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Abstract

Objective: Reduction in glucocerebrosidase (GCase; encoded by GBA) enzy-

matic activity has been linked to Parkinson’s disease (PD). Here, we correlated

GCase activity and PD phenotype in the Parkinson’s Progression Markers Ini-

tiative (PPMI) cohort. Methods: We measured GCase activity in dried blood

spots from 1559 samples of participants in the inception PPMI cohort, collected

in four annual visits (from baseline visit to Year-3). Participants (PD, n = 392;

controls, n = 175) were fully sequenced for GBA variants by means of genome-

wide genotyping arrays, whole-exome sequencing, whole-genome sequencing,

Sanger sequencing, and RNA-sequencing. Results: Fifty-two PD participants

(13.4%) and 13 (7.4%) controls carried a GBA variant. GBA status was strongly

associated with GCase activity. Among noncarriers, GCase activity was similar

between PD and controls. Among GBA p.E326K carriers (PD, n = 20; controls,

n = 5), activity was significantly lower in PD carriers than control carriers

(9.53 µmol/L/h vs. 11.68 µmol/L/h, P = 0.035). Glucocerebrosidase activity was

moderately (r = 0.45) associated with white blood cell (WBC) count. Next, we

divided the noncarriers with PD to tertiles based on WBC count-corrected

enzymatic activity. Members of the lower tertile had higher MDS-Unified

Parkinson’s Disease Rating Scale motor score in the “off” medication examina-

tion at year-III exam. Longitudinal analyses demonstrated slight reduction of

activity in samples collected earlier on in the study, likely because of longer

storage time. Interpretation: GCase activity is associated with GBA genotype,

WBC count, and among p.E326K variant carriers, with PD status. Reduced
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Statistical analyses were performed by Roy

Alcalay, Dandi Zheng and Gen Li.

Data used in the preparation of this article

were obtained from the Parkinson’s

Progression Markers Initiative (PPMI) database

(www.ppmi-info.org/data). For up-to-date

information on the study, visit www.ppmi-

info.org” and the industry partners of the

study “PPMI – a public-private partnership –

is funded by the Michael J. Fox Foundation

for Parkinson’s Research funding partners

Abbvie, Allergan, Avid Radiopharmaceuticals,

Biogen, BioLegend, Bristol-Myers Squibb,

Celgene, Denali, GE Healthcare, Genentech,

GlaxoSmithKline, Lilly, Lundbeck, Merck,

Meso Scale Discovery, Pfizer, Piramal, Prevail,

Roche, Sanofi Genzyme, Servier, Takeda,

Teva, UCB, Verily, and Voyager

Therapeutics.” (Golub Capital)”

activity may also be associated with worse phenotype but longer follow up is

required to confirm this observation.

Introduction

Variants in the glucocerebrosidase gene (GBA) are com-

mon genetic risk factors for Parkinson’s disease (PD).

GBA encodes the lysosomal enzyme glucocerebrosidase,

which hydrolyzes glucosylceramide and glucosylsphin-

gosine to a glucose residue and ceramide and sphingosine,

respectively. Several lines of evidence now link reduced

glucocerebrosidase activity with PD, even among noncar-

riers of GBA variants. Reduced glucocerebrosidase enzy-

matic activity has been linked to increased alpha

synuclein aggregation.1 Furthermore, a number of inde-

pendent autopsy studies have demonstrated reduction in

glucocerebrosidase activity in sporadic PD brains com-

pared to control brains.2–5 We and others have also

demonstrated that there is a modest reduction in periph-

eral glucocerebrosidase enzymatic activity (measured in

dried blood spots or monocytes) in sporadic PD com-

pared to controls.6,7

Carrying GBA variants may affect PD phenotype. PD

patients with GBA variants have earlier age of onset

and a more rapid motor and cognitive progression than

noncarriers with PD.8–11 Furthermore, the severity of

the GBA mutation (as defined by the Gaucher disease

phenotype in homozygous carriers of the mutation; see

Table 1 and Table S1 for specific classification) may be

associated with age at onset and the rate of PD pro-

gression. Onset is earlier and progression is faster in

carriers of more severe mutations compared to those

with mild mutations.9,10,12

Given the link between GBA variants and disease sever-

ity, we tested the association between glucocerebrosidase

enzymatic activity and PD phenotype in a cross-sectional

study.6 We reported that reduced activity was associated

with shorter disease duration (<6 years in lower gluco-

cerebrosidase enzymatic activity tertile vs. 9 years in the

higher tertile), suggesting a more rapid progression. To

test if reduced glucocerebrosidase enzymatic activity is

associated with faster progressing PD phenotype, we pro-

posed analysis of a longitudinal cohort. Here, we present

results of a longitudinal study, in which we measured glu-

cocerebrosidase enzymatic activity in dried blood spots in

a cohort of individuals with early PD and a non-PD com-

parator group enrolled in the Parkinson’s Progression

Marker Initiative (PPMI) study. We aimed to: (1) test the

association between glucocerebrosidase activity, age, and

sex and confirm our prior observation of reduced gluco-

cerebrosidase activity in PD; (2) test enzymatic activity in

different GBA variants (3) explore the utility of longitudi-

nal measurements of glucocerebrosidase activity as a bio-

marker, and the effect of time (aging) on the activity; and

(4) test if reduced glucocerebrosidase activity predicts

rates of motor and cognitive progression.

