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Abstract.
Background: Parkinson’s disease (PD), progressive supranuclear palsy (PSP), and multiple system atrophy (MSA) present
with similar movement disorder symptoms but distinct protein aggregates upon pathological examination.
Objective: Discovery and validation of candidate biomarkers in parkinsonian disorders for differential diagnosis of subgroup
molecular etiologies.
Methods: Untargeted liquid chromatography (LC)-mass spectrometry (MS) proteomics was used for discovery profiling
in cerebral spinal fluid (CSF) followed by LC-MS/MS based multiple reaction monitoring for validation of candidates. We
compared clinical variation within the parkinsonian cohort including PD subgroups exhibiting tremor dominance (TD) or
postural instability gait disturbance and those with detectable leukocytes in CSF.
Results: We have identified candidate peptide biomarkers and validated related proteins with targeted quantitative multiplexed
assays. Dopamine-drug naı̈ve patients at first diagnosis exhibit reduced levels of signaling neuropeptides, chaperones, and
processing proteases for packaging of self-aggregating peptides into dense core vesicles. Distinct patterns of biomarkers
were detected in the parkinsonian disorders but were not robust enough to offer a differential diagnosis. Different biomarker
changes were detected in male and female patients with PD. Subgroup specific candidate biomarkers were identified for TD
PD and PD patients with leukocytes detected in CSF.
Conclusion: PD, MSA, and PSP exhibit overlapping as well as distinct protein biomarkers that suggest specific molecular
etiologies. This indicates common sensitivity of certain populations of selectively vulnerable neurons in the brain, and
distinct therapeutic targets for PD subgroups. Our report validates a decrease in CSF levels of self-aggregating neuropeptides
in parkinsonian disorders and supports the role of native amyloidogenic proteins in etiologies of neurodegenerative diseases.
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INTRODUCTION

Neurodegenerative diseases are aging associated
conditions for which there presently are no medi-
cations that can slow progression. A diagnosis of
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Parkinson’s disease (PD) is initially made based
upon movement disorder symptoms that are largely
resolved with dopaminergic medications. The diag-
nosis is validated by dopamine transporter-imaging
and postmortem detection of alpha-synuclein (aSYN)
immunostaining of Lewy body aggregates in dop-
aminergic (DA) neurons of the substantia nigra (sn).
However, there is a wide range of additional non-
motor symptoms in PD, both in earlier and later
phases, with aSYN spreading to regions and cell

ISSN 1877-7171 © 2022 – The authors. Published by IOS Press. This is an Open Access article distributed under the terms
of the Creative Commons Attribution License (CC BY 4.0).

mailto:miles.trupp@umu.se
https://creativecommons.org/licenses/by/4.0/


1170 S. Zhu et al. / MRM Validation of CSF Biomarkers for PD

types beyond DA sn neurons. Furthermore, other
protein aggregates are often detected in the brain in
postmortem analysis in PD. While end stage protein
aggregation has been well characterized and exhaus-
tively targeted by antibody-based therapies, there is
still a dearth of knowledge concerning underlying
molecular changes leading to protein misfolding. An
increased understanding of the molecular deficits and
changes prior to and associated with protein aggre-
gation can help identify clinically useful biomarkers
and novel drug targets for disease remediation prior to
irreversible neuron loss. Proteomics analysis of cere-
brospinal fluid (CSF) offers insight into the condition
of neurons and glia in the brain that captures both
the influence of genes as well as metabolic and envi-
ronmental stresses. Additionally, protein biomarkers
may immediately suggest mechanisms and candidate
drug targets that might be addressed with either small
molecules or therapeutic antibodies.

The parkinsonian disorders, progressive supranu-
clear palsy (PSP), multiple system atrophy (MSA),
and PD, all result in clinically similar movement
deficits including tremor and difficulty initiating
motion, i.e., bradykinesia. While it is often diffi-
cult to differentiate these diseases at initial diagnosis,
they exhibit distinct molecular signatures upon patho-
logical examination: PSP patients have microtubule
associated protein tau (MAPT) aggregates in neurons
of the sn [1]; MSA patients exhibit aSYN aggregates
and Lewy bodies in glial cells of sn; and PD patients
have characteristic aSYN aggregation in Lewy bod-
ies in the dopamine producing neurons of sn [2]. A
molecular diagnostic that could distinguish between
these clinically similar diseases would better predict
prognosis, response to dopaminergic medications and
selection of patients for clinical trials.

Mass spectrometry based multiple reaction moni-
toring (MRM) assays allow for robust quantification
of endogenous proteins based on the measurement
of more than 50 stable isotope-labeled standard
(SIS) peptides in a single assay. This allows the int-
errogation of multiple disease mechanisms simul-
taneously with the aim of distinguishing between
similar diseases or sub-groups within a single diag-
nosis. For the current study we have attempted to
validate some previously identified candidates and
also conducted untargeted discovery profiling in CSF
depleted of high abundant proteins to identify novel
candidates. The validation of these candidates using
MRM reveals a decrease in CSF levels of several
related neurosecretory granule proteins and peptides
that suggest important roles in neuronal cell function

and disease. Data from this and several previous stud-
ies suggest that additional self-aggregating proteins
of dense-core vesicles are altered in parkinsonian
disorders, and that global problems in liquid-liquid
phase change regulation may be widespread in neu-
rodegenerative disorders.

MATERIALS AND METHODS

Study population and sample information

This work is focused on baseline evaluation of
patients at initial diagnosis identified in a population-
based incidence study in Northern Sweden–New
Parkinsonism in Umeå (NYPUM) [3]. Patients were
excluded in the original cohort for secondary parkin-
sonism or dementia within one year of PD diagnosis
(DLB). All patients were assessed in clinical eval-
uation including Hoehn and Yahr (HY), Unified
Parkinson’s Disease Rating Scale (UPDRS), and
autonomic and oculomotor deficits. Diagnosis with
PD, MSA, or PSP required agreement of at least two
movement disorder specialist neurologists accord-
ing to UK Parkinson’s disease brain bank criteria
[4] or consensus criteria for MSA [5] or PSP [6].
Control participants were selected from healthy vol-
unteers that exhibited normal 123I-FP-CIT SPECT
brain imaging, as compared to parkinsonian patients
which were confirmed based on abnormal dopamine
transporter scan.

This study included two batches of CSF, of which
one contained 90 samples for untargeted proteomic
profiling and the other 118 samples for targeted
MRM validation. There were 76 samples in common
between batches. They were selected from the Neuro-
biobank at Clinical Neuroscience, Umeå University
Hospital, Umeå, Sweden. CSF samples were taken
at initial visit (year 0) and are almost all dopaminer-
gic drugs (L-DOPA et al.) naı̈ve. Number of females
(f) and males (m) and ages (mean, standard error of
the mean (SEM)) of participants are summarized as
Table 1.

All patients approved the use of clinical material
with informed consent, and research was conducted
under the guidelines of the Declaration of Helsinki.
These studies were approved by the Regional Medical
Ethics Board in Umeå, Sweden, committee refer-
ence numbers: DNR2011-334-31M (2011-12-06);
DNR2014-163-31M (2014-08-29) DNR 2012-326-
31M; 2012-10-26.

The clinical evaluation conducted at baseline prior
to treatment with dopamine medications was used
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Table 1
CSF Sample Information. Two substantially overlapping sample sets were selected for untargeted proteomic profiling and validation of
candidates by multiple reaction monitoring (MRM). The discovery study focused on samples from patients with PD exhibiting greater

increase in UPDRS III scores at follow up visits (year 3-year 1)(fast).

Group Profiling(n = 90) MRM (n = 118)

Count(f/m) Age (mean ± SEM, f/m) Count(f/m) Age (mean ± SEM, f/m)

Control 30(14/16) 70.9 ± 3.2/67.1 ± 6.8 30(14/16) 70.9 ± 3.2 /67.1 ± 6.8
PD fast 32(9/23) 73.8 ± 9.2/70.0 ± 9.8 31(12/19) 69.4 ± 7.3 /67.7 ± 10.1

slow 32(11/21) 66.7 ± 8.6/69.4 ± 7.7
MSA 12 (5/7) 70.6 ± 6.5/72.7 ± 2.9 12(5/7) 70.6 ± 6.5/69.6 ± 6.6
PSP 16(8/8) 73.2 ± 7.8/70.3 ± 5.5 14(6/7) 73.1 ± 8.4/69.7 ± 5.6

for determining tremor dominant (TD), based on
UPDRS III items 20 and 21, or postural instability
gait disturbance (PIGD) items 13, 14, 15, 29 and 30.
The distinction between TD and PIGD subgroups are
most clear at initial diagnosis as dopamine medica-
tions clear many tremor symptoms and the diagnosis
is more difficult as the disease progresses [7, 8].

