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ARTICLE INFO ABSTRACT

Keywords: Glucocerebrosidase (GCase) catalyzes the lysosomal degradation of glucosylceramide (GlcCer). GCase deficiency
Cerebrosides results in Gaucher disease (GD), a lysosomal storage disorder with characteristic hepatosplenomegaly. Transport
Cholesterol

of GCase to lysosomes is mediated by the lysosomal integral membrane protein type 2 (LIMP-2). Deficiency of
LIMP-2 leads to reduced cellular GCase levels and manifests as Action Myoclonic Renal Failure Syndrome
(AMRF). We investigated the cause for the markedly different symptomatology of GD and AMREF. In tissues of

Gaucher's disease
Mass spectrometry

Iéllll\:[gczerebrosidase Limp2 —/— mice no prominent abnormalities in lysosomal enzymes were noted except for variable deficiency of
Lysosomes GCase, as measured with enzymatic activity assay and detection of active GCase molecules with an activity-based
Glucosylceramide probe. Noteworthy, in LIMP-2-deficient mice, residual GCase is remarkably high in leukocytes. GCase deficiency
Glucosylcholesterol in tissues does not correlate with increases in GlcCer, but rather with increases in glucosylsphingosine (GlcSph)
SCARB2 and glucosylated cholesterol (GlcChol), both glucosylated metabolites derived from GlcCer. Isolated lysosomes

GBA from hepatocytes of Limp2 —/— mice revealed no prominent abnormalities in lysosomal matrix proteins except
GCase. The Limp2 —/— tritosomes showed clear increases in GleSph and GlcChol but not in GlcCer. In conclusion,
our data imply a critical role of LIMP-2 in glycosphingolipid homeostasis. Despite low GCase levels striking
GlcCer accumulation is avoided in tissues of LIMP-2 deficient mice.

skeletal deterioration and pancytopenia [1]. The lysosomal integral
membrane protein type 2 (LIMP-2) encoded by SCARB2 has been shown
to mediate transport and stabilization of newly formed GCase to lyso-
somes [2-4]. Furthermore, LIMP-2 plays a role in lysosome biogenesis
[5]1, binds the adhesive glycoprotein thrombospondin-1 [6], and assists

1. Introduction

Gaucher disease (GD) is caused by primary defects in glucocere-

brosidase (GCase), the lysosomal f-glucosidase responsible for degra-
dation of glucosylceramide (GlcCer) [1]. In the most common variant
without central nervous system (CNS) involvement (type 1), GD mani-
fests as a macrophage disorder with characteristic hepatosplenomegaly,

cell entry by viruses like coxsackievirus A16 and enterovirus [7-9].
Mutations in the SCARB2 gene cause Action Myoclonic Renal Failure
Syndrome (AMRF), a rare form of progressive myoclonic epilepsy (PME)
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Abbreviations

4-MU-B-d-Glc 4-Methylumbelliferyl-p-d-glucopyranoside
ABP activity based probe

AF Abdominal fat

AG Adrenal gland

AMRF  action myoclonic renal failure syndrome
BAT Brown adipose tissue

BM Bone marrow

CCL18 C-C Motif Chemokine Ligand 18
Cer Ceramide

CNS Central Nervous System

EF Epidydimal fat

EP Epididymis

Gb3 globotriosylceramide

GCase  glucocerebrosidase

GalCer galactosylceramide

GlcCer glucosylceramide

GD Gaucher disease

GlcChol glucosylated cholesterol

GlcSph  glucosylsphingosine

HexCer Hexosylceramide

HexSph hexosylsphingosine

IF Inguinal fat
LacCer Lactosylceramide
LC-MS  Liquid chromatography—mass spectrometry

LPH lactase-phlorizin hydrolase

LIMP-2  lysosomal integral membrane protein type 2
LN Lymph node

LysoGb3 Globotriaosylsphingosine

OF Omental fat

OPA 0-phthaldialdehyde

PBMC  peripheral blood mononuclear cells

PBS Phosphate Buffered Saline

PCR Polymerase Chain reaction

PME Progressive myoclonic epilepsy

SCDase sphingolipid ceramide n-deacylase

SDS_PAGE Sodium Dodecyl Sulfate-Polyacrylamide Gel
Electrophoresis

SG Salivary gland

SN Sciatic nerve

SPE Solid phase extraction

TBS tris-buffered saline

TE Testis

[3,10-18]. This disease is associated with proteinuria, kidney failure,
collapsing focal and segmental glomerular sclerosis and neurological
symptoms including PME and ataxia, but without cognitive decline
[2,14,19]. A number of AMRF patients have been reported with disease
restricted to the neurological system [10,11,15,16,20]. LIMP-2,
belonging to the CD36 superfamily, is an abundant lysosomal mem-
brane protein [21]. It is a type III membrane glycoprotein that trans-
verses the membrane twice with a large luminal domain and a second
membrane-spanning domain preceding a 20 amino acid cytoplasmic
tail at the C-terminus. A leucine-isoleucine motif within the C-terminal
cytoplasmic tail of LIMP-2 mediates lysosomal localization [22-24]. In
the endoplasmic reticulum, LIMP-2 binds through its triple helical
structure in the apical region (aa 152-167) to the correctly folded GCase
[25-28]. The complex of LIMP-2 and GCase is transported from the
endoplasmic reticulum to acidic (pre)lysosomal compartments where
dissociation occurs [28,29]. Absence of functional LIMP-2 abolishes
normal routing of GCase to lysosomes [2]. The small fraction of enzyme
that manages to pass the endoplasmic reticulum in the absence of LIMP-
2 is thought to be secreted to the extracellular space [30]. No prominent
lipid storage is observed in macrophages of AMRF patients [3,14].
Circulating markers of lipid-laden macrophages in GD patients, like
chitotriosidase and C-C Motif Chemokine Ligand 18 (CCL18) [31] are
normal in AMRF patients [3,14]. The luminal (intralysosomal) domain
of LIMP-2 [25] contains a hydrophobic tunnel that transverses the entire
domain. Cholesterol and phosphatidylcholine molecules were found in
this tunnel [32]. A role of LIMP-2 in transporting cholesterol out of the
lysosomal lumen to the lysosomal membrane is supported by molecular
modeling and cell-based assays [33]. The transported cholesterol can
then be delivered to lipid droplets forming at the ER, likely through
transient membrane contacts between lysosomal and ER membranes
[34]. Recent studies have provided significant insights into the structure
and interaction GCase and LIMP-2. LIMP-2 acts as an allosteric activator
of GCase, with potential therapeutic implications [35]. Furthermore,
small molecule modulators can promote GCase dimerization and reveal
an allosteric binding site, offering new avenues for drug development
[36]. In a recent paper by Rudnik et al. evidence is presented for
interaction of LIMP-2 with the endosomal protein STARD3 and the ER-
resident protein VAPB [37]. These findings collectively enhance our
understanding of GCase-LIMP-2 interactions and provide potential
strategies for treating Gaucher's disease and Parkinson's disease through