Material, Methods and Participants

Participants and clinical evaluation

PPMI is an international, multiple-site, prospective, lon-

gitudinal cohort study. Participants in this study are

from the inception PPMI cohort who had frozen whole

blood available from which glucocerebrosidase enzy-

matic activity could be measured. In brief, newly diag-

nosed, de-novo (untreated) Parkinson’s patients

(N = 423) and generally healthy controls (N = 196)

were enrolled from June 2010—May 2013. At baseline,

participants with PD were required to have a dopamine

transporter (DAT) deficit on imaging. The aims and
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methodology of the study have been published else-

where13 and are available at www.ppmi-info.org/study-

design. The overall study was approved by the Research

Subjects Review Board at the University of Rochester,

and the study was approved by the institutional review

board at each site. Participants provided written

informed consent at each visit.

Glucocerebrosidase enzymatic activity assay

Frozen whole blood received from the PPMI biospecimen

repository was thawed on watered ice gently rocking for

45–60 min. In sum, 1559 samples collected at four annual

visits (baseline and years 1–3) from 567 participants (in-

cluding 392 PD participants and 175 controls) were avail-

able for analysis. All samples were shipped to a central

repository and stored in a �80°C freezer. Once thawed,

the blood was spotted as previously reported for dried

blood spots (DBS) prepared from fresh blood.14,15 In

brief, 75 lL of the blood was spotted on Whatman 903TM

filter paper (GE Healthcare, Piscataway, NJ) dropwise,

then dried overnight in a well ventilated area. Dried

blood spots prepared from frozen blood (FB DBS) were

sealed in plastic bags with desiccant (Uline, Pleasant

Prairie, WI) and humidity indicator cards (Static Control,

Sanford, NC) and stored at �80°C until analysis.

Glucocerebrosidase enzymatic activity was measured

using a previously published protocol as part of a multiplex

assay with four additional lysosomal enzymes.16 In sum-

mary, glucocerebrosidase was extracted from a 3.2 mm-di-

ameter punch per FB DBS sample in 70 µL of 20 mmol/L

sodium phosphate buffer (pH 7.1) on a 96-well plate. Ten

µL of the FB DBS extract was added to 15 µL of glucocere-

brosidase substrate/internal standard mixtures

(0.67 mmol/L of C12-glucocerebroside and 13.33 lmol/L

C14-ceramide, Center for Disease Control and Prevention,

Georgia, Atlanta) in citrate-phosphate buffer (0.31/

0.62 mol/L, Sigma, St. Louis, MI) with sodium tauro-

cholate (16 g/L, Sigma St. Louis, MI). Sealed plates were

incubated on an orbital shaker at 37°C for 20–24 h. Reac-

tions were quenched with 100 µL of organic solution (1:1

ethyl acetate:methanol) and followed with liquid–liquid
and solid phase extractions. The samples were dried under

nitrogen, sealed and stored at �80°C. Prior to tandem mass

spectrometry (MS/MS) analysis, plates were thawed and

reconstituted with 200 µL of a solvent mixture (80:20 ace-

tonitrile:water containing 0.2% formic acid).

All analytes were monitored on an API 5000 triple

quadrupole mass spectrometer (ABSciex, Framingham,

Massachusetts, USA) by Multiple Reaction Monitoring

(MRM). The enzyme activity of each sample was calcu-

lated from the ion abundance ratio of product to internal

standard as measured by the mass spectrometer. Back-

ground activity of a blank filter paper was subtracted

from the DBS or FB DBS activity. Activity was expressed

as micromoles of product per liter of whole blood per

hour (µmol/L/h). Two DBS samples with previously

established normal activity levels for each enzyme, as well

as DBS samples with 5% residual enzyme activity repre-

sentative of disease controls (Newborn Screening Quality

Assurance Program, Center for Disease Control and

Prevention, B1508) were included in each plate for quality

control (QC). All scientists were blinded to all clinical

data including Parkinson’s disease and genetic status.

Table 1. Glucocerebrosidase enzymatic activity by genotype and Parkinson’s status.

