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ABSTRACT

The aberrant accumulation of alpha-synuclein (a-syn) is believed to contribute to the
onset and pathogenesis of Parkinson’s disease (PD). The autophagy-lysosome pathway (ALP)
is responsible for the high capacity clearance of a-syn. ALP dysfunction is documented in PD
and pre-clinical evidence suggests that inhibiting the ALP promotes the pathological
accumulation of a-syn. We previously identified the pathological accumulation of a-syn in the
brains of mice deficient for the soluble lysosomal enzyme alpha-Galactosidase A (a-Gal A), a
member of the glycosphingolipid metabolism pathway. In the present study, we quantified a-Gal
A activity and levels of its glycosphingolipid metabolites in postmortem temporal cortex
specimens from control individuals and in PD individuals staged with respect to a-syn containing
Lewy body pathology. In late-state PD temporal cortex we observed significant decreases in a-
Gal A activity and the 46 kilodalton “active” species of a-Gal A as determined respectively by
fluorometric activity assay and western blot analysis. These decreases in a-Gal A activity/levels
correlated significantly with increased a-syn phosphorylated at serine 129 (p129S-a-syn) that
was maximal in late-stage PD temporal cortex. Mass spectrometric analysis of 29 different
isoforms of globotriaosylceramide (Gbs), a substrate of a-Gal A indicated no significant
differences with respect to different stages of PD temporal cortex. However, significant
correlations were observed between increased levels of several Gb; isoforms and with
decreased a-Gal A activity = and/or increased pl29S-a-syn. Deacylated Ghb;
(globotriaosylsphingosine or lyso-Gbg) was also analyzed in PD brain tissue but was below the
limit of detection of 20 pmol/g. Analysis of other lysosomal enzymes revealed a significant
decrease in activity for the lysosomal aspartic acid protease cathepsin D but not for
glucocerebrosidase (GCase) or cathepsin B in late-stage PD temporal cortex. However, a
significant correlation was observed between decreasing GCase activity and increasing p129S-
a-syn. Together our findings indicate a-Gal A deficiency in late-stage PD brain that correlates
significantly with the pathological accumulation of a-syn, and further suggest the potential for a-

Gal A and its glycosphingolipid substrates as putative biomarkers for PD.
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ABBREVIATIONS

4-Methylumbelliferone a-D-galactopyranoside (4-MUG); N-Acetyl-D-galactosamine (GalNAc);
alpha-Galactosidase A (a-Gal A); alpha-synuclein (a-syn); autophagy-lysosome pathway (ALP);
cathepsin B (Cat B); cathepsin D (Cat D); globotriaosylceramide (Gbs); globotriaosylsphingosine
(lyso-Gbhs); glucocerebrosidase (GCase); incidental Lewy body disease (ILBD); kilodalton (kDa);
lysosome-associated membrane protein-2 (LAMP-2); Parkinson’s disease (PD); p129S-a-syn
(alpha-synuclein phosphorylated at serine 129); sphingomyelin (SM)



INTRODUCTION

Parkinson’s disease (PD) is defined by substantia nigra neuron loss in addition to the
pathologic accumulation of a-syn-containing Lewy body inclusions and neurites (Spillantini et al.
1997). Alpha-synuclein (a-syn) pathology correlates temporally and spatially with PD
progression as it is typically limited to lower brain regions in early disease prior to its later
spread to motor and cognitive centers (Beach et al. 2009; Braak et al. 2003). While a-syn is
ordinarily a soluble, natively unfolded monomer, a multi-step in vitro process of its folding and
oligomerization produces insoluble fibrils similar to those present in PD brain (Conway et al.
2000). Moreover, a-syn mutations and replications in familial PD support its causal role for PD
pathogenesis (Polymeropoulos et al. 1997; Singleton et al. 2003). Although it is still unclear how
a-syn regulates PD pathogenesis, ample pre-clinical evidence indicates the neurotoxic potential
of a-syn (Danzer et al. 2012, 2007; Desplats et al. 2009; Lee et al. 2013; Luk et al 2012, 2009;
Volpicelli-Daley et al. 2011). The high-capacity clearance of a-syn is regulated by the ALP
(reviewed in Shacka et al. 2008) and its function is compromised in normal aging brain and PD
brain (Anglade et al. 1997; Cook et al. 2012; Dehay et al. 2012, 2010; Mazzulli et al. 2011; Zhu
et al. 2003). Alpha-syn accumulation and toxicity are exacerbated by experimental inhibition of
the ALP and attenuated by ALP induction (Danzer et al. 2012; Dehay et al. 2010; Klucken et al.
2012; Lee et al. 2013, 2004; Mader et al. 2012; Mangieri et al. 2014; Mazzulli et al. 2011;
Pivtoraiko et al. 2010; Qiao et al. 2008; Sarkar et al. 2007). Conversely, it has also been shown
that excess a-syn inhibits the ALP (Mazzulli et al. 2011; Song et al. 2014; Winslow et al. 2010;
Yap et al. 2013). Together these findings underscore a continued need to study the ALP in
hopes of better understanding the pathogenesis and treatment of PD.

Studies suggest the glycosphingolipid metabolism pathway, with coordinate regulation of
several lysosomal enzymes, is useful for identifying therapeutic targets for PD (Sybertz and
Krainc, 2014). Glucocerebrosidase (GCase), a soluble lysosomal enzyme that is mutated in the
lysosomal storage disorder Gaucher disease has received particular focus for its role in PD
pathogenesis and therapy. Large-scale epidemiologic studies have identified mutations for the
human GBAL1 gene that encodes GCase as PD risk factors (Lwin et al. 2004; Xu et al. 2010).
Previous studies have indicated reductions in GCase activity in PD brain in association with the
pathogenic accumulation of a-syn (Gegg et al. 2012; Mazzulli et al. 2011; Murphy et al. 2014),
and results of preclinical studies suggest the utility of GCase as a therapeutic target for PD
(Cullen et al. 2011; Mazzulli et al. 2011; Richter et al. 2014; Rocha et al. 2015; Sardi et al. 2013;
Sybertz and Krainc, 2014; Wustman et al. 2014). Our previous analysis of PD brain tissues

revealed no significant differences between stage of PD and levels of glucosylceramide



(substrate of GCase) (Boutin et al. 2016), which is in agreement with results from a previous
study (Gegg et al. 2015). However, the known role for GCase deficiency in PD suggests that
prospective analyses of glycosphingolipids could bolster their utility as putative PD biomarkers.
Alpha-Galactosidase A (a-Gal A) is a soluble lysosomal enzyme that is also in the
glycosphingolipid pathway. Mutations in GLA, the human gene for a-Gal A cause the rare
lysosomal storage disorder Fabry disease, a vasculopathy characterized pathologically by the
dramatic accumulation of glycosphingolipids including globotriaosylceramide (Gbz) and
globotriaosylsphingosine (lyso-Gbs) (Brady, 1967). We recently published a novel link between
a-Gal A deficiency and a-syn accumulation as demonstrated by the pathologic accumulation of
a-syn concomitant with disruption of ALP markers in a-Gal A-deficient mouse brains (Nelson et
al. 2014). While it is unknown if Fabry patient brains harbor a-syn pathology, neuropathology
has been documented in motor and non-motor brain regions affected by PD (de Veber et al.
1992; Kaye et al. 1988; Sung et al. 1975). Fabry patients have been diagnosed with
extrapyramidal symptoms of Parkinsonism (Borsini et al. 2002; Buechner et al. 2006),
demonstrating a putative connection between these two diseases. In addition, a polymorphism
for GLA has been reported in a PD patient that may compromise its gene expression (Wu et al.
2002). However, whether a-Gal A levels and activity, and the glycosphingolipids metabolized by
a-Gal A are altered in PD brain have not previously been investigated. Thus the goal of this
study was to examine a-Gal A enzymatic activity and levels of glycosphingolipids metabolized

by a-Gal A in post-mortem PD brain with respect to the pathologic accumulation of a-syn.