Candidates and peptides

Candidates for validation with MRM were chosen
based on discovery in the CSF profiling study or from
previously published candidate protein biomarkers.
Names of peptides are made using “gene + the first
three N-terminal amino acids”. Heavy isotope labeled
peptides were used from two sources. 32 synthetic
peptides for 29 proteins were purchased from Cam-
bridge Research Biochemicals with purity > 95%
(via reversed-phase liquid chromatography RPLC,
and mass determined by matrix-assisted laser des-
orption/ionization time-of-flight mass spectrometry,
MALDI-TOF-MS) with net peptide content deter-
mined by Elemental Analysis (C, H, N). And 14
peptides were derived from 11 QPrEST standards
(AtlasAntibodies AB, Bromma, Sweden). QPrEST
purified protein standards are designed to yield heavy
isotope labeled peptide fragments upon trypsin diges-
tion; this allows for monitoring of trypsin efficiency
during sample preparation in a context similar to
native protein digestion. All heavy peptides were used
to validate MS retention time of native peptides in
CSF and for identification of optimal transitions for
quantification by MRM.

Sample preparation

CSF profiling
This study contained 90 samples including 30 Con-

trols, 32 PD, 12 MSA, and 16 PSP. QC samples were
made from a pool of randomly selected CSF. Five
aliquots of QC were used to evaluate variations in

HAP depletion across samples. Albumin and IgG
was first depleted using Pierce™ Top 2 Abundant
Protein Depletion Spin Columns (Catalog number:
85162) according to manufacturer’s protocol. Briefly,
slurry from each spin column was pooled. Aliquots
of 170 �l were made and added to new spin columns
with filters, which was sufficient to remove high
abundant proteins from 170 �g CSF protein accord-
ing to the protocol. 150 �l CSF (containing ∼75 �g
protein) from each sample was used for depletion.
Flow through from each spin column was combined
with three subsequent washes using 50 �l PBS each.
Eluents of above from each sample were desalted
by 3K filter followed by two washes using 50 mM
ABC (ammonium bicarbonate), and then dried by
speed vac at room temperature. 20 �l Lysis buffer
containing 2% SDC (Sodium deoxycholate), 10 mM
TCEP (Tris (2-carboxyethyl) phosphine hydrochlo-
ride), 40 mM CAA (2-Chloroacetamide), 100 mM
Tris pH 8.5 was added to each sample and incubated at
95◦C for 10 min. The resultant solution was diluted by
180 �l 50 mM ABC containing 0.5 �g trypsin, which
was used for overnight digestion at 37◦C. Reaction
was stopped by adding Formic acid (final concen-
tration 0.5% v/v). 10 isotope labelled peptides were
spiked in as internal standards (5 fmol/ �l final). SDC
pellets were removed by 14000 rcf for 10 min. All
peptide mixtures were desalted on the 5 mg Oasis
HLB 96-well plate (part no. 186000309; Waters; Mil-
ford, MA, USA). The eluate was then dried in a speed
vac for 3-4 h.

CSF MRM
This study contained 118 samples including 30

Controls, 63 PD, 12 MSA, and 14 PSP. 50 �l CSF
was first heated at 95◦C for 10 min. After cooling
on ice, 8 M urea was added (1.0 M final). Disulfide
bonds were reduced by 5 mM TCEP at 37◦C and
alkylated with final 10 mM IAA (iodoacetamide)
through 30 min incubations in dark at room temp-
erature. 1 �g trypsin was added and incubated at
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37◦C for 2 h. 0.5 �g additional trypsin was added
to each sample and incubated at 37◦C overnight.
Reaction was stopped by adding Formic acid (final
concentration 0.5% v/v). Isotope labelled internal
standards for each peptide were spiked-in at con-
centrations close to endogenous levels as empirically
determined during method optimization for each pep-
tide. All peptide mixtures were desalted on the Oasis
HLB Extraction Cartridges (1 cc/5 mg, part no.:
186000309, Waters, Milford, MA, USA). The eluate
was then dried in a speed vac for ∼5-6 h.

Instrument and analysis

CSF profiling: Liquid chromatography–ion
mobility separation–mass spectrometry
(LC-IMS-MS)

NanoACQUITY™ ultra-performance liquid chro-
matography system (Waters Corp) was used to deliver
mobile phases. 500 ng peptides from each sample
were loaded and trapped on a PepMap100, nanoViper
Acclaim® C18 trap column (100 �m i.d. × 2 cm,
5 �m particles, 100 Å pores; Thermo Scientific) and
were then eluted and separated on an HSS T3
(High Strength Silica T3) C18 analytical column
(75 �m i.d. × 250 mm, 1.8 �m particles; Waters, Mil-
ford, MA). 135 min gradient of solvent B (3 : 1
ACN/2-propanol, 0.1% formic acid) at a flow rate
of 280 nl/min was used: 5–20% for 64 min; 20–35%
for 35 min; 35–50% for 5 min; 50–95% for 3 min;
95% for 9 min; 95%-1% for 3 min and balanced
for 15 min using 1% solvent B. The eluate entered
Waters SynaptG2-S2 HDMS through a nanoflow ESI
interface operating in positive ionization mode. Ultra-
definition (UD) MSE was used; and ion mobility
dependent transfer energy was used for peptide frag-
menting [9]. Scan time was set to be 0.8 s.

Data processing
ProteinLynx Global SERVER version 3.0.2

(PLGS, Waters Corp) was used for peptide identi-
fication for the pilot experiment and Progenesis QI
for Proteomics (QI.P) was used for raw data pro-
cessing, alignment, ion picking, peptide and protein
identification and quantification. All data were first
lock mass-corrected using [Glu1]-fibrinopeptide B
(m/z 785.8426; [M + 2H]2+). For peak detection,
the following thresholds were used: (i) low energy
ion: 250 counts, (ii) elevated energy ion: 50 counts,
(iii) minimal total ion intensity: 750 counts. For
peptide identification, database was Human Uni
ProtKB/Swiss-Prot (20,204 reviewed entries,

downloaded on 2015/09/28). Digest reagent: trypsin,
maximum missed cleavages: 2; maximum protein
mass: 250 kDa; fixed modifications: carbamidome-
thyl; variable modifications: Oxidation M, peptide
tolerance: 10 ppm; fragment tolerance: 25 ppm; FDR
< 1%; for ion matching requirements, thresholds
were: 2 for fragments/peptide, 3 for fragments/
protein and 1 for peptides/protein. For further iden-
tification refinement, peptides with score < 4 and
hits < 2 were excluded. All data was first corrected
for mass spectrometry intensity using the median of
nine SIS peptides. SIS normalized data of peptides
were exported from QI.P.

MRM transition selection and parameter
optimization

All possible transitions were tested by the triple
quadrupoles. Optimized collision energy (CE) volt-
ages were estimated by Skyline daily (MacCoss lab,
University of Washington) and optimized through
increasing voltages by steps of 1V from −5V to +5V
around the estimated CEs. Since SIS peptides have
the same behaviors as native (NAT) with regards to
separation, ionization, and fragmentation, the same
MRM acquisition parameters and retention times can
be used for both peptide forms. The only differences
are the actual precursor and product ion m/z values.
The 5 most intense ions were chosen for each SIS pep-
tide in buffer. SIS were also spiked in CSF to monitor
both SIS and NAT behaviors. Only transitions that
show no interference in CSF, the most response and
least variation (≤20% coefficient of variation (CV))
were selected and three transitions were chosen for
each peptide for monitoring in the final assays.

LC-MRM
1290 Infinity system (Agilent Technologies) was

used as UHPLC and connected to a 6490 Triple
Quad for MRM analysis. Peptide mixture corre-
sponding to 25 �l CSF digests was loaded on to a
guard column (ACQUITY UPLC BEH C18 Van-
Guard Pre-column, 130Å, 1.7 �m, 2.1 mm × 5 mm,
part no:186003975), and then separation of pep-
tides was achieved with subsequent analytical column
(ACQUITY UPLC Peptide BEH C18 Column, 130Å,
1.7 �m, 2.1 mm × 150 mm, part no:186003556).
Mobile phase A contains 0.1% FA in water, and
B contains 90% ACN and 0.1% FA. 26 min gradi-
ent of increasing gradient of mobile phase B was
used: 2%–10% B for 0.1 min, 10%–11% for 2.9 min,
11–20% B for 10 min, 20–25% B for 3 min, 25–28%
B for 3 min, 28–34 for 2 min, 34–42% for 2 min, 42
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to 90% for 1 min and hold 90% for 2 min. The MRM
acquisition parameters were set as follows: 4,000 V
capillary voltage, 300 V nozzle voltage, 11 L/min
sheath gas flow (UHP nitrogen) at a temperature of
350◦C, 16 L/min drying gas flow at a temperature
of 150◦C, 35 psi nebulizer gas flow, and unit resolu-
tion (0.7 Da full width at half maximum (FWHM))
in the first quadrupole (Q1) and the third quadrupole
(Q3). Dynamic MRM option was used for transitions
monitoring. The default fragmentor voltage was 380
V and 6 V was used for cell accelerator potential.
Delta retention time was 2 min and the cycle time was
800 ms.