GCase activation and stabilization [38,39].

Studies on the deficiency of GCase in AMRF and its consequences at
lipid metabolite level are hampered by the scarcity of patients for
investigation. Fortunately, a genuine animal model for AMRF was
generated some years ago by producing a knock-out of the SCARB2 gene
in mice [40]. The disease symptoms of these Limp2 —/— mice pheno-
typically resemble AMRF in man in many aspects, e.g. neuronal accu-
mulation and sclerosis of glomeruli [19]. These animals allow a detailed
investigation of the biochemical consequences of the absence of LIMP-2.
We examined both GCase and its lipid metabolites in a wide set of tissues
of Limp2 —/— mice. In our analysis of GCase we employed measurement
of enzymatic activity as well as labeling with a fluorescent activity-based
probe that specifically labels active GCase molecules through covalent
binding to the catalytic nucleophile residue [30,41,42]. Next to GlcCer,
the primary substrate of GCase, we also analyzed its deacylated form,
glucosylsphingosine (GleSph), known to be generated by lysosomal acid
ceramidase and to be markedly increased in tissues as well as plasma of
GD patients [31,43,44]. A newly recognized abnormal metabolite in GD
patients, glucosylated cholesterol (GlcChol) [45], was also examined.
Here, we report the outcome of our research.

2. Materials & methods
2.1. Animal studies

All animal protocols were approved by the Institutional Animal
Welfare Committee of the Academic Medical Center Amsterdam in the
Netherlands (DBC17AE). The generation of Limp2 —/— mice was
described earlier [40]. Homozygous wild type (wt) animals (Limp2 +/+)
and homozygous affected animals (Limp2 —/—) were obtained by
crossing heterozygous (Limp2 +/—) mice. Genotype was determined by
Polymerase Chain Reaction (PCR) using genomic DNA isolated from a
small piece of the ear. The mice were housed at the Institute Animal Core
Facility in a temperature- and humidity-controlled room with a 12-h
light/dark cycle and given free access to food and water ad libitum. A
total of 48 animals were used, equally distributed by age (2, 4, 6 and 12
months). Each age had 12 animals (6 wt; 6 Limp2 —/—), uniformly
divided by sex (3 male, 3 female).
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2.2. Tissue collection

Animals were anesthetized with a dose of Hypnorm (0.315 mg/mL
fentanyl citrate and 10 mg/mL fluanisone) and Dormicum (5 mg/mL
midazolam) according to their weight. The given dose was 80 pL/10 g
body weight. The animals were sacrificed by cervical dislocation. Blood
was collected by heart puncture into EDTA tubes and used for lipid
measurements. Tissues and organs were collected by surgery and rinsed
with phosphate buffered saline (PBS). Each one was sliced in half: one
half was directly snap-frozen in liquid nitrogen and stored at —80 °C and
the other half was conserved in 10 % (v/v) formaldehyde for posterior
pathology analysis. Bile was collected for 15 min via cannulation of the
gall bladder. Urine was collected through the aspiration of the bladder.
Bone marrow was extracted from the hind legs. The skin and flesh were
removed, to expose the tibia and femur. Both ends of the collected femur
were excised and bone marrow was removed by rinsing with ice cold
PBS and the fluid was collected in a 50 mL tube. The cells in the aspirate
were centrifuged for 10 min at 2500 rpm (4 °C). The supernatant was
discarded, and the pellet was washed again. The pellet was taken up in 1
mL ice cold PBS, transferred to a 1.5 mL Eppendorf tube and centrifuged
for 5 min at 13200 rpm (4 °C). The supernatant was discarded and the
pellet stored at —80 °C.

2.3. Plasma and leukocytes

Blood collected in EDTA tubes was centrifuged for 10 min at 4000
rpm. Plasma was collected in an Eppendorf tube and stored at —80 °C.
The leukocyte layer was transferred to a 50 mL tube with 45 mL of
erythrocyte lysis buffer (NH4Cl/EDTA buffer, pH 7.4). After 20 min
shaking at 4 °C on a roller mixer, the tube was centrifuged at 2500 rpm
for 10 min (4 °C). The supernatant was discarded and 45 mL of lysis
buffer was added. This procedure was repeated to remove all erythro-
cytes. The pellet was then resuspended in 1 mL ice cold PBS and trans-
ferred to a 1.5 mL Eppendorf tube and centrifuged for 5 min at 13200
rpm (4 °C). The supernatant was discarded and the leukocyte pellet was
stored at —80 °C.