Variant status1 n

Mean Glucocerebrosidase activity (µmol/L/h)

P-value (compared

to noncarriers)

P-value (Parkinson’s

vs. controls)

Total mean

and range

Parkinson’s cases (n) controls (n)

n Mean (µmol/L/h) n Mean (µmol/L/h)

p.E326K 25 9.96 20 9.53 5 11.68 <0.001 0.035

7.13–14.18

p.T369M 12 10.57 10 11.02 2 8.30 0.0582 0.507

6.63–25.62

p.N370S 9 7.75 7 7.55 2 8.43 <0.001 0.566

5.27–10.69

p.K-27R 4 12.33 1 8.15 3 13.73 0.918 0.042

8.15–14.92

LRRK2 p. G2019S 6 11.45 6 12.19 0 n/a 0.525 n/a

9.00–16.26

Non-GBA non-LRRK2 carriers 491 12.20 329 12.32 162 11.95 n/a 0.178

5.73–22.67

1p.E326K and p.T369M variants are associated with PD, but not with Gaucher’s disease. p.N370S is a mild GBA mutation. p.K-27R is a variant of

unknown significance which its association with either PD or Gaucher’s is not established.
2P-value of the differences in WBC count-corrected activity is P < 0.001.
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Sequencing and genotyping of GBA variants
and LRRK2 G2019S

Participants recruited into the PPMI de novo cohort and

healthy controls did not have genotyping at the time of

recruitment, but had it performed later in the study by the

Genetic Core. Genotyping data were obtained from a num-

ber of assays using DNA or RNA. Assays included: gen-

ome-wide genotyping arrays (GWAS), whole-exome

sequencing (WES), whole-genome sequencing (WGS), San-

ger sequencing, and RNA-sequencing (RNA-seq). Geno-

type data were processed to extract LRRK2 p.G2019S and

coding variants for GBA. For a table of included variants

and which genetic assays covered each variant, see Table S2.

Genotype data were obtained as described in the following

section. More information about these assays has also been

previously published.17 Numbers of participants with each

data type are listed in Table S3; the majority of participants

analyzed were covered on all five platforms (458 out of 562,

excluding five participants below), with small numbers of

participants missing one or more platforms. One partici-

pant was reported to carry the GBA p.L444P variant which

was not resolved following manual review; this participant

was excluded from the genetic analyses. Four additional

participants had missing data for LRRK2 and/or GBA vari-

ants and were also excluded.

GWAS (Project 107; accessed 11/2013), Sanger (Project

126; accessed 07/2019), and WES (Project 116; accessed 02/

2015) data were downloaded from the Laboratory of

NeuroImaging (LONI) Image Data Archive PPMI project

website (https://ida.loni.usc.edu/). WGS data were obtained

from Dr. Andrew Singleton’s laboratory at the National

Institutes of Health’s National Institute on Aging, which is

also posted on LONI (Project 118; July2018 version). RNA-

seq data were obtained from Dr. David Craig’s laboratory

at the University of Southern California Keck School of

Medicine; however, these data are also posted on LONI

(Project 133). Detailed information on these genetic data

are available as methods documents from LONI.

Briefly, GWAS assays were performed using the Illumina

Infinium iSelect HD custom genotyping NeuroX array18

(Illumina, Inc., San Diego, CA; 267,607 standard exonic

variants and 24,706 custom variants). Five hundred and

nineteen of the 562 participants included in these analyses

have GWAS data. WES was performed on 534 of the 562

participants using the Illumina Nextera Rapid Capture

Expanded Exome kit and the Illumina HiSeq 2500 sequenc-

ing platform. WGS for paired-end reads has been per-

formed on the majority of PPMI participants (N = 558)

using the Illumina TruSeq PCR Free DNA Sample Prepara-

tion Guide and the Illumina HiSeq X Ten Sequencer. San-

ger sequencing was performed to capture GBA exons 1–11,
with data for nine variants available on LONI (for list see

Table S2). Whole-transcriptome RNA-seq was performed

by Hudson Alpha’s Genomic Services Laboratory on ribo-

somal and globin-depleted blood derived RNA collected at

multiple visits using PaxGene tubes from PPMI partici-

pants. Samples were sequenced on the Illumina Nova-

Seq6000; processed count data are available on LONI, with

raw data available on request.

All variant data were compiled into a database. For vari-

ant calls that differed between genetic assays, originating

data were reviewed where needed and possible (i.e., for

WGS, WES, and RNA-seq, read depth and allele counts

were reviewed and data were viewed in the Integrative

Genomics Viewer (IGV; https://software.broadinstitute.

org/software/igv/19–21), and manual curation was com-

pleted to create a consensus variant call for the participant.