Raw data was imported into Skyline daily for anal-
ysis and the integrations were manually checked.
The endogenous peptides were considered to be
detectable only when one or more transitions from
it and two or more from its SIS counterpart were
co-eluting with dot-product ratios > 0.94. Linear
regression was used to fit logarithmic peak area
ratio (H/L, heavy/light) to logarithmic concentra-
tion of H in each level. Precision was calculated
for each level of the standard curves using CV (s.d.
divided by the mean, expressed as a percentage).
Lower limits of quantification (LLOQs) was calcu-
lated using the lowest level with CV less than 20%.
Protein concentration (�g/ �l) in each sample was
calculated by standard curves and final concentration
(�g/ ml) was calculated by following formula: Pro-
tein concentration (ng/ml) = MW (molecular weight
of the target protein)∗ concentration of spiked SIS
(fmol/ � l) /1000.

Statistical analysis

R (version3.6.1) was used for most univariate anal-
ysis and plotting. Mann-Whitney test was used for
comparing groups. We utilized a two-step proteomic
profiling, in which an exploratory discovery study
was followed by a targeted validation study to iden-
tify biomarker candidates. Statistical significance of
candidates was evaluated with and without correction
for multiple comparisons using the false discovery
rate (FDR) method and reported in Table 2. Elastic
Net Regression (through R package “glmnet”) was
used for selecting the panel of most important pep-
tides that could produce the best separation of PD
and control groups. 70% of randomly chosen samples
were used for training, and the remaining 30%
was used for validation. For the elastic net model,
the optimized alpha = 0, lambda = 0.125. Multivari-
ate data analysis was performed by SIMCA software

(version 16, Umetrics, Umea, Sweden). For orthog-
onal partial least squares discriminant analysis
(OPLS-DA) models, data were column centered
and scaled to unit variance (UV). Seven-fold cross-
validation and CV-ANOVA testing were used to
assess statistical significance of all OPLS models.
The significance of a peptide for the group separation
in the OPLS-DA models was determined by calculat-
ing the 95% confidence interval. The 20 peptides were
then used for OPLS-DA modeling, which was further
optimized by removing peptides with high variation
in cross validation weights.

For CSF profiling, the following lists of proteins
were excluded from further analysis: Immunoglob-
ulin classes, keratins, hemoglobin. Principal com-
ponents analysis (PCA) was used for overviews of
sample distributions and detection of severe outliers.
OPLS-DA was then applied to detect protein pat-
terns that best discriminate between the pre-defined
groups. Q2 value of OPLS-DA model was the indica-
tion of robustness of classification and p-values were
calculated for each model using ANOVA. Samples
were randomized both for sample preparation and
mass spectrometry runs. A constrained randomiza-
tion was done in two steps. Samples were matched
for gender and age, then matched groups were created
including one sample for each disease plus control.
Then each group was internally randomized. [10].

RESULTS

Experimental design

Figure 1 depicts the experimental procedures and
design of the current study. Untargeted proteomics
profiling was first conducted on high abundant pro-
tein depleted CSF in order to survey more proteins
than is possible in raw CSF. Thirty PD samples for
the discovery profiling were selected from the base-
line samples (initial diagnosis) of the NYPUM cohort
(120 total samples) based on the rate of disease pro-
gression: the 30 fastest progressing patients based on
increase in UPDRS III between year 1 and year 3
post-diagnosis. Depleted CSF samples were digested
with trypsin and peptides were identified and quan-
tified by tandem mass spectrometry (LC-MS/MS).
Candidate proteins for validation were selected from
this discovery study, as well as other in-house
experiments and review of literature. MRM was used
for validation of these candidates in a larger set of
un-depleted CSF samples which included the discov-
ery stage samples plus the 30 slowest progressing
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Fig. 1. Flowchart of the experiment. HAP, High abundant proteins,
in this study refers to albumin and IgG.

patients from NYPUM. Additionally, MSA and PSP
cases from NYPUM, as well as CSF from healthy
volunteers (no neurological diseases) were included
in both discovery and validation stages.

Untargeted proteomic profiling of CSF

Detection of proteins in blood and CSF can be
improved by removal of high abundant proteins,
including albumin and IgG–the two most abundant
proteins in CSF. Resin coated with anti-albumin
and anti-IgG antibodies from Pierce Top 2 Abun-
dant Protein Depletion Spin Columns was used for
HAP depletion in individual samples. Untargeted LC-
MS proteomic profiling resolved 6980 peptides from
313 proteins for quantification in 90 CSF samples.
Median CV for these 313 proteins in QC samples was
15.2%. PCA was used to exclude outliers because of
blood contamination or technical problems. Samples
were excluded due to high hemoglobin (> 20x median
Hemoglobin B) or residual high levels of albumin or
IgG. In total, 14 outliers had to be excluded from
further analysis; 76 samples (26 Controls, 28 PD, 10
MSA, and 12 PSP) were left for final analysis.

Univariate analysis with Mann-Whitney tests was
performed, and fold changes and p values for
all detected proteins are shown in Supplementary
Table 1. Proteins are denoted by the HGNC gene
symbol and statistics are calculated for the sum of
all unique peptides for a single protein. Proteins sig-
nificantly altered in any of the diseases are listed
in Table 2 (profiling). Multivariate analysis of the
profiling data was done by OPLS-DA for each dis-

ease vs. the control group using SIMCA software
(Umetrics, Umeå). Each model was optimized by
retaining the proteins contributing to the separation
of disease from control and removing proteins with
high variation in weights within the cross validated
model. The final optimized multivariate models are
depicted in Fig. 2, including model statistics in the
legend. These indicate that protein based multivariate
models could be derived that significantly distin-
guish between each parkinsonian disease and healthy
controls (Fig. 2A-C). All three disease models indi-
cate that Ras-responsive element binding protein 1
(RREB1) is significantly reduced in all diseases (ratio
PD/control = 0.82, p value 0.04; PSP/ control 0.57
p value 2E-5; MSA/control 0.72, p value 0.004).
RREB1 is a transcription factor that has been shown
to bind to the protein/nucleic acid deglycase DJ1
(PARK7 gene) [11], and is the most important pro-
tein driving the PSP and MSA multivariate models
(Fig. 2B, C; right panels).

Additional significantly altered proteins in both
the PD and MSA disease models include increased
leucine-rich alpha-2-glycoprotein (LRG1), comple-
ment component 9 (C9), alpha-1-acid glycoprotein 1
(ORM1), and alpha-1-antitrypsin (SERPINA1) and
decreased pyruvate kinase (PKM) (Fig. 2A, C; right
panels). All univariate statistics are shown in Table 2
and Supplementary Table 1. Increased annexin A1
(ANXA1, ratio MSA/ control = 1.45, p value 0.01)
is unique for the MSA model (Fig. 3C), and for
MSA vs. healthy controls by univariate statistics. Pro-
teins unique to PD profiling include by univariate
analysis, POTE ankyrin domain family member E
(POTEE; ratio PD/control 2.46, p value 0.01) and in
the multivariate modeling, prosaposin (PSAP, ratio
PD/control = 0.75, p value 0.01), a protein involved
in lysosomal trafficking of the PD disease gene GBA
(lysosomal acid glucosylceramidase) [12].

There is considerable similarity between the PD
and PSP multivariate models amongst neuropeptides,
including decreased levels of neurosecretory pro-
tein VGF (VGF) and secretogranin-2 (SCG2) which
are important in both models; somatostatin (SST)
and chromogranin A (CHGA) important in the PD
vs. control model (Fig. 2A), and chromogranin B
(CHGB) and neuropeptide Y (NPY) in the PSP model
(Fig. 2B).