2.4. Tissue homogenization

Homogenization procedures were performed with RNAse-free glass
beads in 2 mL screwcap Eppendorf tubes. 25 mM potassium phosphate
buffer (pH 6.5), containing 0.1 % (v/v) Triton X-100 and protease in-
hibitor cocktail (Roche) was added to tissue in a 1:5 ratio. Samples were
homogenized with a Tissue Lyser FastPrep®-24 (M. P. Biomedicals,
Irvine, CA, USA) set 6 ms ™! for 30's. Homogenates were cooled for 1 min
on ice between runs. Smaller tissues (eye, salivary gland, sciatic nerve,
lymph node, epididymis and adrenal gland) were homogenized by
sonication (40 % power, 40 % amplitude for 6 s) using the sonicator
Vibra Cell™ Model no. CV18 (Sonics, Danburry, CT, USA). In the case of
leukocyte and bone marrow preparations, 100 pL of the same extraction
buffer was added to the pellets and these were homogenized by soni-
cation as described above. All homogenates were stored at —80 °C.

2.5. Protein measurement with the Bicinchoninic acid (BCA™) assay

For quantification of protein the Pierce™ BCA Protein Assay Kit
(Pierce Biotechnology Inc., No. 23225) was used according to the
manufacturer's protocol.

2.6. Isolation of lysosomes

Lysosomes were purified as follows. Briefly, mice were treated by a
single injection of 0.75 mg of tyloxapol (Triton WR1339 Sigma) per g of
body weight, 4 days prior to liver collection. This treatment leads to the
accumulation of the non-digestible Triton WR 1339 in lysosomes of
hepatocytes. Four days after the tyloxapol administration, animals were
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sacrificed and the livers collected. Cells were gently disrupted leaving
lysosomes intact. The density of tyloxapol-laden lysosomes (tritosomes)
is below 1 g/ml, facilitating their separation from other cell organelles.
The isolation of tritosomes from tyloxapol-treated mice included dif-
ferential centrifugation and isopycnic centrifugation and resulted in a
lysosome-enriched fraction as described earlier [46].

2.7. LC-MS/MS proteomics

Proteins were denatured by heating at 95 °C for 15 min, followed by
reduction of disulfide bridges with 5 mM DTT 30 min at 60 °C and
alkylation for 30 min with 15 mM iodoacetamide ambient temperature
in the dark. Trypsinization was carried out overnight at 37 °C (1:25 w/w
trypsin ratio). Finally, RapiGest detergent was removed by acidifying
digest to pH 2 with trifluoroacetic acid and incubation for 15 min at
37 °C followed by centrifugation at 10000 g for 10 min and transfer of
the supernatant to a clean tube. Nanoscale LC separation of the tryptic
peptides was performed with a NanoAcquity system coupled to a Synapt
G2 Q-TOF (quadrupole time-of-flight) mass spectrometer (Waters)
operated in data independent, alternate scanning (LC-MSE) mode of
acquisition as described before [47,50]. Continuum LC-MS data were
processed and searched using ProteinLynx GlobalSERVER v2.5 (Waters
Corporation). Protein identifications were obtained by searching data-
bases of Mus musculus (release 2011_12, Uniprot) using tryptic cleavage,
1 missed cleavage allowed, fixed carbamidomethyl-cysteine modifica-
tion and variable methionine oxidation. All data are deposited in PRIDE:
PXD001633.

2.8. ABP labeling of GCase

Homogenate of tissue (50 pg total protein) was incubated with 100
nM of red BODIPY-containing MDW941 [41] in 150 mM Mcllvaine
buffer (150 mM citrate-NasHPO4, pH 5.2 with 0.2 % (w/v) sodium
taurocholate, 0.1 % Triton X-100) and protease inhibitor cocktail
(Roche) for 45 min at 37 °C. Subsequently protein was denatured in 5x
Laemmli buffer (50 % (v/v) 1 M Tris-HCI, pH 6.8, 50 % (v/v) glycerol,
10 % (w/v) DTT, 10 % (w/v) SDS, 0.01 % (w/v) bromophenol blue) by
boiling for 10 min at 100 °C and separated by electrophoresis on 10 %
(w/v) acrylamide SDS-PAGE gels running at 90 V. Wet slab gels were
scanned for red fluorescence using a Typhoon variable mode imager
(Amersham Bioscience) using Aex 532 nm and Aey 610 nm (band pass
filter 30 nm). ABP emitted fluorescence was quantified using ImageJ
software (NIH, USA). Gels were electroblotted onto a nitrocellulose
membrane (Schleicher & Schuell) and the proteins bands detected with
Ponceau S staining.

2.9. Enzymatic assays

Activity measurements, in technical duplicates, were performed for
GCase as described [48]. Activity was measured with 3.73 mM 4-
methylumbelliferyl-p-d-glucopyranoside (4-MU-B-d-Glc), dissolved in
150 mM Mcllvaine buffer (pH 5.2 supplemented with 0.2 % (w/v) so-
dium taurocholate, 0.1 % (v/v) Triton X-100) and 0.1 % BSA. The re-
action was stopped with NaOH-glycine (pH 10.3), and fluorescence was
measured with a fluorimeter LS55 (Perkin-Elmer, Beaconsfield, UK) at
Aex 366 nm and Ay 445 nm. A total of 8 animals (4 wt; 4 Limp2 —/—), at
the age of 4 months of age, uniformly divided by sex, were analyzed.

