefeld,
Germany (43), Dr. T. Jentsch, MDC, Berlin, Germany (44) and Dr. S.
Hofmann, University of Texas, South Western Medical Center, Dallas,
TX, respectively. Horseradish peroxidase (HRP)-coupled secondary
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antibodies were from Dianova (Hamburg, Germany). Alexa Fluor®
546-coupled anti-mouse IgG and anti-rat 1gG, Alexa Fluor® 488-
coupled anti-rabbit IgG were from Thermo Fisher Scientific (Waltham,
MA).

Mice—For generation of Gnptg'®°? and Gnptg*® mice, embryonic
stem (ES) cells carrying the Gnptg'™'aKOMPIWisi gjjgle were obtained
from the Knockout Mouse Program (KOMP, National Institute of
Health, USA, #76092). The targeting vector used for electroporation of
ES cells contained a floxed promotor-driven IRES lacZ neomycin
cassette flanked by FRT sites, which was inserted into intron 3 of the
murine Gnptg gene (Fig. 1A). The exons 4 to 11 are flanked by loxP
sites. For generation of Gnptg@°? mice, ES cells were injected into
C57BL6/J blastocysts and subsequently implanted into the uterine
horns of C57BL6/JXxCBA foster mothers according to standard pro-
tocols. Resulting chimeric males from three clones were crossed with
C57BL6/J mice to obtain heterozygous offspring, which were bred to
generate homozygous Gnptg®°? mice. For generation of Gnptg®
mice, homozygous Gnptg'®““ mice were mated first with C57BL6/J
Flp deleter mice (45) to excise the lacZ-neocassette (Fig. 2A) resulting
in the tm1c allele. The offspring were mated with C57BL6/J Cre
deleter mice (46) to remove the floxed exons 4 to 11 through Cre-
mediated recombination. Heterozygous Gnptg“® mice were then
mated to generate homozygous Gnptg"® mice. For genotyping of
mice, genomic DNA from tail biopsies were extracted using the KAPA
Mouse Genotyping Hot Start Kit (VWR, Radnor, PA) and amplified by
multiplex PCR using primers F1 (5’- GCT CCT GGC TTC GGT TAT
CA-3'), F2 (56'-CAC TCA CTC TCA GCA CCT GG-3') and R (5'-
CCAGCAGGTCCCTCTTGTTT-3’) (Fig. 1A and 2A).

Arsb*/™ mice were obtained from the Jackson Laboratory
(#005598). Offspring from heterozygous matings was genotyped by
sequencing of a PCR amplicon (primers 5'-GCT ATA TCA CGG GCA
CTA ATC C-3' and 5'-TAT CGA ATC CTC GGC GTG T-3') for the
presence of mutation ¢.379G>T in exon 2.

Mice were housed in a pathogen-free animal facility at the Univer-
sity Medical Center Hamburg-Eppendorf, and experimental proce-
dures were performed according the institutional guidelines.

LacZ Reporter Gene Expression Analysis— Fresh tissue was quickly
dissected, embedded and frozen in Tissue-Tek® O.C.T.™ (Sakura,
Tokyo, Japan). Sections of 16-20 um thickness were prepared with a
Leica 9000 sliding microtome. The sections were permeabilized in
PBS containing 0.1% sodium deoxycholate, 0.2% Nonidet P-40 and
fixed in 1% paraformaldehyde and 0.2% glutardialdehyde for 5 to 10
min. After washing with PBS the sections were incubated overnight in
PBS containing substrate solution: 0.02% Nonidet NP-40, 0.1% so-
dium deoxycholate, 5 mm KzFe(CN)g, 5 mm K,Fe(CN)g, 10 mm MgCl,
and 1 mg/ml of the B-galactosidase substrate 5-bromo-4-chloro-
indolyl-B-p-galactopyranoside (X-gal) at room temperature. Pictures
were taken with a Zeiss Axiophot (Oberkochen, Germany) equipped
with a digital camera and software from Kappa Optronics.

Generation of cDNA Constructs—The constructs for C-terminally
myc-tagged full-length o/B-subunit precursor («/B-myc) of the GIcNAc-
1-phosphotransferase using the expression vector pcDNA3.1D-TOPO®
was previously described (9). For generation of the lentiviral o/B-myc
expression vector, the o/p-myc cDNA was amplified from a
pcDNAS.1D-TOPO® plasmid using the primers 5'-GAT TGG ATC CGC
CAC CAT GCT GTT CAA GCT CC-3" and 5'-CGA GTG TAC ACT ACA
GAT CCT CTT CTG AGA TGA G-3' to introduce restriction sites for
BamHI and BsrGl. The resulting PCR product was cloned into the
LeGO-iG2 vector (47) after excision of the IRES-GFP fragment and the
plasmid DNA was commercially sequenced (Seglab, Géttingen,
Germany).

Cell Culture—Isolation and cultivation of MEF from Gnptg*® mice
were performed as described (38). For lentivirus production and
transduction, VSV-G pseudotyped lentiviral particles were produced

lacZ

and titered as described (47). For overexpression of the myc-tagged
a/B-subunit precursor, VSV-G pseudotyped lentiviral particles were
produced (47) and subsequently used for transduction of MEF. To
determine the number of myc-tagged «/B-subunit precursor-positive
cells, MEF were permeabilized (Cytofix/Cytoperm Kit, Becton Dickin-
son, Franklin Lakes, NJ) and stained for the myc-tag with a custom-
labeled (Pacific Blue Antibody Labeling Kit, Thermo Fisher Scientific)
anti-myc antibody. Immortalization of primary MEF from Acp2/
Acp5~/~ mice (48) was conducted by lentiviral transduction as pre-
viously described (38). Transient cDNA transfection was performed
using JetPEI® (VWR, Radnor, PA) according to the manufacturer’s
instructions.

For macrophage and osteoclast differentiation, bone marrow was
flushed out of the femora from 12 weeks old wild-type mice with
a-MEM (minimal essential medium) containing 10% fetal bovine se-
rum (a-MEM/FBS). Cells were then plated at a density of 5 X 10° cells
per ml, and after 24 h the adherent cells were cultured in «-MEM/FBS
containing 10 nm 1,25-dihydroxyvitamin-D3 (Sigma-Aldrich). Begin-
ning at day 4 after seeding M-Csf and Rankl (both from Peprotech,
Hamburg, Germany) were added to a final concentration of 20 ng/ml
and 40 ng/ml, respectively, and cultured for 7 days to generate
osteoclasts. Primary macrophages were generated by the same
method without addition of Rankl. For osteoblast differentiation the
bone marrow cells were cultured for 10 days in «-MEM/FBS contain-
ing 25 png/ml ascorbic acid and 5 mm B-glycerophosphate.

