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Abstract
Niemann-Pick C disease (NPC) is a neurodegenerative lysosomal disorder characterized by
storage of cholesterol and other lipids caused by defects in NPC1, a transmembrane protein
involved in cholesterol export from the lysosome, or NPC2, an intralysosomal cholesterol
transport protein. Alterations in lysosomal activities have been implicated in NPC pathogenesis
therefore the aim of this study was to conduct a proteomic analysis of lysosomal proteins in mice
deficient in either NPC1 or NPC2 to identify secondary changes that might be associated with
disease. Lysosomal proteins containing the specific mannose 6-phosphate modification were
purified from wild-type and Npc1−/− and Npc2−/− mutant mouse brains at different stages of
disease progression and identified by bottom-up LC-MS/MS and quantified by spectral counting.
Levels of a number of lysosomal proteins involved in lipid catabolism including prosaposin and
the two subunits of β-hexosaminidase were increased in both forms of NPC, possibly representing
a compensatory cellular response to the accumulation of glycosphingolipids. Several other
lysosomal proteins were significantly altered, including proteases and glycosidases. Changes in
lysosomal protein levels corresponded with similar alterations in activities and transcript levels.
Understanding the rationale for such changes may provide insights into the pathophysiology of
NPC.
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1. Introduction
The lysosome is a cellular organelle responsible for the degradation and recycling of
macromolecules and to this end, it contains numerous hydrolytic enzymes (“acid
hydrolases”) and accessory proteins that have evolved to function in its acidic pH as well as
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transporters to export catabolic products [1]. Defects in lysosome proteins are associated
with lysosomal storage disorders (LSDs) [2] which are monogenic diseases with a cellular
phenotype that typically reflects the function of the defective protein. For example, the loss
of an acid hydrolase may result in an accumulation of its substrate(s) within the lysosome.
Alternatively, loss of a lysosomal transporter will result in a lysosomal accumulation of the
molecules that it normally exports from this organelle. In LSDs, disease typically results
from cell death or dysfunction as a consequence of the primary defect but for one, Niemann-
Pick C disease (NPC), there is evidence (see below) that secondary alterations in the
function of the lysosomal system may play a role in pathogenesis.

NPC is a fatal, neurovisceral LSD that exists in two clinically similar but genetically distinct
forms that result from mutations in genes encoding proteins involved in the intracellular
transport of cholesterol (reviewed in [3, 4]). NPC type 1 accounts for the majority of cases
(~95%) and results from mutations in the gene encoding NPC1 [5], an endolysosomal
transmembrane protein with a sterol sensing domain that binds cholesterol and oxysterols
[6–8]. NPC type 2 results from mutations in the gene that encodes a small soluble
glycoprotein, NPC2 [9], that resides within the lumen of the lysosome [9, 10] and binds
cholesterol and related sterols [11–14]. While the precise interactions between NPC1 and
NPC2 that result in the transport of LDL-derived cholesterol from the lysosome are not
completely clear, there is evidence consistent with the hypothesis that NPC2 shuttles
cholesterol from inner lysosomal membrane structures or microaggregates to the sterol
binding site of NPC1, which then facilitates the egress of cholesterol from the lysosome to
other intracellular sites [15–17].

NPC is characterized by the storage of cholesterol within the lysosomes of affected
individuals and this is consistent with the known functional properties of NPC1 and NPC2.
However, other lipids also accumulate, including sphingomyelin, glycosphingolipids
(gangliosides GA2, GM2 and GM3), glycosylceramides (glucosylceramide and
lactosylceramide), and bis(monoacylglycerol)phosphate (reviewed in [18]). The basis for the
accumulation of these lipids is not clear but several studies suggest that in the absence of
NPC1, a secondary alteration in a lysosomal activity might be involved. Along with changes
in other lysosomal enzyme activities, the activity of acid sphingomyelinase (SMPD1) is
reduced in Npc1−/− mice [19] and there is evidence from cell-culture experiments that this is
at a posttranslational level [20]. While the mechanism underlying this reduction remains
unclear, it does provide a rational explanation for the increased levels of sphingomyelin.
Restoration of SMPD1 activity in NPC1-deficient cells greatly reduced cholesterol storage
[21] and improved other biochemical features of disease, suggesting a complex interplay
between SMPD1, cholesterol and sphingomyelin. Altered glycosylation of select lysosomal
proteins is another secondary phenotype observed in both Npc1−/− and Npc2−/− mutant mice
[22] although its relevance towards pathogenesis, if any, is unclear.