RNA-seq was not used as a primary source of variant data,

due to concerns about shallow read depth in some samples

and variants as well as concern about transcribed allele bias.

However, RNA-seq was used as a secondary data source to

resolve several discrepancies in other genetic platforms; the

longitudinal samples collected for most participants was a

further data source to confirm genotype where necessary.

Statistical analysis

Glucocerebrosidase enzymatic activity and age,
sex, WBC count, and Parkinson’s status

We predicted that glucocerebrosidase activity is associated

with white blood cell (WBC) count, because the activity is

measured in leukocytes. WBC count is available from each

PPMI site laboratory for each study visit. We therefore cor-

related glucocerebrosidase activity and WBC count. Since

they were moderately correlated (r = 0.45), we computed a

WBC-corrected variable: glucocerebrosidase activity at a

study visit/ WBC count at the same study visit. Glucocere-

brosidase activity was available from four annual visits

(baseline to year 3). To assign each participant a single glu-

cocerebrosidase activity value, we averaged glucocerebrosi-

dase activity per participant and computed a mean

glucocerebrosidase activity variable. We did not use the

baseline measurement only because it was missing for 170

participants. Similarly, we averaged the WBC count-cor-

rected glucocerebrosidase activity per participant.

We then tested the association between glucocerebrosi-

dase activity and WBC-count corrected glucocerebrosidase

activity with (1) demographics, (2) PD status, and (3)

GBA variant status.

GBA variants and glucocerebrosidase enzymatic
activity

We present data on glucocerebrosidase activity on each

variant separately. For the p.E326K variant, there were
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sufficient cases and controls to compare glucocere-

brosidase activity between carriers with and without

PD.

Longitudinal measurements of glucocerebrosidase
enzymatic activity

To demonstrate the longitudinal measurements of gluco-

cerebrosidase activity per participant, we plotted the

activity over time in spaghetti plots. To test the associa-

tion between longitudinal measures of glucocerebrosidase

enzymatic activity (and enzymatic activity corrected for

WBC count) and covariates, a linear mixed-effect model

(LMM) with random intercept was employed. The covari-

ates in the model include sex, PD status (PD vs. control),

time (PPMI study visit), age at baseline, GBA variant sta-

tus (binary yes/no), and the interaction term between

diagnosis status and time. Analyses were first conducted

on all participants. Then, GBA carriers, LRRK2 carriers

and participants whose PD diagnosis changed over the

study course (e.g., from PD to Progressive Supranuclear

Palsy, PSP) were excluded for the next analyses.

Glucocerebrosidase enzymatic activity and
Parkinson’s phenotype in noncarriers

To test whether changes in glucocerebrosidase activity

predict the progression of motor and cognitive change

over time in sporadic PD, LMMs with random intercept

were implemented only in PD participants without

LRRK2 or GBA variants. To test cognitive changes over

time, the longitudinal MoCA score (outcome) was tested

in models including sex, time, age at baseline, education

in years, ApoE status, and each of the following predic-

tors: (i) Glucocerebrosidase enzymatic activity; (ii) WBC-

count corrected glucocerebrosidase activity; (iii) WBC

count. We also used LMMs with random intercept to

associate the Movement Disorders Society (MDS) Unified

Parkinson’s Disease Rating Scale (UPDRS) Part II and the

MDS-UPDRS Part III with the above predictors in PD

participants, adjusting for sex, age at baseline, and levo-

dopa equivalent daily dose.

Next, we divided the PD participants without LRRK2

or GBA variants into tertiles based on mean glucocere-

brosidase activity corrected for WBC count, and com-

pared demographics and clinical characteristics among

tertiles. We chose a division to tertiles to be able to com-

pare to our previously reported cross-sectional analysis.6

For motor phenotyping, we used the MDS-UPDRS, Part

II and Part III. For cognitive phenotyping, we used the

MoCA, and two previously computed categorical

variables: The first divided the cohorts into “impaired”

and “not-impaired” based on neuropsychological

performance, as previously reported by Caspell-Garcia

and colleagues;22 the second categorical variable was based

on a clinical assessment of the participants as “normal,”

“mild cognitive impairment” or “dementia.” For the pur-

pose of the analyses, we dichotomized the analysis to

“normal” versus “mild cognitive impairment or demen-

tia”.

Lastly, logistic regression was used to associate neu-

ropsychological performance in year 4 or cognitive

impairment on clinical assessment in year 3 (clinical data

on year 4 was not complete) with glucocerebrosidase

activity in PD patients. Binary outcome was regressed on

sex, age at baseline, educations in years, ApoE status and

the following predictors: (i) the average glucocerebrosi-

dase activity; and (ii) the average glucocerebrosidase

activity over WBC count. We repeated the analyses with

and without GBA and LRRK2 variant carriers to test if

GBA mutation status was associated with worse cognitive

outcome.

