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aBstraCt
Background: Cerebrospinal fluid (CSF) is in close contact with the extracellular fluid 
surrounding brain cells and therefore holds great promise as a source of biomarkers for 
Parkinson’s disease (PD). PD biomarkers could improve the early diagnostic accuracy of 
PD, may be used to identify patients at risk of developing PD, stratify patients into subtypes 
and monitor disease progression. The current proteomics study was performed to identify 
novel CSF biomarker candidates for PD using two independent patient cohorts.

Methods: We first analysed the CSF proteome in a discovery cohort of 10 drug-naïve PD patients 
and 10 neurologically healthy controls using a workflow involving immuno-depletion of high-
abundant proteins, mono-dimensional SDS-PAGE in conjunction with nanoLC-MS/MS-based 
proteomics and label-free protein quantification. Identified differentially expressed proteins were 
subsequently compared to a second proteomics dataset of an independent cohort of 12 medicated 
PD patients and 13 controls. Functional annotation as well as pathway and network analysis were 
performed to gain insight into the molecular processes associated with deregulated proteins.

results: Ninety out of 1284 identified proteins in the discovery dataset were differentially 
expressed in PD patients compared to controls. Some proteins have previously been 
related to PD, such as chromogranin A (CHGA; down-regulated in PD). Ninety-seven 
percent of proteins of the discovery dataset overlapped with the 2115 proteins identified 
in the verification cohort. Three overlapping candidate biomarkers were found: myelin 
protein P0 (MPZ; up-regulated in PD), plastin-2 (LCP1; down-regulated in PD) and acid 
sphingomyelinase-like phosphodiesterase 3b (SMPDL3B; down-regulated in PD). Network 
analysis of proteins showing co-regulation between the two datasets showed subnetworks 
involved in complement activation, inflammation-related processes and axon guidance.

Conclusion: Our proteomics analysis of CSF in PD patients and controls yielded several 
novel candidate biomarkers and suggests a central role for complement activation, 
inflammation and axon guidance in the pathogenesis of PD. Further technical and clinical 
validation of prioritized candidates in larger cohorts should delineate their potential as 
early diagnostic, prognostic and/or progression biomarkers for PD.
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IntroduCtIon
The cerebrospinal fluid (CSF) is in close contact with the extracellular fluid surrounding 
brain cells [1] and therefore holds great promise as a source for the identification of 
biomarkers that reflect the pathological brain processes in Parkinson’s disease (PD). 
Reliable biomarkers that mirror the underlying disease process could help to improve the 
diagnostic accuracy of PD in the early clinical stages, when PD-related symptoms can be 
subtle. In addition, biomarkers might prove useful in identifying patients at risk for PD, 
stratifying patients into subtypes with a different rate of disease progression [2] and/or 
monitoring disease severity.

Many studies have already been performed to identify CSF biomarkers for PD. Although 
some candidates are promising, the ideal biomarkers have not yet been found. Targeted 
approaches, analyzing a limited number of pre-specified analytes in CSF, have led to the 
identification of several potential biomarkers [3]. Presently, leading candidates are the 
different forms of the protein α-synuclein (total, oligomeric and phosphorylated forms) 
[4,5] that await further validation as diagnostic, prognostic and/or progression biomarkers. 
The clinical and pathogenetic heterogeneity of PD plausibly requires additional biomarkers. 
An untargeted discovery approach using state-of-the-art proteomics enables the screening 
of large numbers of CSF proteins in a quantitative manner, an approach that increases the 
chances of finding novel biomarker candidates [6]. 

Proteomics CSF biomarker studies in PD so far mainly involved low-throughput, 2D 
gel-based techniques in which relatively small numbers of proteins were identified in pooled 
samples [7,8,9]. In a single study by Abdi et al. [10], a highly sensitive proteomic approach 
on CSF of PD, Alzheimer’s disease (AD), dementia with Lewy body’s (DLB) patients and 
healthy controls was performed using isobaric tags for relative and absolute quantification 
(iTRAQ) in conjunction with multidimensional chromatography, followed by tandem 
mass spectrometry. A total of 846 proteins were identified with high confidence in pooled 
samples. Fourty-six proteins were uniquely changed for PD when protein levels were 
compared between PD patients and controls, AD patients and controls and DLB patients 
and controls. A panel of 8 CSF proteins was successfully validated in an independent 
cohort, which enabled the discrimination of PD patients from AD patients and healthy 
controls [11]. These data demonstrate the potential of an untargeted discovery approach in 
biomarker studies.

The current study was performed as a first step to identify novel CSF biomarker candidates 
for PD by comparative protein profiling of individual patient samples. An in-depth 
proteomics workflow was used involving immuno-depletion of high-abundant proteins, 
mono-dimensional SDS-PAGE in conjunction with nanoLC-MS/MS-based proteomics 
and label-free protein quantification [12]. We analysed the CSF proteome of 10 early stage, 
drug-naïve PD patients and 10 neurologically healthy controls and compared identified 
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differentially regulated proteins with the proteome of 12 medicated PD patients and 13 
neurologically healthy controls. Functional annotation as well as pathway and network 
analysis were performed to explore the biological processes and protein networks associated 
with the deregulated proteins in order get more insight into pathways that might play a role 
in PD pathogenesis. 

MetHods
study populations and CsF withdrawal
The discovery cohort included 10 PD patients that had not yet started dopaminergic 
medication and attended the outpatient clinic for movement disorders of the VU University 
Medical Center between September 2008 and February 2011, as well as 10 neurologically 
healthy controls, recruited through an advertisement in the periodical of the Dutch 
Parkinson Foundation (table 1). All PD patients fulfilled the United Kingdom Parkinson’s 
Disease Society Brain Bank (UK-PDSBB) clinical diagnostic criteria [13]. The diagnosis 
was supported by DaT-SPECT findings showing a presynaptic dopaminergic deficit in all 
patients. Patients were included only if they were able to understand the study aim and 
procedures. No signs of dementia were detectable upon an extensive neuropsychological 
assessment that was available for 9 out of 10 patients. In the controls, dementia was excluded 
using the Cambridge Cognitive Examination (CAMCOG) scale [14]. Patients and controls 
underwent a standardized clinical assessment that included their medical history and a 
neurological examination. Severity of parkinsonism and disease stage were rated using the 
Unified Parkinson’s Disease Rating Scale (UPDRS) motor subscale [15] and the modified 
Hoehn and Yahr (H&Y) classification [16,17], respectively. CSF was obtained by lumbar 
puncture (sample size 8-12 ml) and collected in polypropylene collection tubes. The first 
millilitre of CSF was used for routine analysis of cell counts. The remaining CSF volume 
was gently mixed to avoid gradient effects, centrifuged at 1800 x g at 4°C for 10 minutes, 
aliquoted and stored at -80°C within 2 hours, in line with published guidelines [18]. Only 
samples containing less than 50 erythrocytes per microliter were included, because traces 
of blood, in which the protein concentration is around 200 times higher than in CSF, may 
influence the results [19]. The study was approved by the local ethics committee of the VU 
University Medical Center and all participants gave written informed consent. 

