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1 Introduction  

Cerebrospinal fluid (CSF) is a crystal-clear liquid that surrounds the spinal cord and the brain 

(1). As the only body fluid in direct contact with the brain, it is considered to present a promising 

source in the investigation of neurological diseases (2). Since most of the biological functions 

in the human body are regulated by proteins which are very complex and dynamic, the analysis 

of the proteome is a promising approach in the study of pathological processes (3-5). Proteins 

can undergo various forms of modifications. They can be synthesized or degraded, adjusting 

to the current state of the organism (6). Alterations in the CSF proteome may thus reflect 

pathologies of the brain (7).  

The field of proteomics has been progressing rapidly due to major developments in technology. 

Great improvements in mass spectrometry (MS) allow the identification of hundreds to 

thousands of proteins of a complex sample and their modifications (8). The detection of 

alterations in protein expression levels may help in understanding pathologies behind diseases 

and may enable the identification of potential biomarker candidates (9). Biomarkers are 

proteins that are linked to the pathophysiology of a disease and therefore may also hold 

information on the fundamental molecular mechanisms behind the illness (10). 

Mental health issues are considered as the main cause of disability globally (11). The immense 

burden to wellness and lifestyle of individuals affected by neurological diseases as well as the 

global economic consequences necessitate progress in diagnosis and treatment (12). In the 

past, Alzheimer’s disease has been the subject of several studies with promising results 

regarding the identification of potential biomarkers (7, 13-15). However, to date, the 

mechanisms underlying neurological conditions like schizophrenia (SCZ) or major depressive 

disorder (MDD) remain largely unknown (16, 17). The proteomic analysis of CSF of patients 

that suffer from SCZ or MDD may reveal protein alterations that can help to better understand 

the diseases and, thus, may contribute to higher accuracy in diagnosis and treatment in the 

future.  

In this study, discovery proteomics strategy was employed to determine the changes in the 

proteome of CSF taken from patients diagnosed with SCZ and MDD. A group of individuals 

with no known mental diseases serves as control. One-dimensional gel electrophoresis 

approach was employed to reduce the complexity of CSF proteins utilizing capillary-LC-ESI-

MS/MS. Generally, the aims were to investigate disease associated alterations in protein 

expression levels in the CSF of patients with SCZ and MDD, to define potential biomarker 

candidates and to learn more about the pathological processes by studying the functions of 

altered proteins. 

Furthermore, in a second discovery study CSF from schizophrenic patients was analysed 

employing a different proteomic approach of in-solution digestion and nano-LC-ESI-MS/MS. 



 

2 
 

This allows the comparison of numbers of detected proteins between two established 

proteomic techniques in relation to the total quantity of work required for sample preparation 

and measurement. Moreover, it makes the investigation of potential differences of abundance 

in gender possible due to individual sample analysis. 
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2 Literature Discussion 

2.1 Cerebrospinal Fluid 

Cerebrospinal fluid (CSF) is a clear body fluid which surrounds the surface of the brain, the 

spinal cord and the ventricles (1, 18). One of its main functions is the transport of nutrition to 

the brain and the removal of metabolism products, thereby maintaining a constant chemical 

milieu. Furthermore, it protects the brain from the impact of severe mechanical forces and 

provides buoyancy, reducing the brain’s weight (18-20). 

Cerebrospinal fluid is mainly produced by the choroid plexus of the third, fourth and lateral 

ventricles via secretion (about 70% to 85%) and partly by diffusion through the brain’s capillary 

bed and production of metabolic water (15% to 30%) (2, 20, 21). The composition of CSF is 

thereby regulated by the choroid plexus, a branch-like complex of rich vascularised tissue 

covered by a single layer of epithelial cells. It forms numerous villi which project in the lateral, 

third, and fourth ventricles of the brain (20, 22). The body fluid runs from the fourth ventricle 

into the subarachnoid spaces which are located between the pia mater and arachnoid, the two 

innermost layers of the membranes surrounding the brain (20). It circulates with a total volume 

of 100 to 160 ml. While circulating the volume is being replaced completely every six to eight 

hours, i.e. approximately three times a day (18). Cerebrospinal fluid’s reabsorption takes place 

in the arachnoid granulations and villi into the venous circulation. Recent studies indicate that 

the lymphatic system may also partly play a role in the reabsorption process (23-25). The flow 

of CSF is visualized in Figure 1. 