Chondrocyte progenitor cells were isolated from a single sternum
of 12 days old wild-type mice. Cells were separated by digesting the
tissue initially in 0.1% collagenase solution followed by 0.2% colla-
genase solution and cultured in DMEM/Ham’s F-12 (1:1)/10% FCS
(Biochrome, Berlin, Germany). At a total cell confluence of 80%,
chondrocyte differentiation was induced by the addition of ascorbic
acid (50 ug/ml) and cultured for 10 days.

Glycosaminoglycan Analysis—After 4 days in culture, MEF were
incubated for 24 h with serum-free Opti-MEM™ medium containing
100 uCi/ml Na®*S0, (Hartmann Analytic, Géttingen, Germany). Cells
were then washed twice with PBS and incubated for 24 h with
serum-free Opti-MEM™ medium in the presence or absence of 10
ng/ml human recombinant ARSB kindly provided by Dr. M. Vellard
(Biomarin, Novato, CA). GAGs were isolated from cell lysates using
DEAE-Sepharose (Sigma-Aldrich) anion exchange chromatography
and subjected to digestion with heparinase |, Il and Ill kindly provided
by Dr. J. Esko, University of California, San Diego, CA (49) or chon-
droitinase ABC (Sigma-Aldrich). The treatment-resistant chondroitin/
dermatan sulfates (CS/DS) and heparan sulfates (HS) were purified
and radioactivity quantified by liquid scintillation counting (50).

RNA Analysis—RNAs were isolated from various tissues of 12
weeks old wild-type mice using the Nucleospin RNA Il kit (Macherey-
Nagel) and 1 ug of total RNA was reversed transcribed using the
Verso cDNA kit (Thermo Fisher Scientific) according to the manufa-
cturer’s instructions. RNA isolation from cultured cells, cDNA synthe-
sis and quantitative real-time PCR using pre-designed Tagman-
Assays (Thermo Fisher Scientific, supplemental Table S1) were
performed as previously described (10). The relative mRNA expres-
sion levels of analyzed genes were normalized to the level of Actb or
Gapdh mRNA in the same cDNA using the comparative CT method
(2—AACT)_

Western Blot Analysis—After 24 h culture in serum-free Opti-
MEM™ medium, cells and media were harvested. Media were con-
centrated 4-fold using Amicon Ultra-0.5 ml centrifugal filters (3 kDa
molecular weight cut-off) (Merck, Darmstadt, Germany). Cells were
lysed in PBS containing 0.5% Triton X-100 and protease inhibitors for
30 min at 4 °C. After centrifugation at 16,000 g supernatants were
used for measurement of the protein content by the Roti®quant
Protein Assay (Roth, Karlsruhe, Germany). For lysosomal enriched
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fractions, cell pellets were resuspended in 20 mm Hepes (pH 7.4)
containing 250 mM sucrose and protease inhibitors and incubated for
10 min on ice. Cells were disrupted by 30 times passage through a
24-gauge needle. Nuclei and unbroken cells were removed by cen-
trifugation for 2 min at 1000 X g and 4 °C. Supernatants were further
centrifuged for 20 min at 20,000 X g and 4 °C. Pellets representing
the lysosome-enriched fraction were resuspended in PBS containing
0.5% Triton X-100 and protease inhibitors and incubated for 30 min
on ice. After centrifugation for 10 min at 16,000 X g and 4 °C the
supernatant was removed and further processed. To analyze serum,
samples (50 ul) were diluted in 500 ul 20 mm Tris (pH 7.4) containing
0.5 M NaCl and protease inhibitors and incubated with 50 ul Conca-
navalin A-Sepharose (GE Healthcare, Buckinghamshire, UK) over-
night at 4 °C. Bound material as well as cell extracts (100 ug protein),
lysosome-enriched fractions (75 pg protein) and concentrated, con-
ditioned media (100 wl) were solubilized in reducing SDS sample
buffer for 5 min at 95 °C, separated by SDS-PAGE and transferred
onto nitrocellulose membranes. Membranes were blocked in Tris-
buffered saline (TBS, pH 7.4) containing 0.1% Tween-20 and 5% milk
powder or 1% BSA for 1 h and then incubated with the respective
primary antibody in the blocking buffer for 1 h or overnight at 4 °C.
Blots were washed with TBS containing 0.1% Tween-20
and incubated for 1 h at room temperature with the appropriate
HRP-conjugated secondary antibody diluted in blocking buffer. Mem-
branes were washed and immunoreactive protein bands were visu-
alized by chemiluminescence. The content of M6P-containing pro-
teins in cell extracts and lysosomal-enriched fractions were analyzed
by Western blotting using a single chain antibody fragment scFv
M6P-1 as described (41).

Enzyme Activity Measurements—The enzymatic activities of lyso-
somal enzymes in the serum of mice and in protein extracts of MEF
and media of cultured cells were assayed using corresponding 4-ni-
trophenol or 4-methylumbelliferone substrates (51). To measure Arsb
activity, 5 mm 4-nitrocatechol-sulfate (Sigma-Aldrich) was used as a
substrate in 100 mm Na-citrate (pH 5.5), 0.1% Triton X-100, 0.2%
bovine serum albumin and 5% NaCl. The incubation was stopped by
addition of 0.4 m glycine/NaOH buffer (pH 10.4) after 17 h and the
liberated 4-nitrocatechol was measured at 515 nm. Measurements of
GlcNAc-1-phosphotransferase activity in cell extracts of MEF was
performed as described recently (52).

Experimental Design and Statistical Rationale—For both the the
analysis of lysosomes enriched by magnetic beads and for M6P-
containing proteins enriched by M6P affinity beads, three biological
replicates comparing wild-type (control) and Gnptg“® MEF were per-
formed. This number of samples was sufficient to perform the re-
quired tests for determining statistical significance of the results. For
both experiments, samples were acquired as one technical replicate
whereas the in-gel digested samples were divided in 10 fractions.