The fact that a secondary change in a lysosomal activity may play an important role in the
cellular pathways of pathogenesis in NPC led us to speculate whether other lysosomal
changes might also be involved. To address this question, we have conducted a proteomic
comparison of the levels of soluble lysosomal proteins in the brains of mutant mouse strains
that lack either NPC1 [23] or NPC2 [24] and which both recapitulate NPC disease.

Materials and Methods
2.1 Animals

Experiments and procedures involving live animals were conducted in compliance with
protocols approved by the Robert Wood Johnson Medical School Institutional Animal Care
and Use Committee (Protocol number I10–010). Npc1−/− andNpc2−/− mutant mice have

Sleat et al. Page 2

Proteomics. Author manuscript; available in PMC 2013 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



been described previously [23, 24] and were in an isogenic BALB/c genetic background
[22]. Mice were killed by injection of a sodium pentobarbital/sodium phenytoin mixture
(Euthasol, Delmarva Laboratories) and perfusion with saline by intracardiac puncture.
Brains were dissected, frozen on dry ice and stored at −80°C prior to use. Animal
information is given in Supplementary Table 1.

2.2 Purification of lysosomal proteins
Lysosomal proteins containing mannose 6-phosphate (Man-6-P) were purified on
immobilized bovine soluble cation-independent Man-6-P receptor (sCI-MPR) columns
using a modified version of published procedures [25]. In brief, each mouse brain was
powdered using a Bessmann tissue pulverizer then homogenized on ice using a Brinkmann
Polytron in 10 ml of PBS containing 0.2% Tween-20, 2.5 mM EDTA, 5 mM β-
glycerophosphate, 1 µg/ml pepstatin, 1 µg/ml Leupeptin and 0.5 mM Pefabloc.
Homogenates were centrifuged at 6,000 × g for 30 min at 4°C then supernatants gravity-
loaded onto 1 ml bed volume immobilized sCI-MPR. Columns were washed twice with 10
ml PBS / 0.2 % Tween-20 and twice with 10 ml PBS. A mock elution with 4 ml of PBS
containing 5 mM glucose 6-phosphate / 5 mM mannose was conducted to release proteins
that were bound to the column or immobilized sCI-MPR via interactions that were
independent of the presence of Man-6-P [25]. Man-6-P glycoproteins were eluted with 4 ml
PBS containing 5 mM Man-6-P. Eluates were concentrated using Amicon Ultra-4
Ultracel-10k filtration devices.

2.3 Tandem mass spectrometry
Tryptic digests of samples of purified Man-6-P glycoproteins were prepared as described
previously [25]. Each sample was analyzed in duplicate using an LTQ Orbitrap Velos
tandem mass spectrometer (Thermo Scientific) coupled to a Ultimate 3000 RLSCnano
System. Peptides were solubilized in 0.1% TFA and 0.5 µg loaded on to an in-house
generated fused silica trap-column of 100 µm × 2 cm packed with Magic C18 AQ (5um
bead size, 200 Å pore size Michrom Bioresources, Inc.) and washed with 0.2% formic acid
at a flow-rate of 10 µl/min for 5 min. Retained peptides were separated on an in-house
generated fused silica column of 75 µm × 50 cm packed with Magic C18 AQ (3 µm bead
size, 200 Å pore size, Michrom Bioresources, Inc.) using a segmented linear gradient from 4
to 90% B (A: 0.1% formic acid, B: 0.08% formic acid, 80% ACN): 5 min, 4–10% B; 60
min, 10–40% B; 15 min, 40–55% B; 10 min, 55–90% B. For each cycle, one full MS was
scanned in the Orbitrap with resolution of 60000 from 300–2000 m/z and the 20 most
intense peaks fragmented by CID using a normalized collision energy of 35% and products
scanned in the ion trap. Data dependent acquisition was set for a repeat count of 2 and
exclusion of 60 sec.