 

The blood-CSF barrier separates CSF from blood. It is a semipermeable border formed by the 

junctional complexes between the choroid plexus’ epithelial cells (22, 26). Compared to the 

blood-brain barrier, the blood-CSF barrier is relatively pervious. It does allow the exchange 

with blood substances that may not pass the brain-blood barrier. Thereby, the rate of entering 

depends on the molecular weight of the molecules. For example, plasma proteins like albumin 

which are unable to pass the blood-brain barrier may cross the choroid plexus to enter CSF 

(26, 27). The protein concentration in CSF is determined by the molecule’s concentration in 

serum, its hydrodynamic radius and the flow rate of CSF (28). However, CSF also includes 

polypeptides and proteins which are produced locally. Even though, it is widely believed that 

the majority of CSF proteins derive from blood and CSF is sometimes referred to as 

“ultrafiltration of blood”, Zougman et al. (2008) suggest that the locally produced intrinsic 

proteins form the CSF’s major proteome (19, 29). The proteins found in CSF thus are unique 

to the brain compartment and can reflect the state of the central nervous system (CNS) (2). 

Due to its proximity to brain tissue, CSF is considered a promising reservoir in the investigation 

of brain associated diseases (30).  



 

4 
 

 
 

Figure 1: Flow of cerebrospinal fluid (31) 

 

2.1.1 CSF for the Investigation of Mental Disorders 

There are not many sources available when studying pathologies of the brain in the living since 

working with brain tissue usually implies the usage of post-mortem samples. Moreover, brain 

tissue has some disadvantages. Unlike CSF, it is a static source and holds factors like age, 

medication or chronicity of the disease that are potentially confounding (32, 33). Furthermore, 

in many cases the tissue cannot be obtained and fixed directly after the patient’s death. This 

postponement has an impact on the protein degradation which begins right at the time of death, 

hampering the reproducibility of sample collection (34). In contrast, CSF gives the opportunity 

to investigate the pathologies in neurological diseases on the living (35). According to Hühmer 

et al. CSF as the target of analysis enables a highly innocuous and direct approach to evaluate 

the CNS’ cellular and chemical environment. An exchange of small molecules between 

extracellular fluid and CSF has been observed recently, implying the function of CSF as a 

medium to return molecules from the CNS to blood plasma (23). 

Cerebrospinal fluid is the only body fluid in direct contact with the brain’s extracellular space 

and contains many molecules produced in the ventricles. Thus, it can play an important role in 

the search of potential biomarkers in neurological diseases such as Alzheimer’s disease, SCZ 

und MDD (2, 35).  
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2.1.2 Analysis of CSF  

Cerebrospinal fluid is standardly collected by lumbar puncture (36). The patient can either be 

sitting or be lying in lateral position (37). In this procedure, the needle for liquor collection is 

standardly inserted in the spinal canal between the lumbar vertebrae L3/L4, L4/L5, as shown 

in Figure 2. The patient is asked to form a round back by bending the neck and allowing the 

chin to come close to the patient’s chest to compensate the natural lordosis of the spine. After 

disinfecting the skin area, the needle is inserted under sterile conditions in cranial direction 

with an angle of approximately 70 degrees to the skin until it reaches the subarachnoid space. 

Generally, a volume up to 15 ml CSF can be collected utilising this strategy. Note that the first 

three drops of CSF are preferably to be discarded (29). 

Importantly, after CSF collection, the sample should be checked visually for any turbidity, 

precipitation or changes in colour which can occur for example due to contamination with blood 

(29). Cerebrospinal fluid is a colourless, crystal clear liquid (38).  

There are different methods and indications for the analysis of CSF in laboratory, the detailed 

information pertaining to the sampling method is as described in the catalogue of the German 

association of CSF diagnosis and clinical neurochemistry (38). A basic CSF analysis for 

diagnostic purposes includes the determination of glucose and lactate contents, number of 

cells, proteins and cytological differentiation (29). Techniques for the detection of antibodies 

like Enzyme-Linked Immunosorbent Assay (ELISA) can be applied for clinical purposes (29). 