MATERIALS & METHODS

Cases. Human brain tissue samples of temporal cortex used in this study were obtained from
the Banner Sun Health Research Institute Brain and Body Donation Program (Beach et al.
2008) following approval of our study and after receiving institutional review board ethics
approval. Cases were staged with respect to a-syn-positive Lewy body pathology (Beach et al.
2009). Cases were selected to include neurologically normal controls without Lewy body
disease (Stage 0, n = 12), and a range of cases from Stage lla PD (Lewy pathology
predominantly in olfactory bulb and brainstem, n = 6), Stage Ill PD (Lewy pathology in olfactory
bulb, brainstem and limbic regions, n = 10) and Stage IV PD (significant Lewy pathology
extended into neocortex, n = 10) as previously reported (Beach et al. 2009; Walker et al. 2013).
Due to the relative lack of Stage lla cases available for our study, incidental Lewy body disease
(ILBD) cases (n = 6) were also included in our study. Lewy body pathology in the ILBD cases

was limited to the olfactory bulb and brainstem, similar to that of Stage Illa PD (Beach et al.



2009); thus, Stage lla PD and ILBD cases were combined as one group for experimental
analyses. Four cases of PD were identified as having mutations in GBALl (personal
communication, Thomas Beach, Banner Sun Health Institute): two Stage Il cases
(heterozygous for T369M or E326K), and two Stage IV cases (homozygous for N370S and
compound heterozygous for T369M and V447). Other considerations for the selection of cases
included sex distribution, age at death, postmortem interval and for PD cases, duration of
disease (see Table 1). Upon receipt of brain specimens to the Shacka lab they were
immediately stored at -80°C until further processed. All brain specimens were cut into smaller
pieces over dry ice. Representative samples from each case were subsequently shipped to the
Auray-Blais lab for analysis of glycosphingolipids, or were transferred to the Zhang lab (at UAB
for analysis of cathepsin B (Cat B) and cathepsin D (Cat D) enzymatic activity. Frozen whole
brains from adult wild type and a-Gal A-deficient mice (Nelson et al. 2014) were also shipped to
the Auray-Blais lab and served as controls for mass spectrometric analyses. Experiments with
mice were performed in strict accordance to NIH guidelines for the care and use of laboratory
animals, and with approval from the UAB Institutional Animal Care and Use Committee.

Brain processing for biochemical analyses. Fifty mg pieces of brain tissue were
processed in a citrate-phosphate buffer (27 mM citrate and 46 mM disodium phosphate, pH 4.6)
containing 1% Triton X-100 (Sigma), 1% protease inhibitor cocktail (Sigma P8340) and 1% of
two different phosphatase inhibitor cocktails (Sigma P0044 and P5726) using a Dounce-type
glass homogenizer. Homogenates were centrifuged @ 15,000 x g for 15 min, 4°C.
Supernatants were aliquoted into fresh tubes for use in enzymatic activity assays for a-Gal A
and GCase or for western blot analysis (as described below). For analysis of Cat D activity,
brain tissues were lysed in buffer containing 50 mM Tris pH 7.4, 175 mM NaCl and 5 mM EDTA
pH 8.0. These lysates were centrifuged @ 10,000 x g for 15 min, 4°C, with supernatants
collected for analysis of activity. All protein homogenates were quantified using BCA protein
assay (Thermo).

Western blot analysis. Western blot analysis was performed as described previously in
our laboratory (Mangieri et al. 2014). In brief, brain homogenates were diluted in Laemmli
sample buffer and heated at 90°C for 5 min. Equal amounts of homogenates were
electrophoresed via SDS-polyacrylamide gel electrophoresis and subsequently transferred to
PVDF membranes (Bio-Rad, Hercules, CA). Homogenates representing two cases from each
group were run on each gel. Blots were probed with the following antibodies: rabbit anti alpha-
syn phosphorylated at serine 129 (p129S-a-syn; Abcam ab168381); mouse anti-total a-syn (BD
Biosciences BDB610787); rabbit anti-human a-Gal A (Genetex GTX101178); or mouse anti-



human LAMP-2 (Univ. lowa Hybridoma Bank H4B4). Following incubation with HRP-conjugated
anti-mouse or anti-rabbit secondary antibodies (BioRad) blots were developed using ECL
western blotting substrate (Thermo). Blots were subsequently stripped and re-probed to control
for loading using mouse anti-Actin (Sigma A1978). X-ray films of western blots were scanned for
densitometric analysis using UN-SCAN-IT gel 6.1 software (Orem, UT).

Alpha-Gal A activity assay. Alpha-Gal A activity was measured using modifications of
previously published protocols (Benjamin et al. 2009; Khanna et al. 2010). Brain homogenates
were further diluted with substrate buffer containing 6 mM 4-Methylumbelliferone a-D-
galactopyranoside (4-MUG; Sigma) and 90 mM N-Acetyl-D-galactosamine (GalNAc; Sigma). 4-
MUG is cleaved to 4-MU by active a-Gal A whereas GalNAc is added to inhibit non-specific
cleavage of 4-MUG by a-Galactosidase B (Beutler and Kuhl 1972). Triplicate wells of each
sample were incubated for 1 h at 37°C, followed by the addition of stop buffer (0.4 M glycine, pH
10.8) and fluorescence measurement of 4-MU cleavage product at 460 nm. 4-MU fluorescence
was quantified using a 4-MU standard curve performed for each assay. Activity was expressed
as nmol 4-MU substrate/mg protein in sample/hour.

Glucocerebrosidase activity assay. GCase activity was measured using modifications
of a previously published protocol (Mazzulli et al. 2011). Brain homogenates were further diluted
with 1.11% bovine serum albumin, 0.28% Triton X-100, 0.28% taurocholic acid and 1.11 mM
EDTA, pH 8 (all Sigma). Homogenates were then further diluted with buffer containing the
fluorogenic substrate 4-MUGIluc (1.11 mM, Sigma) in the presence or absence of 0.2 mM
conduritol b epoxide (Sigma), a selective inhibitor of GCase. After a 1 h at 37°C, stop buffer was
added and 4-MU fluorescence was quantified as above for a-Gal A. Selective GCase activity
was determined by subtracting activity in the presence of GCase inhibitor from total activity and
was expressed as nmol 4-MU substrate/mg protein in sample/h.

Cathepsin activity assays. Cat B and Cat D activities were assessed using assay Kkits
from Sigma (Cat D) or Abnova (Cat B) as previously reported (Crabtree et al. 2013). These
assays also utilize fluorogenic substrates that fluoresce upon reaction with endogenous Cat B or
Cat D. Thirty uL of each brain homogenate combined with reaction buffer specific for each
assay kit. After addition of fluorogenic substrates specific to each enzyme, samples were
incubated for 2 h at 37°C followed by measurement of fluorescence. Assays were performed
with or without pepstatin A or E64 (Sigma), selective inhibitors of Cat D or Cat B respectively.
Following subtraction of residual fluorescence following treatment with Cat B or Cat D inhibitors,

activity for each sample was normalized with respect to protein concentration.