2.10. HPLC and LC-MS/MS lipid measurements

Neutral glycosphingolipids, globotriaosylsphingosine (LysoGb3),
GleSph and GlcChol were determined in technical duplicates, in the
homogenates as described earlier [45,49,50]. An internal standard mix
(13C5—Lyson3, 13C5—GlcSph and 13C6—GlcChol) was added to the sam-
ples for calculation. After protein precipitation with CHCl3:MeOH 1:1 (v:
v), one step of extraction and two washing steps were carried out, always
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with the ratio CHCl3:MeOH:aq (volume sample + 100 mM ammonium
formate buffer pH 3.15) 1:1:0.9 (v:v:v). With this procedure, LysoGb3
and GlcSph are in the hydrophilic phase (upper phase), and GleChol and
neutral lipids will be in the hydrophobic phase (lower phase). The upper
phase was dried under Ny gas stream and the residue redissolved in
MeOH (LysoGb3 and GlcSph). One-half of the lower phase, for GlcChol
measurement, was dried under a Ny gas stream and the residue redis-
solved in 10 mM ammonium formate in MeOH. Lipids were measured
using an Acquity TQD (Waters Inc.). For determination of neutral gly-
cosphingolipids, ceramide (Cer), GlcCer, lactosylceramide (LacCer), and
globotriosylceramide (Gb3), a known amount of internal standard (Cy7-
Sphinganine) was added to the sample after the extraction, next dried
under N5 gas stream and then deacylated with 0.1 M NaOH in MeOH in a
microwave for 1 h. Neutral lipids were next analyzed using a Dionex
HPLC system with a C18 reversed-phase chromatography and on-line
derivatisation with fluorescent o-phthaldialdehyde (OPA). The fluores-
cent derivatized structures derived from glycosphingolipids were
quantitatively detected by measurement of fluorescence at Aex 340 nm
and Aex 435 nm. Quantification of GlcCer in brain and sciatic nerves
required an optimized protocol given the abundant presence of inter-
fering galactosylceramide (GalCer) in these materials. After total lipid
extraction by modified Folch extraction [51], neutral glycosphingolipids
were separated from neutral lipids (ceramides and phospholipids) by
solid phase extraction (SPE) using a silica gel (SiOH) SPE column [52].
After deacylation with sphingolipid ceramide N-deacylase (SCDase,
Takara Bio Inc., Japan), GlcCer was digested with recombinant GCase
(Imiglucerase, Genzyme) [53].

2.11. Cholesterol measurement

Cholesterol levels in the tritosome samples were assessed as
described previously for cellular lysates [54] and normalized to the
protein content as determined by BCA protein kit (see above).

2.12. RNA extraction and quantitative RT-PCR

Total RNA was harvested from cells using the Total RNA mini kit
(Bio-Rad) or Trizol reagent (Invitrogen) according to the manufacturer's
instructions. cDNA was made using the iScript cDNA synthesis kit (Bio-
Rad). Real-time reverse transcription PCR was performed using the
MyIQ system (Bio-Rad) and the primer LIMP-2 forward (5-
TTGGCCCTCTGGACATTATC-3') and the LIMP-2 reverse (5-AGAACCG-
CATGAAGTGAACC-3). Acidic ribosomal phosphoprotein PO was
determined as an internal control for cDNA content of the samples with
the primer PO forward (5-TCGACAATGGCAGCATCTAC-3) and PO
reverse (5-ATCCGTCTCCACAGACAAGG-3).

2.13. SDS-PAGE Western-blotting

Homogenates containing 20 pg of total protein were denatured in 5x
Laemmli buffer (50 % (v/v) 1 M Tris-HCl, pH 6.8, 50 % (v/v) glycerol,
10 % (w/v) DTT, 10 % (w/v) SDS, 0.01 % (w/v) bromophenol blue) by
boiling for 10 min at 100 °C, and separated by electrophoresis on 10 %
acrylamide (w/v) SDS-PAGE gels running at 90 V. SDS-PAGE gels were
electroblotted onto a nitrocellulose membrane (Schleicher & Schuell).
Membranes were blocked with 5 % skimmed milk and 0.05 % Tween-20
in Tris-buffered saline (TBS) for 1 h at room temperature and incubated
overnight with the rabbit polyclonal anti-LIMP-2 antibody (NB400-129,
Novus Biologicals) at 4 °C. Membranes were then washed three times
with 0.01 % Tween-20 in TBS and incubated with the appropriate IRDye
conjugated secondary antibody for 1 h at room temperature. After
washing, detection was performed using the Odyssey® Clx. Infrared
Imaging System (LI-COR).
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3. Results

3.1. Active GCase in tissues of Limp2 —/— mice as determined by
engymatic activity measurement

Various tissues were collected from Limp2 —/— and wt mice of 4
months of age. In tissue homogenates, GCase activity was measured with
the fluorogenic substrate 4-MU-B-d-Glc (Table 1). Activity was very low
in many of the tissues analyzed (eye, pancreas, heart, spleen, liver and
lungs) when compared to wt materials. In the case of the intestine
(divided in duodenum, ileum and jejunum), no clear differences were
observed in the enzymatic activity between the genotypes, probably due
to the abundance of bacterial glycosidases as well as endogenous
lactase-phloridzin hydrolase (LPH), which also hydrolyzes the artificial
substrate [42]. Of interest, in the case of leukocytes (peripheral blood
mononuclear cells - PBMC), brain, and skin, a significant but less
prominent reduction of GCase activity was found in Limp2 —/— mice
when compared to other organs (Table 1). Of note, plasma from wt an-
imals contains virtually no GCase activity, but the activity is detectable
in plasma of Limp2 —/— mice, likely due to faulty secretion of the mis-
targeted enzyme. No striking abnormalities were noted in levels of other
lysosomal enzymes (e.g., p-glucuronidase, p-hexosaminidase, a-galac-
tosidase) examined in tissues of LIMP-2 deficient mice as compared to wt
animals (data not shown).

3.2. Detection of active GCase molecules in tissues by ABP labeling

The same tissue homogenates were incubated with ABP MDW941 to
detect active GCase following SDS-PAGE and fluorescence scanning
(Fig. 1). In general, tissues of Limp2 —/— mice showed absence or a
strongly reduced amount of active GCase, when compared to controls.
We ranked tissues of Limp2 —/— mice based on their residual enzyme
activity measured in vitro (Fig. 2A). Compared to Fig. 2B is the residual
GCase activity determined by enzymatic assay and ABP labeling. A very
strong correlation between the results obtained with both methods is

Table 1

GCase activity in several tissues obtained from Limp2 —/— mice and matched wt
animals at 4 months of age. Expressed as nmol/h/g wet weight; for plasma in
nmol/h/mL; for leukocytes nmol/h/mg protein. N = 4 per genotype.

