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Abstract

Phosphorylated a-synuclein (PS-129), a protein implicated in the pathogenesis of Parkinson’s
disease (PD), was identified by mass spectrometry in human cerebrospinal fluid (CSF). A highly
sensitive and specific assay was established and used to measure PS-129, along withtotal a-
synuclein, in the CSF of patients with PD, other parkinsonian disorders such as multiple system
atrophy (MSA) and progressive supranuclear palsy (PSP), and healthy individuals (a total of ~600
samples). PS-129 CSF concentrations correlated weakly with PD severity and, when combined
with total a-synuclein CSF concentrations, contributed to distinguishing PD from MSA and PSP.
Further rigorous validation in independent cohorts of patients, especially those where samples
have been collected longitudinally, will determine whether PS-129 CSF concentrations will be
useful for diagnosing PD and for monitoring PD severity and progression.

Introduction

An essential step in clinical trials is differentiating patients with Parkinson’s disease (PD)
from those with other parkinsonian disorders that have overlapping symptoms such as
multiple system atrophy (MSA) and progressive supranuclear palsy (PSP). Such differential
diagnosis can be extremely difficult in the early stages of these diseases (1). Additionally,
assessing the efficacy of disease-modifying PD therapies using clinical measures is
challenging because symptoms of PD may fluctuate, many clinical assessments are
subjective, and the use of dopaminergic drugs can affect clinical symptoms. Thus, much
interest surrounds developing markers that will help to improve diagnostic specificity and to
more objectively track disease progression.

a-Synuclein is an attractive candidate for a potential marker of PD because it is strongly
linked to the pathogenesis of both familial and sporadic forms of this disease (2, 3). Many
current studies seek to find new drugs that lower the concentration of a-synuclein in the
brains of PD patients to prevent the aggregation of a-synuclein and its sequestration in Lewy
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bodies, a pathological hallmark of PD (4-6). Unfortunately, although the total concentration
of a-synuclein in cerebrospinal fluid (CSF) provides reasonable diagnostic sensitivity and
specificity in differentiating PD patients from healthy controls, it does not readily
differentiate PD from other parkinsonian disorders such as MSA or PSP, nor does it
correlate with the severity or progression of PD (7-9).

Several posttranslational modifications to a-synuclein are known to occur in PD. Among
them is phosphorylation at Ser'? [phosphorylated a-synuclein (PS-129)], a modification
that may be critical in PD pathogenesis (10, 11). PS-129 has been reported to enhance o-
synuclein toxicity both in vivo and in vitro, possibly by increasing the formation of o-
synuclein aggregates (11, 12). On the other hand, a protective role for PS-129 has also been
proposed (13, 14). Although the exact role of PS-129 in PD pathogenesis remains to be
determined, we sought to discover whether PS-129 is present in human CSF and, if so,
whether it could be used alone or in combination with total a-synuclein to help in
diagnosing PD and for monitoring disease severity/progression.

Identification of PS-129 in CSF

To investigate whether PS-129 is present in human CSF, we performed immunoprecipitation
(IP) to enrich PS-129 from samples collected from five healthy control individuals. Intact
PS-129 protein was then detected in CSF using linear mass spectrometry (MS) (Fig. 1, A to
C). After trypsin and Asp-N endoproteinasedigestion of the enriched proteins, two unique o-
synuclein peptides containing phosphorylated Ser!2? were identified by tandem MS (Fig.
1D), providing experimental evidence that PS-129 is present in human CSF.

An assay for detecting PS-129 in CSF

To translate MS-based technology into a more robust and practical method for monitoring
PS-129 in CSF, we developed an assay using a bead-based multi-analyte profiling
technology (Luminex). The sensitivity of the established Luminex assay was about 9 pg/ml,
with a signal-to-background ratio of close to 9. The assay specificity was confirmed by
several methods, including (i) loss of the signal after predepletion of PS-129 with an anti-
PS-129 antibody that was not used in the Luminex assay, (ii) loss of the signal after de-
phosphorylation of CSF proteins by calf intestinal alkaline phosphatase, and (iii) absence of
the signal using native a-synuclein or the phosphorylated protein B-casein (Fig. 1E). The
concentrations of PS-129 in CSF reference samples from healthy controls were estimated to
be 81.6 +20.4 pg/ml. The assay’s accuracy was measured by spiking human recombinant
PS-129 protein into CSF; the average recovery was about 82%.

Major variables affecting PS-129 concentrations in CSF

Our previous studies demonstrated that blood contamination of CSF, which occasionally
occurs during lumbar puncture, can drastically affect the CSF concentrations of certain
proteins including a-synuclein, DJ-1 (another protein implicated in PD), complement 3, and
factor H (8, 15). Additionally, a-synuclein, DJ-1, complement 3 and factor H all
demonstrated age dependence (8); complement 3, and factor H concentrations were also
influenced by sex (15). However, when PS-129 concentrations were stratified against these
variables, no significant association with CSF hemoglobin concentration (an index of red
blood cell contamination) was observed (see fig. S1, A and B, for discovery and validation
set, respectively). With our current Luminex assay, PS-129 could not be detected in human
blood further indicating that PS-129 concentrations are unlikely to be affected by blood
contamination, a highly desirable characteristic of a marker in CSF. As is the case for total
a-synuclein concentrations in CSF (8), PS-129 concentrations in CSF did not significantly
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associate with sex in any of the groups (P>0.05). On the other hand, linear regression
analysis revealed an age-dependent increase in PS-129 concentrations in CSF from healthy
control subjects (P<0.01) (fig. S2A). However, as is the case with total a-synuclein (8), the
age dependence observed with PS-129 in CSF disappeared when subjects younger than 50
years of age were excluded (fig. S2B).