2.4 Protein identification and quantification
Peak lists were generated using Proteome Discoverer 1.2. No constraints were used with
respect to retention time, charge state or peak count. Minimum precursor mass was 350 Da
and maximum was 6000. Data were searched against the Ensembl release 64 of the
NCBIM37 mouse genome assembly using a local Global Proteome Machine (GPM) XE
Manager version 2.2.1 (Beavis Informatics Ltd., Winnipeg, Canada) with X!Tandem version
Cyclone2011.12.01 to assign spectral data [26, 27]. Parameters were: fragment mass error,
0.4 Da; parent mass error, 10 ppm; maximum charge, +8; minimum 5 peaks assigned; one
missed cleavage allowed; carbamidomethylation was a constant modification; methionine
oxidation was a variable modification during initial modeling; methionine and tryptophan
oxidation and asparagine and glutamine deamidation were variable modifications during
model refinement; and point mutations were allowed. All MS data files were analyzed
together in a MudPit analysis and individual data extracted to ensure that peptides that could
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be assigned to more than one protein were assigned consistently for all samples. To avoid
problems of redundancy that may arise from multiple protein identifiers that can be assigned
to the same gene, Ensembl protein identifiers were converted to associated gene names
using the BioMart tool. Protein assignments were filtered for a log GPM expectation score
of −10 or better and a minimum assignment of two unique peptides based on amino acid
sequence.

2.5 Statistical analysis
Relative protein levels in preparations of purified Man-6-P glycoproteins were determined
by spectral counting [28, 29]. Duplicate LC-MS/MS runs were performed on each sample
and spectral counts for individual gene products were summed. Our analysis was conducted
on known lysosomal proteins and probable lysosomal candidates based on similarity to
known lysosomal proteins, demonstrated presence of Man-6-P or specificity of purification
on immobilized sCI-MPR [25, 30]. As counting error for Poisson data is inversely
proportional to the square of the spectral counts, group comparisons of proteins with very
low spectral counts have very low statistical power [31]. Thus, data were filtered to only
include proteins with an average of ≥ 10 spectral counts per animal, yielding a final dataset
of 62 lysosomal or potential lysosomal proteins. For each of these proteins and for each
animal, we measured the number of spectral counts. There were three genotypes (wild type,
Npc1−/−, and Npc2−/−), each analyzed at two ages corresponding to different stages of
disease progression (early and late), for a total of six groups with five animals per group. To
adjust for experimental variation from animal to animal, we computed the total number of
spectral counts for each animal. This total served as a reference denominator for comparing
protein counts. To construct a statistical model for the counts, we used Poisson regression
with “count” as the response variable, “group” as a predictor variable, and the log (base e) of
the total spectral count as an offset [31]. We fitted this Poisson model separately for each of
the 62 proteins using the “glm” package in the R statistical system (Version 2.15) (R
Development Core Team R: A Language and Environment for Statistical Computing, http://
www.R-project.org) with “family” specified as “Poisson”. We used a Bonferroni correction
to account for multiple comparisons of 62 proteins. Given that there were few significant
differences between the wild-type control at the two different age groups, the effect of the
NPC mutations for each age group was compared to the average of all wild-type controls
(see Results).

2.6 Enzyme assays
Most lysosomal enzyme activities were measured as described previously [32–34].
Hexosaminidase A (HEXA/HEXB heterodimer) activity was measured using 4-
methylumbelliferyl-2-acetamido-2-deoxy-6-sulfo-β-D-glucopyranoside [35]. Note that this
assay also measures hexosaminidase S (HEXA/HEXA homodimer) activity but this is a
minor isoenzyme.

2.7 scriptional profiling data
Gene expression data Series GSE5944 for P49 Npc1−/− mouse cerebellum and
corresponding normal controls (n=3 per group) was extracted from the NCBI GEO database
[36] (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE5944). Signal intensities for
multiple probes corresponding to a single gene were summed.
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3. Results and Discussion
3.1 Experimental design

The aim of this study was to perform a quantitative analysis of lysosomal proteins in the
brains of Npc1−/− and Npc2−/− mice to determine whether secondary changes in levels of
lysosomal proteins could be related to disease phenotype. In addition, a comparison of
secondary alterations between Npc1−/− and Npc2−/− mice could potentially provide valuable
insights into the respective functions of these proteins. Our approach was to isolate Man-6-P
glycoproteins from NPC mutant mice by affinity purification on immobilized sCI-MPR,
identify individual components of the mixture by LC-MS/MS and use spectral counting as a
semi-quantitative approach to compare the relative levels of each protein in the mutant and
wild-type mice. For each NPC mouse model, we analyzed both presymptomatic early-stage
(ages 30–44 days) and symptomatic late-stage (ages 64–88 days) disease (n=5 per group)
(Supplementary Table 1). Our rationale was that this approach would help to distinguish
fundamental lysosomal responses to the defects in cholesterol trafficking from differences
reflecting alterations in the distribution of cell type within the CNS as disease progresses
(e.g., a diminishing number of neurons and increasing number of activated microglia as a
response to disease [37, 38]).