The verification cohort consisted of 12 medicated PD patients and 13 neurologically healthy 
controls that were enrolled at two European Centers: the Outpatient Clinic for Parkinson’s 
disease of the University of Tübingen (Germany; all healthy controls and 10 PD patients) 
and of Oslo University Hospital (Norway; 2 PD patients). As for the discovery cohort, the 
diagnosis of PD was defined according to the UK-PDSBB clinical diagnostic criteria [13]. 
The healthy controls were spouses of PD patients with no evidence for movement disorders 
or dementia. All subjects underwent a neurological examination performed by a movement 
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disorders specialist. Motor severity was assessed using the UPDRS motor subscale [15] 
and the stage of the disease was categorized according to the H&Y classification [16,17]. 
Cognitive function of all subjects was tested by the Montreal Cognitive Assessment (MoCA). 
A cutoff of <26 out of 30 points indicated cognitive impairment [20]. CSF collection and 
determination of routine diagnostic parameters were performed according to standardized 
protocols [21,22]. In short, lumbar puncture was performed between 8.00 and 10.00 a.m. 
after subjects were required to fast overnight. Samples were centrifuged within 30 minutes 
after collection, and frozen at -700C within 60 minutes after collection. Only samples without 
visible blood contamination and with  normal routine CSF diagnostics were included (white 
blood cell count <4x106/L; IgG-index <0.6). The study was approved by the Ethics Committee 
of the Faculty of Medicine at the University of Tübingen and by the Regional Committtee for 
Medical and Health Research Ethics in Oslo, Norway. All participants gave written consent.

table 1: Demographics, CSF values of total protein, and CSF blood cell count in the discovery and 
verification cohorts

 

discovery cohort Verification cohort

Controls
Parkinson’s 
disease p-value Controls

Parkinson’s 
disease p-value

Number of subjects 10 10 13 12

(M/F) 5/5 5/5 1.00 6/7 8/4 0.16

Age (years) 65 ± 6; 
56-79

65 ± 8; 
55-78

1.00 57 ± 11; 
38-72

61 ± 10; 
38-74

0.47

Disease duration (years) 2 ± 3; 1-10 5 ± 3; 2-12

Age at disease onset (years) 63 ± 10; 
45-76

56 ± 9; 35-68

Hoehn and Yahr stage (number 
per stage 1 / 1.5 / 2 / 2.5 / 3 / 4 / 5)

0 / 0 / 5 / 5 / 
0 / 0 / 0

0 / 0 / 9 / 2 / 
1 / 0 / 0

UPDRS-III 23 ± 7; 9-34 22 ± 7; 12-33

MMSE 29.7 ± 0.5; 
29-30

27.6 ± 2.4; 
23-30

0.03 29.2 ± 1.1; 
26-30

29.6 ± 0.5; 
29-30*

0.52

CSF total protein (mg/ml) 0.84 ± 0.13; 
0.69-1.03

0.94 ± 0.14; 
0.72-1.15

0.25 n.a. n.a. n.a.

CSF red blood cell count per µl 3 ± 6; 0-16 3 ± 8; 0-25 0.85 n.a. n.a. n.a.

Data are mean ± SD and range unless specified otherwise. Abbreviation: n.a. = not available. *MMSE values of two 
PD patients were not available.

depletion of high-abundant proteins, gel electrophoresis and in-gel tryptic 
digestion
To improve the in-depth analysis of the CSF proteome, we removed the top fourteen high-
abundant proteins prior to gel electrophoresis by applying CSF to an antibody-based spin 
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filter (Human 14 Multiple Affinity Removal System (MARS), Agilent technologies, Santa 
Clara CA, USA) as described previously [23]. In short, 1 mL (discovery cohort) or 0.6 mL 
(verification cohort) of untreated CSF of each subject was directly applied to the spin filter 
according to the manufacturer’s instructions. The volume of depleted CSF was reduced to 
20 µL using 3kDa filters (Millipore; Billerica MA, USA) and vacuum centrifuge prior to 
loading the whole depleted CSF fraction on NuPAGE® Novex 4–12% Bis-Tris gels (1.5 mm, 
10 well; Invitrogen, Carlsbad CA, USA). Gel processing and in-gel tryptic digestion was 
performed as described previously [24]. In short, gels were stained with Coomassie, fixed 
with 50% ethanol/3% phosphoric acid, washed with MilliQ and scanned. Gels were washed 
and dehydrated once in 50 mM ammonium bicarbonate (ABC) and twice in 50  mM 
ABC/50%acetonitrile (ACN). Cysteine bonds were reduced by incubation with 10 mM 
DTT/50 mM ABC at 56°C for 1 h and alkylated with 50 mM iodoacetamide/50 mM ABC 
at room temperature (RT) in the dark for 45 minutes. After washing sequentially with ABC 
and ABC/ 50%ACN, we sliced the whole gel lane of each case into 10 parts. Gel parts were 
sliced up into approximately 1-mm cubes and collected in tubes, washed in ABC/ACN and 
dried in a vacuum centrifuge. Gel cubes were incubated overnight at 23°C with 6.25 ng/mL 
trypsin and covered with ABC to allow digestion. Peptides were extracted once in 1% formic 
acid and twice in 5% formic acid/50% ACN. The volume was reduced to 50 µL in a vacuum 
centrifuge and the 10 gel fractions were pooled into 5 gel fractions prior to LC-MS analysis.

nano-lC separation and tandem mass spectrometry (Ms/Ms)
Peptides were separated by an Ultimate 3000 nanoLC-MS/MS system (Dionex LC-Packings, 
Amsterdam, The Netherlands) equipped with a 20 cm × 75 μm ID fused silica column custom 
packed with 3 μm 120 Å ReproSil Pur C18 aqua (Dr Maisch GMBH, Ammerbuch-Entringen, 
Germany). After injection, peptides were trapped at 6 μl/min on a 10 mm × 100 μm ID trap 
column packed with 5 μm 120 Å ReproSil Pur C18 aqua in 0.05% TFA in 2% ACN. Peptides 
were separated at 300 nl/min in a 60 min 10–40% B gradient (buffer A: 0.5% acetic acid in 
MQ; buffer B: 80% ACN + 0.5% acetic acid in MQ), the total run time was 90 min. Peptides 
were ionized at a potential of 2 kV using a stainless steel emitter (ThermoFisher, Breda, The 
Netherlands). Eluting peptides were measured on-line by a Q Exactive mass spectrometer 
(Thermo Fisher, Bremen, Germany) in data-dependent acquisition mode. Intact masses 
were measured between 350-1500 m/z (for verification cohort 350-1400 m/z) at resolution 
35.000 (for verification cohort 70.000 at m/z 200) in the orbitrap using an AGC target value 
of 3 × 106 charges (maximum injection time 250 ms). The top 10 peptide signals (charge-
states 2+ and higher) were submitted to MS/MS in the higher-energy collision (HCD) cell 
using an isolation width of 4 amu and normalized collision energy of 25. MS/MS spectra 
were acquired at resolution 17.500 (at m/z 200) in the orbitrap using an AGC target value of 
2 × 105 charges and an underfill ratio of 1% (for verification cohort 0.1%) and a maximum 
injection time of 120 ms (for verification cohort 80 ms). Dynamic exclusion was applied with 
a repeat count of 1 and an exclusion time of 30 s. 
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Protein identification, quantification, statistics, pathway analysis and protein 
classification 
Q Exactive raw files were searched against the Uniprot human reference proteome FASTA 
file (release January 2013, no fragments; 61608 entries) using the MaxQuant computational 
proteomics platform version 1.3.0.5 [25]. Enzyme specificity was set to trypsin and up to 
two missed cleavages were allowed. Cysteine carboxamidomethylation (Cys, +57.021464 
Da) was treated as fixed modification and methionine oxidation (Met,+15.994915 Da) and 
N-terminal acetylation (N-terminal, +42.010565 Da) as variable modifications. Peptide 
precursor ions were searched with a maximum mass deviation of 6 ppm and fragment 
ions with a maximum mass deviation of 20 ppm (default MaxQuant settings). Peptide 
identifications and protein identifications were filtered to an FDR (false discovery rate) of 
1%. Proteins that could not be differentiated based on MS/MS spectra alone were grouped 
to protein groups (default MaxQuant settings). Proteins that should be depleted by the 
antibody-based spin filter but were still present in the dataset, were removed prior to 
further analysis. 