Testing the diagnostic use of PS-129 in CSF

The use of PS-129 as a potential diagnostic marker either alone or in combination with total
a-synuclein was next evaluated. For this purpose, cases studied were restricted to those = 50
years of age because of the age dependence of PS-129 concentrations in CSF (fig. S2).
When total a-synuclein was also analyzed, samples with hemoglobin concentrations of >
200 ng/ml were excluded as previously described (8). Subjects were randomly split into a
discovery set and a validation set. The discovery set included a total of 246 subjects: 78
healthy controls, 93 PD patients, 16 MSA patients, 33 PSP patients, and 26 patients with
Alzheimer’s disease (AD). As shown in Fig. 2A and table S1, PS-129 concentrations were
significantly higher in PD patients compared to healthy controls in the discovery set (PD:
79.23 +23.22 pg/ml, control: 68.61 £ 17.25 pg/ml, P<0.05), and were lower in patients with
MSA (58.12 + 20.24 pg/ml, P<0.01) and PSP (55.54 + 16.87 pg/ml, P<0.001) compared to
PD patients. PSP patients also had significantly lower PS-129 concentrations in CSF than
did controls (P<0.05). The results with total a-synuclein concentrations in CSF (Fig. 2B)
largely confirmed earlier observations in PD and other related diseases, that is, total o-
synuclein concentrations are significantly lower in patients with PD and MSA compared to
healthy controls (7, 8). Although PS-129 concentrations were similar in MSA and PSP
patients, the ratio of PS-129 to a-synuclein differentiated these two groups (Fig. 2C; MSA:
0.24 £0.12, PSP: 0.15 £ 0.07, P<0.05). Furthermore, there was a significant increase in the
ratio of PS-129 to a-synuclein in PD (0.22 + 0.07) compared to healthy controls (0.15 +
0.04, P<0.01) and PSP patients (P<0.01). Note that some P-values need to be interpreted
cautiously in light of the multiple comparisons that were conducted.

Analysis of receiver operating characteristic (ROC) was performed to further evaluate the
diagnostic accuracy of PS-129 alone and in combination with total a-synuclein. Because
accurate classification is important in clinical applications, such as patient selection for
clinical trials testing disease-modifying treatments, specificities were anchored to be =280%.
At a specificity of 280%, a combination of PS-129 and total a-synuclein performed better
than PS-129 alone (table S2) with sensitivities for detecting PD, MSA, and PSP patients
versus healthy controls of 61%, 75%, and 67%, respectively. The sensitivities among the
three different parkinsonian disease groups were as follows: PD versus MSA patients, 40%;
PD versus PSP patients, 72%; and MSA versus PSP patients, 63% (Fig. 3, A to C, and table
S2). The diagnostic values (specificity) when sensitivities were anchored to be 80% or
above were: PD versus controls, 64%; MSA versus controls, 73%; PSP versus controls,
55%:; PD versus MSA, 63%; PD versus PSP, 63%; and MSA versus PSP, 67% (table S3).

The major findings observed in the discovery set were replicated in a validation set that
included a total of 344 subjects (126 normal controls, 116 PD, 25 MSA, 27 PSP, and 50 AD
patients). As shown in Fig. 2, D to F, and table S1, compared to healthy controls (73.03 £
17.20 pg/ml), PS-129 concentrations in CSF were significantly lower in the PSP group
(58.24 £24.93 pg/ml, P<0.05). Compared to PD patients (77.73 + 20.45 pg/ml), PS-129
CSF concentrations were lower in MSA (61.97 + 14.19 pg/ml, P<0.01) and PSP (P<0.001)
patients. When the ratio of PS-129 to a-synuclein was compared, there was a significant
increase in the ratio for PD patients (0.22 + 0.09) compared to controls (0.17 + 0.06,
P<0.01) and PSP patients (0.15 £ 0.06, P<0.05). When logistic regression models and cutoff
values (anchored to 280% specificity or sensitivity) determined from the discovery set were
applied to the validation set, PS-129 combined with total a-synuclein gave area under the
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curve (AUC), sensitivity and specificity estimates similar to those in the discovery set. For
example, the specificity and sensitivity for differential diagnosis in the validation set (when
anchoring 280% specificity in the discovery set) were as follows: PD versus MSA, 94% and
47%; PD versus PSP, 82% and 63%; and MSA versus PSP, 82% and 50% (Fig. 3, D to F,
and table S4). Some diagnostic values in the validation set deteriorated compared to those in
the discovery set. This is likely due to the fact that the models and cutoff values were
optimized for the discovery set and also may reflect the relatively small sample sizes and
differences between the two sample sets. Actual distribution of PS-129 in relation to total a-
synuclein for all compared groups is shown in fig. S3.