Stable Isotope Labeling by Amino Acids in Cell Culture (SILAC) and
Isolation of Lysosomes with Magnetic Beads—All SILAC reagents
were obtained from Thermo Fisher Scientific and Eurisotop (Saar-
briicken, Germany). For lysosomal proteome analysis, MEF were
cultivated for six passages in SILAC-DMEM supplemented with 10%
dialyzed FBS containing either 87.8 mg/ml l-arginine HCI, 181.2
mg/ml I-lysine for light labeling of Gnptg*® cells or l-arginine-'*C¢'°N,,
and I-lysine-"3C4'°N, for heavy labeling of wild-type cells. The isola-
tion of lysosomal fractions with magnetic beads was performed as
described recently (38, 53). For M6P proteome analysis, Gnptg“° and
wild-type MEF were cultured for 24 h in light or heavy SILAC-DMEM
supplemented with 10 mm NH,CI. Collected media were concen-
trated ~50-fold using Amicon Ultra-0.5 ml centrifugal filters (3 kDa
molecular weight cut-off, Merck), mixed and the protein concentration
determined. Aliquots corresponding to 250 ug of protein were ad-
justed to 500 ul using PBS containing 0.2% Triton X-100 and prote-

ase inhibitors and incubated with 30 ul scFv M6P-1 antibody immo-
bilized to AminoLink Plus Gel beads (1 mg/ml, Thermo Fisher
Scientific) at 4 °C for 4 h on a rotating wheel. After centrifugation at
1700 g for 1 min, the supernatant was removed and the beads were
washed three times with PBS containing 0.2% Triton X-100 and three
times with PBS.

Sample Preparation for Mass Spectrometry—For lysosomal pro-
teome analysis, lysosomal eluates were processed for mass spec-
trometry analysis using in gel digestion as described previously (38).
For M6P proteome analysis, M6P beads with bound proteins were
resuspended in 50 ul 0.1 M NH,HCO,, reduced with 5 mm dithiothre-
itol (DTT) for 45 min at 56 °C and alkylated with 20 mm acrylamide for
30 min at room temperature. The alkylation step was quenched by
addition of 5 mm DTT followed by incubation for 45 min at room
temperature. After addition of 5 ug trypsin, the volume was adjusted
to 100 wl using 0.1 m NH,HCO,. Samples were incubated overnight at
37 °C and 800 rpm using a Thermomixer (Eppendorf, Hamburg, Ger-
many). The next day, beads were pelleted by centrifugation, the
supernatant transferred to a new tube and the beads extracted twice
at room temperature for 15 min at 800 rpm using 300 ul 5% aceto-
nitrile (ACN), 0.1% formic acid (FA). Supernatants were pooled and
the sample reduced in volume using a vacuum centrifgure at 60 °C to
~100 pl. All samples were desalted using STAGE tips (54), dried
using a vacuum centrifuge and resuspended in 20 ul 5% ACN,
5% FA.

For mass spectrometric measurements, spray tips were produced
in house with a P2000 laser puller (Sutter Instrument, Novato, CA)
from 360 um OD, 100 um ID fused silica capillaries. Spray tips were
packed with 5 um particles (Reprosil C18 AQ, Dr. Maisch, Ammer-
buch-Entringen, Germany) and used as analytical columns. 5 ul of
sample were loaded directly onto the analytical column using 1 wl/min
100% A (water with 5% DMSO, 0.1% FA) (55) using an EASY-nLC
1000 liquid chromatography system (Thermo Fisher Scientific). Sub-
sequently, the column was washed for 10 min with 100% A at a flow
rate of 1 wl/min and peptides eluted with a linear gradient from 100%
A to 65% A/35% B (ACN with 5% DMSO, 0.1% FA) in 60 or 180 min.
Peptides eluting from the column were ionized in the positive ion
mode using a capillary voltage of 1600 V and analyzed using an
Orbitrap Velos mass spectrometer (Thermo Fisher Scientific). One
survey scan was acquired at a mass range of m/z 400 to m/z 1200 and
a resultion of 60000 in the Orbitrap mass analyzer, followed by
fragmentation of the 10 most abundand ions in the ion trap part of the
instrument. The repeat count was set to one and the dynamic exclu-
sion window to 60 s.

Data Analysis—The raw files obtained from the anaylsis of lyso-
somal fractions were processed with Proteome Discoverer (Thermo
Fisher Scientific, Version 2.0.0.802) in combination with Mascot Ver-
sion 2.4. (www.matrixscience.com) against Swissprot (release date
2015_11, 549832 entries, taxonomy: Mus musculus). Propionamide
was set as fixed modification at cysteine, and N-acetylation at protein
N termini, oxidation at methionine, as well as stable isotope labeling
at arginine (13 C (6) 15 N (4)) and lysine (13 C (6) 15 N (2)) as variable
modifications. Trypsin was selected as protease and up to one
missed cleavage was accepted. The search was performed with a
mass tolerance of 10 ppm for precursor ions and 0.6 Da for fragment
ions. Search results were processed with Proteome Discoverer, the
false discovery rate (FDR) calculated by Percolator and peptide iden-
tifications accepted with a cut-off of 0.01. Data were filtered for
peptide-spectrum matches (PSMs) assigned to only one accession
number and the median intensity computed across all PSMs identi-
fied for the respective protein. Protein intensities of all replicates were
then combined into a feature table and such identified in only one
replicate were excluded. The data were log2 transformed and median
normalized to reduce variance. This allowed to perform statistical
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testing of differentially expressed features with the null-hypothesis
assumption that all proteins are equally distributed/expressed in the
data (median normalization: per sample subtraction of median inten-
sity of all proteins intensities). Statistical analysis of the heavy to light
ratios on the protein level was performed with the R package limma
(56) whose applicability on mass spectrometry data is described in
(57). Corrected p values were computed with the R package q value
(58) for false discovery rate estimation, using the p values obtained
from the rank product output. All data processing steps were imple-
mented in Perl and R scripts.

For M6P bead derived samples, raw files were processed using
Maxquant 1.5.2.8 (59) and standard settings. Propionamide at cys-
teine was set as fixed modification and acetylation at protein N termini
as well as methionine oxidation as variable modifications. Trypsin/P
was selected as protease and one missed cleavage site accepted.
The precursor ion mass tolerance for the first search was set to 20
ppm and the fragment ion tolerance to 0.5 Da. Quantification was
performed with SILAC 2plex using arginine '°C4'*N, and lysine
3C4'®N, as heavy amino acids. Samples were searched against
SwissProt/TREMBL (79899 entries, release date: 09/2016) and pep-
tides exportet at 1% FDR. For selected proteins, manual re-quantifi-
cation of the Maxquant results was performed using the spectrum
viewer from Xcalibur (Thermo Fisher Scientific). Extracted ion traces
(XICs) of the monoisotopic precursor ions were generated and the
area under the curve quantified using Xcalibur. Determined vales were
further analyzed using MS Excel.

Others—Deglycosylation of proteins in cell extracts with peptide-
N-glycosidase F and immunofluorescence microscopy of MEF were
performed as described elsewhere (40). The accumulation of L-fu-
cose-containing material has been assessed using biotinylated
Aleuria aurantia lectin (Vector laboratories, Burlingame, CA) as de-
scribed previously (51).