Proteins were quantified label-free by spectral counting. For each protein identified, the 
number of spectral counts (the number of MS/MS spectra associated with an identified 
protein) was exported to Excel. For quantitative analysis across samples, spectral counts 
were normalized to the sum of the spectral counts per biological sample [26]. This gives the 
relative spectral count contribution of a protein to all spectral counts in the sample. When 
comparing different datasets, these normalized spectral counts were used to calculate 
ratios. In this way, we were able to correct for loading differences between samples. 

Differential analysis of samples was performed using the beta-binominal test, which takes 
into account within- and between-sample variations, giving p-values for all identified 
proteins [26]. Protein cluster analysis of the differentially expressed proteins was performed 
using hierarchical clustering in R. The protein abundances were normalized to zero mean 
and unit variance for each individual protein. Subsequently, the Euclidean distance measure 
was used for protein clustering.

General gene ontology (GO) descriptions of the proteins in the two datasets were 
retrieved using the PANTHER classification (http://www.pantherdb.org; [27]). Statistical 
overrepresentation testing in PANTHER was used to compare GO annotations of 
putative markers (p<0.05) of the discovery and verification datasets with the remaining 
proteins of each dataset. To further explore biological processes and functions associated 
with the identified proteins, GO annotations of putative markers and complete datasets 
were compared to the human genome. Finally, GO annotations of the discovery dataset 
were compared to GO annotations of the verification dataset. P-values reported for 
overrepresentation testing were Bonferroni corrected for multiple testing.

133

IDENTIFICATION OF NOVEL BIOMARKER CANDIDATES IN CEREBROSPINAL FLUID



Subsequently, the DAVID knowledgebase [28] was used to identify specific enrichment of 
KEGG pathways of the complete datasets and of putative markers of the datasets (p<0.05) 
compared to the whole human genome. To evaluate if identified pathways could relate to 
differences in coagulation status as a result of traumatic puncturing, we performed a similar 
enrichment analysis of deregulated proteins of 6 PD patients and 6 controls of the discovery 
cohort that had no blood cell counts.In addition, bivariate Spearman’s rank correlation 
coefficients were used to analyze correlations between spectral counts of selected proteins 
and blood cell counts. 

Functional and physical interactions were retrieved from the STRING database (v9.05) 
[29]. Data were imported for visualization and network analysis in Cytoscape (v.2.8.3). To 
identify subnetworks of proteins showing high interaction strength, we used clusterMaker 
v.1.1 [30]. The combined interaction score from STRING database was preferred as clustering 
variable, together with the MCL algorithm [31]. Network analysis tools embedded into 
Cytoscape were used to identify common expression changes between the discovery and 
validation datasets at the level of subnetworks. The final submodules were searched for 
functional annotations using BiNGO plug-in [32]. 

Finally, we performed an overlap analysis between (1) the complete discovery and 
verification datasets and (2) putative markers (p<0.05) of these datasets. Both, overlapping 
putative markers and promising non-overlapping deregulated proteins of the discovery 
dataset, were selected for further discussion. We refer to the discussion for the selection 
criteria of promising non-overlapping deregulated proteins.

results
Biomarker discovery for early-stage Pd using in-depth proteomics
To identify candidate biomarkers for PD, we performed comparative proteomics of CSF 
of drug-naïve PD patients and age-matched neurologically healthy controls. Judgement of 
the Coomassie stained gels indicated that immuno-depletion of high-abundant proteins 
was successfully performed in all CSF samples. Subsequent nanoLC-MS/MS and label-
free protein quantification resulted in the identification and quantification of 1284 unique 
proteins. The average total number of spectral counts did not differ between PD patients 
and controls (average ± standard deviation for controls 28161 ± 2017 and for PD 29013 ± 
2071; p-value 0.44) and spectral counts of all patients and controls were within 2 standard 
deviations of the mean. Therefore, overall sample quality of depleted CSF in PD and control 
groups was similar. We refer to supplementary figure S1 for the Coomassie stained gel 
images and total spectral counts per sample. 

Quantitative analysis of normalized protein spectral counts and statistical analysis yielded 
90 CSF proteins that had significantly different expression levels (p<0.05) between the 10 
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drug-naïve PD patients and 10 neurologically healthy controls, with 45 up-regulated and 
45 down-regulated proteins (table 2). Cluster analysis of deregulated proteins did not fully 
separate PD patients from controls as two out of ten healthy controls were clustered with 
the PD patients (figure 1). These healthy controls were not different from the other controls 
with respect to age or blood cell contamination.  Most significant up-regulation in CSF of 
drug-naïve PD patients compared to controls based on p-value was found for ribonuclease 
4 (RNASE4; foldchange (fc): 1,33; p=0,00055), plasminogen (PLG fc 1,30; p=0,002) and 
transmembrane protein 198 (TMEM198; fc ∞; p=0,002). Ephrin type A receptor 4 (EPHA4; 
fc -1,39; p=0,000045), secretogranin 3 (SCG3; fc -1,22; p=0,00008) and opioid binding 
protein / cell adhesion molecule (OPCML; fc -1,39; p=0,0009) were the most significantly 
down-regulated proteins. 

General GO descriptions of molecular function, biological process and cellular component 
retrieved using PANTHER classification for the complete datasets are visualized in pie 
charts of supplementary figure S2. GO overrepresentation testing in PANTHER indicated 
that receptor activity (Bonferroni corrected p-value 5.0x10-57) and receptor binding 
(p=5.8x10-42) were the most significantly overrepresented molecular functions compared to 
the human genome. Cell adhesion (p=2.1x10-103) and signal transduction (p=8.0x10-55) were 
among the most enriched biological functions, while the extracellular region (p=1.0x10-82) 
was the most frequently associated cellular component.

Pie charts of GO annotations for the proteins that were deregulated in PD patients showed a 
high degree of similarity to those of the complete dataset (see figure 2). This was confirmed 
by statistical overrepresentation testing in PANTHER that did not show any enriched 
GO descriptions when deregulated proteins (p<0.05) were compared with the remaining 
proteins in the dataset. Compared to the human genome, proteolysis (p=3.2x10-12; subgroup 
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(p=8.0x10-55) were among the most enriched biological functions, while the extracellular region (p=1.0x10-

82) was the most frequently associated cellular component.

Figure 1:  Supervised clustering  of 90 proteins (horizontal  axis)  that  had significantly  different  expression levels
between PD patients (PD) and controls (CTRL; vertical axis), with 45 upregulated and 45 downregulated proteins.
Colors indicate normalized protein abundances.

Pie charts of GO annotations for the proteins that were deregulated in PD patients showed a high degree
of  similarity  to  those  of  the  complete  dataset  (see  figure  2).  This  was  confirmed  by  statistical
overrepresentation  testing  in  PANTHER  that  did  not  show  any  enriched  GO  descriptions  when
deregulated proteins (p<0.05) were compared with the remaining proteins in the dataset. Compared to the
human  genome,  proteolysis  (p=3.2x10-12;  subgroup  of  metabolic  process),  protein  metabolic  process
(p=2.3x10-10;  subgroup  of  metabolic  process)  and  cell  adhesion  (p=1.7x10-5)  were  more  frequently
annotated  biological  processes  in  deregulated  proteins  of  the  discovery  dataset.  Peptidase  activity
(p=1.14x10-7;  subgroup  of  catalytic  activity)  ,  serine-type  peptidase  activity  (p=1.5x10-7;  subgroup  of
catalytic  activity)  and  serine-type  endopeptidase  inhibitor  activity  (p=1.3x10-6;  subgroup  of  catalytic
activity) were enriched molecular functions, while no overrepresented cellular component was observed. 