Some protein biomarkers are unique for the opti-
mized PSP model, this includes the Alzheimer’s
disease (AD) genes APOE and amyloid precursor
protein (APP), and amyloid beta precursor-like pro-
tein 2 (APLP2). Several proteins were significantly
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Fig. 2. Multivariate modeling of CSF protein profiling comparing parkinsonian disorders vs. healthy control (CON). Left panels are OPLS-
DA scores scatter plots: x-axis (t[1]) are scores of first predictive component separating individual samples in case vs control classes;
y-axis (t0[1]) represents scores of the orthogonal component of within class differences. Right panels are weights of individual proteins
contributing to the optimized models.The positive weights indicate an increase in disease compared to control.A) PD (n = 28) vs. Control
(n = 26), R2X = 0.811, R2Y = 0.552 Q2 = 0.465 p = 3.1e-5; B) PSP (n = 12) vs. Control (n = 26), R2X = 0.877, R2Y = 0.626, Q2 = 0.382,
p = 0.015; C) MSA (n = 10) vs. Control (n = 26), R2X = 0.851, R2Y = 0.613, Q2 = 0.373, p = 0.025.

reduced by univariate analysis only in PSP, including:
glutaminyl-peptide cyclotransferase (QPCT; ratio
PSP/CON = 0.56, p value 0.014); protein kinase
C-binding protein NELL2 (NELL2; 0.70, 0.037),
CD44 antigen (CD44; ratio 1.89, p value 0.040);
and neuroendocrine protein 7B2 (SCG5; ratio 0.51,
p value 0.02). In the multivariate analysis, the secre-
tory granule regulatory proteins carboxypeptidase E
(CPE; ratio 0.74, p value 0.014) and secretogranin 3
(SCG3; ratio 0.65, p value 0.017) are both reduced in
CSF from PSP patients (Fig. 2B right panel). CPE is a
sorting receptor for the prohormone and neuropeptide
chaperone secretogranin 3, and further processes pep-
tides following proteolytic cleavage [13]; and SCG5
is a secreted peptide with an intrinsically disorder
region (IDR) that functions as chaperone for neu-

ropeptides and has been detected in Lewy bodies [14].
Identification of these three regulatory proteins in our
discovery proteomics study supports a role of altered
neuropeptide processing in parkinsonian disorders.

MRM assay development for selected candidates

Twenty significantly altered proteins from the CSF
profiling study were selected for a validation study:
APLP2, APOE, APP, CP, CFHR2, CHGA, CHGB,
CPE, GAPDH, LRG1, NELL2, NCAM1, NRCAM,
ORM1, SCG2, SERPINA1, SERPINA3, SST, and
VGF. One peptide for each candidate detected in CSF
profiling was selected based on a unique amino acid
sequence and an observable spectrum of fragments
with higher ranks of abundance. An additional 20 can-
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Table 2
Univariate Analysis of Candidate Protein Biomarkers in Profiling and MRM

Tier Candidate PD/CON PSP/CON MSA/CON
profiling MRM profiling MRM profiling MRM

ratio p ratio p ratio p ratio p ratio p ratio p

Tier1 VGF 0.78 0.01∗ 0.78 0.07 0.64 0.004∗ 0.48 0.0008∗� 0.77 0.05∗ 0.56 0.01∗
CHGB 0.91 0.2 0.92 0.38 0.68 0.003∗ 0.62 0.004∗� 0.82 0.07 0.72 0.02∗
CHGA 0.79 0.09 0.85 0.28 0.64 0.01∗ 0.58 0.01∗ 0.78 0.25 0.6 0.03∗
APOE 1 0.81 1.02 0.92 0.7 0.01∗ 0.7 0.03∗ 0.92 0.66 0.86 0.35
SCG2 0.8 0.08 0.89 0.09 0.64 0.01∗ 0.59 0.003∗� 0.79 0.14 0.63 0.01∗
NELL2 0.85 0.11 0.87 0.29 0.7 0.04∗ 0.63 0.01∗� 0.76 0.09 0.72 0.08
LRG1 1.27 0.03∗ 1.18 0.04∗ 1.37 0.59 1.31 0.12 1.45 0.02∗ 1.45 0.02∗

Tier2 SST 0.63 0.08 0.75 0.01∗ 0.58 0.07 0.52 0.002∗� 0.58 0.1 0.62 0.02∗
CFHR2 1.18 0.17 1.2 0.02∗ 1.31 0.64 1.3 0.04∗ 1.32 0.33 1.37 0.06
SERPINA1 1.2 0.12 1.24 0.05∗ 1.3 0.78 1.26 0.23 1.41 0.06 1.51 0.02∗
C9 1.18 0.09 1.26 0.03∗ 1.31 0.45 1.44 0.04∗ 1.32 0.15 1.72 0.003∗
NPTXR 0.83 0.24 0.83 0.24 0.74 0.12 0.49 0.005∗� 0.87 0.43 0.6 0.02∗
NPTX1 1.09 0.4 0.85 0.32 1.1 0.96 0.53 0.0018∗� 1.31 0.086 0.7 0.11
APP 0.99 0.89 0.9 0.13 0.74 0.13 0.58 0.002∗� 0.92 0.69 0.72 0.04∗
APLP2 0.84 0.16 0.99 0.81 0.71 0.079 0.64 0.018∗ 0.79 0.16 0.79 0.19

Tier3 POTEE 2.46 0.01∗ 0.92 0.08 1.56 0.43
PSAP 0.75 0.01∗ 0.73 0.07 0.74 0.05∗
FGFR2 1.21 0.02∗ 1.92 0.47 1.14 0.37
RREB1 0.82 0.04∗ 0.57 1.9e-5∗ 0.72 0.004∗
THY1 0.82 0.05∗ 0.65 0.01∗ 0.81 0.11
FN1 0.66 0.06 0.43 0.01∗ 0.43 0.01∗
ANXA1 1.16 0.1 1.26 0.39 1.45 0.03∗
ACTA2 0.76 0.17 0.62 0.05∗ 0.64 0.03∗

Table 2. Comparison of profiling and targeted validation of candidate protein biomarkers. Candidate protein biomarkers are listed with gene
name and separated into 3 tiers depending upon level of confidence and validation. Tier 1: significant both in profiling and MRM data for
disease group vs control group. Tier 2: significant only in MRM data but not profiling data. Tier 3: candidates significant in profiling but not
tested by MRM. ∗ Mann U test, significant if p value is below 0.05.� significant after multiple testing correction.

didates from a parallel plasma proteomics discovery
study (Zhu et al., manuscript in preparation) or from
previously published PD proteomics studies were
selected for validation (protein list in Supplementary
Table 2). Peptides were selected based on in-house
profiling data and in comparison to an online database
(http://gpmdb.thegpm.org/mrm/index.html) in order
to find the best peptides for MRM assay development.
For peptides with isotope labeled standards, the best
collision energies (CEs) were empirically determined
for the instrument. For label free peptides, theoreti-
cal CEs were calculated based on Skyline embedded
algorithm for Agilent 6400 series.

Finally, an assay detecting 224 transitions of 55
peptides from 42 protein candidates was developed,
as described in Supplementary Table 3. Three of
these peptides were from equine Cytochrome C,
which were used to monitor sample preparation.
Another three isotope labeled peptides were for rou-
tine checking of performance of the instruments.
28 peptides were quantified using standard curves
built by spiking serially diluted internal standards.
Linearity, robustness, LOD and LOQ of these 28 pep-
tides are as in Supplementary Table 4. Four peptides

(GAPDH GAL, APLP2 GSG, SERPINA5 TLY, and
PGK1 GCI) were quantified by ratio of L/H∗ MW
(molecular weight of the target protein)∗ concen-
tration of spiked SIS (fmol/ � l)/1000 because of
native abundance close to limit of detection
(SERPINA5 TLY and PGK1 GCI) or background
interference (GAPDH GAL, APLP2 GSG). The
remaining 20 peptides were quantified by label free
methods. Ten isotope labeled peptides with the small-
est variation among 8 QC samples were tested for
unlabeled peptide normalization individually. Each
peptide was normalized by dividing by the SIS pep-
tide with smallest RSD.

Candidate validation by MRM

Quality of sample and data was controlled by
addition of equine cytochrome C (CytC) into each
sample before sample preparation. Six samples were
defined as outliers because they deviated more than
2∗SD from the mean value of CytC. High abundant
plasma proteins in CSF can be indicators of blood
contamination [15], so PCA analysis of all sam-
ples was conducted by using seven high abundant

http://gpmdb.thegpm.org/mrm/index.html
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plasma proteins SERPINA1, A2M, APOA1, AMBP,
ORM1, SERPINA3, and AHSG. Three outliers were
removed because of very high levels (> 3∗SD) of one
or more of these high abundant proteins. Finally, 109
samples were left for statistical analysis.