Statistical Analysis—Data represent the mean *+ standard deviation
(S.D.) and significance was evaluated with the unpaired, two-tailed
Student t test (Microsoft Excel®). A result was considered statistical
significant if the p value was = 0.05 (*), = 0.01 (**), = 0.001 (***). For
MS data of the lysosomal proteome, statistical analysis was per-
formed as described previously (38).

RESULTS

Ubiquitous Expression of GIcNAc-1-phosphotransferase—
Information regarding the tissue distribution of y-subunits is
limited. The lack of suitable high-affinity antibodies hampers
the detection of y-subunit proteins in both human and murine
tissues. To study the Gnptg expression in mice we have
determined first Gnptg mRNA levels in 23 different tissues of
12 weeks old wild-type mice by quantitative real-time PCR. As
control the Gnptab transcripts have been quantified. Setting
Gnptg and Gnptab transcript levels in bone marrow arbitrarily
to 1, the relative Gnptg transcript levels varied between 0.7
(heart), 4.6 (spinal cord) to 17.7 (lung) (Fig. 1A). Although both
genes were ubiquitously expressed in all analyzed tissues, the
relative transcript level of Gnptg was found to be constantly
higher than Gnptab. The Gnptg/Gnptab ratio was highest in
the brain, eye, liver, kidney, and thyroid gland (Fig. 1A). In
cultured primary cells of wild-type mice characterized by the
expression of specific marker genes (supplemental Fig. S1A),
the relative transcript levels of Gnptg and Gnptab were similar
except for primary osteoclasts, where the Gnptab mRNA ex-
pression was significantly higher than Gnptg (Fig. 1B). To

analyze the in vivo expression of Gnptg, we used a Gnptg@““

reporter mouse allowing Gnptg promotor-driven expression
of the bacterial B-galactosidase encoded by lacZ (Fig. 1C).
X-gal staining of PO mice revealed specific Gnptg expression
in dorsal root ganglia (Fig. 1D, a) and the central nervous
system (Fig. 1D, b) of Gnptg®°Z mice, whereas unspecific
B-galactosidase activity was detected in the gastro-intestinal
tract of both wild-type and Gnptg@°“ mice (Fig. 1D, ¢). In P3
mice strong Gnptg expression was detectable in different
brain regions (Fig. 1E, a), the olfactory epithelium (Fig. 1E, b),
the maxilla and mandible (Fig. 1E, c, d), the trigeminal gan-
glion (Fig. 1E, e), and the cervical vertebra (Fig. 1E, f, g). In
addition to the central nervous system, we also found high
Gnptg transcript expression in the renal pelvis of the kidney,
the femur, the vertebra, in the inner segments of photo recep-
tors and ganglia cells of the retina and in the sebaceous gland
of hair roots of 12 weeks old Gnptg®Z mice (supplemental
Fig. S1B). Our data are confirmatory with GNPTAB and
GNPTG expression data in human tissues (https://gtexportal.
org/home/multiGeneQueryPage). In addition, high GNPTAB
and GNPTG mRNA levels were found in adrenal glands. How-
ever, these data lack information about the age, gender and
number of individuals tested.

The Lack of the y-Subunits Results in Decreased GIcNAc-
1-phosphotransferase Activity—To generate Gnptg“ mice,
we crossed Gnptg®°“ mice sequentially with mice ubiqui-
tously expressing Flp- and Cre-recombinase, which led to the
deletion of exon 4 to 11 of the Gnptg gene (Fig. 2A). Whereas
the wild-type murine y-subunit consists of 307 amino acids,
the targeted deletion leads to a C-terminally truncated protein
of 59 amino acids (p.S59X). The soluble y-subunit is localized
in the cis-Golgi apparatus but was also found to be secreted
into the media of cultured cells as well as into the serum (8).
Western blot analysis of serum from wild-type mice using a
polyclonal antibody against the murine y-subunit revealed an
immunoreactive polypeptide of 40 kDa, which was not detect-
able in serum of Gnptg"™ mice (Fig. 2B). In the serum of
Gnptab* mice, a “knock-in” mouse model for MLII (51) with
C-terminally truncated, ER-localized, inactive o/B-subunit
precursor of GlcNAc-1-phosphotransferase (p.G1028Rfs*16),
the secreted y-subunit was detectable in amounts compara-
ble to wild-type mouse serum (Fig. 2B).

The clinical diagnosis of patients with MLIII is confirmed by
(1) elevated lysosomal enzyme activities in the serum, (2)
reduced GIcNAc-1-phosphotransferase activity resulting in
partial loss of M6P residues, and (3) decreased activities of
lysosomal enzymes in cultured fibroblasts (30). In the serum
of Gnptg® mice, the activities of the lysosomal enzymes
B-hexosaminidases A/B, B-galactosidase, a-mannosidase,
a-fucosidase, and arylsulfatase B were 8- to 42-fold in-
creased compared with wild-type controls (Fig. 2C).

To analyze the sorting and targeting of lysosomal enzymes
in more detail, we prepared MEF from wild-type and Gnptg*®
mice, which were used for all further experiments. Compared
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Fic. 1. In vivo expression of GIcNAc-1-phosphotransferase subunits. A, Gnptab and Gnptg mRNA expression in different tissues of
12 weeks old wild-type mice. The transcript level of Gnptg in bone marrow was assigned as 1 (mean * S.D., n = 4). B, Gnptab and Gnptg
mRNA expression in primary cultured cells of wild-type mice. The transcript level of Gnptab and Gnptg in chondrocytes was assigned as
1 (mean = S.D., n = 3). C, Schematic presentation of murine Gnptg gene and Gnptg'®° reporter allele. The IRES lacZ cassette with a
neomycin (neo) resistance gene in the intron 3 of Gnptg is flanked by FRT (blue) and loxP (green) sites. Primers for genotyping of mice are
indicated with arrowheads. D, Representative X-gal staining of PO wild-type and Gnptg'°? mice. Scale bar: 1 mm. E, Representative X-gal
staining of different (a) brain regions, (b) olfactory epithelium, (c) maxilla and (d) mandible, (e) trigeminal ganglion, (f) first cervical vertebra
(C1) and ganglia, (g) cervical vertebra and ganglia of P3 Gnptg’®“ mice. Scale bar left panel: 1 mm, magnified right panel b-g:
200 um.