Enrichment analysis of KEGG pathways with the DAVID knowledgebase [28] showed that - compared
to the whole genome - the complete discovery dataset showed the most significant overrepresentation of
complement  and  coagulation  cascades  (B-H  corrected  p-value  1.5x10-27),  cell  adhesion  molecules
(p=6.0x10-14),  lysosome  (p=8.9x10-14),  axon  guidance  (p=2.4x10-12)  and  ECM  (extracellular  matrix)
-receptor interaction (p=2.0x10-9). Complement and coagulation cascades were overrepresented in the list
of  deregulated proteins (p=3x10-17) as well. Normalized spectral counts of only 1 out of 16 deregulated
proteins of this pathway correlated with blood cell counts, which was coagulation factor IX (F9; r=0.55
p=0.01). In samples without any blood cell counts (6 drug-naïve PD patients versus 6 healhty controls),
we also found enrichment of complement and coagulation cascades in deregulated proteins (p=1.3x10-10).
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Figure 1: Supervised clustering of 90 proteins (horizontal axis) that had significantly different expression levels 
between PD patients (PD) and controls (CTRL; vertical axis), with 45 upregulated and 45 downregulated 
proteins. Colors indicate normalized protein abundances.
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of metabolic process), protein metabolic process (p=2.3x10-10; subgroup of metabolic 
process) and cell adhesion (p=1.7x10-5) were more frequently annotated biological 
processes in deregulated proteins of the discovery dataset. Peptidase activity (p=1.14x10-7; 
subgroup of catalytic activity) , serine-type peptidase activity (p=1.5x10-7; subgroup of 
catalytic activity) and serine-type endopeptidase inhibitor activity (p=1.3x10-6; subgroup 
of catalytic activity) were enriched molecular functions, while no overrepresented cellular 
component was observed. 

table 2: List of differentially expressed proteins in CSF of PD patients compared to neurologically healthy 
controls in the discovery cohort ranked by p-value (continued)

uniprot accession Protein name Gene symbol Fold change p-value

P54764 Ephrin type-A receptor 4 EPHA4 -1.39 0.000045

Q8WXD2 Secretogranin-3 SCG3 -1.22 0.000078

P34096 Ribonuclease 4 RNASE4 1.33 0.00055

B7ZLQ1 OPCML protein OPCML -1.39 0.00089

P00747 Plasminogen PLG 1.30 0.0019

Q8IUK5 Plexin domain-containing protein 1 PLXDC1 -2.04 0.0022

Q66K66 Transmembrane protein 198 TMEM198 ∞ 0.0024

P16519 Neuroendocrine convertase 2 PCSK2 -2.28 0.0025

P15169 Carboxypeptidase N catalytic chain CPN1 2.48 0.0030

P00742 Coagulation factor X F10 1.42 0.0033

F8W703 Roundabout homolog 2 ROBO2 4.42 0.0051

Q9NS98 Semaphorin-3G SEMA3G -1.59 0.0058

K7ERG9 Complement factor D CFD 1.28 0.0059

P10645 Chromogranin-A CHGA -1.28 0.0062

Q9UJA9 Ectonucleotide pyrophosphatase/
phosphodiesterase family member 5 

ENPP5 -1.73 0.0072

E7EWP3 Myelin protein P0 MPZ 2.50 0.0080

J3KPA1 Cysteine-rich secretory protein 3 CRISP3 2.17 0.0087

P05154 Plasma serine protease inhibitor SERPINA5 1.44 0.0097

Q6P9A2 Putative polypeptide N-acetylgalactosamin
yltransferase-like protein 4 

GALNTL4 -1.87 0.010

P13796 Plastin-2 LCP1 -1.58 0.011

P17936 Insulin-like growth factor-binding 
protein 3 

IGFBP3 2.25 0.011

Q06033 Inter-alpha-trypsin inhibitor heavy 
chain H3 

ITIH3 2.26 0.012

O75636 Ficolin-3 FCN3 2.77 0.014

P02144 Myoglobin MB 4.64 0.015

O95970 Leucine-rich glioma-inactivated protein 1 LGI1 -4.03 0.015

Q9ULB1-3 Isoform 3a of Neurexin-1-alpha NRXN1 -1.12 0.016
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table 2: List of differentially expressed proteins in CSF of PD patients compared to neurologically healthy 
controls in the discovery cohort ranked by p-value (continued)

uniprot accession Protein name Gene symbol Fold change p-value

P02774-3 Isoform 3 of Vitamin D-binding protein GC 1.16 0.017

P53041 Serine/threonine-protein phosphatase 5 PPP5C -∞ 0.017

P00740 Coagulation factor IX F9 1.66 0.018

B4E1F0 Plasma protease C1 inhibitor SERPING1 1.15 0.018

Q8IUC8 Polypeptide 
N-acetylgalactosaminyltransferase 13 

GALNT13 -1.54 0.018

B7Z1Z5 Neurotrimin NTM -1.18 0.018

P10721 Mast/stem cell growth factor receptor Kit KIT -1.46 0.018

Q92520 Protein FAM3C FAM3C -1.18 0.018

Q9NQ79 Cartilage acidic protein 1 CRTAC1 -1.14 0.019

F2Z2F2 Retinol-binding protein 1 RBP1 -8.62 0.019

Q14956 Transmembrane glycoprotein NMB GPNMB 3.03 0.020

J3KQG3 EPH receptor A10, isoform CRA_b EPHA10 ∞ 0.020

P23470 Receptor-type tyrosine-protein 
phosphatase gamma 

PTPRG -1.25 0.020

Q16658 Fascin FSCN1 -1.84 0.020

O60449-2 Isoform 2 of Lymphocyte antigen 75 LY75 2.49 0.021

P51693 Amyloid-like protein 1 APLP1 -1.17 0.022

P19823 Inter-alpha-trypsin inhibitor heavy chain 
H2 

ITIH2 1.24 0.022

Q04756 Hepatocyte growth factor activator HGFAC 1.56 0.022

J3KQY9 Collectin-11 COLEC11 -6.77 0.023

Q9UBQ6 Exostosin-like 2 EXTL2 -1.26 0.023

P03952 Plasma kallikrein KLKB1 1.33 0.023

P56817 Beta-secretase 1 BACE1 -3.41 0.024

A7YIJ8 Radixin RDX 4.71 0.024

Q96IY4 Carboxypeptidase B2 CPB2 1.24 0.024

P19827 Inter-alpha-trypsin inhibitor heavy 
chain H1 

ITIH1 1.37 0.025

O14514 Brain-specific angiogenesis inhibitor 1 BAI1 -2.04 0.025

Q9BZM5 NKG2D ligand 2 ULBP2 -3.40 0.025

O14522-1 Isoform 1 of Receptor-type tyrosine-
protein phosphatase T 

PTPRT -8.05 0.026

Q15493 Regucalcin RGN -∞ 0.026

P01037 Cystatin-SN CST1 5.08 0.027

O14791-2 Isoform 2 of Apolipoprotein L1 APOL1 5.38 0.027

B4DR87 Procollagen-lysine,2-oxoglutarate 
5-dioxygenase 1 

PLOD1 -1.98 0.028
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table 2: List of differentially expressed proteins in CSF of PD patients compared to neurologically healthy 
controls in the discovery cohort ranked by p-value (continued)