Analysis of Gbj; isoforms/analogs. PD and control brain tissue samples were
homogenized using a bead mill to reach a concentration of 0.1 g/mL (methanol) as previously
described (Boutin et al. 2016). The sample homogenates (100 uL) were spiked with 30 pL of
Gbs(d18:1)(C18:0)D; (0.04 pg/20 uL; Matreya, Pleasant Gap, PA) as the internal standard,
saponified with KOH (1 M in methanol) and extracted with chloroform as described earlier
(Auray-Blais and Boutin 2012; Manwaring et al. 2013). Samples were next re-suspended in 100
ML of methanol/5 mM ammonium formate/0.1% formic acid, separated by ultra-performance
liquid chromatography (UPLC) (Acquity I-Class, Waters Corp., Milford, MA) and analyzed by
tandem mass spectrometry (MS/MS) (Xevo TQ-S, Waters). The UPLC parameters are
summarized in Table 2. The MS/MS analysis was performed in positive electrospray ionization
using the multiple reaction monitoring (MRM) mode. The capillary and source offset voltages
were 3200 and 60 V respectively. The source and desolvation temperatures were 250°C and
400°C, respectively. The desolvation and cone gas flows were respectively 550 and 150 L/h. A
dwell time of 0.01 s, cone voltage of 30 V, collision energy of 25 V, and span of 0.2 Da were
used for all molecules analyzed. Supplemental Table 1 shows the MRM transitions for the 29
Gb; isoforms/analogs analyzed, the internal standard (Gbs(d18:1)(C18:0)]Ds;) and the C16:0
sphingomyelin (SM) analyzed for normalization. For Gb; isoforms/analogs, and for the internal
standard, the fragments analyzed corresponded to the dehydrated ceramides. In the case of
SM, the phosphocholine fragment was analyzed. For this molecule, we recorded the first natural
isotope (1 x 3C) for the molecular ion the fragment ion to decrease its signal and prevent
detector saturation. For the calibration curve, a standard mixture of Gbs; isoforms/analogs
(Matreya) was spiked in a pooled control brain homogenate (100 pL). Supplemental Table 2
shows the concentration of total Gb; and the seven most abundant Gb; isoforms/analogs in the
different points of the calibration curve and in the quality control (QC) used for the method
validation. The weight percentage of each Gb; isoform and analog in the standard mixture was
evaluated assuming similar response factors for these molecules. The QC was used to measure
the intra- and interday precision and accuracy (n = 5) for the seven spiked Gb; isoforms/analogs
covering concentrations from 0.160 to 3.150 ug/g brain tissue. The QC was also used to
evaluate the sample stability for 5 h at 22°C, 24 h at 4°C, 14 months at -20°C, and after two
freeze/thaw cycles (n = 2). The stability of the prepared samples was also evaluated after 12 h
in the auto sampler at 22°C (n = 2). The recovery was evaluated by spiking the standard
solution before and after the liquid-liquid extraction (n = 3). The limits of detection and of
guantification for the seven spiked Gb; isoforms and analogs were defined as three and ten

times the standard deviation of the concentrations measured for the intraday (n = 5).



Mass spectrometry analysis of lyso-Gbs; isoforms/analogs in PD brain tissue
samples. Lyso-Gbs; and its analogs were analyzed in brain homogenates (100 uL; 0.1 g/mL
MeOH) according to protocols previously published for the analysis of these molecules in
plasma (Boutin et al. 2016, 2014). Brain tissue samples from a-Gal A -deficient and wild type
control mice were also analyzed as positive and negative controls. The method validation was
similar to the one performed for the Gb; isoforms/analogs, except that the QC was prepared by
spiking standard lyso-Gb; (Matreya) in a pool of brain homogenate from healthy controls to
reach a concentration of 40.0 pmol/g brain tissue.

Statistics. Analyses of clinical data and biochemical data were performed using Graph
Pad Prism software and SAS software. Analyses of mass spectrometry data (levels of every
Gbs isoform/analog and of total Gbs) were statistically compared using PASW Statistics 18
software (SPSS, Quarry Bay, Hong Kong). Analysis of gender distribution in our cohort groups
was tested for significance using the Pearson chi square test. Data were analyzed for normal
distribution between groups using the Shapiro-Wilk test. If normal distributions (p<0.05) were
not observed, these datasets were subjected to non-parametric analyses using either the
Kruskal-Wallis or Mann-Whitney U test, with post analyses via Dunn’s Multiple Comparison test.
Normally distributed data sets were subjected to one-factor ANOVA. Significant ANOVAs were
followed by post hoc analysis with the Bonferroni’s Multiple Comparison test. Correlations
between different endpoints were assessed using the non-parametric Spearman’s test and
stepwise multiple linear regressions. For all statistical analyses, a level of p < 0.05 was

considered significant.

RESULTS

Analysis of clinical data

Clinical data are presented in Table 1. Analyses of clinical data from cases were
performed two ways: 1) with Stage lla PD and ILBD cases analyzed separately or 2) as
combined. Significant differences were not observed for sex distribution or postmortem interval
regardless of whether Stage lla or ILBD cases were analyzed separately or as combined. A
significant difference of age at death was observed when Stage lla and ILBD cases were
analyzed separately (1 way ANOVA, p = 0.0186) or as combined (1 way ANOVA, p = 0.0037).
In both analyses, post hoc analysis revealed significant differences between Stage 1V cases and
either Stage lla (*p=0.0177) or combined Stage lla/ILBD cases (**p=0.0125). Disease duration

was not significantly different with respect to cases with PD.



pl129S-a-syn is increased in late-stage PD temporal cortex

Our first goal was to confirm an increased detection of p129S-a-syn immunoreactivity in
late-stage PD temporal cortex (Fig. 1). We quantified two prominent species of p129S-a-syn in
homogenates from temporal cortex (Fig. 1a), a ~17 kilodalton (kDa) species and high molecular
weight species (> 75 kDa), as previously reported (Walker et al. 2013). Analysis of the 17 kDa
species of p129S-a-syn revealed that Stage O control; p = 0.0029), Stage lla PD/ILBD (p =
0.0001) and Stage Ill PD (p = 0.0041) groups lacked normal distribution. Subsequent non-
parametric analysis revealed a significant difference (p = 0.0025) between groups for the 17
kDa species of pl129S-a-syn, with post hoc analysis indicating significantly increased
immunoreactivity in Stage IV PD (late-stage) compared to Stage lla PD/ILBD but not to Stage IlI
PD or Stage 0 control (Fig. 1b). Analysis of high molecular weight species of p129S-a-syn (>75
kDa) revealed normally distributed data for all groups (p > 0.05), and a significant ANOVA (p =
0.0104). Subsequent post hoc analysis revealed significantly increased immunoreactivity for
high molecular weight species of p129S-a-syn in Stage IV PD (late-stage) compared to Stage 0
control but not compared to Stage Il PD or Stage Ila PD/ILBD (Fig. 1b).

We also assessed levels of total a-syn 17 kDa monomer (Fig. 1c) in citrate-phosphate
buffer homogenates from temporal cortex. One group (Stage lla PD/ILBD) exhibited data
lacking normal distribution (p = 0.0045). Subsequent non-parametric analysis revealed a lack of

significance (p = 0.5556) between all groups (Fig. 1d).

Alpha-Gal A levels and activity are decreased in late-stage PD temporal cortex in
correlation with changes in a-syn species

We next assessed a-Gal A enzymatic activity in citrate-phosphate buffer homogenates
from temporal cortex specimens with respect to Lewy body staging (Fig. 2). Statistical analysis
revealed normally distributed data for all groups (p > 0.05) and a significant ANOVA (p =
0.0056). Subsequent post hoc analysis indicated significantly decreased a-Gal A enzymatic
activity in Stage IV PD (late-stage) compared to all other stages (Fig. 2a). A significant negative
correlation was also observed between decreasing a-Gal A activity and increasing 17 kDa
p129S-a-syn and (Spearman’s rho = -0.6154, p < 0.0001); (Fig. 2b, Supplemental Table 3),
but a significant correlation was not observed between a-Gal A activity and p129S-a-syn high
MW species (Spearman’s rho = -0.0.1011, p = 0.494); (Fig. 2c, Supplemental Table 3). In
addition, a significant positive correlation was observed between total a-syn monomer and a-
Gal A activity (Spearman’s rho = 0.5801, p < 0.0001); (Fig. 2d, Supplemental Table 3).



Western blot analysis of a-Gal A was performed in temporal cortex homogenates in
parallel to that of a-Gal A activity assay (Fig. 3). Two bands were identified that were
considered to be selective for a-Gal A: a 51 kDa “inactive” species and a 46 kDa “active”
species (Fig. 3a), as previously reported (Lemansky et al. 1987). Analysis of the 46 kDa “active”
species of a-Gal A revealed normally distributed data for each group (p > 0.05), and a
significant ANOVA (p = 0.003). Subsequent post hoc analysis revealed a significant decrease in
the 46 kDa “active” species of a-Gal A in Stage IV PD (late-stage) compared to Stage O control
and Stage lla PD/ILBD, but not compared to Stage Ill PD (Fig. 3b). The magnitude of decrease
in the active species of a-Gal A observed by western blot analysis was similar to that observed
for a-Gal A activity (Figs. 2a, 3b). A significant positive correlation was observed between a-Gal
A levels and activity (Spearman’s rho = 0.3926, p = 0.0058); (Fig. 3c), further emphasizing the
consistency of results obtained via these two different assays. However, unlike correlation
analysis for a-Gal A activity, significant correlations were not observed between the 46 kDa

species of a-Gal A and any species of a-syn measured in this study (Supplemental Table 3).