Correlating CSF PS-129 with PD Severity

The correlation between PS-129 concentrations in CSF and the approximated severity of PD
as determined by the Unified Parkinson’s Disease Rating Scale (UPDRS) part III on-state
motor scores was determined in both discovery (n=93) and validation (n=116) cohorts of PD
patients (cases <50 years were not excluded in this analysis because no age dependence of
CSF PS-129 was noted in PD patients). As shown in Fig. 4, A and B, there was a weak but
statistically significant association (P<0.05) between CSF PS-129 concentrations and the
severity of PD symptoms. Combining the two cohorts increased the statistical significance
(P<0.01). Consistent with our previous results (8), total a-synuclein CSF concentrations did
not correlate with PD severity in either cohort. Furthermore, including total a-synuclein or
the ratio of PS-129 to total a-synuclein in the calculation did not improve the performance
of PS-129 as a marker of PD severity. No statistical significance was detected when PS-129
concentrations in CSF were correlated with Hoehn-Yahr stages (another measure of clinical
PD severity) or disease duration (p>0.05). This is not entirely surprising because the Hoehn-
Yahr scale is a categorical measure in which a wide range of impairment severities is
collapsed together into five stages, and disease duration is only partially correlated with
disease severity and progression. In addition, the substantial variability in PS-129 values of
PD patients at a given stage may also be a contributory factor. A better test of a potential
progression marker will be to study within-person changes over time when longitudinal data
are analyzed.

Discussion

The concentrations of total a-synuclein in CSF are reported to be reduced in patients with
PD compared to healthy controls in several recent studies (7-9, 16, 17). The effects were
more marked in studies that controlled for blood contamination and that had a large cohort
of PD patients (7-9). However, comparable decreases in total a-synuclein in CSF in PD
versus MSA patients have also been reported (7-9). Thus, total a-synuclein in CSF is
unlikely to be useful in differentiating clinically overlapping parkinsonian disorders, such as
MSA and PSP, from PD regardless of whether these disorders are caused by
synucleinopathy (PD, dementia with Lewy bodies, and MSA) or tauopathy (PSP) (18, 19).
Here, we have shown decreases in CSF PS-129, but no significant changes in CSF total a-
synuclein in PSP patients (Fig. 2 and table S1), which may be helpful for the differential
diagnosis of PSP from PD (Fig. 3 and tables S2 to S4). Neither PS-129 nor total a-synuclein
concentrations in CSF were altered in AD relative to healthy controls (AD is also a
tauopathy). Assessing both CSF PS-129 and total a-synuclein may enhance the accuracy of
differential diagnosis among overlapping parkinsonian disorders, thereby improving the
diagnostic classification, especially at early stages of disease. Similar results based on
random split samples were also obtained when analyzed using only the samples from the
Oregon/Veterans Affairs Puget Sound—University of Washington or the German cohort that
has control and diseased subjects across multiple classes (that is, site-specific discovery/
validation). However, because most sensitivity values are modest due to the overlap of CSF

Sci Transl Med. Author manuscript; available in PMC 2012 August 15.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Yd-HIN

Wang et al.

Page 6

PS-129 or total a-synuclein values between PD and healthy control subjects or between PD
and other parkinsonian disorders, combining CSF PS-129 or CSF total a-synuclein with
other CSF markers identified recently such as Flt3 ligand and tau (9), may be needed to
enhance their diagnostic value. It should also be mentioned that the diagnostic accuracy
results presented for the two-marker combination on the discovery set might be
optimistically biased due to the fact that the linear combination of the marker values was
obtained by fitting a logistic regression to the same data. Thus, greater weight should be
placed on the validation data that were obtained when the model (derived completely from
the discovery set) was applied to the validation set.

We also show that CSF total a-synuclein did not correlate with PD severity (8), probably
due to a “floor” effect, that is, CSF a-synuclein concentrations decrease to a certain level
due to disease, but do not decrease further during disease progression. In contrast, we report
that CSF PS-129, a modified form of a-synuclein that is intimately associated with PD
pathogenesis, weakly correlates with UPDRS scores of PD severity (Fig. 4). We recently
reported that fractalkine, complement 3, and factor H, when combined with amyloid 8 (Ap),
correlate with PD severity and progression (9), but it is not clear how these markers are
involved with PD pathogenesis. Consequently, the most meaningful applications of these
inflammatory markers might be for monitoring PD drugs that modulate neuroinflammation
or complement activation/regulation. On the other hand, PS-129 has been implicated in o-
synuclein aggregation, a hallmark of PD pathogenesis. Thus, the ability to monitor PS-129
concentrations in a clinically accessible body fluid such as CSF from a given subject may
provide an objective way to assess mechanisms of action of new drugs that influence this
pathway.

The correlation between PS-129 concentrations in the CSF of PD patients and UPDRS
scores, although statistically significant, is weak and may not be robust enough for clinical
application. However, as we discussed in a previous study (9), there are several reasons why
the correlation between the clinical evaluation (UPDRS) and a CSF marker may be weak.
First, it is unknown whether a strong linear relationship exists between worsening UPDRS
scores and progressive degeneration of the nigrostriatal system; compensation for loss of
nigrostriatal dopaminergic neurons by increasing the levels of dopaminergic terminals or
D-2 receptors per cell in the basal ganglia, which may complicate the relationship between
a-synuclein pathology and the severity of PD motor symptoms. Certain biochemical
markers, on the other hand, may more accurately reflect nigrostriatal degeneration. Also, as
PD advances, a number of brain regions other than the nigrostriatal system are affected (1).
Unlike the UPDRS, CSF biomarkers usually reflect pathology in the whole brain instead of
specifically in the nigrostriatal dopaminergic system. Finally, in a treated patient, the clinical
examination is often confounded by the masking effects of dopaminergic therapy; such
drugs may not affect CSF protein concentrations (8, 9). It should be emphasized that despite
our rigorous control for potential sources of bias and confounding factors, our results need to
be validated in a prospectively planned, independent cohort, particularly in samples
collected longitudinally.