Mann-Whitney test was used to find whether candi-
dates show significant changes between each disease
and healthy controls. Table 2 compares univariate
analysis results for proteomic profiling and MRM for
most significant peptides; the results are divided into
3 tiers of level of confidence in candidates. Tier1 are
7 candidates that were significant both for MRM and
depleted CSF proteomic profiling in at least one dis-
ease. Tier2 are 10 candidates significant in MRM but
not in profiling (several were borderline significant
in the untargeted study). There remain several can-
didates significant in profiling that we have not yet
attempted to validate with MRM, these Tier3 candi-
dates are represented by eight of the most significant
candidates for PD vs. controls or MSA vs. controls.
The complete list of MRM peptides and results are
reported in Supplementary Table 5. Only biomark-
ers for PSP were still significant (p value < 0.05)
after correction for multiple testing as highlighted in
Table 2.

In the MRM study, as shown in Table 2, CSF alter-
ations in markers of immune activation and dense

core vesicle neuropeptide regulation were measured.
In all 3 diseases we detect increases in complement
factor H-related protein 2 (CFHR2) and C9, and
decreases in somatostatin (SST), VGF, and SCG2.
Granin peptides CHGA and CHGB were also sig-
nificantly decreased in both PSP and MSA (Table 2,
Tier1) as was neuronal pentraxin receptor (NPTXR).
PSP CSF also showed a significant decrease in the
NPTXR ligand neuronal pentraxin-1 (NPTX1).

The MRM study also validated the PSP CSF pro-
tein decrease in AD-associated genes APOE and APP
as well as APLP2. While there are different subsets of
biomarkers that exhibit significant changes for each
disease, all candidates trend in the same direction in
all diseases, as can be seen in the scatterplots shown
in Fig. 3. Similarly, increases in PD and MSA were
significant for LRG1 and SERPINA1, but increased
in PSP as well (Table 2).

Differences between male and female MRM
peptide measurements

Analysis of the MRM data separated by sex in
control and disease groups revealed striking differ-
ences between the male and female PD patients.
There are proteins known to be regulated by sex
hormones with lower levels in control females,

Fig. 3. Scatterplots of significant candidates in the MRM validation. A broad range of measurements was detected in CSF from healthy control
samples. A-G) Total patient populations compared to controls. While the atypical parkinsonian disorders are generally more similar within
their disease group, the PD group generally exhibits a larger range of values, suggesting multiple subgroups within the PD diagnosis.H)Female
and male PD patients compared to same sex controls. LRG1 DLL and C9 LSP were quantified label free (no SIS peptide), so the y-axis for
these peptidesis a ratio to the optimized internal standard (IS). Other peptides were quantified by a spiked-in standard so the y-axis is the
concentration of protein in ng/ml.
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such as zinc-alpha-2-glycoprotein 1 (AZGP1) and
alpha-1-acid-glycoprotein (ORM1) which exhibited
significantly lower levels in PD males than PD
females (Supplementary Table 6). We detect sev-
eral with no apparent sex differences in control
samples that show significantly higher levels in PD
males that PD females, including immune modulators
C9, LRG1, C1QB, and SerpinA1 (Supplementary
Table 6). The converse is observed for neurosecre-
tory proteins including CHGB, SCG2, CHGA, SST,
and VGF–control females exhibit higher levels than
males for all these proteins, and the decreases that are
detected upon onset of PD are predominantly driven
by the females in this cohort in all 3 diseases (Supple-
mentary Table 6). Together this indicates sex distinct
changes in CSF proteins levels with onset of PD.

Correlation between assays and biomarkers

In general, the correlation was quite good between
the proteomic profiling and the targeted validation
assays measured across all samples (Pearson corre-
lation coefficient > 0.4 for all candidates; as shown
in the correlation matrix Supplementary Figure 1).
An interesting pattern appears in this correlation
analysis whereby the neuropeptides and related
dense core vesicle regulatory proteins (VGF, CHGB,
CHGA, SCG2, and SST) are generally highly corre-
lated across patient samples, but uncorrelated to the
inflammatory markers (LRG1, SERPINA3, AZGP1,
CFHR2, SERPINA1, C9, ORM1)–which are highly
correlated to each other (Supplementary Figure 1).

Multivariate modeling of MRM validation

Linear Regression analysis using Elastic Net
Regression (through R package “glmnet”) was used
to identify the top 20 peptides by MRM for distin-
guishing between each disease and healthy controls
(not shown). The 20 peptides were then used for
OPLS-DA modeling, which was further optimized
by removing peptides with high variation in cross
validation weights. Figure 4 shows the optimized
models for each disease vs. control. Clear separa-
tion of each disease vs. control was observed for
the atypical parkinsonian disorders, MSA and PSP,
but less significant and clinically useful for PD. In
general, decreases in neuropeptides and increased
inflammatory markers in CSF are consistent across
all 3 diseases; and no significant models could be
identified that distinguish between the parkinsonian
disorders using these peptides. While somatostatin is

important in all three models, VGF is only used in
the optimized model for PD (Fig. 4A). Decreases in
SCG2, CHGA, and CHGB were important in mod-
els for MSA and PSP, but not PD; and increases
in two peptides for complement protein C1 (C1QB)
were important in driving the PSP vs. control multi-
variate model (Fig. 4B). In the optimized model for
the tauopathy PSP, APOE, and especially APP, were
highly significant.

PD clinical subgroup analysis

To investigate subgroup differences in candidate
biomarkers, the PD patients were separated based
upon clinical evaluations into those exhibiting dis-
tinct motor deficits, TD (n = 32) or PIGD (n = 16),
and some classified as intermediate motor pheno-
type (other PD, n = 11). As shown in Table 3, the
reduction in neuropeptides SST, VGF, and SCG2
compared to control samples is more pronounced
in PIGD patients but is not significantly different
between PIGD and TD. Conversely, the increases in
inflammatory markers C9 and SERPINA1 were sig-
nificant in TD compared to control, but not in PIGD.
The most significant differences in MRM candidates
between TD and PIGD patients were detected in clus-
terin (CLU/ApoJ) and fibulin-1 (FBLN1) (Table 3,
right column). These proteins were not significantly
different in the total PD cohort versus control but were
significantly increased only in TD patients. Valida-
tion of these candidates in larger cohorts of tremor
dominant PD patients may be informative of distinct
molecular subtypes within the PD diagnosis.

We also separated PD patients based on detec-
tion of any white blood cells in CSF (here termed
leukocytosis, LK), which was detectable in 8 of 59
patients evaluated with the MRM assays. In gen-
eral, reductions in neuropeptides were more severe
in LK compared to the entire PD cohort, while
increases in inflammatory markers were less pro-
nounced in LK/control (Table 3), suggesting that
increased inflammatory biomarkers in PD CSF are
not caused by peripheral immune cell invasion. Sev-
eral candidate biomarkers that were not significant by
MRM for the entire PD cohort compared to control
samples showed statistically significant decreases in
the PD patients with detectable leukocytes in CSF.
Carboxypeptidase E (CPE), NPTX1, neuronal cell
adhesion molecule (NRCAM), and oligodendrocyte
myelin glycoprotein (OMG) were all significantly
reduced in LK PD compared to PD patients with no
detectable leukocytes in CSF (Table 3). Scatterplots
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Fig. 4. Multivariate modeling of MRM validation comparing parkinsonian diseases to healthy control (CON). Linear regression analysis was
employed to identify top candidates from MRM validation to build models for each disease. Further refinement results in optimized models
shown. Left panels are OPLS-DA scores plots; right panels are weights of individual peptides contributing to optimized model.The positive
weights indicate an increase in disease compared to control. Model statistics: A)PD (n = 59) vs. Control (n = 28): R2X = 0.933, R2Y = 0.339,
Q2 = 0.24, p = 0.015; B) PSP (n = 11) vs. Control (n = 28): R2X = 0.921, R2Y = 0.631, Q2 = 0.563, p = 9.4e-5; C) MSA (n = 11) vs. Control
(n = 28), R2X = 0.937, R2Y = 0.668, Q2 = 0.533, p = 0.0016.

depict the spread of select biomarker measurements
across PD subtypes in Figure 5. In general, there
is considerable spread in control samples and over-
lap with all subtypes of PD, which limits diagnostic
clinical utility; but subgroup differences do suggest
some distinctions in molecular etiologies of dif-
ferent clinical subtypes of PD that warrant further
investigation.