Analysis of GCase activity

Because a-Gal A is in the same metabolism pathway as GCase, and because GCase
deficiency was previously reported in postmortem PD brain (Gegg et al. 2012; Mazzulli et al.
2011; Murphy et al. 2014) we assayed for GCase activity in citrate-phosphate buffer
homogenates from temporal cortex (Fig. 4). Data were found to be normally distributed within
groups (p >0.05), but subsequent ANOVA indicated no significant difference in GCase activity
with respect to Lewy body staging (p = 0.2279) (Fig. 4a). However, a significant negative
correlation was observed between decreasing GCase activity and increasing 17 kDa p129S-a-
syn (Spearman’s rho = -0.3802, p = 0.0077); (Fig. 4b, Supplemental Table 3). Significant
correlations were not observed between GCase activity and either high MW p129S-a-syn
(Spearman’s rho = -0.1258, p = 0.3941); (Fig. 4c, Supplemental Table 3) or total a-syn
monomer (Spearman’s rho = 0.1873, p = 0.2025); (Fig. 4d, Supplemental Table 3). We also
observed a significant positive correlation between GCase activity and a-Gal A activity
(Spearman’s rho = 0.4838, p = 0.0005) and a-Gal A 46 kDa “active” species (Spearman’s rho =
0.2934, p = 0430); (Supplemental Table 4), indicating that these two enzymes of the
glycosphingolipid metabolism pathway are similarly affected in PD brain.

Since four PD cases were identified with GBA1 mutations, we collated biochemical data
separately from these cases to assess any tendencies for a-syn species, a-Gal A activity and

protein levels and for GCase activity (Supplemental Table 5). Relative GCase activity



appeared to follow the degree of mutation represented in each case. In the two cases identified
as PD Stage lll with heterozygous mutations in GBAL, average GCase activity was 70.97 +
0.33% % of Stage 0 control, lower than the combined average of 99.12% for all 12 cases.
GCase activity for one of the Stage IV PD cases identified with compound heterozygous
mutations for GBAL was 25.6% of Stage 0 control, while activity for the Stage IV PD case with
the homozygous mutation was 0%. The only noticeable trend observed for a-syn species in
cases with GBA1 mutations was lower p129S-a-syn monomer for stage Ill PD cases (0.05 %
0.00), compared to 0.91 + 1.17 for all stage I1ll PD cases. Activity for a-Gal A appeared to trend
higher for Stage IV PD cases with GBA 1 mutations (98.82 + 5.21%), compared to an average
of 83.92 + 19.58 % for all Stage IV PD cases. This trend for increased a-Gal A activity in the two
Stage IV cases with GBA1 mutations was paralleled by increased levels of a-Gal A 46 kDa/Actin
(0.92 £ 0.22 compared to a combined average for all samples of 0.78 = 0.21). Future
investigation with increased sample size for cases with GBA1 mutations would be needed to
properly validate and interpret these trends.

Analysis of cathepsin activities

Previous studies have shown a strong correlation between the lysosomal aspartic acid
protease Cat D and accumulation of a-syn (Chu et al. 2009; McGlinchey and Lee, 2015; Qiao et
al. 2008; Sevlever et al. 2008) Thus we assayed for Cat D activity in homogenates from
temporal cortex. Statistical analysis revealed a lack of normal distribution for data within two
groups: Stage 0 control (p = 0.0257) and Stage Ill PD (p = 0.0195). Subsequent non-parametric
analysis revealed a significant difference (p = 0.014), with post hoc analyses indicating a
significant decrease in Cat D activity in Stage IV PD (late-stage) compared to Stage 0 control,
but not compared to Stage Ill PD or Stage lla PD/ILBD (Fig. 5a). A significant negative
correlation was observed between decreasing Cat D activity and increasing a-syn high MW
species (Spearman’s rho = -0.401, p = 0.0047) (Supplemental Table 3). However, significant
correlations were not observed between Cat D activity and either 17 kDa p129S-a-syn or total
a-syn 17 kDa monomer (Supplemental Table 3). Unlike that observed for GCase and a-Gal A,
significant correlations were not observed for Cat D activity and either a-Gal A activity
(Spearman’s rho = 0.09369, p = 0.5265) or a-Gal A 46 kDa active species (Spearman’s rho =
0.1106, p = 0.4541); (Supplemental Table 4).

Recent evidence has also implicated a role for the cysteine protease Cat B in regulating
the degradation and/or pathogenesis of a-syn (Freeman et al. 2013; McGlinchey and Lee, 2015;

Tsujimura et al. 2015). Thus, we also assayed for Cat B activity in homogenates from temporal



cortex. Statistical analysis revealed a lack of normal distribution for data within three groups:
Stage lla/ILBD (p = 0.0045), Stage Ill PD (p = 0.0024) and Stage IV (p = 0.0241). Subsequent
non-parametric analysis indicated a lack of significance between groups (p = 0.1997); (Fig. 5b).
Similar to analysis of Cat D, a significant negative correlation was observed between decreasing
Cat B activity and increasing a-syn high MW species (Spearman’s rho = -0.401, p = 0.0047)
(Supplemental Table 3). However, significant correlations were not observed between Cat B
activity and either 17 kDa p129S-a-syn or total a-syn 17 kDa monomer (Supplemental Table
3). In addition, significant correlations were not observed for Cat B activity and either a-Gal A
activity (Spearman’s rho = 0.0695, p = 0.6425) or a-Gal A 46 kDa active species (Spearman’s
rho = 0.01729, p = 0.9802); (Supplemental Table 4).

Analysis of LAMP-2 as a general lysosomal membrane marker

To determine the relationship between our analyses of lysosomal enzyme activity with
an alternate lysosome marker, we assessed levels of lysosome-associated membrane protein-2
(LAMP-2) in citrate-phosphate buffer homogenates (Fig. 5c-d). Western blot analysis indicated
one LAMP-2 band migrating between 75-100 kDa (Fig. 5c). Statistical analysis revealed a lack
of normal distribution for one group, Stage lla PD/ILBD (p = 0.0432). Subsequent non-
parametric analysis revealed a significant difference (p = 0.0267), with post hoc analyses
indicating a significant increase in LAMP-2 levels in Stage IV PD (late-stage) compared to Stage
0 control and Stage Ila PD/ILBD but not compared to Stage Il PD (Fig. 5d). Changes in LAMP-
2 levels did not correlate with a-Gal A Activity, the 46 kDa “active” species of a-Gal A, GCase
activity or Cat D activity (Supplemental Table 3). However, we did observe a significant
negative correlation between decreasing Cat B activity and increasing levels of LAMP-2
(Spearman’s rho = -0.3474, p = 0.0225); (Supplemental Table 3).

Analysis of Gbz isoforms/analogs

Table 3 shows a summary of the method validation results for the analysis of Gbs
isoforms/analogs in human brain tissues. The intra- and interday precision and accuracy were <
11.7% and < 14.3% respectively. Samples were stable for at least 5 h at 22°C, 24 h at 4°C, 14
months at -20°C, and after 2 freeze/thaw cycles (n = 2) with bias < 16.5%. The prepared
samples were also stable in the auto sampler at 22°C for at least 12 h with bias < 16.9%. The
extraction recoveries ranged from 87.1 to 121.4% and the limits of detection from 0.003 to 0.024
ug/g brain tissue for the seven Gb; isoforms/analogs analyzed. The seven linear calibration

curves presented mean correlation factors (R?) = 0 .988. For all 29 Gbs isoforms/analogs