In summary, we have identified and developed an assay to measure PS-129 in human CSF.
When combined with total a-synuclein concentrations in CSF, PS-129 in CSF may be
helpful for the differential diagnosis of clinically overlapping parkinsonian disorders. We
also showed that CSF PS-129 concentrations significantly, although weakly, correlated with
PD severity. These results require replication, ideally in independent cohorts of PD patients
where disease has been longitudinally assessed and pathologically confirmed.
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Materials and Methods

Demographics of Subjects

This study was approved by the Institutional Review Boards of all participating sites. One
hundred and twenty samples (60 PD, 19 AD, and 41 controls) were collected at the Oregon
Health and Science University; 194 samples (46 PD, 55 AD, 2 PSP, and 91 controls) were
collected at the Veterans Affairs Puget Sound Health Care System and University of
Washington School of Medicine; 31 PD samples were collected at the Baylor College of
Medicine; 39 control samples were collected at the University of California at San Diego; 38
samples (5 PD, 32 MSA, and 1 control) were collected at the Clinical Neurocardiology
Section, National Institute of Neurological Disorders and Stroke, National Institutes of
Health; 55 PD samples were collected at the University of Pennsylvania School of
Medicine; 26 samples (1 PD, 9 MSA, 1 PSP, 2 AD, and 13 controls) were collected at the
University of Texas Health Science Center at Houston; 11 PSP samples were collected at the
University of Louisville School of Medicine; and 76 samples (11 PD, 46 PSP, and 19
controls) were collected at the University of Tuebingen, Germany (table S5). Similar CSF
collecting protocols and quality control procedures were followed at all nine participating
centers, in particular, use of polypropylene collection and storage tubes, rapid separation
into single use aliquots, and freezing of CSF samples, to minimize potential site variations.
No significant difference of CSF PS-129 levels in PD or control was identified among
different sites, and no significant correlation was identified between PS-129 levels and
sample storage time (fig. S7).

The subjects were randomly split into a discovery set, including a total of 246 subjects with
a wide range of neurological disorders (93 PD, 26 AD, 16 MSA, and 33 PSP cases) and 78
normal controls, and a validation set with a total of 344 subjects (126 normal controls, 116
PD, 50 AD, 25 MSA, and 27 PSP cases). All CSF samples were obtained after informed
consent from patients, and all patients underwent evaluations consisting of medical history,
physical and neurological examinations, laboratory tests, and neuropsychological
assessments. The inclusion and exclusion criteria for normal controls and patients with PD,
AD, and MSA were described previously (8, 15). Briefly, all PD patients met UK PD
Society Brain Bank clinical diagnostic criteria for PD (20), and the patients were staged by
the UPDRS (21). Patients with AD and MSA were also diagnosed according to generally
accepted clinical criteria (22-24). Control subjects were community volunteers in good
health (many of them are the patients’ spouses). They had no signs or symptoms suggesting
cognitive impairment or neurological disease; all subjects had a Mini Mental Status
Examination (MMSE) score between 28 and 30, a Clinical Dementia Rating (CDR) score of
0, and New York University paragraph recall scores (immediate and delayed) of >6.
Demographic information is listed in table S1 and S5 for all subjects/patients.

For diagnosing patients with possible or probable PSP, the criteria described by Litvan et al
(25) were followed. PSP subtypes such as PSP-parkinsonism (PSP-P) and pure akinesia with
gait freezing (PAGF) were also included; for these subjects, we did not apply the criterion
“in the first year of the disease” because these patients often present with classical PSP
symptoms at later disease stages (26, 27). A similar inclusion procedure has recently been
used by others (28). All included patients provided medical history for at least 2 years from
the first manifestation of symptoms.

Collection of CSF sample and quality control

All CSF samples were obtained by lumbar puncture in the morning. Up to 25 ml of CSF was
taken from each subject, with every 5 ml pooled into one fraction. Samples were divided
into single use aliquots and immediately frozen on dry ice and then stored at -80°C. Before
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analysis, all CSF samples were thawed only once when 10% (10 pl/100 pl of CSF) protease
inhibitor cocktail (Sigma, prepared in 10 ml of H,O) was added and samples were further
divided into single use aliquots. The details are described in our previous article (8). The
hemoglobin concentrations in CSF samples were chosen as an index of the degree of red
blood cell contamination and were measured as previously described (8).

Protein enrichment and MS

IP was performed to enrich PS-129 from 40 ml of pooled reference CSF with a rabbit anti-
PS-129 antibody (Abcam) and with an ExactaCruz IP kit (Santa Cruz Biotechnology)
according to the manufacturer’s instructions. The bound proteins were eluted from the IP
matrix with 0.1% trifluoroacetic acid (TFA), and then dried down and re-dissolved with 15
pl of 0.5% TFA. The efficiency of the enrichment was about 75% (Fig. 1E) and the
procedure was replicated three times. Samples were centrifuged and 1 pl of supernatant was
mixed with 1 pl of CHCA (a-cyano-4-hydroxycinnamic acid, 7 mg/ml) matrix. PS-129 was
revealed with linear model MS on a 4800 matrix-assisted laser desorption ionization-time of
flight-tandem mass spectrometer (Applied Biosystems). For further protein identification,
the enriched proteins were digested sequentially with trypsin and endoproteinase Asp-N for
16 hours each. The digest was desalted with an Oasis MCX cartridge (1 cm3/30mg, 30pum;
Waters) and run with the 4800 mass spectrometer as described (29). A list of identified
peptides can be found in table S6.