Of note, we have not applied statistical tools to test for

multiple comparisons. Analyses were performed using R

Statistics version 3.5.1 software, SPSS version 24 software

and Statistical Analysis System (SAS) statistical software

package, version 9.4, SAS institute Inc.

Results

Glucocerebrosidase enzymatic activity and
age, sex, WBC count, and Parkinson’s status

Glucocerebrosidase activity was moderately associated

with WBC count measured from the same sample collec-

tions (e.g., baseline visit: r = 0.44, P < 0.001). The associ-

ation between glucocerebrosidase activity and WBC count

(including differential of neutrophil, monocyte, lympho-

cyte, basophil, and eosinophil counts) is described in

Table S4. Because of this association, further analyses

were conducted using crude values and WBC count-cor-

rected values. Female sex was associated with both lower

WBC count and mean glucocerebrosidase activity, but

WBC count-corrected activity was similar between the

sexes (males: 2.07 µmol/L/h corrected for WBC count,

SD = 0.48; females: 2.06 µmol/L/h corrected for WBC

count, SD = 0.55; P = 0.877). There was no association

between glucocerebrosidase activity and participant age

(r = �0.043; P = 0.368).

The demographics, genotype, and glucocerebrosidase

activity of the study participants are included in Table 2.

Of note, there were seven LRRK2 p.G2019S mutation

carriers (1.8%) and 52 (13.4%) GBA variant carriers

among the Parkinson’s participants versus no LRRK2

mutation carriers and 13 (7.4%) GBA-variant carriers in

controls.
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GBA variants and glucocerebrosidase
enzymatic activity

The different genotypes and the associated mean gluco-

cerebrosidase activity are described in Table 1 and Fig-

ure 1 for variants present in three or more participants

and in Supplementary Table 1 for genotype present in

1–2 participants.

Longitudinal measurements of
glucocerebrosidase enzymatic activity

The change in glucocerebrosidase enzymatic activity over

time (raw and corrected for WBC count) is presented in

Figures 2–3. In the linear mixed effect model with gluco-

cerebrosidase enzymatic activity as an outcome, activity

was significantly associated with sex (estimate �0.597;

SD = 0.257; P = 0.0203) and GBA genotype (estimate

�2.830; SD = 0.383; P < 0.0001), but not with PD diag-

nosis (P = 0.955), visit (P = 0.128), age at enrollment

(P = 0.109) or the interaction term between PD diagnosis

and visit (P = 0.456). Visit number was significantly asso-

ciated with glucocerebrosidase activity among PD patients

(estimate 0.240; SD = 0.06; P = 0.0001), but not in the

control group (estimate 0.155; SD = 0.105; P = 0.1422)

when analysis was stratified by PD status.

In the linear mixed effect model with WBC count-cor-

rected glucocerebrosidase activity as an outcome, WBC

Table 2. Demographics, genotype, and glucocerebrosidase activity of study participants.

Parkinson’s cases

(n = 392)

Controls

(n = 175)

P-

value

Mean age in years at recruitment, (SD) 61.8 (9.5) 60.9 (11.4) 0.304

Males % (n) 65.3% (256) 66.9% (117) 0.774

LRRK2 p.G2019S carriers, % (n)1 1.8% (7) 0.0% (0) 0.105

GBA variant carriers, % (n)2 13.4% (52) 7.4% (13) 0.046

Mean Glucocerebrosidase enzymatic activity in µmol/L/h (SD) 11.89 (3.11) 11.91 (2.93) 0.951

Mean Glucocerebrosidase enzymatic activity corrected to white blood count in µmol/L/h

corrected for WBC count (SD)

2.05 (0.52) 2.12 (0.46) 0.139

1LRRK2 p.G2019S mutation status is missing on four Parkinson’s cases.
2GBA variant status is missing on three Parkinson’s cases (two of which are also missing LRRK2 p.G2019S status).

Figure 1. Mean glucocerebrosidase enzymatic activity in PD and control participants with and without GBA variants.
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count-corrected glucocerebrosidase activity was signifi-

cantly associated with visit number (estimate 0.063;

SD = 0.020; P = 0.0008) and GBA genotype (estimate

�0.600; SD = 0.062; P < 0.0001), but not with sex

(P = 0.426), PD diagnosis (P = 0.454), age at enrollment

(P = 0.144) or the interaction term between PD diagnosis

and visit (P = 0.548). When analysis was stratified by PD

status, visit number was associated with WBC count-cor-

rected enzymatic activity in both populations (PD:

estimate 0.077; SD = 0.012; P < 0.0001; Control: estimate

0.065; SD = 0.019; P = 0.0007). Based on these values,

assuming increased activity over time is a result of a

shorter “freezer time” in newer samples, for every year in

the freezer, we estimate a 0.151 µmol/L/h decrease in glu-

cocerebrosidase enzymatic activity and 0.063 µmol/L/h

corrected to WBC count annual decrease in glucocere-

brosidase activity corrected to WBC count, adjusting for

other variables.