analyzed, the calibration curve obtained with the standard with the closest molecular mass was
used for quantification. Supplemental Table 6 and Fig. 6 show Gbs isoform/analog levels
measured in different brain tissue samples, and Supplemental Table 7 and Fig. 7 the peak
areas of Gbj isoforms/analogs normalized with the peak area of SM C16:0. One healthy control
(ND_2) had very high levels of Gbs (C16:0) (6.4 ug/g brain tissue), Gb; (C18:0) (8.0 ug/g brain
tissue) and Gb; (C18:1) (1.5 pg/g brain tissue) which significantly increased the mean values
and the standard deviation for these Gb; isoforms in the control group. A verification of this
sample was thus done by analyzing it twice from two different tissue homogenates. We obtained
similar results for both analyses. According to the Shapiro-Wilk test applied to total Gb;
isoform/analog, the ND and PDIII groups are not normally distributed (p < 0.05). For this reason,
the Kruskall-Wallis non-parametric statistical test was chosen for the comparison of the four
sample groups of this study. For the different Gb; isoforms/analogs, p-values ranged between
0.15 (Gb3(C26:0)) and 0.97, not reaching the level of significance (p < 0.05) established a priori.
Without taking into account the 4 PD individuals also having Gaucher disease (two in group Il
and two in group IV) the Kruskall-Wallis p-values ranged from 0.07 (Gb3(C20:0)) to 0.94 and
were still not statistically significant. After normalization of the results with SM C16:0 areas, the
only significant difference observed when all the samples were taken in account with the
Kruskall-Wallis test, was for Gh; (C16:1) (p = 0.048). The Mann-Whitney U test revealed that the
most significant difference was between Stage Ill PD and Stage IV PD groups (p = 0.012).
However, after application of the Bonferroni correction, the p-value increased to 0.072 and the
difference between the two groups was not statistically significant. Finally, with SM
normalization and after removing the four individuals with Gaucher disease, no significant
difference was observed between the sample groups by the Kruskall-Wallis test (p-values =
0.053). Data for Gbhy isoforms and analogs was also collated specific to the four cases of
Gaucher disease with GBA1 mutations (Supplemental Tables 8 and 9). Several Gb; isoforms
and analogs appeared to exhibit trends of increase or decrease specific to cases with GBA1
mutations compared to the combined average for all cases in Stage Ill PD or Stage IV PD.
Future studies are required with an increased sample size for cases with GBA1 mutations, to
confirm and properly interpret these observed trends Gb; isoforms and analogs and to

determine their relevance to a-Gal A activity and a-syn species.

Lyso-Ghs; and analog analysis. To verify if lyso-Gbs; and its eight analogs might be
detected in brain tissues with the protocol previously developed for plasma, we analyzed

these molecules in brain specimens from homozygous Fabry mice. Fabry disease leads to



storage of lyso-Gbs. Therefore, as expected, higher levels of lyso-Gbs and of some of its
analogs were observed in brain tissue samples from Fabry mice compared to wild-type
mice. These results are presented in Supplemental Table 10. Supplemental Table 11
shows a summary of the results of the method validation for the analysis of lyso-Gbs in
human brain tissues. Unfortunately, the lyso-Gbs limit of detection reached by this method

(20.4 pmol/g brain tissue) was not sufficient to detect this molecule in PD brain samples
(Fig. 8).

Correlation of Gbj analogs/isoforms to biochemical endpoints To determine any
potential relationships between changes in Gb; analogs/isoforms with respect to a-Gal A activity
or the 17 kDa species pl129S-a-syn, correlation analyses were performed. Table 4 indicates
results of correlation analyses of Gh; analogs/isoforms normalized to brain weight, and Table 5
indicates correlations with respect to Gbs; analogs/isoforms normalized to brain SM. Several
negative correlations were observed with both methods of normalization between different Gb;
isoforms/analogs and either a-Gal A activity or levels of the 46 kDa “active” species of a-Gal A,
such that increasing amounts Gbs; analogs/isoforms correlated with decreasing a-Gal A
activity/levels. In addition, several positive correlations were observed between different Gbs
isoforms/analogs and the 17 kDa species p129S-a-syn, such that increasing amounts of Gbs
analogs/isoforms correlate with increasing levels of p129S-a-syn. In comparison, significant
negative correlations were observed between only two isoforms of Gb3 (C18:0, Table 4;
C22:1Me, Table 5) and the 17 kDa species of p129S-a-syn, such that increases in p129S-a-syn

correlated with decreases in these two Gb3 isoforms.

DISCUSSION

It is well established that function of the autophagy-lysosome pathway (ALP) is
compromised in PD brain and may contribute to disease pathogenesis Anglade et al. 1997,
Cook et al. 2012; Dehay et al. 2012, 2010; Mazzulli et al. 2011; Zhu et al. 2003). Examination of
the ALP has led to the discovery of several candidate therapeutic targets and disease
biomarkers. Several lysosome-associated proteins have been identified as altered in PD brain
or in pre-clinical models of PD, in association with aberrant processing of a-syn (Cullen et al.
2001; Dehay et al. 2012, 2010; Gegg et al. 2012; Mangieri et al 2014; Mazzulli et al. 2011;
Murphy et al. 2014; Qiao et al. 2008; Zhu et al. 2003). In addition, several studies indicate a
strong correlation between altered lysosome function and a-syn-associated pathology and
toxicity (Mazzulli et al. 2011; Qiao et al. 2008; Richter et al. 2014; Rocha et al. 2015; Sardi et al.



2013; Wustman et al. 2014). Results of our study indicate novel findings of a-Gal A deficiency in
late-stage PD temporal cortex that also harbor the pathological accumulation of a-syn. Our
demonstration of a-Gal A deficiency in postmortem PD brain corroborates findings of previous
studies indicating a-Gal A deficiency in blood leukocytes of PD patients (Wu et al. 2008) and in
blood samples of PD patients with mutations in GBAL that also exhibited increases in oligomeric
a-syn (Pchelina et al. 2017). Levels of several Gbs isoforms also correlate positively with the
pathological accumulation of p129S-a-syn and negatively with a-Gal A deficiency. Collectively
our findings suggest the potential for a-Gal A and its glycosphingolipid metabolites to serve as
putative candidate biomarkers and therapeutic targets for PD.

Both a-Gal A activity and levels of the 46 kDa “active” species of a-Gal A were
approximately 20% lower in Stage IV PD temporal cortex. These values correlated significantly
with each other, thus providing further corroboration of these results. The pathologic increase in
p129S-a-syn also correlated with decreased a-Gal A activity, suggesting the potential for a
cause-effect relationship between these events. However, the increase in p129S-a-syn did not
correlate significantly with levels of the 46 kDa “active” species of a-Gal A, although the trend
was negative as was observed between a-Gal A activity and p129S-a-syn. This may suggest
that the pathological accumulation of pl129S-a-syn may affect a-Gal A activity without
significantly influencing a-Gal A processing to the active species. At this time, it is unknown if
the pathological accumulation of a-syn negatively regulates a-Gal A activity, and/or if a-Gal A
deficiency is responsible in part for the pathological accumulation of a-syn, hypotheses worthy
of future investigation. Previous studies with GCase support the idea of a “pathological feedback
loop” whereby GCase deficiency causes the accumulation of a-syn species, and/or excess a-
syn causes a decrease in GCase activity (Mazzulli et al. 2011; Yap et al. 2013). Although we did
not observe significant changes in GCase activity in PD brain as compared to previously
published reports (Gegg et al. 2012; Mazzulli et al. 2011; Murphy et al. 2014), the significant
negative correlation observed between decreasing activity with increasing pl129S-a-syn
supports their relative association. In addition, changes in GCase activity correlated significantly
with those of a-Gal A activity and levels, suggesting their potential for cooperative involvement
in PD. It will be important in the future to measure a-syn, a-Gal A and GCase simultaneously in
brain regions such as the brain stem or substantia nigra, to determine if predicted loss of
enzyme activity is more robust and occurs earlier with respect to the documented earlier
pathological accumulation of a-syn in these brain regions (Beach et al. 2009).