Preparation of recombinant PS-129 protein

Human recombinant phosphorylated a-synuclein protein was prepared as described
previously (30). Briefly, recombinant a-synuclein was phosphorylated by casein kinase 2
(New England Biolabs) and unphosphorylated proteins were separated by ion-exchange
chromatography (Amersham Biosciences/GE Healthcare). Fractionated samples were
analyzed by immunoblotting with an anti-PS-129 antibody and MS (fig. S4). The PS-129-
positive fractions were concentrated by ammonium sulfate precipitation.

Bead-based Luminex assays

CSF PS-129 concentrations were measured with a modified Luminex assay based on the
total a-synuclein assay (8) (see fig. S6 for a calibration curve). In brief, 75 pl CSF was
diluted with 25 pl assay diluent (0.1% bovine serum albumin/phosphate buffered saline) and
then incubated with capturing antibody ASY-1 [an antibody recognizing epitopes within the
last 45 amino acids of a-synuclein (31)]-coupled beads overnight (~18 hours, 4 °C) at 600
rpm on a plate shaker. After the sample solution was removed, the biotinylated anti-human
PS-129 antibody (2 ng/ul) (32) was added at 50 pl (100 ng)/well and incubated for 3 hours
on a plate shaker (600 rpm) at room temperature. Fifty microliters (100 ng) per well of
diluted streptavidin-R-phycoerythrin (Prozyme) in assay diluent was then added and
incubated for 0.5 hour on a plate shaker (600 rpm) at room temperature. All samples were
analyzed with a LiquiChip Luminex 200™ Workstation (Qiagen). The intra-assay variation
(determined by measuring replicates of multiple samples in the same run/plate) was <10.2%
and the inter-assay precision (run to run or plate to plate, determined with an internal
standard — an aliquot of a pooled reference CSF sample with known PS-129 concentration —

in each plate) was <19.4%. Measurement of total a-synuclein was performed as previously
described (8).

Statistical analysis

All analyses were performed with Prism 4.0 (Graphpad) and PASW 18.0 (SPSS/IBM).
Linear regression analysis was used to determine the relationships between age, hemoglobin,
and PS-129. One-way analysis of variance (ANOVA) followed by the Tukey test was used
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to compare differences between groups. Additionally, relationships between the analytes and
hemoglobin, age, sex, and UPDRS motor score were analyzed with bivariate correlation
using Pearson’s correlation coefficients. Values with p<0.05 were regarded as significant.
ROC curves were used to calculate the relationship between sensitivity and specificity for
each disease group (PD, MSA, or PSP) versus each of the other groups (healthy control or
other disease groups; the analyses involving AD were performed but the results are not
shown), and hence to evaluate the diagnostic and differential diagnostic performance of the
analytes. The “optimum” cutoff value from the ROC curve is determined by anchoring the
specificity (or sensitivity) to be 280%. This was done for both PS-129 and total a-synuclein,
as well as the ratio of PS-129/total a-synuclein. Logistic regression was used to determine
the best linear combination of PS-129 and total a-synuclein levels for predicting disease
status (versus healthy or diseased controls), followed by ROC analysis on the linear
combination.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank the patients for their generous participation and sample donations, A. Furay for her critical review of the
manuscript and copyediting, J. Armaly for his assistance on data analysis, and clinical coordinators and group
investigators at each site for CSF sample collection and handling. Funding: The investigation was supported by the
NIH (grants AG025327, AG033398, ES004696-5897, ES007033-6364, NS057567 and NS060252 to J.Z.,
NS062684 to J.Z., C.P.Z., and J.B.L., NS065070 to C.P.Z., and NS053488 to J.Q.T, V.M.L. and A.D.S.), the
Lundbeck Foundation and the European Community’s Seventh Framework Programme (FP7/2007-2013) under
grant agreement n° 241791 (to P.H.].).

References and Notes

1. Litvan I, Halliday G, Hallett M, Goetz CG, Rocca W, Duyckaerts C, Ben-Shlomo Y, Dickson DW,
Lang AE, Chesselet MF, Langston WJ, Di Monte DA, Gasser T, Hagg T, Hardy J, Jenner P,
Melamed E, Myers RH, Parker D Jr, Price DL. The etiopathogenesis of Parkinson disease and
suggestions for future research. Part I. J Neuropathol Exp Neurol. 2007; 66:251-257. [PubMed:
17413315]

2. Polymeropoulos MH, Lavedan C, Leroy E, Ide SE, Dehejia A, Dutra A, Pike B, Root H, Rubenstein
J, Boyer R, Stenroos ES, Chandrasekharappa S, Athanassiadou A, Papapetropoulos T, Johnson WG,
Lazzarini AM, Duvoisin RC, Di Iorio G, Golbe LI, Nussbaum RL. Mutation in the alpha-synuclein
gene identified in families with Parkinson’s disease. Science. 1997; 276:2045-7. [PubMed:
9197268]

3. Spillantini MG, Schmidt ML, Lee VM, Trojanowski JQ, Jakes R, Goedert M. Alpha-synuclein in
Lewy bodies. Nature. 1997; 388:839-40. [PubMed: 9278044]