uniprot accession Protein name Gene symbol Fold change p-value

Q4L180 Filamin A-interacting protein 1-like FILIP1L 8.15 0.030

O00187 Mannan-binding lectin serine protease 2 MASP2 2.16 0.031

E7EUW2 Latrophilin-3 LPHN3 -1.29 0.031

P01031 Complement C5 C5 1.25 0.031

Q9UBP4 Dickkopf-related protein 3 DKK3 -1.11 0.032

P04278 Sex hormone-binding globulin SHBG 2.19 0.032

Q9UHL4 Dipeptidyl peptidase 2 DPP7 -1.61 0.033

P00734 Prothrombin F2 1.23 0.033

P55287 Cadherin-11 CDH11 -1.61 0.034

E7ETH0 Complement factor I light chain CFI 1.19 0.035

Q92485 Acid sphingomyelinase-like 
phosphodiesterase 3b 

SMPDL3B -1.57 0.035

P04003 C4b-binding protein alpha chain C4BPA 5.88 0.036

P08697 Alpha-2-antiplasmin SERPINF2 1.15 0.036

Q8NCL4 Polypeptide 
N-acetylgalactosaminyltransferase 6 

GALNT6 -1.56 0.037

P35443 Thrombospondin-4 THBS4 1.32 0.037

P14384 Carboxypeptidase M CPM -3.12 0.037

Q13275 Semaphorin-3F SEMA3F -2.24 0.039

Q8WXD2-2 Isoform 2 of Secretogranin-3 SCG3 -∞ 0.039

O94973-2 Isoform 2 of AP-2 complex subunit  
alpha-2 

AP2A2 -∞ 0.039

E9PBV3 Suprabasin SBSN -7.85 0.040

P09211 Glutathione S-transferase P GSTP1 1.26 0.040

P55268 Laminin subunit beta-2 LAMB2 1.31 0.040

P13671 Complement component C6 C6 1.28 0.043

G3V3A0 Alpha-1-antichymotrypsin SERPINA3 -6.29 0.044

Q10472 Polypeptide 
N-acetylgalactosaminyltransferase 1 

GALNT1 -1.81 0.046

H9KV70

O15041

Neutrophil gelatinase-associated  
lipocalin 

Semaphorin-3E 

LCN2

SEMA3E

1.50

-3.49

0.047

0.047

P01008 Antithrombin-III SERPINC1 1.15 0.048

Q7Z5L0 Vitelline membrane outer layer protein 1 
homolog 

VMO1 1.64 0.048

Q8WZA1 Protein O-linked-mannose beta-1,2-N-
acetylglucosaminyltransferase 1 

POMGNT1 -1.20 0.048

P18206 Vinculin VCL 1.82 0.048

K7END2 HCC-1(3-74) CCL14 1.55 0.050
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Enrichment analysis of KEGG pathways with the DAVID knowledgebase [28] showed 
that - compared to the whole genome - the complete discovery dataset showed the most 
significant overrepresentation of complement and coagulation cascades (B-H corrected 
p-value 1.5x10-27), cell adhesion molecules (p=6.0x10-14), lysosome (p=8.9x10-14), axon 
guidance (p=2.4x10-12) and ECM (extracellular matrix) -receptor interaction (p=2.0x10-9). 

CHAPTER 4.2

antigen  processing  and  presentation  (p=0.01)  and  the  cellular  components  MHC  protein  complex
(p=0.005) and protein complex (p=0.02).

Figure 2: Pie chart of gene ontology descriptions for (A) molecular function, (B) biological process and (C) cellular
component for deregulated proteins (p<0.05) in the discovery and verification cohorts. Numbers used in pie chart
represent the percentage of proteins against the total number of functions.
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Complement and coagulation cascades were overrepresented in the list of deregulated 
proteins (p=3x10-17) as well. Normalized spectral counts of only 1 out of 16 deregulated 
proteins of this pathway correlated with blood cell counts, which was coagulation factor IX 
(F9; r=0.55 p=0.01). In samples without any blood cell counts (6 drug-naïve PD patients 
versus 6 healhty controls), we also found enrichment of complement and coagulation 
cascades in deregulated proteins (p=1.3x10-10).

Verification of putative biomarker candidates and associated functions in an 
independent cohort
The verification cohort initially consisted of samples of 13 medicated PD patients and 
13 neurologically healthy controls collected at the University of Tübingen and Oslo. The 
same proteomics workflow was applied to the verification cohort (see methods section). 
Coomassie-stained gels indicated that protein depletion was unsuccessful in one PD 
patient. Therefore, this patient was excluded from further analysis (see supplementary 
figure S3 for the gel image and corresponding spectral counts). The average total spectral 
count per sample was not different between the remaining 12 PD patients and 13 controls 
(MW-u p-value 0.81). However, the average total spectral count per sample was higher in 
the verification (mean ± SD 39567 ± 3158) compared to the discovery dataset (mean ± SD 
28587 ± 2037; p-value < 1x10-7) due to slight differences in the data acquisition method: 
higher full scan resolution, lower iontrap filling times and lower MS/MS thresholds were 
used to measure samples of the verification cohort to accommodate advancing insights. 
Consequently, a higher number of 2115 proteins were identified in the verification cohort. 
Fifty-six proteins were differentially regulated (p<0.05) between PD patients and controls 
including 36 down-regulated and 20 up-regulated proteins. We refer to supplementary table 
S1 for the full list of deregulated proteins in the verification dataset.

Overlap analysis of identified proteins in the discovery and verification datasets indicated 
that 97% of proteins identified in the discovery dataset were also detected in the 
verification dataset (figure 3). Three differentially expressed proteins overlapped between 
the two datasets, showing a similar trend in both datasets: myelin protein P0 (MPZ; up-
regulated in PD), plastin-2 (LCP1; down-regulated in PD) and acid sphingomyelinase-like 
phosphodiesterase 3b (SMPDL3B; down-regulated in PD; figure 4).

Main GO descriptions of molecular function, biological process and cellular component 
of identified proteins were very similar between the discovery and verification datasets 
(figure  2 and figure S2). Yet, overrepresentation analysis indicated overrepresentation 
of several processes and functions in the verification compared to the discovery dataset, 
including translation (p-value 0.0003), mRNA processing (p=0.003) and nucleic acid binding 
(p=3x10-10), which may relate to the detection of more low-abundant cellular proteins. In 
addition, the cellular component of ribonucleoprotein complex (p=0.0005), intracellular 
compartment (p=0.002) and cytoskeleton (p=0.007) were more frequently annotated in the 
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verification dataset while a trend towards underrepresentation of the extracellular region was 
found (p=0.07). Comparison of deregulated proteins (p<0.05) with the remaining proteins 
in the verification dataset did not show any overrepresented GO descriptions. Comparison 
of the 56 deregulated proteins of the verification dataset with the human genome indicated 
overrepresentation of the biological process antigen processing and presentation (p=0.01) 
and the cellular components MHC protein complex (p=0.005) and protein complex (p=0.02).

Enriched KEGG pathways of the proteins identified in the verification cohort compared to 
the whole human genome were almost identical to the discovery dataset with complement 
and coagulation cascades (B-H corrected p-value 3.5x10-24), ECM-receptor interaction 
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Figure 3:  Venn diagrams of overlapping proteins between the discovery and verification datasets based on gene
symbols. Note that the number of proteins is lower than reported in the text due to redundancies in gene symbols.
 

Figure 4: Boxplots of the three corresponding deregulated proteins between the discovery and verification dataset:
myelin  protein  P0  (MPZ),  plastin-2  (LCP1)  and  acid  sphingomyelinase-like  phosphodiesterase  3b (SMPDL3B).
Whiskers indicate minimal and maximal number of spectral counts.