with wild-type, the Gnptg mRNA expression in Gnptg®® MEF  whereas the activity of N-acetylgalactosamine-6-sulfatase
was strongly reduced to 4% (Fig. 2D), that was confirmed by  was not affected in Gnptgko MEF (Fig. 2F). When we meas-
the loss of immunoreactive y-subunits in Gnptg“ MEF (Fig. ured GIcNAc-1-phosphotransferase activity, the loss of
2E). The intracellular activities of the lysosomal enzymes vy-subunits led to a decrease to 60% compared with wild-type
arylsulfatase B, B-hexosaminidase A/B, B-galactosidase, B- MEF (Fig. 2G). Consistently, Western blot analysis using sin-
mannosidase, B-fucosidase were decreased to 47-18%, gle-chain anti-M6P antibody fragments (41) showed reduced
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Fic. 2. Missorting of lysosomal enzymes in Gnptg"® mice. A, Schematic presentation of Gnptg*® strategy. Crossing of Gnptg'@°Z mice with

Flp and Cre recombinase expressing mice leads to deletion of Gnptg exons 4-11 in Gnptg*® mice using FRT and loxP sites, respectively (see
also Fig. 1C). B, Representative Western blotting of Concanavalin A-Sepharose-enriched proteins from serum of 12 weeks old wild-type (wt),
Gnptg*® and Gnptab® mice using anti-y-subunit antibodies. Transferrin (Tf) was used as loading control. C, Relative enzyme activities of
B-hexosaminidase A/B (Hexa/b), B-galactosidase (Glb1), a-mannosidase (Man2b1), a-fucosidase (Fucal) and arylsulfatase B (Arsb) in the
serum of 12 weeks old wt (set as 1.0) and Gnptg" mice (mean + S.D., ***p = 0.001, n = 3). D, Relative mRNA expression levels of Gnptg in
wild-type (wt, 100%) and Gnptg*® MEF (mean + S.D., **p = 0.001, n = 5). E, Representative y-subunit Western blotting of cell extracts from
wt and Gnptg"® MEF. Gapdh was used as loading control. F, Relative enzyme activities of arylsulfatase B (Arsb), B-hexosaminidases A/B
(Hexa/b), B-galactosidase (Glb1), a-mannosidase (Man2b1), a-fucosidase (Fucal) and N-acetylgalactosamine-6-sulfatase (Galns) in extracts
of wt (100%) and Gnptg*® MEF (mean + S.D., **p = 0.01, **p = 0.001, n = 5). G, Relative GIcNAc-1-phosphotransferase activity in extracts
of wt (100%) and Gnptg*® MEF (mean + S.D., *p = 0.01, n = 3). H, MBP Western blotting of cell extracts and lysosome-enriched fractions
(LF) from wt and Gnptg*® MEF. Cellular Gapdh was used as loading control.

amounts and altered pattern of M6P-containing proteins in
cell extracts and lysosome-enriched fractions prepared from
Gnptg*® MEF compared with wild-type controls (Fig. 2H).

Taken together, our data clearly show that the deficiency of
y-subunits in Gnptg“® MEF lead to decreased GIcNAc-1-
phosphotransferase activity, impaired M6P formation on lys-
osomal enzymes and their intracellular mistargeting, the char-
acteristic biochemical phenotype observed in patients with
MLIII.

v-Subunit-independent Transport and Proteolytic Cleavage
of the o/B-Subunit Precursor—To exclude that decreased
GIcNAc-1-phosphotransferase activity in Gnptg“® MEF was
caused by reduced expression of the catalytically active o/B-
subunit precursor, we measured the level of Gnptab mRNA by
quantitative realtime-PCR and found no differences between

wild-type and Gnptg*® MEF (Fig. 3A). To examine whether
the y-subunits are required for efficient ER-Golgi transport
and/or proteolytic processing of the o/B-subunit precursor,
Gnptgk® MEF were lentivirally transduced to express the
human a/B-subunit precursor, followed by Western blotting.
No immunoreactive polypeptides were detectable in cell
extracts of non-transduced wild-type MEF, whereas both
the 190 kDa a/B-subunit precursor and the cleaved 45 kDa
B-subunit were detectable in wild-type and Gnptg“ MEF
(Fig. 3B). In a second approach, we analyzed the localiza-
tion of the «/B-subunit precursor by immunofluorescence
microscopy of wild-type and Gnptg“® MEF overexpressing
the «o/B-subunit precursor using a monoclonal antibody
against the a-subunit. Cells were co-stained for protein
disulfide isomerase (PDI) or GM130 representing marker
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Fic. 3. Proteolytic cleavage of the a/B-subunit precursor is
independent of y-subunits. A, Relative Gnptab mRNA expression in
wild-type (wt, 100%) and Gnptg®® MEF (mean = S.D., n = 3). B,
Representative Western blotting of cell extracts from wt and Gnptg*°
MEF transduced with lentiviral particles containing human «/B-sub-
unit precursor-myc (a/B-myc) cDNA. Gapdh was used as loading
control. C, Immunofluorescence microscopy of wt and Gnptg*° cells
transfected with human o/B-subunit precursor cDNA. Cells were
stained with antibodies against the a-subunit («/B, green), the marker
proteins for the cis-Golgi apparatus (GM130, magenta) and the ER
(PDI, magenta). Nuclei were visualized by DAPI (blue). In merged
images, yellow indicates colocalization. Scale bars: 6 um.

proteins for the ER and the cis-Golgi apparatus, respec-
tively. In wild-type and Gnptg“® MEF a-subunit-positive sig-
nals were found exclusively in the cis-Golgi apparatus (Fig.
3C), which is confirmatory with the cleavage of the «/B-
subunit precursor by S1P which is localized in the cis-Golgi
apparatus (10, 60).

Our data show that neither mRNA expression and ER-Golgi
transport nor the proteolytic cleavage of the a/B-subunit pre-
cursor depend on +y-subunits, in contrast to the maximum
enzymatic activity of GIcNAc-1-phosphotransferase.

Lysosomal Proteome of Gnptg"® Cells—The reduced activ-
ity of GIcNAc-1-phosphotransferase in the absence of y-sub-

units alters the trafficking of lysosomal enzymes to lyso-
somes. To determine the relative amounts of the lysosomal
proteome at steady state, we performed SILAC-based com-
parative mass spectrometry (MS) of lysosomal fractions iso-
lated from wild-type and Gnptg“® MEF. The cells were grown
in either heavy (wild-type) or light (Gnptg*®) SILAC media for
six passages and then incubated with medium containing
dextran-stabilized magnetites for 24 h followed by a 36 h
chase period in magnetite-free heavy or light medium (Fig.
4A). Equal amounts of postnuclear supernatant (PNS) proteins
were mixed, magnetite-containing lysosomal fractions sepa-
rated on a magnetic column, and the eluate processed for MS
analysis (Fig. 4A). We identified 103 proteins assigned to the
lysosomal compartment, comprising 51 soluble proteins (Fig.
4B, supplemental Table S2), 40 membrane proteins (supple-
mental Table S3) and 12 proteins known to be associated to
the lysosomal surface (supplemental Table S4). Among these
proteins, only one membrane protein, i.e. Tpcn1 (two pore
calcium channel protein 1) but 29 soluble lysosomal enzymes
exhibited statistically significant reduced amounts (p = 0.05)
in lysosomes of Gnptg*® cells (Fig. 4B). These enzymes are
involved in the degradation of lipids, glycans, proteins and
peptides (Fig. 4C).