Cat D is a lysosomal aspartic acid protease which has been shown previously to

selectively degrade a-syn (Sevlever et al. 2008), and its deficiency has been shown in mice to



cause the aberrant accumulation of a-syn (Qiao et al. 2008). To our knowledge, this is the first
report indicating a decrease in Cat D enzymatic activity in PD brain. Our findings corroborate
the previous observation of decreased Cat D immunoreactivity in the substantia nigra of PD
patients in association with the pathologic accumulation of a-syn (Chu et al. 2009). Despite
recent reports indicating a role for Cat B in regulating the degradation and/or pathogenesis of a-
syn (Freeman et al. 2013; McGlinchey and Lee, 2015; Tsujimura et al. 2015), we did not
observe significant differences in Cat B activity in PD brain. However, for both Cat B and Cat D
we observed a significant negative correlation between their decreasing activities with respect to
increasing levels of high MW species of p129S-a-syn, suggesting that lysosomal proteases may
have differential effects on the accumulation of a-syn species compared to those of lipid
hydrolases (a-Gal A, GCase). This potential for diverging roles between cathepsins and a-Gal A
is further supported by a lack of significant correlation between either Cat D or Cat B with a-Gal
A activity or levels. It will be interesting to determine in the future if there is a causal relationship
between cathepsin activity and of enzymes/lipids of the glycosphingolipid metabolism pathway,
and their relative contributions to affecting the pathological accumulation of a-syn species in PD.

The significant increase in levels of LAMP-2 observed in late-stage PD temporal cortex
suggests either an increase in lysosome number and/or size in late-stage PD brain, due
possibly to a compromise in lysosome function (as suggested by results of a-Gal A and Cat D
activity assays, and a significant negative correlation between LAMP-2 levels Cat B activity).
This is in contrast to previously reported decreases in LAMP-2 or LAMP-2A (isoform selective
for chaperone-mediated autophagy) in PD brain (Alvarez-Erviti et al. 2010; Murphy et al. 2014;
Murphy et al. 2015). These discrepancies could be due to differences in how brain tissue was
processed. We used a buffer lacking SDS, which is not compatible for a-Gal A and GCase
activity assays, and assessed the “whole” fraction, whereas these other studies used either
SDS-containing buffer and/or assessed a “lysosome-enriched” fraction. Future analysis of
lysosome-enriched fractions from PD brain, and/or use of buffer systems similar to that of
previously reported studies would more directly address these concerns. In addition, as
glycosylation of LAMP proteins may affect the integrity and function of lysosomes (Cuervo and
Dice 2000), it would be worthwhile in the future to carefully investigate the relative glycosylation
state of LAMP-2 and other LAMP proteins with respect to other measures of lysosome function
in PD brain.

While we did not observe significant changes in Gbs isoforms with respect to Lewy body
staging of PD tissue, we did observe significant correlations between increases in several Gb;

isoforms and either decreased a-Gal A activity, and/or increased p129S-a-syn. These findings



support further study of these Gbs; isoforms for their potential as PD biomarkers or as
contributors to a-syn pathogenesis. It is unclear at this time why a select number of Gbs
isoforms exhibited significant negative correlations with respect to increasing levels of p129S-a-
syn, or candidate mechanism(s) to explain their decrease in PD. Future studies incorporating a
larger sample size of PD and control brain specimens would allow us to indicate the potential for
identifying significant changes in specific isoforms with respect to Lewy body staging, as well as
the potential to corroborate findings of the present study. In support of the argument that
increasing levels of Gbs isoforms may contribute to PD pathogenesis, it has been suggested
recently that increased glucosylceramide resulting from GCase deficiency can affect proper
lysosomal function (Mazzulli et al. 2011; Gan-Or et al 2015). As a-Gal A and GCase are in the
same glycosphingolipid metabolism pathway (Xu et al. 2010), an interconnectedness may exist
between alterations of these two glycosphingolipid metabolism enzymes, the glycosphingolipids
they metabolize and their putative interactions with the pathological accumulation of a-syn.
These concepts are worthy of future study in the hopes of establishing novel biomarkers and

therapeutics for PD.
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FIGURE LEGENDS

Figure 1. Analysis of a-syn species in PD brain homogenates. (a) Representative western
blot analysis for p129S-a-syn and total a-syn (c) from citrate-phosphate buffer homogenates of
temporal cortex specimens staged with respect to a-syn-positive Lewy bodies (Beach et al
2009). Species of a-syn including (b) p129S-a-syn (17 kDa and high molecular weight species >
75 kDa) were normalized to Actin loading control (42 kDa) and expressed as mean + SD
relative to Stage O control (n = 12 cases/stage). Analysis of the 17 kDa species of p129S-a-syn:

there were three groups with data lacking normal distribution: Stage 0 control (p = 0.0029),
Stage Ila PD/ILBD (p = 0.0001) and Stage Ill PD (p = 0.0041). Subsequent non-parametric
Kruskal-Wallis test indicated a significant difference (p = 0.0025) between groups. Dunn’s post
hoc test indicated a significant increase in Stage IV PD (late-stage) compared to Stage lla

PD/ILBD (*p < 0.05) but not to Stage IIl PD or Stage 0 control. Analysis of a-syn high-molecular

weight species: Data were found to be normally distributed within groups (p > 0.05).

Subsequent ANOVA indicated significance between groups (p = 0.0104); Bonferroni’s post hoc
test indicated a significant increase in Stage IV PD (late-stage) compared to Stage 0 control
(CTL), **p < 0.05 but not compared to Stage Ill PD or Stage lla PD/ILBD. (c) Representative
western blot analysis for total a-syn; (d) the 17 kDa a-syn monomer was normalized to Actin
loading control (42 kDa) and was expressed as mean = SD relative to Stage 0 control (n = 12

cases/stage). Analysis of total a-syn 17 kDa monomer: One group (Stage lla PD/ILBD)

exhibited data lacking normal distribution (p = 0.0045). Subsequent non-parametric Kruskal-
Wallis test revealed a lack of significance (p = 0.5556) between groups.

Figure 2. Alpha-Gal A activity is decreased in late-stage PD brain homogenates and
correlates with changes in a-syn species. (a) Alpha-Gal A enzymatic activity from citrate-
phosphate buffer homogenates of temporal cortex specimens staged with respect to a-syn-
positive Lewy bodies was quantified as nmol 4-MU substrate/mg protein/ h and expressed as
mean + SD % of activity observed in Stage 0 control specimens, n = 12 cases/stage. Data
within groups were found to be normally distributed (p > 0.05). Subsequent ANOVA indicated
significance between groups (p = 0.0056); Bonferroni’'s post hoc test indicated a significant
increase in Stage IV PD (late-stage) compared to all other stages (*p < 0.05). Correlation
analyses revealed (b) a significant negative relationship between 17 kDa p129S-a-syn and
decreasing a-Gal A activity (Spearman’s rho = -0.6154, p < 0.0001), (c) a lack of significance

between a-Gal A activity and a-syn high-molecular weight species (Spearman’s rho = -0.1011, p



=0.494) and (d) a significant positive relationship between total a-syn monomer and a-Gal A
activity (Spearman’s rho = 0.5113, p = 0.0002).

Figure 3. Alpha-Gal A levels are decreased in late-stage PD brain homogenates in
correlation with increased p129S-a-syn. (a) Representative western blot analysis for a-Gal A
from citrate-phosphate buffer homogenates of temporal cortex specimens staged with respect to
a-syn-positive Lewy bodies. Two bands were considered to be selective for a-Gal A: the 51 kDa
“inactive” precursor and the 46 kDa “active” species (Lemansky et al 1987 PMID 3029062). (b)
The 46 kDa “active” species was normalized to Actin loading control (42 kDa) and expressed as
mean + SD relative to Stage O control, n = 12 cases/stage. Statistical analysis indicated
normally distributed data for each group (p > 0.05), and a significant ANOVA (p = 0.003).
Bonferroni’s post hoc test indicated a significant decrease in the 46 kDa “active” species of a-
Gal A in Stage IV PD (late-stage) compared to Stage O control and Stage lla PD/ILBD (*p <
0.05) but not compared to Stage Il PD. Correlation analyses (c) indicated a significant positive
relationship between a-Gal A 46 kDa “active” species and a-Gal A activity (Spearman’s rho =
0.3926, p = 0.0058).