4. Scherzer CR, Grass JA, Liao Z, Pepivani I, Zheng B, Eklund AC, Ney PA, Ng J, McGoldrick M,

Mollenhauer B, Bresnick EH, Schlossmacher MG. GATA transcription factors directly regulate the
Parkinson’s disease-linked gene alpha-synuclein. Proc Natl Acad Sci U S A. 2008; 105:10907-
10912. [PubMed: 18669654]

5. Sen S, West AB. The therapeutic potential of LRRK?2 and alpha-synuclein in Parkinson’s disease.
Antioxid Redox Signal. 2009; 11:2167-2187. [PubMed: 19271991]

6. Rogers J, Mikkilineni S, Cantuti-Castelvetri I, Smith D, Huang X, Bandyopadhyay S, Cahill C,
Maccecchini M, Lahiri D, Greig N. The alpha-synuclein 5'untranslated region targeted translation
blockers: anti-alpha synuclein efficacy of cardiac glycosides and Posiphen. J Neural Transm. 2011;
118:493-507. [PubMed: 21221670]

7. Mollenhauer B, Locascio JJ, Schulz-Schaeffer W, Sixel-Doring F, Trenkwalder C, Schlossmacher
MG. alpha-Synuclein and tau concentrations in cerebrospinal fluid of patients presenting with
parkinsonism: a cohort study. Lancet Neurol. 2011; 10:230-240. [PubMed: 21317042]

Sci Transl Med. Author manuscript; available in PMC 2012 August 15.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Yd-HIN

Wang et al.

10

11.

12

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Page 10

. Hong Z, Shi M, Chung KA, Quinn JF, Peskind ER, Galasko D, Jankovic J, Zabetian CP, Leverenz

JB, Baird G, Montine TJ, Hancock AM, Hwang H, Pan C, Bradner J, Kang UJ, Jensen PH, Zhang J.
DJ-1 and alpha-synuclein in human cerebrospinal fluid as biomarkers of Parkinson’s disease. Brain.
2009; 133:713-726. [PubMed: 20157014]

. Shi M, Bradner J, Hancock AM, Chung KA, Quinn JF, Peskind ER, Galasko D, Jankovic J,

Zabetian CP, Kim HM, Leverenz JB, Montine TJ, Ginghina C, Kang UJ, Cain KC, Wang Y, Aasly
J, Goldstein DS, Zhang J. Cerebrospinal Fluid Biomarkers for Parkinson Disease Diagnosis and
Progression. Ann Neurol. 2011; 69:570-580. [PubMed: 21400565]

. Chen L, Periquet M, Wang X, Negro A, McLean PJ, Hyman BT, Feany MB. Tyrosine and serine
phosphorylation of alpha-synuclein have opposing effects on neurotoxicity and soluble oligomer
formation. J Clin Invest. 2009; 119:3257-3265. [PubMed: 19855133]

Fujiwara H, Hasegawa M, Dohmae N, Kawashima A, Masliah E, Goldberg MS, Shen J, Takio K,
Iwatsubo T. alpha-Synuclein is phosphorylated in synucleinopathy lesions. Nat Cell Biol. 2002;
4:160-164. [PubMed: 11813001]

. Smith WW, Margolis RL, Li X, Troncoso JC, Lee MK, Dawson VL, Dawson TM, Iwatsubo T,
Ross CA. Alpha-synuclein phosphorylation enhances eosinophilic cytoplasmic inclusion
formation in SH-SYS5Y cells. J Neurosci. 2005; 25:5544-5552. [PubMed: 15944382]

Gorbatyuk OS, Li S, Sullivan LF, Chen W, Kondrikova G, Manfredsson FP, Mandel RJ,
Muzyczka N. The phosphorylation state of Ser-129 in human alpha-synuclein determines
neurodegeneration in a rat model of Parkinson disease. Proc Natl Acad Sci U S A. 2008; 105:763—
768. [PubMed: 18178617]

. Azeredo da Silveira S, Schneider BL, Cifuentes-Diaz C, Sage D, Abbas-Terki T, Iwatsubo T,
Unser M, Aebischer P. Phosphorylation does not prompt, nor prevent, the formation of alpha-
synuclein toxic species in a rat model of Parkinson’s disease. Hum Mol Genet. 2009; 18:872-887.
[PubMed: 19074459]

Wang Y, Hancock AM, Bradner J, Chung KA, Quinn JF, Peskind ER, Galasko D, Jankovic J,
Zabetian CP, Kim HM, Leverenz JB, Montine TJ, Ginghina C, Edwards KL, Snapinn KW,
Goldstein DS, Shi M, Zhang J. Complement 3 and factor h in human cerebrospinal fluid in
Parkinson’s disease, Alzheimer’s disease, and multiple-system atrophy. Am J Pathol. 2011;
178:1509-1516. [PubMed: 21435440]

Mollenhauer B, Cullen V, Kahn I, Krastins B, Outeiro TF, Pepivani I, Ng J, Schulz-Schaeffer W,
Kretzschmar HA, McLean PJ, Trenkwalder C, Sarracino DA, Vonsattel JP, Locascio JJ, El-Agnaf
OM, Schlossmacher MG. Direct quantification of CSF alpha-synuclein by ELISA and first cross-
sectional study in patients with neurodegeneration. Exp Neurol. 2008; 213:315-325. [PubMed:
18625222]