Figure 2. Longitudal measurements of glucocerebrosidase enzymatic activity per participant in PD and controls.
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Glucocerebrosidase enzymatic activity and
Parkinson’s phenotype in non-carriers

In linear mixed effect models, glucocerebrosidase activity

was not associated with MDS-UPDRS “on” (P = 0.711)

or “off” (P = 0.945) examinations or with MoCA scores

(P = 0.628) in adjusted models. Glucocerebrosidase enzy-

matic activity corrected to WBC count was also not asso-

ciated with MDS-UPDRS (P = 0.438), but was inversely

associated with MoCA scores, when MoCA scores were

the outcome (estimate �0.477, SD = 0.157, P = 0.0026),

in a model adjusted for sex, visit, age, education and

ApoE status. Visit (P = 0.0028), age at enrollment

(P < 0.0001), education (0.0437), but not sex (P = 0.552)

or ApoE4 status (P = 0.479), were associated with MoCA

performance. This would suggest that incremental

increases in WBC count-corrected glucocerebrosidase

enzymatic activity over time are associated with reduced

MoCA performance.

Next, we divided the non-LRRK2 non-GBA PD cohort

to tertiles based on mean glucocerebrosidase activity cor-

rected to WBC count, and compared the motor and

Figure 3. Longitudal measurements of glucocerebrosidase enzymatic activity corrected to WBC count across visits in PD and controls.
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cognitive phenotypes in year 3 visit among the tertiles

(Table 3). Of note, there was no demographic differences

among the tertiles, but MDS-UPDRS-III scores in the

“off” exam were significantly higher in the lower tertile

group compared to the upper tertile group (Figure 4). A

similar trend, albeit not significant, was noted in the

MDS-UPDRS-III “on” exam and the MDS-UPDRS total

(II + III) exam in the off state. There was no difference

across the tertiles in MoCA score and the categorical vari-

ables of cognition (neuropsychological performance and

cognitive impairment on clinical assessment).

Lastly, we applied logistic regression to test if glucocere-

brosidase activity or glucocerebrosidase activity adjusted to

WBC count are associated with cognitive impairment in

models adjusted for sex, age at baseline, educations in years,

and ApoE status (yes/no carrier of ApoE4). In the models

where the outcome was cognitive impairment by clinical

assessment (which was dichotomized to “normal” vs. “mild

cognitive impairment” or “dementia”) in year 3, age

(P < 0.001), but no other covariate was associated with

mild cognitive impairment or dementia, including mean

glucocerebrosidase activity (unadjusted to WBC count,

P = 0.516; adjusted to WBC count, P = 0.894). In the

models where the outcome was neuropsychological perfor-

mance in year 4 (i.e., impaired vs. not impaired, based on

computation previously reported by Caspell-Garcia and

colleagues22), age (P = 0.006), education (P = 0.020) and

ApoE status (P = 0.046) were associated with impaired

performance, but not glucocerebrosidase activity (unad-

justed to WBC count, P = 0.323; adjusted to WBC count,

P = 0.502). Lastly, when the models included all PD partic-

ipants, GBA variant status was also not associated with

membership in the impaired group based on clinical diag-

nosis in year 3 (P = 0.138) or with impaired neuropsycho-

logical performance in year 4 (P = 0.125).

Discussion

This is the first report of repeated measurements of glu-

cocerebrosidase enzymatic activity in a deeply pheno-

typed PD cohort. Our findings can be divided to those

which replicate our findings from a cross-sectional study,

findings that we were not able to replicate, and novel

findings given the longitudinal nature and wealth of data

availability on the PPMI cohort. Similar to our findings

in a cross-sectional report, glucocerebrosidase activity is

strongly correlated with GBA genotype, including the

more common non-Gaucher disease causing variants

linked to PD, p.E326K and p.T369M. As before, we did

not find an association between sex, age, and glucocere-

brosidase activity. Furthermore, there is no evidence that

glucocerebrosidase activity decreases with time (age).

This study failed to replicate our previous finding of

reduced glucocerebrosidase activity in noncarriers with

PD compared to noncarrier controls; this may be a

result of the current sample size, which is smaller than

Table 3. Demographics and PD characteristics by glucocerebrosidase activity corrected to WBC count tertiles among noncarriers of GBA or LRRK2

p.G2019S variants (n = 325).