Figure 4. Analysis of GCase activity in PD brain homogenates. (a) GCase activity assay of
citrate-phosphate buffer homogenates from temporal cortex (quantified as nmol 4-MU
substrate/mg protein/ h and expressed as meanx SD, % activity observed in Stage 0 control, n
= 12 cases/stage. Data were normally distributed data within each group (p > 0.05). Subsequent
ANOVA revealed no significant differences with respect to Lewy body staging (p > 0.05).
Correlation analyses indicated (b) a significant negative relationship between decreasing
GCase activity and increasing levels of 17 kDa p129S-a-syn (Spearman’s rho = -0.3802, p =
0.0077); and no significant correlations between GCase activity and (c) a significant positive
relationship between GCase activity and either a-syn high-molecular weight species
(Spearman’s rho = -0.1258, p = 0.3941) or total a-syn monomer (Spearman’s rho = 0.1873, p =
0.2025).



Figure 5. Analysis of additional lysosome markers. (a) Analysis of Cat D activity (normalized
to mg protein/sample and expressed as mean+ SD, % activity observed in Stage O control
specimens, n = 12 cases/stage) revealed a lack of normal distribution for two groups: Stage 0
control (p = 0.0257) and Stage Il PD (p = 0.0195). Subsequent non-parametric Kruskal-Wallis
test revealed a significant difference (p = 0.014). Dunn’s post hoc test indicated a significant
decrease in Cat D activity in Stage IV PD (late-stage) compared to Stage O control (*p < 0.05)
but not compared to Stage Il PD or Stage lla PD/ILBD. (b) Analysis of Cat B activity
(normalized to mg protein/sample and expressed as mean+ SD, % activity observed in Stage 0
control specimens, n = 11-12 cases/stage) revealed a lack of normal distribution for three
groups: Stage lla/ILBD (p = 0.0045), Stage Il PD (p = 0.0024) and Stage IV (p = 0.0241).
Subsequent non-parametric analysis via Kruskal-Wallis test revealed no significant differences
between groups (p = 0.1997). (c) Representative western blot analysis for LAMP-2 from citrate-
phosphate buffer homogenates of temporal cortex specimens staged with respect to a-syn-
positive Lewy bodies. (d) The ~75 kDa LAMP-2 band was normalized to Actin loading control
(42 kDa) and expressed as mean = SD relative to Stage 0 control (n = 12 cases/stage).
Statistical analysis revealed a lack of normal distribution for one group, Stage lla PD/ILBD (p =
0.0432). Subsequent analysis via non-parametric Kruskal-Wallis test revealed a significant
difference (p = 0.0267), with Dunn’s post hoc test indicating a significant increase in LAMP-2
levels in Stage IV PD (late-stage) compared to Stage 0 control and Stage lla PD/ILBD (*p <
0.05) but not compared to Stage Il PD.

Figure 6. Levels of Gh; isoforms/analogs in brain tissue samples from Stage 0 control, Stage lla
PD/ILBD, Stage Ill PD and Stage IV PD, were determined by UPLC and MS-MS analysis and

were normalized to brain tissue weight. Data are expressed as mean + SD, n = 12 cases/stage.

Figure 7. Levels of Gh; isoforms/analogs were determined by UPLC and MS-MS analysis and
normalized to SM C16:0 peak area, in brain tissue samples from Stage O control, Stage lla
PD/ILBD, Stage Il PD and Stage IV PD. Data are expressed as mean + SD, n = 12

cases/stage. The SM C16:0 peak area was measured using the first natural isotope (1 x **C).



Figure 8. lon chromatograms of lyso-Gb; in: A) PD brain tissue pool; B) PD brain tissue pool

spiked with lyso-Gbs,
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Table 1. Summary of Clinical Data

Unified Lewy Stage 0 Incidental Lewy Body | Stage la® | Stage Ill | Stage IV | Stage lla

Body Stage® (Control) Disease (ILDB)" plus ILDB
Sex (M:F)° 10:2 51 4:2 9:3 8:4 9:3
Disease duration | N/A N/A 10.83 + 16.67 17.33 N/A
(years)® 7.41 +8.35 +7.77
Age at death 80.58 +9.38 | 84.67 +4.13 89.00 80.00 79.92 86.83
(years)® +2.37* +5.77 +6.42 +3.93%*
Post-mortem 2.85 +0.53 2.65 +0.54 3.05 +0.65 | 3.20 2.85 2.85 +0.60
interval (hr)f +0.63 +0.59

aSynuclein/Lewy body stage, defined as previously described (Beach et al 2009).

bDue to a relative lack of availability of Stage Ila cases for our study, equal numbers of incidental Lewy body disease cases (with Lewy body
pathology limited to olfactory bulb and brainstem) were combined with Stage lla cases for experimental analyses (far right column).
“Differences between groups were not observed when Stage lla and ILDB cases were analyzed separately (Chi-square, p=0.8557) or were
combined (Chi-square, p=0.8281).

dDifferences were not observed between Stage lla, Stage Il and Stage IV cases (1-way ANOVA, p=0.2484).

eSignificant 1-way ANOVAs were observed when Stage lla and ILDB cases were either analyzed separately (p=0.0186) or as combined
(p=0.0137). In both cases, post hoc analysis revealed significant differences between Stage |V and either Stage Ila (*p=0.0177) or
combined Stage lla/ILDB cases (**p=0.0125).

fDifferences between groups were not observed when Stage lla and ILDB cases were analyzed separately (1-way ANOVA, p=0.3483) or
were combined (1-way ANOVA, p=0.3755).



Table 2 UPLC method for the analysis of Gbs isoforms and analogs, and sphingomyelin (C16:0) in PD

brain tissue samples.
Column

Column temperature
Weak wash solvent

Strong wash solvent
Mobile phase A

Mobile phase B

Gradient

Flow rate
Injection volume
Injection mode

Autosampler temperature

Acquity UPLC® BEH C8; Waters Corp.
Lenght: 50 mm

Internal diameter: 2.1 mm

Particle diameter: 1.7 uM

22°C

50% methanol/0.1% formic acid/

5 mM ammonium formate/water
0.1% formic acid/methanol

0.1% formic acid/5 mM ammonium formate/
methanol

5% methanol/0.1% formic acid/

5 mM ammonium formate/water
0-1 min - 50%A

1-6 min - 50-80%A

6-12 min - 80-100%A

15-20 min - 50%A

0.5 mL/min

7.5 uL

Partial loop with needle overfill

22°C




Table 3. Summary of the method validation results for the analysis of Gb; isoforms and analogs in human

brain tissue samples.

Gb; isoforms/analogs

C24:0 (C22:0 (C24:0)0OH

C24:1 (C24:1)OH

C26:0 C22:0Me

Spiked Conc (pg/g brain tissue) | 3.150 1.248 1.050 0.480 0.425 0.263 0.160
Intraday (n = 5)
Precision: RSD (%) 8.4 7.8 6.0 10.4 6.8 8.4 11.7
Accuracy: Bias (%) -2.6 -3.0 -8.5 -3.4 -3.4 -0.9 5.6
Interday (n = 5)
Precision: RSD (%) 2.1 3.9 3.3 6.5 11.9 2.0 3.8
Accuracy: Bias (%) 1.2 -03 2.9 3.4 -14.3 -4.5 1.1
Stability (n = 2)
(5 h, 22°C) Bias (%) -82 9.2 -12.8 -12.7 7.2 -12.5  -16.2
(24 h, 4°C) Bias (%) 6.7 4.4 16.5 4.2 1.6 7.0 23
(18 days, -20°C) Bias (%) -4.8 -0.5 -5.1 -2.0 -2.5 -6.5 0.8
(14 months, -20°C) Bias (%) 53 -11.2 1.1 -15.9 7.2 4.4 0.0
(2 freeze/thaw cycles) Bias (%) 11.8 141 14.1 11.7 14.6 12.1 15.9
(12 h in injector, 22°C) Bias (%) 0.8 3.4 3.5 1.8 1.5 4.6 16.9
Recovery (%) 90.2 87.1 100.1 92.9 90.8 93.4 1214
LOD (pg/g brain tissue) 0.024 0.021  0.020 0.024 0.004 0.003 0.007
LOQ (pg/g brain tissue) 0.081 0.071 0.067 0.079 0.012 0.009 0.022
Mean curve R? (n=5) 0.995 0.995 0.989 0.988 0.995 0.992 0.989

RSD = Relative square deviation; LOD = limit of detection; LOQ = limit of quantification




Table 4. Correlation analyses between Gh3 isoforms (normalized to brain weight) and
a-Gal A activity, a-Gal A 46 kDa active species/Actin, or p129S-a-syn 17 kDa

monomer/Actin.