Polymerase chain reaction (PCR) has become a helpful method in the diagnosis of viral 

meningitis (39). 

Generally, for the detection of inflammatory processes in the CNS the comparison of the 

albumin, IgG, IgA or IgM quotient in CSF/Serum are frequently used (28). Furthermore, an 

increased total amount of proteins in CSF was found in multiple sclerosis and Guillain Barré 

syndrome (39). Protein levels can be reduced for instance due to a chronic leak (39). This 

implies a diagnostic value for alterations in protein quantification (32).  

Even though the analysis of CSF has been of great use regarding the detection of acute 

neurological conditions (37) none of the markers proposed for MDD and SCZ in previous 

studies could be integrated in clinical use yet. Nevertheless, the successful identification of 

biomarkers for Alzheimer’s disease due to proteome changes in CSF proves the body fluid’s 

diagnostical value (7, 40). 

 

 



 

6 
 

 

 

Figure 2: CSF collection via lumbar puncture (31) 
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2.2 Cerebrospinal Fluid: Proteomics 

In 1995 the term “proteomics” was firstly introduced as a large-scale analysis of the entire 

proteins of a cell line, tissue or organism. Generally, there are two main goals in the field of 

proteomics: firstly, to gain a global view at protein levels and to identify all the proteins in a cell. 

Secondly, to understand the proteins' subcellular localization (6). The National Research 

Council Steering committee describes proteomics as “the effort to establish the identities, 

quantities, structures, and biochemical and cellular functions of all proteins in an organism, 

organ, or organelle, and how these properties vary in space, time, or physiological state“ (41). 

 

The term “proteome” describes the total set of all proteins expressed in a tissue, cell or 

organism (42). The proteome determines the phenotype and reflects molecular modifications 

influenced by the past and present environment. Unlike the static genome the proteome is a 

dynamic system (32, 42, 43).  

Most of the human’s biological functions are regulated by proteins which are dynamic and 

complex in their modulation (4). Proteins can undergo various forms of modifications. They 

can be synthesized or degraded, adjusting to the current state of the organism. Likewise, post-

translational modifications (PTMs) and translocations within the cell play an important role. 

These PTMs can be a reaction to different extra- or intracellular signals. The proteome of a 

cell reflects the environment of the timepoint when the sample was taken (6). These variations 

in the proteome allow the investigation of alterations in the quantitative and qualitative 

expression in pathological states, evaluating progression in disease and finding potential 

biomarkers (9, 32). In proteomic studies this is usually done by comparing protein expression 

levels in disease state to a group of healthy control (34). 

 

In the past, CSF has not been extensively studied in comparison to blood. This is mainly due 

to the differing accessibility of the two body fluids. The sample collection of CSF via lumbar 

puncture is a more invasive method compared to blood slimming. Moreover, the usage of CSF 

in research is limited to brain associated diseases (36). In addition, the total amount of proteins 

in CSF ranges between 0.2-0.7 mg/ml, which is a lot less than in blood plasma (60-70 mg/ml) 

(44, 45). Furthermore, the complexity of CSF makes it a difficult object of study (36, 46). The 

high abundance of albumin (most abundant protein in CSF) and immunoglobulins make the 

analysis of CSF a challenging task regarding the identification of low-abundant proteins (19, 

36). The abundance of albumin and less abundant CSF proteins vary within eight orders of 

magnitudes, between dg/L and ng/L range. Due to the high dynamic range of proteins, there 

can be high abundant proteins like albumin masking low abundant proteins of interest (36, 47). 

For a long time, the progression of the proteomics field has been slow due to the limitation of 

the technology compared to those frequently used in the field of genomics. This has changed 
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recently. Due to the developments in mass-spectrometry, a new era of proteomics has been 

introduced. The great advantage of MS-based proteomics is that it enables the identification 

of the primary protein structure and allows the analysis of protein modifications at 

posttranscriptional and posttranslational level. It also contributes immensely to the research in 

the field of protein interactions (42). As discussed in chapter 2.1.1, CSF is a great target in the 

scientific investigation of biomarkers in the field of brain associated diseases. Due to modern 

techniques great improvement regarding total numbers of identified proteins in CSF could be 

achieved, starting with only 21 detected proteins in 2000, reaching 3379 identified proteins in 

2018 (36). 