Tokuda T, Salem SA, Allsop D, Mizuno T, Nakagawa M, Qureshi MM, Locascio JJ,
Schlossmacher MG, El-Agnaf OM. Decreased alpha-synuclein in cerebrospinal fluid of aged
individuals and subjects with Parkinson’s disease. Biochem Biophys Res Commun. 2006;
349:162—-166. [PubMed: 16930553]

Dickson DW, Ahmed Z, Algom AA, Tsuboi Y, Josephs KA. Neuropathology of variants of
progressive supranuclear palsy. Curr Opin Neurol. 2010; 23:394-400. [PubMed: 20610990]

Chen AL, Riley DE, King SA, Joshi AC, Serra A, Liao K, Cohen ML, Otero-Millan J, Martinez-
Conde S, Strupp M, Leigh RJ. The disturbance of gaze in progressive supranuclear palsy:
implications for pathogenesis. Front Neurol. 2010; 1:147. [PubMed: 21188269]

Gibb WR, Lees AJ. The relevance of the Lewy body to the pathogenesis of idiopathic Parkinson’s
disease. J Neurol Neurosurg Psychiatry. 1988; 51:745-752. [PubMed: 2841426]

Fahn, S.; Elton, R. U. D. Committee. Recent developments in Parkinsons disease. F, S.; M, CD.; c,
db; G, M., editors. Vol. 2. Macmillan Healthcare Information; Florham Park, NJ: 1987. p.
153-163.

McKhann G, Drachman D, Folstein M, Katzman R, Price D, Stadlan EM. Clinical diagnosis of
Alzheimer’s disease: report of the NINCDS-ADRDA Work Group under the auspices of
Department of Health and Human Services Task Force on Alzheimer’s Disease. Neurology. 1984;
34:939-944. [PubMed: 6610841]

Gilman S, Low PA, Quinn N, Albanese A, Ben-Shlomo Y, Fowler CJ, Kaufmann H, Klockgether
T, Lang AE, Lantos PL, Litvan I, Mathias CJ, Oliver E, Robertson D, Schatz I, Wenning GK.

Sci Transl Med. Author manuscript; available in PMC 2012 August 15.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Vd-HIN

Wang et al.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Page 11

Consensus statement on the diagnosis of multiple system atrophy. J Neurol Sci. 1999; 163:94-98.
[PubMed: 10223419]

Gilman S, Wenning GK, Low PA, Brooks DJ, Mathias CJ, Trojanowski JQ, Wood NW, Colosimo
C, Durr A, Fowler CJ, Kaufmann H, Klockgether T, Lees A, Poewe W, Quinn N, Revesz T,
Robertson D, Sandroni P, Seppi K, Vidailhet M. Second consensus statement on the diagnosis of
multiple system atrophy. Neurology. 2008; 71:670-676. [PubMed: 18725592]

Litvan I, Agid Y, Calne D, Campbell G, Dubois B, Duvoisin RC, Goetz CG, Golbe LI, Grafman J,
Growdon JH, Hallett M, Jankovic J, Quinn NP, Tolosa E, Zee DS. Clinical research criteria for the
diagnosis of progressive supranuclear palsy (Steele-Richardson-Olszewski syndrome): report of
the NINDS-SPSP international workshop. Neurology. 1996; 47:1-9. [PubMed: 8§710059]

Williams DR, de Silva R, Paviour DC, Pittman A, Watt HC, Kilford L, Holton JL, Revesz T, Lees
AlJ. Characteristics of two distinct clinical phenotypes in pathologically proven progressive
supranuclear palsy: Richardson’s syndrome and PSP-parkinsonism. Brain. 2005; 128:1247-1258.
[PubMed: 15788542]

Srulijes K, Mallien G, Bauer S, Dietzel E, Groger A, Ebersbach G, Berg D, Maetzler W. In vivo
comparison of Richardson’s syndrome and progressive supranuclear palsy-parkinsonism. J Neural
Transm. 2011; 118:1191-1197. [PubMed: 21207078]

Agosta F, Kostic VS, Galantucci S, Mesaros S, Svetel M, Pagani E, Stefanova E, Filippi M. The in
vivo distribution of brain tissue loss in Richardson’s syndrome and PSP-parkinsonism: a VBM-
DARTEL study. Eur J Neurosci. 2010; 32:640-647. [PubMed: 20597976]

Devic I, Hwang H, Edgar JS, Izutsu K, Presland R, Pan C, Goodlett DR, Wang Y, Armaly J,
Tumas V, Zabetian CP, Leverenz JB, Shi M, Zhang J. Salivary alpha-synuclein and DJ-1:
potential biomarkers for Parkinson’s disease. Brain. 2011; 134:e178. [PubMed: 21349902]
Sasakawa H, Sakata E, Yamaguchi Y, Masuda M, Mori T, Kurimoto E, Iguchi T, Hisanaga S,
Iwatsubo T, Hasegawa M, Kato K. Ultra-high field NMR studies of antibody binding and site-
specific phosphorylation of alpha-synuclein. Biochem Biophys Res Commun. 2007; 363:795-799.
[PubMed: 17904099]

Jensen PH, Islam K, Kenney J, Nielsen MS, Power J, Gai WP. Microtubule-associated protein 1B
is a component of cortical Lewy bodies and binds alpha-synuclein filaments. J Biol Chem. 2000;
275:21500-21507. [PubMed: 10764738]

Waxman EA, Giasson BI. Specificity and regulation of casein kinase-mediated phosphorylation of
alpha-synuclein. J Neuropathol Exp Neurol. 2008; 67:402—416. [PubMed: 18451726]

Sci Transl Med. Author manuscript; available in PMC 2012 August 15.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Vd-HIN

Wang et al.