To analyze whether mRNA expression levels contribute to
altered lysosomal protein expression, we performed quanti-
tative real-time PCR measurements from wild-type and
Gnptg*® cells. Among 42 exemplary selected mRNAs of lys-
osomal enzymes, only the transcript level of Ctss was de-
creased by 50% in Gnptg"® compared with wild-type cells
(Fig. 4D). The mRNA level of eight enzymes (Manba, Aga,
Dpp7, Neul, CIn5, Epdr1, Gba, and Arsk) were moderately
increased whereas the Npc2 transcript level was 2.8-fold
up-regulated in Gnptg™ cells compared with controls (Fig.
4D). Together, the proteomic and transcriptomic data suggest
that the decreased amounts of e.g. putative phospholipase
B-like 2 (PIdb2), palmitoyl-protein thioesterase 2 (Ppt2), aryl-
sulfatases A and B (Arsa and Arsb), phospholipase A2, group
XV (Pla2g15), sialate O-acetylesterase (Siae), B-mannosidase
(Manba), dipeptidyl-peptidase 7 (Dpp7), aspartylglucosamini-
dase (Aga) and cathepsin C (Ctsc) are caused by missorting
that depends on the y-subunit of GIcNAc-1-phosphotrans-
ferase rather than transcriptional regulation. In contrast, the
amounts of 22 lysosomal enzymes were not significantly al-
tered and therefore are transported to lysosomes with com-
parable efficiency as in wild-type cells (Fig. 4B).

To verify the proteomic data, we performed Western blot
analysis of cell extracts, corresponding media and lysosome-
enriched fractions for selected lysosomal enzymes. In agree-
ment with the comparative proteomic data and mRNA expres-
sion the amounts of B-glucocerebrosidase (Gba), delivered to
lysosomes in an M6P-independent manner by lysosomal in-
tegral membrane protein Limp2 (61), was increased in cell
extracts and lysosomal fractions of Gnptg*® cells compared
with controls (Fig. 5, left panel). Likewise, the increased Npc2
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Fic. 4. SILAC-based quantitative lysosomal proteome analysis revealed missorting of specific lysosomal enzymes in Gnptg*® MEF.
A, Schematic presentation of lysosomal proteome analysis. MEF were grown in light (Gnptg*®) and heavy-isotope (wild-type) labeled medium,
incubated with magnetite particles followed by a 36 h chase to allow magnetic beads accumulation in lysosomes. Equal amounts of
postnuclear supernatants (PNS) proteins from both cell lines were combined, followed by magnetic isolation of lysosomes and MS analysis.
B, Comparative proteomic data of soluble lysosomal proteins are displayed as Log2 ko/wt (light/heavy) ratio (mean = S.D., n = 3, p values are
given in supplemental Table S2). Significantly reduced lysosomal enzymes in Gnptg"® samples are indicated by closed circles. C, Low
concentrations of soluble lysosomal proteins in Gnptg*® lysosomal fractions involved in different degradation pathways: putative phospho-
lipase B-like 2 (Pldb2), palmitoyl-protein thioesterase 2 (Ppt2), group XV phospholipase A2 (Pla2g15), galactocerebrosidase (Galc), acid
ceramidase (Asah1), lysosomal acid lipase (Lipa), arylsulfatases A and B (Arsa, Arsb), sialate O-acetylesterase (Siae), B-mannosidase (Manba),
aspartylglucosaminidase (Aga), B-hexosaminidase A and B (Hexa, Hexb), a-mannosidase (Man2b2), B-galactosidase (Glb1), di-N-acetylchi-
tobiase (Ctbs), N-acetylglucosamine-6-sulfatase (Gns), sialidase 1 (Neu1), dipeptidyl-peptidase 7 (Dpp7), tripeptidyl peptidase 1 (Tpp1),
prolylcarboxypeptidase (Prcp), cathepsins C, Z, S and A (Ctsc, Ctsz, Ctss, Ctsa), serine carboxypeptidase 1 (Scpep1), Creg1 protein,
y-glutamyl hydrolase (Ggh) and neuronal ceroid-lipofuscin protein 5 (CIn5). D, Relative mRNA expression levels of indicated genes encoding
soluble lysosomal enzymes were determined in wt (1.0) and Gnptg*® MEF (mean + S.D., *p = 0.05, **p = 0.01, **p = 0.001, n = 3).

mRNA expression was also detectable on protein level in the
lysosome-enriched fraction of Gnptg*® cells (Fig. 5, left panel).
The amount of Ctsl and Ppt1 in lysosomal fractions of Gnptg"®
cells was not altered, but notably Ppt1 was found to be more
secreted into media of cultured Gnptg*® cells compared with

controls (Fig. 5, left panel). Ctsk was not identified by mass
spectrometry, but based on western blots we observed lyso-
somal delivery of Ctsk in control and Gnptg*® cells. The de-
creased electrophoretic mobility of precursor and mature
Ctsk forms was caused by altered N-glycan processing in
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Fic. 5. Missorting and altered lysosomal processing of specific soluble lysosomal proteins in Gnptg*“® MEF. Representative western
blots of whole cell extracts (100 ng protein), aliquots (20%) of conditioned, corresponding media, and lysosome-enriched fractions (LF, 75 ug
protein) from wild-type (wt) and Gnptg“° (ko) MEF using antibodies against various soluble lysosomal proteins as indicated. Endogenous
a-tubulin in cell extracts was used as loading control. The positions of precursors (non-filled arrowheads), intermediates (black arrowheads),
and mature (black arrows) forms of the lysosomal enzymes are indicated.