Tissue GCase activity

Wt (mean + SD) Limp2 —/— (mean + SD)

Duodenum 728.58 + 262.33 463.51 + 54.80
Jejunum 660.35 + 167.74 812.48 + 23.79
Liver 142.05 + 31.02 22.65 +11.43
Ileum 114.95 + 20.20 78.20 + 51.22
Testis (TE) 103.23 + 10.02 39.85 + 3.32
Thymus 98.06 + 35.16 27.23 +£9.45
Abdominal fat (AF) 96.79 + 33.68 16.44 £+ 3.79
Bone Marrow (BM) 96.34 + 7.65 21.09 + 1.06
Pancreas 94.77 £ 20.09 9.81 +2.20
Omental fat (OF) 93.13 + 22.63 16.16 + 2.47
Epidydimal fat (EF) 90.02 + 35.69 16.96 + 3.96
Epididymis (EP) 88.01 + 26.59 45.33 £ 32.51
Inguinal fat (IF) 79.57 + 24.69 10.81 + 6.32
Lymph node (LN) 62.88 + 2.21 20.59 +1.93
Spleen 60.30 + 13.20 10.79 + 2.52
Adrenal gland (AG) 58.00 + 3.82 18.64 + 0.35
Lungs 57.36 + 12.87 9.59 + 0.83
Salivary gland (SG) 55.97 + 10.60 16.27 + 1.52
Brain 54.20 + 0.69 32.14 +£2.74
Brown adipose tissue (BAT) 48.92 +£1.35 11.41 + 4.02
Leukocytes 46.78 + 2.98 31.73 + 1.47
Kidney 34.94 + 4.11 9.76 + 0.51
Skin 33.39 + 4.24 18.75 + 2.03
Heart 29.32 + 6.03 3.95+1.29
Sciatic nerve (SN) 23.97 + 0.46 22.36 +12.78
Eye 4.65 + 2.05 0.85 +0.28
Plasma 0.78 £ 0.10 8.48 +1.59
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Fig. 1. Visualization of GCase with fluorescent ABP MDW941. Upper panel: Detection of active GCase in tissues and organs homogenates (50 ug) labelled with ABP
followed by SDS-PAGE and visualization by fluorescence imaging. (+/+) = wt; (—/—) = Limp2 —/— mice. Lower panel: Ponceau total protein staining.
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Fig. 2. Residual GCase activity in tissue of Limp2 —/— mice at 4 months of age. A. Ranking of the homogenates according to the residual enzymatic activity. B.

Comparison of residual GCase activity by enzymatic assay and ABP labeling.

apparent. Fig. 2 illustrates the marked tissue dependence of GCase
reduction during LIMP-2 deficiency. Of note, considerable residual
GCase, albeit significantly reduced, was detected for brain, leukocytes
and sciatic nerve (SN) when determined by enzymatic assay or ABP
labeling.

3.3. Detection of lipid metabolite abnormalities in Limp2 —/— mice

To assess the functional deficiency of GCase, we analyzed lipid me-
tabolites in various tissues of Limp2 —/— mice. Given the fact that GlcCer
is the primary storage lipid during GCase deficiency, we first determined
its concentration in various tissues of Limp2 —/— and wt animals. Of
note, the presented values for hexosylceramide (HexCer) in brain and SN

are the sum of GalCer and GlcCer, which were indistinguishable with the
procedure used. Hence, the use of the terms HexCer and HexSph. It is
known that in most mouse tissues the majority of HexCer reflects GlcCer,
as confirmed by its’digestion by recombinant GCase [53]. An exception
is the brain that has a relatively high GalCer content and to a lesser
extent the kidney. In our experience, hexosylsphingosine (HexSph) in
peripheral tissues is almost exclusively glucosylsphingosine (GlcSph).
Table 2 shows that HexCer concentrations vary among tissues and that
HexCer is most prominently elevated in leukocytes, omental fat (OF),
abdominal fat (AF) and lymph node (LN) of Limp2 —/— mice.

Next, we measured the concentrations of HexSph. As in GD, much
clearer abnormalities were detected for HexSph, being elevated in
almost every tissue, most strikingly in pancreas, heart and OF (Table 2).
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Table 2

HexCer (GlcCer) and HexSph (GlcSph) levels in tissues of Limp2 —/— and wt
mice at 4 months of age. For GlcCer, tissue levels are expressed in nmol/g wet
weight tissue; leukocytes in nmol/mg protein; plasma, bile and urine in nmol/
mL. In the case of GlcSph, tissue levels are expressed in pmol/g wet weight
tissue; leukocytes in pmol/mg protein; plasma, bile and urine in pmol/mL.
*Hexosylceramide = GalCer + GlcCer; "Hexosylsphingosine = GalSph +
GlcSph. N = 6 per genotype.