3.2 Expression of lysosomal proteins in Balb/c mouse brain
The protein composition of the Man-6-P glycoprotein preparation isolated from the brains of
wild-type control and NPC-mutant mice was analyzed by LC-MS/MS. Data supporting
protein assignments are shown in Supplementary Tables 2 (protein assignments) and 3
(peptide identifications and classification). After mapping protein assignments to the
corresponding genes, in total, 912 gene products met our inclusion criteria (GPM log
expectancy score of −10 or better with 2 or more unique peptides). Of these, 15 were known
contaminants of non-murine origin, 827 were proteins that are not assigned to the lysosome
and 69 were classified as lysosomal (62 known lysosomal proteins and 7 potential lysosomal
candidates [25, 30]). We also identified myeloperoxidase, a neutrophil alpha granule protein
known to contain Man-6-P. However, while the majority of assignments were made to non-
lysosomal proteins, the majority of spectra were assigned to lysosomal proteins (Fig. 1).

3.3 Differential expression of lysosomal proteins in the brains of NPC mutant animals
Levels of lysosomal proteins identified in purified samples from the wild-type control,
Npc1−/− and Npc2−/− mice were estimated by spectral counting. Data were filtered for
proteins expressed with an average of ≥ 10 spectral counts per animal to eliminate non-
informative assignments (see Methods), thus we focus on 62 of the original 69 known or
candidate lysosomal proteins.

Relative levels of the majority of lysosomal proteins were unchanged in the absence of
either NPC1 or NPC2 at either early or late stage disease (regions where ratios of both
mutants/wild type is ~1, indicated by intersection of dotted lines in Fig. 2). However, the
levels of some lysosomal proteins were altered and there is a close correlation between
changes in the two different NPC mutants (Fig. 2) compared to wild-type, presumably
reflecting similarities in cellular phenotypes despite the difference in genetic basis.

The primary goal of this study was to identify lysosomal changes that are common to both
NPC mutants and which were observed in both symptomatic and presymptomatic animals as
these may indicate a direct cellular response to the disruption in cholesterol trafficking. As
age does not appear to affect levels of the vast majority of all lysosomal proteins for the wild
type controls (Table 1 and Supplementary Fig. 1), to increase statistical power, we have
combined data from all ten of these animals as a single control group. There are a number of
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proteins that are clearly increased in disease at the expense of others when considering both
the fold-change compared to wild-type levels and the statistical significance of the change
(Table 1).

3.4 Lysosomal enzyme activities in NPC-mutant mouse brain
To extend the MS results and to determine whether observed alterations in the levels in the
Man-6-Phosphorylated forms of lysosomal proteins reflect total activity, regardless of
phosphorylation state, we measured the activity of select lysosomal enzymes in the brains of
the Npc1−/− and Npc2−/− animals (Fig. 3, Panel A). We find that the activity of most
lysosomal enzymes is elevated in both mutants at both time points, although relatively more
in late-stage disease. On first examination, these results would appear to contrast with the
determinations from purified Man-6-P glycoproteins by MS analysis, in which few
lysosomal proteins were determined to be elevated and to a lesser degree. However, this is a
function of the respective experimental designs. Enzyme activity measurements were
normalized to the total protein concentration of each brain homogenate, thus a generalized
increase in lysosomal activity can be identified. For the MS analysis, the same quantity of
purified Man-6-P glycoproteins was analyzed. Here, if the levels of lysosomal proteins were
generally increased but the amounts of non-lysosomal proteins remained invariant, then we
would observe some increase in amounts of lysosomal proteins measured by MS at the
expense of the non-lysosomal constituents (or lysosomal proteins that are not elevated, e.g.,
MANBA). Consistent with this hypothesis, we find that the relative proportion of non-
lysosomal proteins is decreased in the groups of animals where lysosomal activities were
most elevated (early stage Npc1−/− and late stage Npc1−/− and Npc2−/−) (Fig. 1). Thus, in
the MS analysis, in the face of a generalized increase in levels of Man-6-P-containing
lysosomal proteins, an increase in the spectral counts of any given protein would indicate
that it was elevated greater than average. In practical terms, this means that the fold
increases relative to average wild-type control reported in Table 1 are likely underestimates
in absolute terms. Conversely, proteins that are apparently decreased may not be when
considering absolute amounts.