Gnptg® cells (supplemental Fig. S2). In addition to Ctsk,
several other lysosomal proteins, such as Gba, Npc2, Ctsz,
Ctsc and Creg1 differ in molecular mass and/or electropho-
retic mobility in lysosome-enriched fractions of Gnptg* cells
from their corresponding wild-type forms which are most
likely caused by the shift to complex oligosaccharides in the
absence of M6P residues. The cathepsin proteases Ctsb,
Ctsd, Ctss and Ctsz were found to be partially missorted into
the media and less present in lysosome-enriched fractions of
cultured Gnptg*® cells (Fig. 5, middle panel). Moreover, the
steady-state level of Pla2g15, Plbd2, Dpp7, Ctsc and Creg1
were strongly reduced in lysosome-enriched fractions of
Gnptg®® MEF (Fig. 5, right panel), in agreement with the data
from the lysosomal proteome analysis but this appears not to
be linked to hypersecretion. These data suggest that the loss
of y-subunits results in missorting and elevated secretion of
some lysosomal proteins which either lead to lower abun-
dance in lysosomes associated with alterations in peptide and
glycan processing of other enzymes (e.g. Ctss, Ctsz, Ctsc,
Creg1), or with increased instability of further subsets of sol-
uble lysosomal proteins (e.g. Pla2g15, Plbd2, Dpp7).

In contrast to soluble lysosomal proteins, the mRNA and
protein expression of the lysosomal membrane proteins Clc7,
Limp2, and Lamp1 were only marginally altered in Gnptg"®
cells. Of note, increased intensity and number of Limp2-
positive structures as well as elevated concentration of Limp2
in lysosomes of Gnptg"® MEF were detected by immunofluo-
rescence microscopy and mass spectrometry, respectively
(supplemental Fig. S3 and supplemental Table S3).

MB6P Secretome of Gnptg"® Cells—The comparative quan-
tification of lysosomal proteins in Gnptg*® cells and the vali-
dation experiments demonstrate that the lysosomal targeting
of several soluble lysosomal proteins depends on the y-sub-
units of GIcNAc-1-phosphotransferase. To examine the direct
role of y-subunits for M6P generation on total soluble lyso-
somal proteins, we analyzed the proportion of M6P modifica-
tions of newly synthesized lysosomal proteins collected from
media after NH,ClI treatment. MEF were grown for 24 h in light
(Gnptg"°) and heavy-isotope (wild-type) labeled medium con-
taining 10 mm NH,CI, which increases the pH of acidic com-
partments, such as TGN, endosomes and lysosomes (62, 63).
Under these conditions, the pH-induced dissociation of newly
synthesized lysosomal enzymes from M6P receptors is pre-
vented leading to ligand-occupied cellular M6P receptors with
associated hypersecretion of newly synthesized lysosomal
enzymes, and block of M6P-dependent endocytosis of extra-
cellular lysosomal enzymes (64). Equal amounts of concen-
trated media from both cell lines were combined, followed by
MB6P affinity chromatography, trypsin digestion of bound pro-
teins and MS analysis (Fig. 6A). Among 355 proteins identi-
fied, we found 33 soluble lysosomal proteins in amounts
sufficient for quantification (supplemental Fig. S4 and supple-
mental Table S5). Among those, 11 lysosomal enzymes were
significantly reduced in the bound fraction of the M6P affinity
matrix of media from Gnptg*® cells, i.e. tripeptidyl peptidase 1
(Tpp1), putative phospholipase B-like 2 (Pldb2), prolylcar-
boxypeptidase (Prcp), cathepsin K (Ctsk), Creg1 protein, ar-
ylsulfatase B (Arsb), B-galactosidase (Glb1), B-hexosamini-
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Fic. 6. Selective M6P formation on lysosomal enzymes in Gnptg“® MEF. A, Schematic presentation of M6P proteome analysis. MEF were

grown in light (Gnptg*°) and heavy-isotope (wild-type, wt) labeled mediu

m containing 10 mm NH,CI. Equal amounts of concentrated media from

both cell lines were combined, followed by M6P affinity chromatography, trypsin digestion of bound proteins and MS analysis. B, Comparative
MB6P proteome data of identified soluble lysosomal proteins are displayed as Log2 ko/wt (light/heavy) ratio (mean = S.D., n = 3, p values are
given in supplemental Table S5). Significantly reduced lysosomal enzymes in Gnptg*® samples are indicated by filled circles.

dase A/B (Hexa and Hexb), a-mannosidase (Man2b2), and
acid ceramidase (Asah1) (Fig. 6B). Although increased
amounts of Ppt1, Ctsk, Ctsd, Ctsz, Plbd2, and Creg 1 have
been detected in the medium of Gnptg® cells (Fig. 5), the
fraction of these proteins which bound to the M6P affinity
matrix is reduced, demonstrating that these enzymes are
M6P-modified to a lesser extent.

Loss of Arylsulfatase B Causes Accumulation of Sulfated
Glycosaminoglycans in Gnptg® MEF—Next we determined
the impact of differently missorted lysosomal enzymes on
lysosomal homeostasis, in particular the accumulation of par-
tial/non-degraded storage material related to a-L-fucosidase
and arylsulfatase B. The dramatic intracellular loss of a-L-
fucosidase activity (Fig. 2) suggested the storage of L-fucose-
containing glycostructures. Indeed, binding of the L-fucose-
specific Aleuria aurantia lectin (AAL) was found in lysosomes
in co-localization with Limp2 and at the plasma membrane of
Gnptg"® cells, whereas in wild-type cells faint fucose reactivity
was observed in Limp2-positive lysosomes (supplemental
Fig. S5). Second, we studied the effect of low lysosomal level
of arylsulfatase B (Arsb, N-acetylgalactosamine-4 sulfatase)
that functions in lysosomal removal of C4 sulfate groups from
chondroitin sulfate and dermatan sulfate (CS/DS) glycosami-
noglycans (GAGs). At baseline the [*°*SO,] content after a 24 h
pulse and 24 h chase period in MEF and total GAG fractions
were 6.0- and 6.2-fold higher, respectively, in Gnptg" com-
pared with wild-type controls (Fig. 7A, 7B). After treatment of
equal amounts of purified GAGs with chondroitinase ABC or
heparin lyases |, Il, and lll, the resistant heparansulfate (HS)
and CS/DS, respectively, were quantified and revealed to be

5.5- and 10.5-fold higher in Gnptg"® MEF (Fig. 7C). When we
incubated the cells during the chase period in the presence of
75 nm recombinant human ARSB, the intracellular ARSB ac-
tivity increased 5.2- and 5.0-fold in wild-type and in Gnptg"®
MEF, respectively (Fig. 7D). Under these conditions the
3580,-labeled HS fraction from Gnptg*® cells was not af-
fected whereas the accumulation of 3°SQ,-labeled CS/DS
fraction was reduced by 42% (Fig. 7C). The partial ARSB-
mediated reduction in CS/DS level is not because of limiting
amounts of endocytosed ARSB because parallel incubation of
Arsb* cells completely rescued the storage of 2°SO,-labeled
CS/DS (supplemental Fig. S6). These data demonstrate that in
the absence of GIcNAc-1-phosphotransferase y-subunits the
efficiency of M6P formation on Arsb is low and results in its
missorting, intracellular loss and subsequent accumulation of
CS/DS. Exogenous supplementations of Gnptg*® cells with
recombinant ARSB led to high lysosomal ARSB activity and
partial correction of the lysosomal storage material, indicating
that Arsb missorting in Gnptg® cells plays the major critical
role in CS/DS degradation.