DISCUSSION

Validation of clinical utility of diagnostic biomark-
ers is important for optimized clinical trials and

treatment but has been elusive for neurodegenerative
diseases. To some extent, this is likely due to the fact
that several distinct molecular etiologies have con-
verged onto similar disease phenotypes by the time of
clinical presentation. This pattern is observed in this
study of early-stage parkinsonian patients; whereby
we can detect significant differences in multiple
candidate biomarkers between diseases and healthy
controls, but insufficient to define a clinically use-
ful diagnostic tool. Nonetheless, defining subgroups
of clinical diagnoses early can help determine which
patients are likely to be helped by mechanism spe-
cific medications. In this study, we observe distinct
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Table 3
Univariate analysis of candidates among PD subgroups

Peptide PD (n = 59) vs. PD with LK (n = 8) or PD with tremor dominant
Control (n = 28) PDr (no LK, n = 51) (n = 32) or PIGD (n = 16)

PD/Con LK/Con LK/PDr1 PIGD/Control Tremor/Control PIGD/Tremor

ratio p ratio p ratio p ratio p ratio p ratio p

APP CLV 0.90 0.13 0.71 0.04∗ 0.76 0.06 0.83 0.14 0.94 0.29 0.88 0.49
C9 LSP 1.25 0.05∗ 1.24 0.18 0.99 0.89 1.27 0.13 1.31 0.03∗ 0.97 0.91
CFHR2 TGD 1.17 0.04∗ 1.10 0.51 0.93 0.54 1.15 0.13 1.18 0.11 0.98 0.72
CLU ASS 1.08 0.10 0.90 0.59 0.81 0.14 0.94 1.00 1.14 0.03∗ 0.82 0.05∗
CPE SNA 0.99 0.63 0.84 0.24 0.83 0.03∗ 0.93 1.00 1.02 0.47 0.91 0.55
FBLN1 TGY 1.09 0.07 0.96 0.72 0.87 0.18 1.00 0.51 1.15 0.03∗ 0.88 0.02∗
NPTX1 TPA 0.85 0.32 0.61 0.03∗ 0.68 0.02∗ 0.76 0.19 0.89 0.52 0.85 0.38
NPTXR VAQ 0.83 0.24 0.56 0.06 0.65 0.06 0.69 0.11 0.88 0.45 0.78 0.23
NRCAM IDG 0.92 0.38 0.68 0.07 0.71 0.05∗ 0.85 0.25 0.93 0.51 0.91 0.39
OMG SDT 0.95 0.85 0.63 0.12 0.63 0.01∗ 0.84 0.62 0.96 0.74 0.87 0.36
SCG2 IES 0.89 0.09 0.63 0.03∗ 0.68 0.10 0.74 0.02∗ 0.91 0.20 0.82 0.06
SERPINA1 LSI 1.24 0.05∗ 1.16 0.54 0.93 0.52 1.19 0.20 1.28 0.05∗ 0.93 0.66
SST SAN 0.75 0.01∗ 0.56 0.01∗ 0.72 0.10 0.62 0.00∗ 0.78 0.06 0.79 0.06
UCHL1 LGV 1.11 0.06 0.93 0.93 0.82 0.17 0.99 0.64 1.17 0.03∗ 0.85 0.14
VGF NAP 0.78 0.07 0.57 0.04∗ 0.70 0.22 0.70 0.07 0.79 0.12 0.89 0.19
1PDr, PD without leukocytosis.∗ Mann Whitney U test, significant if below 0.05.
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Fig. 5. Scatterplots of candidate biomarkers among PD subgroups and control. A-D)Candidate biomarker levels in control and PD with or
without leukocytosis. Ctr, control; LK, PD with leukocytosis;PDr, remaining PD. E, F)Candidate levels in control (Ctr) and PD subgroups:
Pi, postural instability and gait disturbance (PIGD); Tr, tremor dominant; Po,intermediate motor phenotype.FBLN1 TGY was quantified
label free (no SIS peptide), so the y-axis for this peptide is the intensity. Other peptides were quantified by a spiked-in standard so the y-axis
is the concentration of protein in ng/ml.

subsets of correlated biomarker proteins from dense-
core vesicles or immune activation that show different
patterns in small subgroups of TD or PIGD PD
patients. We also identify two candidate biomarkers
of TD patients that may define unique therapeutic
targets or companion diagnostics for this subgroup
of PD patients.

Several molecular mechanisms have been pro-
posed as causative of PD including metabolic and
mitochondrial deficits, oxidative stress, immune acti-
vation, and disruption of lysosomal, autophagy, and
proteasomal mechanisms of proteostasis leading to an
aSYN aggregation cascade. The multiplexed assays
developed in this study and others are an effort to
determine which mechanisms are paramount in each
parkinsonian disorder or PD subgroup. The pro-
teomic assays employed here are a compromise of
sensitivity and robust quantitation. Our instrumenta-
tion and method limited the number of proteins we
could detect in the depleted and raw CSF, but there is
currently no more accurate method for measuring this
number of proteins than mass spectrometry MRM.
However, we are measuring high and middle abun-
dant proteins that are normally present in CSF and
exhibit considerable variation even within healthy
control samples. So, while we detect statistically
significant changes in many candidate biomarkers,
some control patients show changes that overlap
the variation detected in patients for all candidate
biomarkers–a consistent problem for studies of CSF
[15]. This is most apparent for markers of immune

activation which increase sub-clinically with age and
many different disease conditions. Also, total pro-
tein concentrations in CSF vary across individuals,
time of day, and state of nutrition and general health.
All these factors confound the validation and clin-
ical utility of CSF protein biomarkers. Considering
these issues, the number of samples would ideally be
larger, especially for the MSA and PSP groups and
the PD subgroups. Nonetheless, we can detect trends
in biomarker patterns that may be indicative of dis-
tinct molecular mechanisms that should be evaluated
in additional studies with larger cohorts, reference
standards or protein ratios and additional statistical
methods.

Additional studies on larger cohorts would be
valuable for validation of the sex specific differ-
ences detected here, or in earlier studies [16]. Bigger
increases in males with PD in immune activation
markers including complement proteins and proteol-
ysis regulators are an interesting finding. C9 (Fig. 3H)
and SerpinA1 are significantly increased in men but
not women with PD, which suggests sex specific
disease etiologies. Since the alterations in several
proteins detected in the entire cohort are driven by
one sex, it represents a problem with interpretation
of some of the data. More men are diagnosed with
PD, and this has been the case with recruitment to the
NYPUM cohort; but the controls samples are more
balanced by sex. So while AZGP1 and ORM1 were
detected as significant in the total PD cohort, this
is caused by the higher levels in males, which are
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overrepresented in the patients compared to controls;
these proteins are not significantly different in either
sex analyzed individually (Supplementary Table 6).
This was not the case for any other proteins mea-
sured, but it is a deficit of the study; recruitment of a
more representative control population would be an
improvement. Nonetheless, the finding that healthy
women exhibit higher CSF levels of biomarkers for
neurosecretory function and a larger deficit follow-
ing progression to PD can have importance for sex
specific therapeutic development.

One interesting pattern is reduced levels detected
for the AD-related proteins, APP and ApoE and
APLP2 in the tauopathy PSP, but not in the synu-
cleinopathies PD and MSA. AD and PSP share the
pathological feature of fibrillar deposits of the MAPT,
which are generally detected less frequently in MSA
and PD. APOE4 is the most important genetic risk
factor for AD and aggregates of APP fragments (A�)
are the defining pathological feature of AD. The APP
peptide that was used for MRM in this study was
detected at reduced levels in proteomic profiling of
plasma of PSP patients (Zhu et al., unpublished).
APP and the close homolog APLP2 share some-
what redundant functions in synaptic vesicle release
and long-term potentiation and hippocampal func-
tion [17, 18]. Significant reductions in CSF APLP2
have been detected by other groups and may improve
differential diagnosis of PSP [19]. Our untargeted
profiling study also detected a significant decrease
in CSF glutaminyl-peptide cyclotransferase (QPCT)
in PSP. QPCT (glutaminyl cyclase (GC)) catalyzes
pyroglutamination of fragments of APP to form pE-
A�–a peptide that more effectively seeds aggregation
of amyloid plaques [20]. Overall, there were signifi-
cant changes in AD related proteins in the tauopathy
PSP that were not detected in the synucleinopathies
MSA and PD.