Changes in lysosomal activities corresponded well in both mutants (Fig. 3, Panels B and C)
as noted earlier for the MS analysis (Fig. 2), reflecting the linked functional roles of NPC1
and NPC2 in cholesterol transport. Activity of β-glucocerebrosidase (GBA, β-glucosidase),
which is targeted via a Man-6-P-independent pathway [39], was unaffected by the loss of
either NPC1 or NPC2.

We also measured lysosomal enzyme activities in liver and brain in a separate cohort of
animals (Supplementary Fig. 2, Panels A and B). Increases in lysosomal enzyme activities
observed in the brain of the two NPC mutants were typically paralleled in liver but observed
to a higher degree (Supplementary Fig. 2, Panel C). Given that the activity of β-
hexosaminidase altered quite dramatically in response to the loss of either NPC1 or NPC2 in
both liver and brain, we measured total β-hexosaminidase and β-hexosaminidase A activity
in serum from control and NPC mutant animals (Fig. 3, Panel D). Both activities were
elevated in the serum of the NPC mutants although to a slightly lower degree (up to 2.5 fold
that of average control) than found in liver or brain.

3.5 Transcriptional profiling of lysosomal proteins in Npc1−/− mutant mouse brain
We compared enzyme activity measurements and spectral count data with an analysis of
gene expression in Npc1−/− mutant animals. We extracted transcriptional profiling data for
lysosomal proteins from an analysis of Npc1−/− cerebellum at P49 (GEO data series
GSE5944), an age that approximated to our early stage group. Changes in lysosomal enzyme
activity in the early stage Npc1−/− mutant animals compared to wild-type control correlate
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well with changes in the same lysosomal proteins measured by transcriptional profiling (Fig.
4, Panel A). This indicates that alterations in the expression of lysosomal proteins appear to
reflect transcriptional changes. When expression measured by transcriptional profiling is
compared with spectral count analysis (Fig.4, Panel B), there is less correlation. In part, this
may be due to the fact that increases in absolute expression levels are underestimated using
the MS approach.

3.6 Biological significance of lysosomal changes
In this study, secondary changes in the expression of lysosomal proteins in mouse models of
Niemann-Pick C type 1 and 2 disease were examined using proteomic methods, enzyme
activity measurements and transcriptional profiling. Our goal was to identify lysosomal
responses to the primary cholesterol storage defect that might provide useful cellular
insights into these two similar yet genetically distinct diseases. There are two broad
conclusions to be drawn from this study.

First, from enzyme activity measurements, there is a generalized increase in numerous (10
of the 11 measured) lysosomal enzyme activities in NPC disease that became more
pronounced as disease progressed. Increases in activity were similar in both Npc1−/− and
Npc2−/− animals although they tended to be greater in the former, presumably reflecting the
more severe phenotype of disease. These increases appear to be specific to NPC. For
example, in a previous study of lysosomal enzymes in brain autopsy material from patients
with two other genetically distinct lysosomal storage diseases (late-infantile and juvenile
neuronal ceroid lipofuscinosis), most of the activities were similar in patients and controls
[40]. This includes β-hexosaminidase A which we find to be markedly elevated in NPC. The
molecular basis for increased lysosomal activities is not clear but it may be relevant that the
only activity that was not increased (i.e., GBA) was the only lysosomal enzyme assayed that
is not transported to the lysosome via the Man-6-P targeting pathway.