% Intensity

=3
-4

% Intensity
3

=3
-]

% Intensity
@
- L -

_E

@
_®

Page 12
A D
THO 401 RED01 $244) 4769
14540.2715 100 s
5011.8
} - 791 411[R4E200 5101 2293'9
1007 » ! ' B omme i 21 | conaes
g FLIN UL L 2y ;
I solt Sep—— P-DNE-AYE- PS5 E-E-GHY-Q-
£ 60
{ ® g0 G o i
T . 4 -.J!\;. Lecaklh { RN % o
2000 15200 20000 Q
Mass (miz) 250 oo
s )
-— 1760 1788 1816 1830
B =gl . Mass(m/2) bs " ja b2 812 Vi
<8 b2 b3 ¥7 / yio ¥ f ’
3 90.401
v « y
14539.8213 20 347.038 Jur.os2 b4 \902-273 1335.401
‘ 1443.1 218%s ¥ 889.211 1264.262 M425.346
) Al o age.08 bl Jipotaos vasssee) " isyergl
- v ’ T
9.0 385.4 761.8 1138.2 1514.6 1891.0
Mass (m/z)
8000 15200 20000
Mass (m2) E
o
2000
c £
@
@ 1
1500-
o
e 5 2
Sw
2 e
e smoo
cE
8=
T 500
@
=
| 'y ol — —_— ——
£000 15200 20000 BG CSF depletion DP a-syn [-casein
Mass (m/z) sample

Fig 1. Identification and quantification of PS-129 in human CSF

Phosphorylated o-synuclein at Ser!2? (PS-129) was detected in human CSF using linear and
tandem MS. (A to C) Linear mode spectra of intact proteins are shown for (A) PS-129
standard (0.5 ng) at a mass of 14,540; (B) candidate PS-129 in CSF after IP with a rabbit
anti-PS-129 antibody; and (C) absence of PS-129 after IP with normal rabbit
immunoglobulin G. (D) The digestion of the eluate from IP (with anti-PS-129 antibody)
revealed two peptides with PS-129 phosphorylation (see also fig. S5). Phosphorylation of
Ser'2® was also validated by manual mass match. The dethiomethyl modification of Met!27
is likely a sample processing artifact, and the loss of N-terminal Asp in the peptide shown is
probably due to the acid lability of the Asp-Pro bond, both of which are known artifacts in
proteomics analyses. (E) The Luminex assay specificity was confirmed by several methods
including using pre-depletion of PS-129 from CSF with an anti-PS-129 antibody, de-
phosphorylation (DP) of CSF proteins using calf intestine alkaline phosphatase, non-
phosphorylated a-synuclein standard (a-Syn), and a non-specific phosphorylated protein -
casein as negative controls. BG, background.
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Fig 2. PS-129 in the CSF of parkinsonian patients

(A to F) PS-129 concentrations in CSF were measured in the discovery set [(A) PS-129, (B)
total a-synuclein, (C) ratio of PS-129 to a-synuclein] and validation set [(D) PS-129, (E)
total a-synuclein, (F) ratio of PS-129 to a-synuclein). Subjects younger than 50 years were
excluded. Comparisons of the average concentration of PS-129 in the CSF of healthy
controls, PD patients, MSA patients, PSP patients, and AD patients were performed using
one-way ANOVA. Case numbers included in each group can be found in table S1. Data are
mean + S.E. *, P<0.05; **, P<0.01; ***, P<0.001 (Tukey/ANOVA). Only the most relevant
statistical significance is indicated; see table S1 for a complete report of all group
comparisons.
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Fig 3. ROC analysis of CSF PS-129, total a-synuclein and their combination

PS-129 and total a-synuclein concentrations in CSF were measured by Luminex assays in
the discovery and validation patient cohorts. ROC analysis was performed to evaluate the
diagnostic values (sensitivity and specificity) of PS-129 alone, total a-synuclein alone, and
the combination of total a-synuclein and PS-129 (in a logistic regression model) for PD
diagnosis (not shown) and differential diagnosis between PD and other parkinsonian
disorders (MSA and PSP). (A to C) Discovery set: (A) PD versus MSA, (B) PD versus PSP,
(C) MSA versus PSP. (D to F) Validation set: (D) PD versus MSA, (E) PD versus PSP, (F)
MSA versus PSP. Subjects younger than 50 were excluded from all analyses and samples
with high blood contamination (hemoglobin 2200 ng/ml) were excluded when total o-
synuclein was measured. The diagnostic values in the discovery set when specificities or
sensitivities were anchored to be 280% can be found in tables S2 and S3, respectively. The
diagnostic values for the combination in the validation set when the models and cutoff
values generated from the discovery set were applied into the validation set can be found in
table S4.
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PS-129 concentrations in the CSF of patients with PD were measured by a Luminex assay

and plotted against PD severity measured by UPDRS motor scores. (A and B) The

correlation between CSF PS-129 concentrations and UPDRS scores was evaluated using
linear regression analysis with Pearson’s correlation in the discovery set [(A) r=0.23,

P<0.05], the validation set [(B) r=0.21, p<0.05], and the two sets combined (not shown;
r=0.22, P<0.01).
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