Correlation (Spearman r)

Isoform
(normalized to
brain weight)

a-Gal A activity

a-Gal A
46 kDa/Actin

a-syn pl29Ss
monomer/Actin

C14:0

-0.3066, p=0.0340*

-0.245, p=0.0932

0.1611, p=0.2740

C16:0 -0.06389, p=0.6696 0.1247, p=0.4035 -0.255, p=0.0837
C18:0 -0.0906, p=0.5447 -0.01833, p=0.9027 | -0.3197, p=0.0285*
C20:0 0.005699, p=0.9693 | -0.2022, p=0.1681 0.1764, p=0.2305
C22:0 -0.2873, p=0.0477* -0.4596, p=0.0010* 0.1908, p=0.1939
C24:0 -0.3598, p=0.0120* -0.4344, p=0.0020* 0.307, p=0.0338*
C26:0 -0.3097, p=0.0.0322* | -0.1175, p=0.4264 0.3362, p=0.0195*
Ci6:1 0.02795, p=0.8504 -0.1604, p=0.2762 -0.1151, p=0.4361
Ci8:1 -0.1413, p=0.3434 -0.126, p=0.3989 -0.1893, p=0.2026
C20:1 -0.09299, p=0.5296 -0.04797, p=0.7461 | -0.1162, p=0.4317
c22:1 -0.3409, p=0.0178* -0.2959, p=0.0412* 0.1145, p=0.4384
C24:1 -0.2751, p=0.0584 -0.3075, p=0.0335* 0.02146, p=0.8849
C26:1 -0.3035, p=0.0360* -0.1929, p=0.1889 0.4037, p=0.0044*
C22:2 -0.2233, p=0.1272 -0.1766, p=0.2299 0.1105, p=0.4547
C24:2 -0.2303, p=0.1154 -0.3213, p=0.0260* 0.03543, p=0.8111
C(16:0)0OH 0.1511, p=0.3053 0.1515, p=0.3039 0.08367, p=0.5718
C(18:0)0CH -0.1864, p=0.2047 -0.1405, p=0.3410 0.3052, p=0.0349*
C(20:0)0CH -0.2564 p=0.0786 -0.169, p=0.2509 0.2553, p=0.0799
C(22:0)0OH -0.04855, p=0.7432 -0.2223, p=0.1288 0.1969, p=0.1797
C(24:0)0CH -0.3352, p=0.0199* -0.3352, p=0.0199* 0.5028, p=00003*
C(22:1)0OH -0.0261, p=0.8602 -0.08735, p=0.5550 0.2111, p=0.1497
C(24:1)0OH -0.2239 p=0.1260 -0.2571, p=0.0777 0.1023, p=0.4889
C(16:0)Me -0.3709, p=0.0094* -0.2457, p=0.0923 0.01978, p=0.8938
C(18:0)Me -0.01656, p=0.9110 -0.1558, p=0.2903 0.1091, p=0.4606
C(20:0)Me -0.3089, p=0.0326* -0.2905, p=0.0451* 0.3642, p=0.0109*
C(22:0)Me -0.2353, p=0.1074 -0.3237, p=0.0248* 0.04717, p=0.7502
C(24:0)Me -0.1975, p=0.1785 -0.2055, p=0.1612 0.3624, p=0.0114*
C(22:1)Me 0.1429, p=0.3326 -0.009977, p=0.9463 | 0.3725, p=0.0091*
C(24:1)Me -0.05596, p=0.7056 -0.155, p=0.2929 0.02885, p=0.8457

Correlations were performed using non parametric Spearman’s rho test and stepwise
multiple linear regressions. * indicates significant correlations, with significance
established a priori at p<0.05.




Table 5. Correlation analyses between Gb3 isoforms (normalized to brain
sphingomyelin) with respect to a-Gal A activity, a-Gal A 46 kDa active species/Actin,

and p129S-a-syn 17 kDa monomer/Actin.
Correlation (Spearman r)

Isoform

(normalized to
brain weight)

a-Gal A activity

a-Gal A
46 kDa/Actin

a-syn pl29Ss
monomer/Actin

C14:0 -0.3223, p=0.0250* | -0.2325, p=0.1118 0.4621, p=0.0009*
C16:0 -0.1958, p=0.1822 -0.004452, p=0.9760 | -0.06465, p=0.6624
C18:0 -0.1287, p=0.3833 -0.1488, p=0.3128 -0.2271, p=0.1206
C20:0 -0.1008, p=0.4952* | -0.2034, p=0.1656 0.3563, p=0.0129*
C22:0 -0.313, p=0.0303* -0.3829, p=0.0072* 0.3899, p=0.0062*
C24:0 -0.3507, p=0.0145* | -0.373, p=0.0090* 0.4215, p=0.0028*
C26:0 -0.351, p=0.0144* -0.1688, p=0.2515 0.4242, p=0.0027*
Cile6:1 -0.2715, p=0.0619 -0.2041, p=0.1641 0.494, p=0.0004*
Cci8:1 -0.1969, p=0.1799 -0.2734, p=0.0601 -0.074, p=0.6172
C20:1 -0.2433, p=0.0956 -0.1501, p=0.3085 0.2087, p=0.1545
Cc22:1 -0.3714, p=0.0094* | -0.2981, p=0.0396* 0.3697, p=0.0097*
C24:1 -0.3503, p=0.0147* | -0.3746, p=0.0087* 0.2877, p=0.0474*
C26:1 -0.311, p=0.0314* -0.193, p=0.1887 0.4268, p=0.0025*
C22:2 -0.2525, p=0.0834 -0.2303, p=0.1153 0.1812, p=0.2177
C24:2 -0.2904, p=0.0453* | -0.3877, p=0.0065* 0.2764, p=0.0572
C(16:0)0OH -0.005102, p=0.9725 | 0.08752, p=0.5542 0.3196, p=0.0268*
C(18:0)0H -0.2042, p=0.1639 -0.1509, p=0.3061 0.3188, p=0.0272
C(20:0)0H -0.2564, p=0.0786 -0.169, p=0.2509 0.2553, p=0.0799
C(22:0)0H -0.1057, p=0.4745 -0.2118, p=0.1485 0.2461, p=0.0918
C(24:0)0H -0.3431, p=0.0170* | -0.03436, p=0.8167 0.5172, p=0.0002*
C(22:1)0OH -0.04936, p=0.7390 | -0.1135, p=0.4426 0.2474, p=0.0900
C(24:1)0OH -0.2224, p=0.1287 -0.09892, p=0.5036 0.2218, p=0.1297
C(16:0)Me -0.3753, p=0.0086* | -0.3015, p=0.0373* 0.3438, p=0.0167*
C(18:0)Me -0.003364, p=0.9819 | -0.151, p=0.3057 -0.1193, p=0.4191
C(20:0)Me -0.3206, p=0.0263* | -0.256, p=0.0791 0.461, p=0.0010*
C(22:0)Me -0.2624, p=0.0716 -0.3783, p=0.0080* 0.09997, p=0.4990
C(24:0)Me -0.2006, p=0.1715 -0.2064, p=0.1593 0.3649, p=0.0108*
C(22:1)Me 0.142, p=0.3356 -0.02286, p=0.8774 | -0.3637, p=0.0111*
C(24:1)Me -0.0749, p=0.6129 -0.1765, p=0.2301 0.04767, p=0.7477

Correlations were performed using non-parametric Spearman’s rho test and stepwise
multiple linear regressions. * indicates significant correlations, with significance
established a priori at p<0.05.
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HIGHLIGHTS

e Significant reductions in alpha-Galactosidase A activity and protein were observed in
late-stage Parkinson’s disease temporal cortex

e Decreases in alpha-Galactosidase A and increases in several of its glycosphingolipid
metabolites correlated significantly with the pathological increase in alpha-synuclein
phosphorylated at serine 129

e These findings suggest the potential for alpha-Galactosidase A and its glycosphingolipid
substrates as putative biomarkers and therapeutic targets for Parkinson’s disease