Second, the proteomic analysis highlighted several lysosomal proteins that were elevated to
a higher degree than the generalized increase (Table 1), suggesting a more specific response
to disease. Several of the lysosomal alterations may represent cellular responses to the
accumulation of various undigested materials within the cell, including lipids that may
accumulate in response to a disruption in normal lysosomal function as a result of altered
lipid composition of internal membrane structures. For example, degradation of
sphingolipids is enhanced by a component of internal lysosomal membranes,
bis(monoacylglycero)phosphate, and the concentration of this lipid increases during
endocytosis with a concomitant decrease in cholesterol concentration (reviewed in [41]).
The accumulation of cholesterol in the lysosomes of NPC mutants could quite conceivably
interfere with this process.

β-Hexosaminidase—β-Hexosaminidase is a dimeric lysosomal enzyme with several
isoenzymes that consist of different combinations of two distinct gene products, HEXA and
HEXB. β-Hexosaminidase A is a heterodimer of HEXA and HEXB while β-hexosaminidase
B is a HEXB homodimer. Levels of both HEXA and HEXB were increased in both NPC
mutants. β-hexosaminidase A, together with GM2 activator protein (GM2A), plays a key
role in the degradation of ganglioside GM2 (GM2). Lysosomal accumulation of GM2 is a
well characterized cellular hallmark of human NPC1 and NPC2 disease [18] and was
previously demonstrated in the respective mouse models at age 50 days [24]. Results
presented here are consistent with an up-regulation of β-hexosaminidase as a compensatory
cellular response to the elevated levels of GM2 and while not detected here, it is possible
that levels of GM2A would also be increased. It is worth noting that β-hexosaminidase
activity was previously found to be elevated 2- to 3-fold in the brain of Niemann-Pick A/B
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(acid sphingomyelinase (Smpd1) mutant) mice [42]. β-Hexosaminidase also functions in the
degradation of proteoglycans (see below).

Prosaposin—PSAP was elevated in both mutants at early- and late-stage disease. PSAP
encodes a lysosomal glycoprotein that is proteolytically processed into four small
glycoproteins, saposins A-D. While the individual saposins are highly homologous, each has
a distinct lysosomal function in the degradation of different glycosphingolipids (reviewed in
[43]): saposin A functions with galactosylceramidase (GALC) in the degradation of
galactosylceramide; saposin B acts with arylsulfatase A (ARSA) and α-galactosidase A
(GLA), in the degradation of lactosylceramide and globotriaosylceramide, respectively;
saposin C functions with GBA in the degradation of glucosylceramide; saposin D is thought
to act with acid ceramidase (ASAH1) in the degradation of ceramide. Peptides are assigned
here that correspond to all four of the saposins, and some of these peptides extend across the
sites of proteolytic processing, indicating that it is the precursor prosaposin that is elevated
rather than an individual mature saposin. PSAP accumulates within many lysosomal storage
diseases [44] thus it is possible that its elevation in NPC is relatively non-specific. However,
there is a significant accumulation of glycosphingolipids in both NPC1 and NPC2 disease
and, as observed for β-hexosaminidase, the elevation in PSAP levels may be a compensatory
response to this. It is interesting to note that, with the exception of ASAH1, catalytic
proteins involved in glycosphingolipid degradation (e.g., ARSA, GLA and GBA) were not
elevated in the NPC mutants. Given that the saposins do not serve a catalytic function but
are instead thought to increase accessibility of the lipid substrates to the respective catabolic
enzymes, these results may suggest that the lysosomal accumulation of cholesterol in the
NPC mutants interferes with the accessibility of glycosphingolipids within the lysosomal
membranes, rather than directly with their degradation per se.

Acid ceramidase (ASAH1)—ASAH1 was elevated in the NPC mutant animals in late-
stage disease and is the only enzyme directly involved in the degradation of
glycosphingolipids that was increased (see above).

Lysosomal acid lipase (LIPA)—LIPA plays a key role in lysosomal cholesterol
processing in hydrolyzing lipoprotein-derived cholesterol esters to free cholesterol which is
subsequently transported from the lysosome by the concerted action of NPC1 and NPC2.
LIPA was elevated in the late- but not early-stage NPC animals. This is consistent with
earlier observations of increased levels of Lipa transcript in the cerebellum of Npc1−/− mice,
where this increase was interpreted to be a compensatory cellular response to the defect in
cholesterol transport [45]. The latter study also identified an increase in Npc2 transcript
levels in the cerebellum of Npc1−/− mice but in terms of the whole brain, we observe no
specific elevation of NPC2 relative to that of other Man-6-phosphorylated proteins.