Tissue/ HexCer* HexSph'
organ
Genotype wt Limp2 Limp2 Wt Limp2 Limp2
(mean —/= —/=: (mean —/—- —/—wt
=+ SD) (mean wtratio  + SD) (mean ratio
+ SD) + SD)
Pancreas 9.6 + 15.4 £ 1.61 23+ 178.4 76.55
4.3 1.9 0.7 +24.1
Heart 4.2+ 3.0+ 0.72 3.3+ 86.7 + 26.04
2.6 0.4 1.0 20.5
Inguinal fat 8.2+ 27.5 + 3.37 3.0+ 319 + 10.64
6.3 11.9 0.9 17.5
Liver 22.2 £+ 23.4 £ 1.06 321 + 214.9 6.70
13.3 13.0 2.6 +157.9
Lungs 30.5 + 42.5 + 1.39 349 + 738.4 21.18
9.5 14.8 8.0 + 285.0
Abdominal 8.8 + 57.7 + 6.59 19+ 40.5 + 20.88
fat 5.1 29.3 0.7 35.7
Omental fat 3.3+ 14.7 + 4.35 1.0 + 128.4 132.41
1.5 4.4 0.7 +41.0
Spleen 75.0 + 73.8 + 0.98 20.6 + 400.0 19.37
8.0 6.6 2.3 +143.7
Eye 571.8 171.0 0.30 62.9 + 892.6 14.19
+179.1 +107.2 5.7 + 189.7
Epidydimal 3.5+ 39+ 1.13 42+ 11.0 £ 2.61
fat 2.0 0.4 1.9 0.2
Bone 0.5+ 0.7 £ 1.49 0.2 + 2.0 + 10.05
Marrow 0.3 0.4 0.1 0.8
Brown 32.6 + 41.2 + 1.26 41+ 49.7 + 12.20
adipose 15.2 10.2 1.7 38.8
tissue
Thymus 70.54 70.9 + 1.01 13.4 + 85.6 + 6.37
+13.6 15.4 2.4 23.1
Kidney 17.8 £ 7.8 £ 0.44 25.8 + 557.5 21.59
4.5 10.2 0.7 +115.4
Salivary 22.6 + 41.4 + 1.83 5.0 + 95.2 + 19.15
gland 8.6 9.6 1.6 37.4
Adrenal 332+ 53.4 + 1.61 7.0 £ 75.7 + 10.75
gland 12.4 26.2 5.1 65.1
Lymph node 40.0 + 97.5 + 2.44 5.0 £ 95.6 + 19.23
20.2 28.5 4.3 69.0
Testis 13.4 + 13.3 + 0.99 52+ 24.7 + 4.77
2.5 6.0 1.8 7.0
Epidydimal 13.3 + 14.0 + 1.05 29.4 + 233.2 7.93
6.7 5.9 4.3 +112.1
Skin 23.3 £ 23.7 £ 1.02 9.3 + 29.6 £ 3.20
5.1 14.2 4.9 13.6
Brain* 3067 + 3249 + 1.06 112.8 230.5 2.04
837 474 +5.8 +14.5
Duodenum 64.3 £ 68.4 £ 1.06 8.8 + 139.0 15.81
7.1 9.0 3.8 + 26.5
Leukocytes 0.1 + 0.7 + 7.30 0.3+ 1.7 £ 5.57
0.1 0.8 0.3 0.3
Ileum 25.1 + 28.1 + 1.12 9.3+ 180.5 19.39
3.8 5.5 1.3 + 229
Sciatic 10,493 4898 + 0.47 1112 861 + 0.77
nerve* + 1020 1016 + 652 544
Jejunum 41.4 + 47.9 + 1.16 8.2+ 140.7 17.24
9.2 11.2 1.6 +15.3
Plasma 3.2+ 1.8 + 0.57 1.1+ 3.6 £ 3.13
0.9 1.1 1.3 1.7
Bile 4.8 + 21+ 0.43 1.4+ 6.3 + 4.54
5.7 0.8 0.5 2.2
Urine 0.3 £+ 0.2 £+ 0.73 0.6 + 0.4 £+ 0.55
0.1 0.1 1.2 0.2

BBA - Molecular and Cell Biology of Lipids 1870 (2025) 159657

A trend is apparent between HexSph accumulation and residual GCase
activity in tissues. Exceptions in this regard are the OF, kidney, salivary
gland (SG), LN and the different parts of the intestine.

The concentrations of GlcChol in tissues of Limp2 —/— and wt mice
were also determined (supplemental Table S1). Marked elevations of
GlcChol were detected in the plasma, liver, pancreas and fat of Limp2
—/— mice compared to wt.

3.4. Analysis of lysosomes (tritosomes) from liver of Limp2 —/— and wt
mice

3.4.1. Proteome of tritosomes

To investigate whether lack of LIMP-2 also impairs other lysosomal
matrix proteins besides GCase, we analyzed the protein composition of
isolated lysosomes (tritosomes) from wt and Limp2 —/— mice using LC-
MS/MS. Importantly, both GCase and LIMP-2 protein were found to be
absent in tritosomes from Limp2 —/— mice. Around 70 lysosomal matrix
proteins were identified and quantified. Table 3A shows the major
reduction in GCase in LIMP-2 deficient tritosomes and it reveals that
lysosomal acid lipase, sphingomyelin phosphodiesterase, cathepsin C
and p-galactosidase 1 are about two-fold decreased compared to wt.
About two-fold increases were noted for cathepsin H and N-acetylglu-
cosamine 6 sulfatase. The proteomics analysis (see also supplemental
Table S2) indicates that LIMP-2 deficiency results in a very specific
deficiency in GCase and seems not to affect other lysosomal proteins, at
least in the studied liver cell populations.

3.4.2. Glycolipid content of tritosomes

We next determined the glycolipid content of tritosomes isolated
from liver of wt and Limp2 —/— mice. No major differences were noted in
concentrations of any of the neutral glycosphingolipids Cer, GlcCer,
LacCer, and Gb3, and the sphingoid bases, lysoGb3. Only a prominent
increase in HexSph (3.1 vs 30.1 pmol/mg protein) and GlcChol (17.5 vs
66.0 pmol/mg protein) was detected. Total cholesterol (142 vs 159
nmol/mg protein) and especially cholesterol-ester (18 vs 33 nmol/mg
protein) tended to be elevated in LIMP-2 deficient tritosomes (Table 3B).

3.5. Clinical course of disease in LIMP-2 deficient mice

Disease manifestation is relatively benign in Limp2 —/— mice. As

Table 3
Proteins and lipids in tritosomes.

A. Examples of differential proteins in tritosomes isolated from Limp2 —/— and wt
mice. For an extended list see supplemental Table S1.