Lower GCase

tertile (n = 108)

Middle GCase

tertile (n = 109)

Higher GCase

tertile (n = 108) P-value

Mean GCase activity in µmol/L/h corrected to WBC count, (SD) 1.62 (0.21) 2.11 (0.11) 2.65 (0.26) <0.001

Range 0.70–1.88 1.88–2.30 2.30–3.41

Mean GCase activity in µmol/L/h, (SD) 11.07 (2.41) 12.18 (2.50) 13.64 (2.87) <0.001

Range 5.73–18.39 7.61–20.93 8.76–22.13

Percent male, (n) 65.7% (71) 71.6% (78) 64.8% (70) 0.516

Mean age at recruitment in years, (SD) 63.9 (9.9) 62.5 (8.8) 61.0 (9.2) 0.073

Education in years, (SD) 15.6 (3.2) 15.8 (2.9) 15.4 (2.6) 0.625

Levodopa equivalent daily dose in mg at Year 3, (SD)1 447 (455) 416 (262) 467 (336) 0.642

MDS-UPDRS-III off exam Year 3, (SD)2 32.0 (12.1) 29.3 (10.2) 26.6 (13.0) 0.0352

MDS-UPDRS-III on exam Year 3, (SD) 3 26.4 (12.2) 24.3 (11.0) 22.6 (12.9) 0.106

MDS-UPDRS total off exam Year 3, (SD) 2 50.1 (19.0) 46.5 (15.6) 42.8 (20.1) 0.075

MoCA Year 3, (SD)4 26.2 (3.2) 26.8 (2.7) 26.7 (2.5) 0.335

Percent impaired in CogState Year 3 (n)5 25.3% (23) 22.9% (22) 20.0% (18) 0.698

Percent impaired by neuropsychological testing in Year 3 (n)6 16.1% (15) 21.1% (20) 13.2% (12) 0.349

1Available on 265 participants.
2Available on 200 participants; Differences between the lower and upper tertile drive the significance based on Bonferroni post hoc analysis.
3Available on 264 participants.
4Available on 200 participants.
5Available on 214 participants.
6Available on 232 participants.
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the cross-sectional study thus diminishing the statistical

power.6 Alternatively, it is possible that the differences in

disease duration between the two cohorts (longer dura-

tion in the 2015 study) may explain the discrepant find-

ings. In contrast, among p.E326K carriers, activity was

even further reduced in carriers with Parkinson’s

(9.53 µmol/L/h) compared to p.E326K carriers without

PD (11.68 µmol/L/h). This finding should be reviewed

with caution, since this analysis is based on small n of

p.E326K carriers (n = 25). The difference between gluco-

cerebrosidase activity in p.E326K carriers with PD and

carriers without PD (roughly 20%) are higher than the

differences we previously reported in activity between

idiopathic PD carriers and noncarriers controls (roughly

6%). If these differences between GBA variant carriers

with PD compared to variant carriers without PD are

replicated in larger cohorts of variants carriers, it would

imply that alterations of glucocerebrosidase activity may

be more meaningful among variant carriers than among

noncarriers.

Our study demonstrated that enzymatic activity mea-

sured in dried blood spot is moderately correlated with

WBC count (r = roughly 0.45). Therefore, we recommend

adjusting for WBC count in future studies of peripheral

glucocerebrosidase activity as a biomarker for PD. When

different cell types were correlated individually, both

Figure 4. MDS-UPDRS-III off exam in year 3 among noncarriers of GBA or LRRK2 p.G2019S variants divided to tertiles based on

glucocerebrosidase enzymatic activity corrected to WBC count.
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neutrophil and monocyte counts were associated with

glucocerebrosidase activity, but not lymphocytes, eosino-

phils, or basophils were not (Table S4). Lastly, PD

patients who are noncarriers with lower mean enzymatic

activity performed worse on “off” motor examination

during year 3 evaluation, supporting an association of

glucocerebrosidase activity with disease severity in non-

GBA non-LRRK2 variant carriers, but given the multiple

analyses conducted, this finding needs to be confirmed

with a longer follow-up.

Glucocerebrosidase enzymatic activity by
GBA variant status

This study demonstrates the high burden of glucocere-

brosidase alterations on PD. In this cohort of early,

untreated PD, 13.4% of PD participants carry a GBA vari-

ant. GBA genotyping coupled with glucocerebrosidase

activity measurements may help clarify the pathogenicity

of certain variants (see Table S1), and confirms that com-

mon variants in GBA that are associated with PD are

associated with reduced activity compared to noncarriers

(p.E326K; p.T369M).