Enriched KEGG pathways of the proteins identified in the verification cohort compared to the whole
human genome were almost identical to the discovery dataset with complement and coagulation cascades
(B-H corrected p-value 3.5x10-24),  ECM-receptor interaction (p=3.1x10-13),  lysosome (p=2.9x10-13), cell
adhesion  molecules  (p=1.6x10-12)  and  axon  guidance  (p=4.3x10-11)  among  the  most  significantly
overrepresented pathways. Significantly enriched pathways in deregulated proteins compared to the whole
genome were not identified. 
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gene symbols.

Figure 4: Boxplots of the three corresponding deregulated proteins between the discovery and verification 
dataset: myelin protein P0 (MPZ), plastin-2 (LCP1) and acid sphingomyelinase-like phosphodiesterase 3b 
(SMPDL3B). Whiskers indicate minimal and maximal number of spectral counts.
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(p=3.1x10-13), lysosome (p=2.9x10-13), cell adhesion molecules (p=1.6x10-12) and axon 
guidance (p=4.3x10-11) among the most significantly overrepresented pathways. Significantly 
enriched pathways in deregulated proteins compared to the whole genome were not identified. 

network analysis of discovery and verification datasets
Our aim was to find networks of proteins that (1) showed deregulation in the discovery 
dataset and (2) showed co-regulation between the two datasets in order to obtain more 
biological insight from the two datasets. Furthermore, network analysis could aid in the 
prioritization of putative biomarkers belonging to specific pathways / interaction networks, 
since non-overlapping candidates with overlapping functions could also be of interest for 
follow-up. The result of the network analysis of deregulated proteins in the discovery dataset 
only is depicted in figures 3a and 3b. The subnetwork of up-regulated proteins (figure 5a) 
was mainly composed of proteins involved in blood coagulation and complement activation 
(subnetworks 1, 4, 6). The subnetworks of down-regulated candidates were enriched for the 
biological processes protein metabolic processing and axonal guidance (figure 5b). We then 
filtered the total networks of deregulated proteins using Cytoscape tools to retrieve the 
networks of proteins showing the same expression trends in both the discovery and the 
validation cohort. Among the up-regulated proteins (figure 5c) four subnetworks showed 
a similar up-regulation trend between the discovery and validation datasets. Subnetworks 
1 and 2 showed the highest number of nodes. These subnetworks are again involved in 
complement activation and inflammation related processes. The expression of one protein 
(MPZ) was significantly increased in both datasets, and 28 proteins were significantly 
increased in one dataset and (not significantly) increased in the second datset. Similar 
results were obtained for the networks of down-regulated proteins (figure 5d) with only two 
proteins showing significant differential expression in both datasets, SMPDL3B and LCP1, 
and 29 proteins in one dataset. The most enriched annotations for the down-regulated 
subnetworks were axonal guidance and O-glycosylation related processes. 

dIsCussIon
We performed a quantitative proteome analysis of CSF samples of 10 drug-naïve PD patients 
and 10 neurologically healthy controls (discovery cohort) to identify novel biomarker 
candidates for PD. We identified 1284 proteins in the discovery cohort of which 90 were 
differentially expressed. These putative biomarker candidates are involved in protein 
metabolic processing, axon guidance, blood coagulation and complement activation. The 
full proteome and differentially expressed proteins for the discovery cohort were compared 
with an independent proteomics dataset of 12 medicated PD patients and 13 healthy controls 
(verification cohort). We observed a high degree of overlap between the proteomes of the 
discovery and verification cohort and three proteins that were deregulated in both datasets. 
The identification of the high number of CSF proteins in individual samples combined with 
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Figure 5: Network analysis of deregulated proteins in the discovery and verification datasets.  
(a,b)  Subnetworks  of  up-regulated (a)  and down-regulated (b)  proteins  in the  discovery dataset.  Note  that  also
interactions with non-regulated proteins of the discovery dataset were visualized. (c,d) Subnetworks of up-regulated
(c) and down-regulated (d) proteins in either the discovery or verification dataset that showed a similar direction of
regulation in both datasets.  
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Figure 5: network analysis of deregulated proteins in the discovery and verification datasets. (a,b) 
Subnetworks of up-regulated (a) and down-regulated (b) proteins in the discovery dataset. Note that also 
interactions with non-regulated proteins of the discovery dataset were visualized. (c,d) Subnetworks of up-
regulated (c) and down-regulated (d) proteins in either the discovery or verification dataset that showed a 
similar direction of regulation in both datasets.  

a study design of two independent cohorts makes this study by far the most comprehensive 
high resolution nanoLC-MS/MS-based CSF proteomic study in PD so far.
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The subsequent discussion of our study findings is focussed on selected differentially 
expressed proteins of the discovery dataset, as this cohort was the most homogenous of 
both cohorts including only drug-naïve PD patients. Prioritization of deregulated proteins 
of the discovery dataset was based on one or more of the following criteria: (1) a highly 
significantly differential expression between drug-naïve PD patients and neurologically 
controls as defined by a p-value below 0.001, (2) a direct or indirect relationship with a 
PD-related pathogenetic process and/or with neuropathological changes in affected brain 
regions, (3) a corresponding significant deregulation in the verification cohort and (4) part 
of an overlapping pathway and/or subnetwork between the two datasets as indicated by our 
network analysis. 

We explicitly do not limit the discussion to deregulated proteins that overlap between the 
two datasets, as proteins that are deregulated in the discovery cohort, which consisted 
of early-stage drug-naïve PD patients and neurologically healthy controls, need not be 
differentially regulated in the verification cohort, which consisted of a different type of 
population of medicated PD patients with a longer disease duration.

In the discovery dataset, the most significantly down-regulated protein was Ephrin type-A 
receptor 4 (EPHA4; criterion 1, p=0.00005; supplementary figure S4). EPHA4 is expressed 
in neural stem cells and maintains them in an undifferentiated state [33]. Our network 
analysis indicated that EPHA4 is part of the subnetwork of axon guidance, which is an 
overlapping down-regulated subnetwork between the two datasets (criterion 4). It is worth 
noticing that EPHA4 was downregulated in our verification dataset as well, although not at 
a statistically significant level. Furthermore, dysregulation of the pathway of ephrin receptor 
signalling has been observed in blood mononuclear cells from PD patients carrying the 
G2019S mutation of the LRRK2 gene [34].

The protein chromogranin A (CHGA) was – together with secretogranin-3 (SCG3) – one 
of two down-regulated proteins belonging to the granin family that plays an important role 
in the regulated secretory pathway of peptides, hormones, neurotransmitters and growth 
factors [35]. CHGA has previously been directly related to neuropathological changes in 
PD by the observation of CHGA immunoreactivity in Lewy bodies in the post-mortem 
substantia nigra of PD patients [36] (criterion 2). Furthermore, decreased expression of 
CHGA in CSF was reported in unmedicated PD patients compared to controls in two 
previous studies [37,38]. These findings indicate that CHGA expression levels in CSF 
may be of diagnostic value in PD. However, CHGA may not be specific for PD, as CHGA 
immunoreactivity in the brain has also been observed in the context of AD and Pick’s 
disease pathology [36].

Ribonuclease 4 (RNASE4) was the most significantly up-regulated CSF protein in the 
discovery dataset (criterion 1, p=0.0006). Expression levels of RNASE4 hardly overlapped 
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between PD patients and controls (supplementary figure S4). RNASE4 is a member of the 
ribonuclease family, which includes enzymes that catalyze the degradation of RNA. Like 
many members of the ribonuclease family, RNASE4 has additional biological activities, 
including angiogenic, neurogenic and neuroprotective properties. RNASE4 prevented 
stress-induced neurodegeneration in mouse embryonic cortical neurons [39]. The altered 
levels of RNASE4 in our discovery dataset may reflect the neurogenic and neuroprotective 
functions of this protein.