Accession no. Protein Limp2 —/—: wt ratio
P17439 Glucosylceramidase Not detectable in Limp2—/—
Q9Z0M5 Lysosomal acid lipase 0.44

Q04519 Sphingomyelin phosphodiesterase ~ 0.59

E9Q2Q0 Cathepsin C 0.59

F7AF87 Acid beta-galactosidasel 0.60

D37437 Cathepsin H 2.14

Q571E4 N acetylgalactosamine 6 sulfatase ~ 2.16

B. Selected lipids in tritosomes isolated from Limp2 —/— and wt mice.

Lipid Tritosomes Tritosomes Limp2 Limp2 —/—:
wt —/= wt ratio
HexSph (pmol/mg of 3.1 30.1 10
protein)
GlcChol (pmol/mg of 17.5 66 3.8
protein)
Total cholesterol (nmol/mg 142 159 1.1
of protein)
Cholesterol-ester (nmol/ 18 33 1.8

mg of protein)
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shown in supplemental Fig. S1, despite the clear absence of lysosomal
GCase in hepatocytes, no abnormalities in the liver were noted. Actually,
no overt pathology was detected by an experienced pathologist in any
organs of mice of 6 and 12 months of age except for signs of hydro-
nephrosis (upper urinary tract dilation) in the absence of clear abnor-
malities in the glomerulus and signs of brain pathology [29]. Of interest,
a marked thickness of sciatic nerve (SN) was observed (supplemental
Fig. S2).

3.6. Biochemical course of disease

Given the detected abnormalities in lipid metabolites in tissues of
Limp2 —/— mice of 4 months of age, we next studied how these ab-
normalities develop with age in several tissues. HexCer changes were
very small in all tissues from Limp2 —/— mice when examined at various
ages (Fig. 3). Only a very slight increase was noted for the kidney and SG
at an older age. In the case of the eye of Limp2 —/— mice, a significant
reduction of HexCer was observed. In sharp contrast, HexSph elevation
was already detectable in animals of 2 months of age and generally did
not further increase with age (Fig. 4), except for the thymus of Limp2
—/— mice. GlcChol in tissues was already increased at the youngest age
examined (2 months). In none of the tissues a marked accumulation of
GlcChol with increasing age was observed (supplemental Fig. S3). The
concentrations of globosides Gb3 and lysoGb3 were also determined. No
differences from wt animals at different ages were detected, except for
reduced levels in spleen (data not shown).

3.7. Glycolipids in brain and SN

In most tissues GlcCer concentrations are known to be far higher than
those of its isomer GalCer, but in brain and nerves, GalCer is abundant.
Our HPLC procedure does not fully separate GlcCer and galactosylcer-
amide. In the case of the brain of Limp2 —/— mice, we observed no
differences in the levels of HexCer and HexSph (see Figs. 3 and 4,
respectively). In the case of SN, HexCer was significantly reduced and
less prominently HexSph. Treatment of brain and SN homogenates with
excess recombinant GCase allows the discrimination between Glc- and
GalCer since the recombinant enzyme only degrades GlcCer. Almost no
differences in the total HexCer (GlcCer + GalCer) wt and Limp2 —/—
mice brain were observed, at any age examined (Fig. 3). Treatment with
recombinant GCase revealed that the GlcCer content of brain from Limp2
—/— mice is normal (Fig. 5). Only a small decrease in GalCer is
demonstrable. In the SN, clear abnormalities in HexCer are detected, in
particular a reduction in GalCer is apparent with increasing age which
might point to demyelination. Already at young age, the concentration
of ceramide is elevated in the SN, reaching a maximum at 4 months, and
being reduced after that.

4. Discussion

The availability of a mouse model of AMRF, Limp2 —/— mice,
allowed us to carefully investigate abnormalities in GCase during ge-
netic loss of LIMP-2. Enzymatic activity measurements demonstrated
great variation among tissues in deficiency of GCase. An independent
method to specifically assess the presence of active GCase molecules
using a fluorescent ABP, revealed consistent differences among tissues
regarding the decrease of active GCase. Tissues like pancreas, heart and
liver show major reductions in GCase in mice lacking LIMP-2. In
contrast, leukocytes of the same animals show a relatively high residual
GCase reaching about 65 % of normal values. The same has been
observed for AMRF patients. Residual GCase is relatively high in leu-
kocytes and lymphoblasts of these patients [30,56]. The high residual
GCase capacity of leukocytes prevents formation of GlcCer-laden mac-
rophages in AMRF patients as is characteristic for GD patients. GlcCer
laden Gaucher cells accumulate in spleen, liver and bone marrow of GD
patients accompanied by marked hepatosplenomegaly [1]. Such visceral
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symptoms do not occur in AMRF patients. The high residual GCase in
white blood cells of AMRF patients, and Limp2 —/— mice, likely con-
tributes to the remarkably discordant manifestation of GD and AMREF.
We looked for a mechanism explaining the remarkable high residual
GCase content of leukocytes. It was hypothesized that phagocytic white
blood cells might be relatively successful in capturing faulty secreted
GCase during LIMP-2 deficiency and deliver it to their lysosomes. As
described in the supplemental addendum, THP1 cells and lymphoblasts
with reduced LIMP-2 were found to show uptake of extracellular GCase
through (dynamin-dependent) endocytosis, a process contributing
significantly to intracellular enzyme activity. Such corrective uptake of
GCase takes place far less efficiently by LIMP-2 deficient fibroblasts. The
experiments conducted with cultured cells rendered data consistent with
the hypothesis formulated above. However, it should be kept in mind
that cell culture experiments do not render conclusive evidence for
corrective mechanisms occurring in GCase content of white blood cells
of LIMP-2 deficient mice and AMRF patients.