Other—Increased levels were also observed for a number of lysosomal proteins that are not
involved in the degradation of known storage material in NPC disease. These include a
number of lysosomal proteins involved in the degradation of proteins and peptides (Table 1)
including tripeptidyl peptidase 1, cathepsins F, H, S and Z and these were elevated at both
early and late stage. Lysosomal alpha mannosidase (MAN2B1) was also elevated, as was
observed previously in the NPC mutant mice [22]. The physiological relevance of these
changes is difficult to evaluate but they may suggest the accumulation of material within the
lysosome that has been uncharacterized to date. Thus, understanding such changes from a
mechanistic standpoint may provide valuable insights into NPC and potentially novel targets
for therapeutic intervention.
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3.7 Concluding remarks
As therapies for more LSDs enter the clinic, there is an increasing need for surrogates to
follow disease progression, benchmark efficacy and titrate therapy. Given that the most
immediate effects of a lysosomal defect may be reflected by compensatory changes in
lysosomal activities, identification of secondary lysosomal changes may provide a rational
and targeted approach to the discovery of useful biomarkers. In this study, mass
spectrometric methods provided a platform for the discovery that β-hexosaminidase activity
is significantly elevated in serum in response to NPC disease. This provides a proof-of-
principle for proteomic approaches to identify secondary alterations in lysosomal activities
that could potentially provide information of clinical value in LSDs.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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GPM Global Proteome Machine

LSD lysosomal storage disease
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Figure 1. Classification of protein assignments
“Contaminant” represent assignments that are not of murine origin (e.g., trypsin and
keratins); “lysosomal and Man-6-P” represents known lysosomal proteins, select lysosomal
candidates and myeloperoxidase, a neutrophil granule protein that contains Man-6-P; “not
curated lysosomal” represents murine proteins that are not assigned to the lysosome.
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Figure 2. Spectral counts for NPC1 and NPC2 mutants normalized to controls in early and late-
stage disease
Data represent known lysosomal proteins and potential candidates with an average of at least
10 spectral counts per animal. The filled symbol represents NPC2 which we expect to be
essentially absent from the Npc2−/− animals. Data are fit to a first order polynomial using
the robust fit option in Graphpad Prism 5 (solid line). Dashed line represents x=y; dotted
lines, x=1 and y=1.
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Figure 3. Activity of lysosomal enzymes in NPC-mutant and control mice
Panel A: enzyme activities normalized to the average of all wild-type controls are shown at
ages corresponding to early-stage (E) and late-stage (L) disease. There are three animals per
group and error bars represent the standard error of the mean. The following enzyme assays
reflect the activity of the respective lysosomal proteins: β-glucosidase, GBA; β-
mannosidase, MANBA; dipeptidyl-peptidase 7, DPP7; α-fucosidase, FUCA1; legumain,
LGMN; cathepsin B, CTSB; α-mannosidase, MAN2B1; dipeptidyl-peptidase I, CTSC; total
β-hexosaminidase, HEXA/HEXB heterodimer (HexA) and HEXB/HEXB homodimer
(HexB); β-hexosaminidase A, HEXA/HEXB heterodimer; tripeptidyl-peptidase I, TPP1.
Panels B and C: average enzyme activities for NPC1 and NPC2 mutants normalized to
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appropriate age controls for early and late-stage disease, respectively. Data are fit to a first
order polynomial using the robust fit option in Graphpad Prism 5 (solid line). Dashed line
represents x=y. Panel D. Enzyme activities in serum from wild-type and mutant animals.
Data are normalized to the average of all control animals, error bars represent standard error
of the mean. Statistical significance (*) at the p ≤ 0.05 level was determined using the
T.TEST function in Microsoft Excel.
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Figure 4. Relationship between lysosomal gene expression profiles and protein levels and
activities in Npc1−/− mice
Fold-change of Npc1−/− compared to wild-type as measured by transcription profiling was
compared with fold-change of enzyme activity (Panel A) and relative protein levels
estimated by spectral counting (Panel B). Note that in Panel A, transcription profile data for
HexA and HexB (grey filled symbols) are plotted against both total β-hexosaminidase
activity (i.e., HEXA/HEXB heterodimer and HEXB homodimer) and β-hexosaminidase A
activity (HEXA/HEXB heterodimer).
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