DISCUSSION

Previous studies have shown that in the absence of the
y-subunit of GIcNAc-1-phosphotransferase the extent of M6P
modification of two third of all lysosomal enzymes was de-
creased which correlated with a reduced GIcNAc-1-phospho-
transferase activity (11, 12, 14). This implicates the reduced
binding capacity of newly synthesized lysosomal enzymes to
and impaired intracellular sorting mediated by M6P receptors.
This is the rationale behind the determination of increased
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lysosomal enzyme activities in the serum of patients and mice
carrying mutations in the «-, B-, or y-subunit encoding genes
as diagnostic parameters (7, 21, 51, 65).

The present study provides several new insights into the
role of the y-subunits of the hexameric GIcNAc-1-phospho-
transferase complex for lysosomal functions in general, and
its impact on specificity for substrate degradation. The com-
parative SILAC-based analyses of the lysosomal proteome
and the M6P secretome of MEF derived from Gnpg"® mice
allowed us to correlate the extent of M6P modification of
lysosomal enzymes with M6P-dependent and -independent
lysosomal targeting mechanisms.

The a/B-subunit precursors and y-subunit dimers assemble
in the ER to an enzymatically inactive complex and upon
arrival in the Golgi-apparatus the «/B-subunit precursors are
cleaved by site-1 protease (S1P) forming a catalytically active
hexameric complex (8, 10). Here we could show that the
y-subunits are neither essential for the export of the «/B-
subunit precursor from the ER nor for S1P-mediated proteo-
lytic cleavage in the Golgi apparatus. However, y-subunits are
important to (1) maintain maximum GlcNAc-1-phosphotrans-
ferase activity, and (2) promote the M6P modification of a
subset of ~10 soluble lysosomal proteins which concentra-
tions are therefore very low in lysosomes of Gnptg™ cells
(< 20% of controls). Kornfeld and colleagues have analyzed
the brain M6P proteome of Gnptg"® mice using an M6P
receptor affinity chromatographic approach and found that
25% of the lysosomal enzymes were poorly modified with

MB6P residues (11). Although this approach does not provide
information on the cellular origin or intracellular localization of
M6P-containing lysosomal enzymes in the brain, nine of 12
lysosomal proteins with the lowest affinity for the M6P recep-
tor matrix were identical with the lowest abundant proteins
identified here in lysosomes of Gnptg" MEF. These different
data sets suggest that the y-subunit-dependent M6P modifi-
cation is specific and cell-independent for a subset of lyso-
somal proteins. However, our analyses could not confirm the
effects of missing y-subunits on the selective M6P modifica-
tion of glycosidases versus cathepsin proteinases as reported
in Gnptg-deficient zebrafish (66).

An interesting observation is the transcriptional up-regula-
tion of Npc2 in Gnptg“® MEF (Fig. 4D). Npc2 encodes Ni-
emann-Pick type C2 protein that binds non-esterified choles-
terol in the lumen of lysosomes and transfers it to Npci,
facilitating the egress of cholesterol from lysosomes (67).
Consequently, to the Npc2 mRNA level, double amounts of
newly synthesized M6P-modified Npc2 was found to be
secreted into the medium (Fig. 6B) as well as increased
concentrations of immunoreactive Npc2 in lysosomal frac-
tions of Gnptg“® MEF were detected (Fig. 5). It is likely that
the elevated level of M6P-containing Npc2 in brain extracts
of Gnptg*® mice (11) is also caused by transcriptional acti-
vation. It has been reported that the inhibition of histon
deacetylase 1/2 (HDAC1/2) by administration of specific
inhibitors or sphingosine 1-phosphate enhances the ex-
pression of Npc1 and Npc2 (68-70). The signaling mecha-
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nism, most likely initiated by dysfunctional lysosomes, to
control the selective transcriptional regulation of Npc2 in
y-subunit-deficient MEF, and presumably brain cells, is
needed to be examined.

The analysis of the lysosomal proteome and M6P secre-
tome also allowed for the first time a directed approach to
identify storage material in Gnptg*® MEF. Thus, the intracel-
lular absence of a-L-fucosidase in Gnptg*® cells suggests an
incapability of the GlcNAc-1-phosphotransferase to modify
a-L-fucosidase with M6P residues that leads to its subse-
quent missorting. Similarly to MEF deficient for functional
a/B-subunits (38), there are no alternate transport mecha-
nisms for nonphosphorylated a-L-fucosidase to lysosomes. In
contrast this does not apply for liver cells (71). Indeed, we
identified the accumulation of nondegraded fucose-contain-
ing material by fucose-specific lectin staining in lysosomes of
Gnptg*® MEF (supplemental Fig. S5). Furthermore, the intra-
cellular concentrations of enzymes involved in GAG degrada-
tion (Fig. 7E) such as Arsb, Glb1, Hexa/b, and Gns were found
to be low in Gnptg*® MEF (Fig. 2 and 4). In addition, Arsb, Gns
and Gusb were only weakly decorated with M6P residues (Fig.
6B). Therefore, we predicted impaired capabilities for degra-
dation of GAGs in Gnptg*® MEF, that was demonstrated by
the accumulation of 3°S-labeled heparan sulfate (HS) and
chondroitin/dermatan sulfate (CS/DS) proteoglycans (Fig. 7C).
The supplementation with human recombinant ARSB led to
significant reduction of CS/DS accumulation in Gnptg ® MEF
(Fig. 7C). The failure to reduce the accumulation of CS/DS
proteoglycans by ARSB supplementation completely is most
likely because of the concomitant lack of other essential lys-
osomal glycosidases and sulfatases rather than limiting
amounts of recombinant ARSB (supplemental Fig. S6). Other
lysosomal enzymes available as recombinant drugs for single
enzyme replacement therapy of mucopolysaccharidosis pa-
tients, which could be able to decrease GAG storage in com-
bination with ARSB in Gnptg*® cells remain to be identified.
Because skeletal dysplasia and destruction of the hip joints
are the most disabling features in MLIII patients, it is essential
to study whether the low expression of Gnptg compared with
Gnptab in osteoclasts are related to skeletal abnormalities
and similar changes in the lysosomal proteome as reported
here in MEF. The combinatorial application of approved lys-
osomal enzymes with ARSB might represent a novel thera-
peutic strategy for treatment of MLIII patients.
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