Our study revealed glycolipid abnormalities developing during
LIMP-2 deficiency. Firstly, the primary substrate of GCase GlcCer
(measured as HexCer), was found to be increased in tissues of Limp2 —/—
mice, but only slightly in view of the marked GCase deficiencies. On the
other hand, GlcSph measured as HexSph, formed by lysosomal deacy-
lation of accumulating GlcCer [44], is strongly increased in LIMP-2
deficient tissues. In general, GlcSph is highest in tissues of Limp2 —/—
mice with the lowest GCase. The maximal increase in tissue GlcCer and
GlcSph occurs already at two months of age. The observed equilibrium
in GlcCer might be due to down-regulation of synthesis or activation of
its removal from cells by exocytic pathways. GlcSph might be less
formed upon reduced GlcCer supply to lysosomes or actively reduced by
the cytosolic enzyme GBA2 or its secretion from the body via liver and
bile [44]. An exception in this respect are leukocytes from Limp2 —/—
mice. Because of their high residual GCase, these cells hardly accumu-
late GlcCer and form GleSph. In summary, our findings with Limp2 —/—
mice differ quite clearly from those of GD mouse models with inducible
GCase deficiency in cells of the white blood cell lineage: these animals
show accumulation of GlcCer-laden macrophages in tissues with age
[56,57]. GlcChol, the most recently identified glycolipid, was found to
be clearly elevated in tissues of Limp2 —/— mice, reminiscent of findings
in GD patients and in mouse models with reduced GCase activity [45].
Whether the noted increases in GlcChol have pathophysiological con-
sequences is presently still unknown. It has been hypothesized that
excessive GlcChol may have detrimental effects on lipid raft composition
and function [56].

Mice lacking LIMP-2 develop, at old age, tubular proteinuria, as re-
ported for some AMRF patients [4,19,40]. At the age of 4 months, no
overt proteinuria occurs yet in the Limp2 —/— mice and their kidney
shows similar residual GCase levels to other tissues. Likewise, lipid ab-
normalities are comparable to those in other tissues. Spleen and liver
show no hypertrophy, as occurs in GD, and are similar in GCase and lipid
abnormalities to other tissues. Brain of Limp2 —/— mice shows a slightly
higher residual GCase compared to viscera but no remarkable difference
in lipid abnormalities. Possibly, we missed in our brain analyses specific
lipids abnormalities in neuronal cells associated with epileptic attacks as
occur in AMRF patients. Abnormal GlcCer metabolism seems to be
strongly associated with neuropathology. Severe cases of GD develop
characteristic neuropathology and even type I GD patients as well as
carriers of mutated GBAI have an increased risk for developing
Parkinsonism and Lewy-Body dementia [59]. Michelakakis and col-
leagues were the first to report a similar increased risk imposed by
heterozygosity for SCARB2 mutations, a finding independently
confirmed by others [60-62]. Limp2 —/— mice have been also found to
develop a-synuclein deposits and associated pathology of dopaminergic
neurons [29]. Recent studies have identified 15 genetic enhancers of
a-synuclein-induced locomotor dysfunction related to lysosomal storage
disorder (LSD) genes, reinforcing their role in Parkinson's disease (PD)
pathogenesis [63,64]. These include homologs of GBA, SCARB2 and
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Fig. 3. HexCer levels in wt and Limp2 —/— mice at different ages.
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Fig. 4. HexSph levels in wt and Limp2 —/— mice at different ages. Data are presented as mean + SD of N = 6 per genotype and age. P values were obtained by

unpaired t-test;

**P < 0.001; **P < 0.01; *P < 0.05.
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other LSD genes with independent support as PD susceptibility factors.
The research implicates several metabolic pathways, particularly
cholesterol homeostasis, in «-synuclein-mediated neurotoxicity.
Disturbed cellular cholesterol metabolism, in GBAl-associated PD
models, could contribute to changes in lipid rafts and synaptic integrity
[65]. Alterations in brain cholesterol metabolism and neurotransmission
occur in early stages of neurodegenerative diseases, with poly-
morphisms in genes associated with cholesterol homeostasis affecting
disease risk and severity [66]. These findings highlight the importance
of cholesterol balance in synaptic function and its potential role in PD
and other neurodegenerative disorders.

A hallmark of LIMP-2 deficiency in man is peripheral demyelinating
neuropathy [30]. We observed grossly swollen SN in Limp2 —/— mice at
relatively young age. In the SN of Limp2 —/— mice, residual GCase is
relatively high, and GlcCer and HexSph levels are close to normal. The
markedly elevated ceramide might be more closely linked to the pa-
thology. The noted reduction in GalCer in SN of Limp2 —/— mice is likely
to reflect ongoing peripheral demyelination reflected by the tremors
observed in animals.

The analysis of highly purified lysosomes from hepatocytes of Limp2
—/— and wt mice revealed that except for the absence of GCase most
other lysosomal matrix proteins appear normal in LIMP-2 deficiency. Of
interest are the about two-fold reduced levels of acid lipase and acid
sphingomyelinase, two enzymes involved in lysosomal lipid catabolism.
The tritosomes from hepatocytes of Limp2 —/— mice showed significant
increases in HexSph (nearly ten-fold) and GlcChol (nearly four-fold).
These abnormalities resemble findings made during primary GCase
deficiency. A clear increase in cholesterol-ester and to a lesser extent
cholesterol was observed. This might be partly due to the reduced acid
lipase that normally converts cholesterol-ester to cholesterol in

10

lysosomes. Moreover, compelling evidence has been presented for a
direct role of LIMP-2 in cholesterol export from lysosomes [33]. Note-
worthy, the prominent absence of GCase in lysosomes seems not to
markedly affect hepatocytes macroscopically or in their function. This
finding points to very effective, but still not identified, compensatory
mechanisms in these cells avoiding lysosomal storage of GlcCer.

In conclusion, our study sheds new light on the consequences of
systemic LIMP-2 deficiency regarding tissue specific GCase reductions
and associated compensatory deacylation of GlcCer to GlcSph. Although
most tissues lacking LIMP-2 present a marked deficiency in GCase,
leukocytes appear relatively protected, possibly by phagocytic re-uptake
of secreted GCase by other cells. This offers a plausible explanation for
the remarkable prominent difference in symptomatology of AMRF and
GD.
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