The second most significantly up-regulated CSF protein in PD was plasminogen (PLG; 
p=0.002). PLG is a proenzyme that is activated by proteolysis and converted to plasmin and 
angiostatin. One of plasmin’s best known functions is to dissolve insoluble fibrin to soluble 
fibrin degradation products. Kim and colleagues [40] recently observed that plasmin can 
also degrade extracellular monomeric, oligomeric and fibrillar alpha-synuclein in vitro, 
which provides a link between PLG and pathogenetic processes in PD (criterion 2). In turn, 
extracellular alpha-synuclein can decrease the activity of the plasmin system through up-
regulation of plasminogen activator inhibitor-1 (PAI-1) [40]. Therefore, the increased PLG 
levels in CSF of PD patients may reflect the interaction between alpha-synuclein and the 
plasmin system and may be potential biomarker candidates.

Alternatively, the up-regulation of PLG in our study might be the result of an altered 
coagulation status of the PD patients. Pathway as well as network analysis indicated up-
regulation of several other proteins of the coagulation and complement cascade (C4BPA, 
C5, C6, CFD, CFI, CPB2, F2, F9, F10, KLKB1, MASP2, PLG, SERPINA5, SERPINC1, 
SERPINF2, SERPING1). The most obvious explanation for the increased coagulation 
activity would be increased blood contamination due to a traumatic lumbar puncture. 
However, several lines of evidence argue against this explanation: (1) the blood cell counts 
between PD patients and controls are similar, (2) spectral counts of the majority of proteins 
(15/16) do not positively correlated with blood cell count (only coagulation factor IX), (3) 
a comparison of PD and control samples without blood cell contamination (6 PD patients 
versus 6 controls) also shows enrichment of coagulation and complement cascades (data 
not shown). Furthermore, none of the subjects had anticoagulative drug treatment, as 
lumbar puncture in that case could not be performed. Therefore, the up-regulation of the 
coagulation cascade in our early-stage PD patients remains unexplained and might be in fact 
part of the pathological process in PD. The up-regulation of the complement cascade in CSF 
might reflect complement activation in the brain. Proteins that are part of the complement 
cascade may therefore be further evaluated as early-stage PD biomarkers.

The comparison of the discovery and verification datasets revealed three proteins (MPZ, 
LCP1 and SMPDL3B) that were differentially and similarly regulated (criterion  3). 
Considering the large overlap of the full proteome of both datasets, the number of 
corresponding differentially expressed proteins is quite small. Potential explanations for 
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the minimal overlap is the relatively small number of samples and the difference between 
the two patient groups, i.e. early-stage drug-naïve versus medicated PD patients with 
longer disease durations. Severity of the disease as well as medication use may alter the 
CSF proteome. 

MPZ is one of the proteins that is more strongly expressed in CSF of PD patients compared 
to controls in both the discovery and the verification cohort. MPZ is a transmembrane 
glycoprotein and the major structural protein of myelin in the peripheral nervous system 
[41]. Mutations in the MPZ gene lead to peripheral neuropathies including Charcot-Marie-
Tooth disease type 1B [42]. Lewy body pathology has been observed in the peripheral 
nervous system of PD patients [43]. However, considering that long, thin, unmyelinated or 
poorly myelinated axons appear to be particularly affected in PD [44], it is difficult to relate 
MPZ to PD pathogenesis. 

Decreased CSF expression levels of LCP1 were found in both datasets. LCP1 is an actin-
bundling protein that cross-links parallel actin-filaments and stabilizes actin structures. 
LCP1 is normally expressed only in haematopoietic cells, such as lymphocytes and 
macrophages [45] and regulates T cell activation [46]. Since an immune response mediated 
by T cells may play a role in the early stages of the neurodegenerative process underlying PD 
[47], decreased CSF expression of LCP1 may reflect neuroinflammatory responses in PD. 

The third corresponding candidate biomarker is SMPDL3B, which has decreased expression 
in CSF of PD patients in both datasets. SMPDL3B is a sphingomyelin phosphodiesterase 
and involved in the degradation of sphingomyelin, a sphingolipid found in cell membranes. 
Interestingly, in PD patients with a GBA mutation, disturbed membrane phospholipid 
metabolism in the putamen was observed [48]. Previous studies have further shown 
that the expression of sphingomyelin is elevated in PD brains [49] and stimulates the 
expression of alpha-synuclein [50]. Sphingomyelin levels are also significantly elevated 
in both entorhinal cortex of AD brains [51] and CSF of prodromal AD patients [52]. A 
mutation in a gene coding for another sphingomyelin phosphodiesterase, SMPD1, was 
recently identified as a strong risk factor for PD in two PD patient cohorts of Ashkenazi 
Jewish ancestry [53].

Only few of the candidate biomarkers that we identified in our discovery dataset have been 
discovered previously in CSF proteomic studies in PD [10,7,8,9,54]:  vitamin D binding 
protein (GC) [10,54], glutathione-S-transferase-Pi (GSTP1) [8], coagulation factor (F2) 
[10] and amyloid-like protein 1 (APLP1) [10]. Potential explanations for the small degree of 
overlap in deregulated proteins between the present and previous studies include different 
pre-analytical variables and proteomic workflows, the use of small number of samples or 
pooled samples in previous studies through which individual outliers could change study 
results, as well as different patient characteristics.
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Pathway and network analyses were performed to obtain more biological insight from 
the proteomics datasets. Both analyses indicated up-regulation of complement activation 
processes in PD. This finding is in accordance with previous studies that demonstrated 
complement activation on Lewy bodies and melanized neurons in the PD substantia nigra 
[55,38]. Complement activation processes might therefore play a role in PD pathogenesis. 
Furthermore, network analysis indicated down-regulation of O-linked glycosylation and 
axonal guidance as potential PD processes. Of these processes, the axon guidances pathway 
has previously been linked to the pathogenesis of PD by genetic and gene expression 
studies [56,57]. 

The present study was performed as a first step to discover novel CSF biomarkers for PD, 
in which  a relatively small number of well characterized samples was compared in an 
unbiased fashion [58]. Further validation of prioritized candidates in a much larger number 
of samples is essential and should be both technical - aiming to confirm the methods’ 
accuracy – and biological, in order to evaluate the biological significance. 

Future perspectives
To further evaluate the diagnostic potential of the identified biomarker candidates, 
prospective validation studies should be performed in large cohorts that also include 
patients with other parkinsonian disorders such as multiple system atrophy (MSA) and 
progressive supranuclear palsy (PSP). Longitudinal patient cohorts may also reveal whether 
biomarker candidates can be used to stratify patients into disease subtypes and predict the 
course of the disease. Furthermore, prospective longitudinal studies may show that specific 
biomarker candidates derived from our study reflect disease severity and enable monitoring 
of disease progression. 