The glucocerebrosidase enzymatic activity for the sin-

gle GBA p.N370S homozygote analyzed clearly stood

apart from heterozygotes and noncarriers (Figures 2–3),
and similar to our previous report, glucocerebrosidase

activity differed significantly between carriers and non-

carriers. While GBA variant carriers have significantly

lower activity than noncarriers, there is a subset of par-

ticipants without GBA variants whose activity overlaps

with heterozygotes. We hypothesize that additional genes

and possibly environmental factors are associated with

the reduced activity, and these should be investigated in

follow-up studies. Studies including large numbers of

nonmanifesting carriers of GBA variants (e.g., p.N370S)

are required. Such studies would allow the comparison

of enzymatic activity in heterozygote carriers of different

variants with and without PD. If these studies confirm

our finding of reduced activity in variant carriers with

PD compared to variant carriers without PD, this would

suggest that glucocerebrosidase activity may partially

explain the incomplete penetrance of PD among GBA

carriers, and that lower activity is associated with a

greater risk.

Longitudinal measurements of
glucocerebrosidase enzymatic activity

Repeated measurements of glucocerebrosidase activity in

frozen blood dried blood spots demonstrated substantial

variance, and an overall small but significant trend

toward lower activity with longer freezer time.

Therefore, while frozen sample dried blood spot may be

a crude biomarker of glucocerebrosidase reduction in

PD, more sensitive methodologies (e.g., as proposed by

Atashrazm and colleagues7) may be required to identify

subtle differences between PD patients and controls

without GBA variants. Correlating longitudinal changes

in glucocerebrosidase activity with longitudinal changes

in motor and cognitive functioning failed to demon-

strate an association. This finding may be explained by

the relative stability of glucocerebrosidase activity over

time, in contrast to progression of motor and cognitive

deficits in PD.

Glucocerebrosidase enzymatic activity and
clinical phenotype in sporadic PD

We have not found a strong correlation between gluco-

cerebrosidase enzymatic activity and PD phenotype. Sur-

prisingly, in the longitudinal models, increased activity

was inversely associated with MoCA performance, but a

similar association was not observed with neuropsycho-

logical performance or clinician assessment of cognitive

impairment. It is possible that longer disease duration is

required to distinguish phenotypic dissociation between

those with low versus high enzymatic activity. Similarly,

using the same outcomes, GBA variant status was not

associated with worse cognitive performance after 3–
4 years follow-up, even though GBA genotype is clearly

associated with worse cognitive functioning as PD pro-

gresses.23 In contrast, motor scores on the MDS-UPDRS

Part III “off” were higher (worse) among those in the

lower tertile of activity compared to those in the higher

tertile of glucocerebrosidase enzymatic activity (32.0 vs.

26.6, P = 0.035). Similar, albeit insignificant, trends were

observed in MDS-UPDRS questionnaire (UPDRS-II) and

the total scores. This finding suggest that glucocerebrosi-

dase activity may be associated with motor outcome, but

given the multiple comparisons conducted, longer follow-

up is required to confirm these findings.

Our results may inform the design of future clinical tri-

als. The discovery of the link between GBA variants and

PD highlights the potential role of the lysosome in the

pathophysiology of PD, and provides a drug target for

disease-modifying interventions. Multiple clinical trials

targeting the glucocerebrosidase pathway in PD are ongo-

ing world-wide (e.g., ClinicalTrials.gov Identifier:

NCT02914366, NCT02941822, and NCT02906020;24,25).

Assuming such interventions may be able to modify dis-

ease progression, it remains unknown who would benefit

from them. Currently, trials are focused on GBA variant

carriers, but given relative reduction of glucocerebrosidase

in sporadic PD brains,2–5 it is conceivable that noncarriers

may also benefit from glucocerebrosidase-targeted
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interventions. Linking reduced glucocerebrosidase with

PD phenotype (i.e., faster progression like in GBA carri-

ers) may be useful in future patient selection (or stratifi-

cation) in clinical trials. The comprehensive longitudinal

design of the PPMI study makes it ideal for biomarker

testing.

Strengths, limitations, and future studies

The strengths of our study are the relatively large and

very carefully phenotyped longitudinal cohort analyzed,

and the blinding of the laboratories performing enzymatic

analyses. Also, the data are publicly available (Table S5

and LONI). In addition, the study replicated previous

observations (as above), which reinforce the results. Limi-

tations include the sample size, especially of GBA variant

carriers without PD, and the multiple comparisons con-

ducted.

Summary

In summary, glucocerebrosidase enzymatic activity corre-

lates with GBA variant status and WBC count, which

should be adjusted for in future PD biomarker studies.

We identified an association between reduced activity

and worse phenotype among noncarriers of GBA vari-

ants, but a longer follow up is required to confirm if

low dried blood spot activity predicts accelerated motor

progression. In accordance with the Michael J. Fox

Foundation policy, enzymatic activity, as well as all

other datapoints, are publically available for future

analysis.
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