Comparison of MRM data for significant candi-
dates with previously published data for A�, tau,
and aSYN as measured by ELISA assays [21, 22]
is shown in Supplementary Table 7. In control sam-
ples, the highest correlations for A�38 and A�40
were to the peptides involved in regulation and pack-
aging into neurosecretory vesicles CHGA, SCG2,
VGF, and SST. This is not surprising since A�
peptides and processing enzymes are known to be
localized in dense-core secretory vesicles [23]. In
PD samples, much higher correlations were observed
between A�38 and A�40 and these neurosecretory
markers but also to synapse regulating proteins
including NCAM1, NRCAM, and NPTXR1 (Sup-

plementary Table 7 highlighted in pink). These fin-
dings support the role of the neurosecretory
pathway in A� processing [24], and suggest potential
therapeutic targets for protein aggregation in mul-
tiple neurodegenerative diseases. Correlations were
detected between phospho-tau and CHGA, VGF,
NCAM1, and NRCAM in control samples, but these
correlations were much higher in PD samples (Sup-
plementary Table 7). Similarly, aSYN measurements
were correlated to CHGA and VGF in control sam-
ples, but higher correlations were detected in PD
samples as well as to NCAM1, NRCAM, and NPTRX
(Supplementary Table 7).

In this study we have detected reduced CSF levels
of the neuronal pentraxins NPTX1 and NPTXR in
PSP and to a lesser extent MSA, but not the entire PD
cohort. NPTX1 and NPTXR as well as NRCAM were
decreased in PD patients with detectable leukocytes
in CSF compared to PD without detectable leuko-
cytes (Table 3). NPTX1 and NPTX2 are secreted from
presynaptic membranes, form oligomeric complexes
with NPTXR, and bind extracellular matrix proteins
and regulate clustering of neurotransmitter receptors
[25]. NPTX1 has been shown to decrease in AD CSF
by targeted MS/MS [26] and NPTXR during AD pro-
gression [27, 28]. NPTX1 and NPTXR have been
shown to decrease in CSF from patients with atyp-
ical parkinsonian disorders [19]. NPTX2 has been
validated as reduced in CSF of patients with DLB by
targeted MS and ELISA [29]. So, while nptx2 tran-
script has been shown to be dramatically upregulated
in PD substantia nigra [30], the decrease in soluble
forms in CSF is likely due to increased deposition
of NPTX2 protein as detected in Lewy bodies in PD
[30].

Two peptides significant in only the PD-LK
patients compared to controls were NRCAM and
OMG. NrCam has critical functions in remodeling
of inhibitory synapses [31] and mediates contact
between oligodendrocytes and axons [32]; and OMG
is involved in cell adhesion for myelination in the
CNS [33]. PD patients with leukocytes in CSF com-
pared to those without leukocytes also showed more
significant changes in neuropeptides and dense-core
vesicle regulatory proteins including CPE (Table 3).
CPE is a sorting and processing receptor for proteins
into the regulatory secretory pathway including neu-
ropeptides and neurotrophic factors [13]. These CPE
functions and secretion of peptidergic transmission
are suppressed by exogenous A�1–42 [34]. CPE has
neurotrophic activities independent from processing
of BDNF and other classic signals [35]; but consid-
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ering that several dense core vesicle proteins are also
altered in parkinsonian CSF, the CPE functions of
importance in this regard may be related to neuropep-
tide processing. Clearly, deficits in regulation and
secretion of dense-core vesicle signals including neu-
ropeptides and neurotrophic factors can be detected
in CSF from patients with parkinsonian disorders.

A protein significantly increased in all 3 dis-
eases in the MRM assay is CFHR2–a regulator of
complement proteins that binds lipids and regulates
lipid metabolism [36]. Complement cascade proteins
and extracellular proteases have critical functions
in normal synaptic remodeling, modifying structural
proteins and extracellular matrix proteins. CFHR2
was the only biomarker that was significantly differ-
ent between fast and slow progressors in the MRM
study (PD fast/PD slow = 0.85, p-value 0.028). PSP
and MSA are faster progressing diseases and often
show larger changes in fluid biomarkers that PD. So,
it is not surprising that larger changes seen in the
fast-progressing PD subgroup are similar to the atyp-
ical parkinsonian disorders. It was rather surprising
that we did not detect more significant differences
between the two PD subgroups defined by rate of
disease progression.

A number of candidates in this study exhibit neu-
ronal differentiation and survival or axon growth and
guidance functions. We detect reduced CSF levels,
significant in PSP, of NELL2–a secreted trimeric lig-
and for Robo3 that inhibits axon growth [37]. NELL2
is abundant in NPY and POMC expressing cells of the
hypothalamus and functions in regulation of feeding
in rats [38].

In the discovery profiling study, we detected 4 pep-
tides from the transcription factor RREB1 in CSF
(not shown). It may seem unusual for a predomina-
ntly nuclear protein to be a candidate soluble bio-
marker, but images from both the Human Protein
Atlas (http://www.proteinatlas.org) and the Allen
Brain Atlas indicate that in human brain sections,
RREB1 protein is detected in cytoplasm, neurites,
and neuropil [39]. RREB1 has been shown to form
heteromeric complexes with DJ1 for gene regula-
tion of the neuropeptide CCK1; and DJ1 is known
to have additional roles in PD etiology outside of the
nucleus. The structurally conserved RREB1 ortholog
in Drosophila (hindsight/pebbled) has been shown
to have critical functions in axonal morphology and
degeneration [40], which were assumed to be based
on gene regulation, but may be mediated by an
RREB1 cytoplasmic or extracellular function. Since
we do not detect fragment ions in all samples and

no other groups have reported RREB1 in CSF, this
candidate biomarker will need to be validated in
additional studies. But it can be interesting to deter-
mine if RREB1 translocates from the nucleus, is
secreted and functions in parkinsonian disorders.
Within the nucleus RREB1 is aggregated in nuclear
bodies or clastosomes, can function as a tran-
scriptional repressor or activator, and interacts with
NeuroD. RREB1 DNA binding sites have been found
enriched in enhancers altered in epigenetics studies
of PD postmortem brain tissue [41] and the RREB1
associated SNPs may have some correlation with PD
[42, 43].

The correlation matrix of most significant pro-
teins shown in Supplementary Figure 1 suggests there
are patterns of neuropeptide related deficits distinct
from immune activation markers. This is apparent
in Table 4, which shows decreases in neuropep-
tide related proteins more significant in PSP, with
increases in immune activation markers more pro-
nounced in MSA and PD. An analogous pattern is
also detected in the PIGD and TD subgroups of
PD patients, suggesting that medications targeting
protein aggregation may be more useful for PIGD
and inflammation suppression preferential for TD
patients. Another distinction in this MRM study was
an increase in CLU and FBLN1 only in TD but
not PIGD. CLU is a secreted chaperone able to
inhibit aggregation of extracellular proteins includ-
ing A� [44] and aSYN [45] and is detected in cortical
Lewy bodies in DLB and glial cytoplasmic inclu-
sions but with distinct patterns from aSYN [46]. A
genetic variant of CLU is associated with increased
risk of cognitive decline in PD [47]. FBLN1 is an
extracellular matrix protein that has been identified
as a candidate biomarker in PD CSF [48]. Vali-
dation of CLU and FBLN1 as distinct molecular
markers of TD PD will require evaluation in larger
cohorts.

Recent findings using high resolution microscopy
and lipidomics suggest that lipids and residual vesi-
cle membranes are at the core of most Lewy bodies
in postmortem brain sections from patients with PD
[49]. There is also a growing realization that native
amyloids when improperly regulated can play a sig-
nificant role in seeding aggregation of other proteins,
including aSYN [50]. Neuropeptides and granin pro-
teins are such self-aggregating precursors that are
targeted to the regulatory secretory pathway and
dense-core vesicles. Secretory neuropeptides are syn-
thesized as large precursor proproteins that form
tight clusters with chaperone proteins and prote-

http://www.proteinatlas.org
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Table 4
CSF proteins significantly altered in MRM assays in parkinsonian disorders and PD subgroups