Concluding remarks
Our proteomic analysis of CSF in PD patients and neurologically healthy controls yielded 
several novel biomarker candidates for PD. The most promising candidate biomarkers are 
the proteins MPZ, LCP1 and SMPDL3B, which were deregulated in both the discovery and 
verification datasets, and individual proteins that were particularly strongly deregulated in 
PD patients, were (in)directly related to PD or a PD pathogenetic process and/or were part 
of an overlapping pathway or subnetwork between the two datasets, such as EPHA4, CHGA, 
RNASE4 and PLG. Our data confirmed complement activation and inflammation-related 
processes as well as axonal guidance as pathologic processes in PD. Direct relationships 
with PD pathogenesis and PD pathology of promising candidate biomarkers should further 
be explored. In addition, extensive validation studies should delineate the potential of our 
prioritized candidates as PD biomarkers. 
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suPPleMentarY InForMatIon

CHAPTER 4.2

SUPPORTING INFORMATION

Figure S1: (A) Coomassie stained gel images and (B) total number of spectral counts of 10 PD patients (PD1-10)
and  10  controls  (C1-10)  in  the  discovery  cohort.  Precision  Plus  Protein  standard  (P+;  Bio-Rad  Laboratories,
Hercules CA, USA) was used as a reference marker. 
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table s1: List of differentially expressed proteins in CSF of PD patients compared to neurologically healthy 
controls in the verification cohort ranked by p-value (continued) 

uniprot 
accession Protein name Gene symbol Fold change p-value

P01236 Prolactin PRL -2.32 0.00064

P07711 Cathepsin L1 CTSL1 1.21 0.0025

P04083 Annexin A1 ANXA1 -∞ 0.0036

P26447 Protein S100-A4 S100A4 -∞ 0.0051

P68371 Tubulin beta-4B chain TUBB4B -∞ 0.0057

O95497 Pantetheinase VNN1 -1.78 0.0089

Q6PK18 2-oxoglutarate and iron-dependent oxygenase 
domain-containing protein 3 

OGFOD3 ∞ 0.0092

Q8TD84 Down syndrome cell adhesion molecule-like 
protein 1 

DSCAML1 3.67 0.012

P31146 Coronin-1A CORO1A -4.08 0.013

P50453 Serpin B9 SERPINB9 1.83 0.014

Q9H3K6 BolA-like protein 2 BOLA2 -∞ 0.014

P23284 Peptidyl-prolyl cis-trans isomerase B PPIB 1.23 0.018

P15311 Ezrin EZR -9.69 0.019

P32969 60S ribosomal protein L9 RPL9 6.67 0.020

P13796 Plastin-2 LCP1 -1.37 0.020

Q14CZ8 Hepatocyte cell adhesion molecule HEPACAM 4.98 0.021

O43323 Desert hedgehog protein DHH 5.04 0.021

Q16674 Melanoma-derived growth regulatory protein MIA 1.52 0.022

P68431 Histone H3.1 HIST1H3A -2.16 0.022

P16144-5 Isoform Beta-4E of Integrin beta-4 ITGB4 -∞ 0.022

Q9Y5W5 Wnt inhibitory factor 1 WIF1 -∞ 0.022

E7EWP3 Myelin protein P0 MPZ 1.69 0.025

P33151 Cadherin-5 CDH5 -1.24 0.027

Q8N3T1 Polypeptide N-acetylgalactosaminyltransferase-like 
protein 2 

GALNTL2 2.23 0.030

Q5BIV9 Shadow of prion protein SPRN 8.12 0.030

F8WDX4 Complement factor H CFH -1.50 0.032

Q9P0S2 Cytochrome c oxidase assembly protein COX16 
homolog, mitochondrial 

COX16 -6.30 0.034

Q8NI22 Multiple coagulation factor deficiency protein 2 MCFD2 -∞ 0.034

P52209 6-phosphogluconate dehydrogenase, 
decarboxylating 

PGD -∞ 0.035

Q86WG5 Myotubularin-related protein 13 SBF2 ∞ 0.036

Q5T8D3 Acyl-CoA-binding domain-containing protein 5 ACBD5 ∞ 0.036

P07741 Adenine phosphoribosyltransferase APRT -∞ 0.036
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table s1: List of differentially expressed proteins in CSF of PD patients compared to neurologically healthy 
controls in the verification cohort ranked by p-value (continued) 

uniprot 
accession Protein name Gene symbol Fold change p-value

E5RI87 E3 ubiquitin-protein ligase RNF130 RNF130 6.50 0.037

P12883 Myosin-7 MYH7 -∞ 0.037

P62906 60S ribosomal protein L10a RPL10A -∞ 0.037

Q9ULP0-5 Isoform 5 of Protein NDRG4 NDRG4 -∞ 0.038

G3V5Z7 Proteasome subunit alpha type PSMA6 -3.59 0.039

O43147-2 Isoform 2 of Small G protein signaling modulator 2 SGSM2 7.56 0.040

P47929 Galectin-7 LGALS7 -∞ 0.040

P05109 Protein S100-A8 S100A8 -1.47 0.043

P36871 Phosphoglucomutase-1 PGM1 -1.40 0.044

P09622 Dihydrolipoyl dehydrogenase, mitochondrial DLD -1.32 0.044

O75884 Putative hydrolase RBBP9 RBBP9 2.85 0.045

Q13508 Ecto-ADP-ribosyltransferase 3 ART3 1.16 0.045

Q92485 Acid sphingomyelinase-like phosphodiesterase 3b SMPDL3B -1.39 0.045

Q8WY21-2 Isoform 2 of VPS10 domain-containing receptor 
SorCS1 

SORCS1 1.25 0.046

E7EWS7 Ubiquitin-conjugating enzyme E2 L3 UBE2L3 1.67 0.046

F8VPJ2 Kinesin-like protein KIF13B KIF13B -∞ 0.047

F8VX19 HLA class II histocompatibility antigen, DRB1-16 
beta chain 

HLA-DRB1 -∞ 0.047

Q96NY7 Chloride intracellular channel protein 6 CLIC6 -∞ 0.047

O15144 Actin-related protein 2/3 complex subunit 2 ARPC2 -∞ 0.047

Q9Y5R2 Matrix metalloproteinase-24 MMP24 -∞ 0.047

O14810 Complexin-1 CPLX1 -∞ 0.047

Q08ER7 GALNT13 protein GALNT13 -∞ 0.047

P04792 Heat shock protein beta-1 HSPB1 -2.91 0.048

Q8NBS9 Thioredoxin domain-containing protein 5 TXNDC5 -1.33 0.048
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Figure S2: Pie chart of gene ontology descriptions for (A) molecular function, (B) biological process and (C) cellular
component for all proteins in the discovery and verification cohorts. Numbers used in the pie charts represent the
percentage of proteins against the total number of functions.
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Figure s2: Pie chart of gene ontology descriptions for (A) molecular function, (B) biological process and (C) 
cellular component for all proteins in the discovery and verification cohorts. Numbers used in the pie charts 
represent the percentage of proteins against the total number of functions.
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Figure S3: A) Coomassie stained gel images and (B) total number of spectral counts of the 13 PD patients (PD1-13)
and 13 controls  (C1-13)  in the  verification  cohort.  Note  that  sample  PD10 had relatively low spectral  counts.
Spectral counts of this patient were 32860, which was 3.15 standard deviations below the mean. This sample was
excluded from further analysis.
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Figure s3: A) Coomassie stained gel images and (B) total number of spectral counts of the 13 PD patients 
(PD1-13) and 13 controls (C1-13) in the verification cohort. Note that sample PD10 had relatively low 
spectral counts. Spectral counts of this patient were 32860, which was 3.15 standard deviations below the 
mean. This sample was excluded from further analysis.
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Figure S4:  Boxplots  of  prioritized differentially  expressed proteins  of the discovery that  were discussed in this
manuscript:  Ephrin  type-A  receptor  4  (EPHA4),  chromogranin  A  (CHGA),  Ribonuclease  4  (RNASE4)  and
plasminogen (PLG). Horizontal lines indicate group means.
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Figure s4: Boxplots of prioritized differentially expressed proteins of the discovery that were discussed in 
this manuscript: Ephrin type-A receptor 4 (EPHA4), chromogranin A (CHGA), Ribonuclease 4 (RNASE4) 
and plasminogen (PLG). Horizontal lines indicate group means.
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