GENE PROTEIN NAME PSP vs. MSA vs. PD vs. PD – PD – PD-LK vs. FUNCTION/DISEASE CONNECTION
Con Con Con PIGD TD PD-noLK

APOE Apolipoprotein E ↓ AD gene
APP Amyloid precursor protein ↓↓ ↓ ↓ AD gene, Abeta precursor, synaptic vesicle release
APLP2 Amyloid beta precursor-like protein 2 ↓ APP homolog, synaptic vesicle release
VGF Neurosecretory protein VGF ↓↓ ↓ ↓ ↓ Neuropeptide precursor cleaved into 5 peptides
CHGB Secretogranin-1 ↓↓ ↓ Secretory granule protein cleaved into 3 peptides
CHGA Chromogranin A ↓ ↓ Neuroendocrine regulator cleaved into 18 peptides
SCG2 Secretogranin-2 ↓↓ ↓ ↓ ↓ Granule regulatory protein cleaved into 2 peptides
SST Somatostatin ↓↓ ↓ ↓ ↓↓ ↓ Neuroendocrine peptide precursor
CPE Carboxypeptidase E ↓ ↓ Secretory peptide processing, neuroprotective signal
SCG5 Neuroendocrine protein 7B2 ↓ Secretory granule chaperone detected in Lewy bodies
LRG1 Leucine-rich alpha-2-glycoprotein ↑ ↑ ↑ ↑ Perivascular astrocyte expression, inflammatory marker
CFHR2 Complement factor H-related protein 2 ↑ ↑ ↑ Lipid binding complement regulator
SERPINA1 Alpha-1-antitrypsin ↑ ↑ ↑ Inhibitor of serine proteases, CSF increase in PDD
C9 Complement component 9 ↑ ↑ ↑ ↑ Key component of innate immune response
NELL2 Protein kinase C-binding protein NELL2 ↓ ↓ Secreted ligand for Robo3, neurotrophic function
NPTX1 Neuronal pentraxin-1 ↓ ↓ Presynaptic ligand for NPTXR receptor clustering
NPTXR Neuronal pentraxin receptor ↓↓ ↓ ↓ Synaptic receptor for NPTX1/2 binding extracellular matrix
NRCAM Neuronal cell adhesion molecule ↓ Synapse remodeling, axon oligodendrocyte connections
OMG Oligodendrocyte myelin glycoprotein ↓ Cell adhesion for myelination in CNS
FBLN1 Fibulin-1 ↑ Extracellular matrix protein binds APP
CLU Clusterin/ApoJ ↑ Chaperone, binds ubiquitin, targets ligands for degradation
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olytic enzymes via liquid-liquid phase separation
(LLPS) and vesicularisation. Dopamine and melanin
containing dense-core secretory vesicles are abun-
dant in sn neurons and there is growing interest
in disruption of LLPS in PD and other neurode-
generative diseases [51, 52]. Several recent studies
have validated CSF neuropeptides and associated
regulatory proteins as candidate biomarkers in neu-
rodegenerative diseases [48] and our results suggest
that monitoring of self-aggregating peptides during
disease development may reveal molecular etiologies
and improve diagnosis of parkinsonian disorders.

Significant findings from this study validate several
previous reports of decreases in neuropeptide pre-
cursors in PD and other neurodegenerative disorders
including VGF, CHGB, CHGA, SCG2, and SST [48,
53–55]. Decreases in all these proteins were most pro-
nounced in CSF from atypical parkinsonian patients
(Table 4).

In our untargeted discovery there was consider-
able difference in which peptides from the precursor
proteins showed highest significance compared to
control samples. In general, the most N-terminal pep-
tides within a neuropeptide fragment showed biggest
statistical differences (not shown); which may be due
to degradation of native peptides from the C-terminal
end. We have detected non-signaling/non-secreted
fragments of some proteins that were significantly
different (not shown). Additional work is needed
to identify which native peptide fragments may be
optimized biomarkers to identify early molecular eti-
ologies of disease.

CHGB (SCG1)(secretogranin-1/neuroendocrine
secretory granule peptide precursor) encodes a 677
amino acid (aa) precursor that interacts with LRKK2.
The c-terminal region is cleaved into GAWK
peptide, PE-11 and CCB peptide. The most signif-
icant peptides in our study derived from between
aa 102–131 (not shown). CHGA (457 aa precursor)
can be cleaved into 18 peptide chains, including
catestatin which inhibits catecholamine release and
serpinin which controls granin protein degradation.
The most significant CHGA peptide for all 3 diseases
in the profiling study is derived from the N-terminus
of vasostatin-2. SCG2 (CHGC) is a 617 aa precur-
sor from which are cleaved two known peptides,
secretoneurin and manserin, neither of which was
significant in our discovery study. Instead, peptides
from region aa 217–256 were the best candidates,
and were used for validation by MRM. Little is
known about the function of peptides from this
region, but this distinction may be a technical artifact

of better performance of these peptides in MS
assays. Nonetheless, SCG2 peptides have function
on dopamine neurons [56] and can induce neuronal
differentiation and maturations [57].

VGF encodes a 615 aa precursor protein for which
we identified several candidate peptides in all three
diseases. Additional smaller fragments are derived
from proteolytic cleavage of VGF yielding at least
4 peptides, nerp-1, nerp-2, TLQP-21, and TLQP-
62. Interestingly, while we detected peptides from
the regions of VGF encompassing all these cleavage
fragments in our discovery study, none of them were
significantly different in any of the parkinsonian dis-
orders. Instead, many tryptic digest peptides from the
length of VGF not including the above cleavage frag-
ments were seen to be significantly reduced in PD,
PSP, and MSA in our profiling study. For validation
we chose the N-terminal tryptic fragment (aa 485-
95) from the NAPP-19 peptide [58]. Reduced levels
of VGF in CSF has been demonstrated by targeted
MS and ELISA in patients with DLB [29] and by
targeted MS in patients with FTD [59]. Multiscale
causal modeling of AD omics datasets suggests that
VGF is a key regulator of AD [60] and a promis-
ing therapeutic candidate [61], possibly for multiple
neurodegenerative disorders.

SST is a 116 amino acid precursor cleaved into
three active peptides, SST-14, SST-28, and neuro-
statin. The only peptide that we detected in our
profiling study was derived from SST-28 and was
used for validation. Earlier studies have shown that
SST-28 but not -14 was reduced in AD CSF [62].
SST was isolated in a de novo screen for proteins
from human brain extracts that bind to oligomeric
A� peptides [63]; the authors go on to show co-
aggregation and to postulate that the native amyloid
peptides present in dense core granules can be early
seeds in other protein aggregation disorders [64].

Meta-analysis of over 100 proteomics studies
demonstrated reductions in AD CSF levels of VGF,
SCG2, SCG3, CHGA, NPTX1, and NPTXR [65];
so clearly these molecular deficits are not disease
specific but are conserved across several protein-
aggregation disorders. The fact that neuropeptide
changes in CSF are apparent across several protein
aggregation diseases suggest a similar mechanism
of disruption in protein homeostasis with cell-type
specificity resulting in distinct clinical presentations.
This suggests it may be unlikely that targeting a sin-
gle aggregating protein will stop disease progression,
as has been borne out in repeated clinical trial fail-
ures [66]. Instead, this suggests a systemic protein
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misfolding that may be related to the liquid-liquid
phase change (LLPC) described for stress granules,
synaptic vesicles and aSYN [67]. Neuropeptide pre-
cursors are tightly packed into dense core vesicles
in a phase change analogous to LLPC for other
native protein aggregates. Liquid-liquid phase sepa-
ration of scaffold proteins is required for assembly
of synaptic active zones [68] and is a feature of
neurodegeneration related proteins including aSYN
and FUS [69]. Proteins and mechanisms regulating
and orchestrating LLPC may be promising drug tar-
gets for neurodegenerative diseases which may be
monitored with CSF levels of the peptides described
here.

Disruption of this system can lead to neuropeptide
precursor misfolding, retention of aggregate peptides
in cells and reduced secretion of neuropeptides and
neurotrophic factors. It is instructive to note that
aSYN has been localized to these dense core vesi-
cles [70], and a primary function of alpha-synuclein
is regulation of dense-core vesicle secretion by inter-
action with vesicle membranes [71]. Together, these
multiple lines of evidence in several studies suggests
that alterations in CSF levels of dense-core vesicle
components may anticipate early protein misfolding
pathology in neurodegenerative disorders.

In conclusion, our untargeted CSF discovery and
MRM validation indicates that several candidate
biomarkers involved in synaptic function and neu-
rosecretory regulation are similarly altered in the
parkinsonian disorders PD, MSA, and PSP. The
tauopathy PSP shows more significant changes in
proteins related to AD, but we detect a correlation
between neurosecretory function and A�42 peptide
across all samples. In general, there is considerable
conservation of molecular deficits in all parkinsonian
disorders that has been apparent in many publica-
tions covering proteomics of neurodegeneration. This
suggests that monitoring of self-aggregating pro-
teins using multiplexed assays such as the MRM
described here may offer a co-diagnostic platform
for development of disease altering medications for
neurodegeneration. Importantly, we have identified
some novel candidate biomarkers that suggest ther-
apeutic targets for parkinsonian disorders as well as
subgroups of PD patients.
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