Proteomics has become an important tool in the research of cancer, heart and neurological 

diseases and the analysis of CSF is an established approach for the detection of diseases like 

multiple sclerosis these days (9, 48). 

 

2.2.1 Advantages of Proteomics Compared to Genomics 

In the past, studies of the pathophysiology in SCZ disease have mainly focused on the genetic 

influence, studying family and twin relations. Given a heritability up to 80% for SCZ, scientists 

were looking for rare genetic variations. Even though it is known that genetics are a part of 

SCZ’s pathophysiology, the cause of neurological diseases cannot be reduced to the genetic 

level only. The disease is of high complexity with multiple factors contributing (32).  

Unlike proteomics, techniques used in genomics do not allow the investigation of post-

translational modifications or alterations in the position or stability of the proteins. Previous 

genomic studies have shown that the abundance of proteins cannot be deduced by the sole 

analysis of messenger RNA (3, 49). Since the proteome is very dynamic, protein modifications 

need to be taken into account (32). These modulations have an impact on the protein functions 

and in the greater picture also on the cellular performance. Previous studies indicate that the 

same proteins or proteins with equivalent functions alter in expression in different 

neurodegenerative diseases. Thus, common inciting responses or causes in these diseases 

might be conceivable. The great advantage of proteomic technology is that it can be employed 

to analyse changes in protein modifications, protein abundance or protein interactions. These 

are not detectable using any other biological or genomic approach (3). It investigates the 

outcome of the gene expression cascade which is corresponding to the biological function (42). 

Furthermore, a great advantage of the proteomic method compared to genomics is that it 

allows a more detailed look at specific questions by analysing only fractions of the proteome, 

i.e. by using approaches like affinity methods (34). Proteomics can thus be a promising tool to 

evaluate the protein expression and to understand the pathophysiology underlying 

neurodegenerative diseases (3). 
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2.3 Proteomics Workflow 

It is notable that various approaches exist in the field of proteomics using different analysing 

methods. However, they all compose the main aspects protein isolation, 

separation/fractionation, identification and quantification (50). In the field of proteomics, the 

samples are nearly always protein mixtures comprising of 100 to 10 000 proteins (42). The 

analysis of these protein mixtures is done in two steps. Firstly, the proteins need to be 

separated by one-dimensional (1DE) or two-dimensional (2DE) gel electrophoresis. The 

second step is the identification and quantification of the previously separated proteins. There 

are various techniques to identify proteins of which mass-spectrometry is the most commonly 

used method these days (9, 51). Figure 3 provides a basic overview on the different work 

steps in the proteomic analysis of CSF. 

 

 

 

 
Figure 3: Simplistic proteomics workflow 
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2.3.1 Sample Preparation  

2.3.1.1  Sample Fractionizing  

The analysis of CSF is complicated by its high dynamic range. The protein concentrations in 

CSF are estimated to span in the range of 8-10 orders of magnitude, making the analysis of 

CSF challenging in regards of methodology (23, 36). In CSF a high concentration of proteins 

originating from blood can be detected. Albumin and immunoglobulins represent approximately 

65% of the total protein content in CSF (23, 52, 53). The most abundant protein is albumin 

(130-350 mg/l) (23). These high concentration levels hamper the identification of low abundant 

proteins of interest. A prefractionation of CFS samples can hence be reasonable when looking 

for low abundant proteins as putative biomarkers in neurological diseases (23). 

 
Depletion vs. Non-Depletion CSF 

Affinity depletion methods aim to remove high abundant proteins before protein separation to 

enable a closer analysis of the proteins in low concentration levels (23). These techniques 

work with molecules such as antibodies with a high affinity and specify for the high abundant 

proteins. While the targeted proteins are captured by those molecules in a column, the rest of 

the sample including low abundant proteins can run through (44). However, the consideration 

of protein-protein interaction is inevitable. By removing high abundant proteins like albumin 

from the complex protein interplay, some proteins at lower concentration levels may become 

detectable. Yet, at the same time other low abundant proteins of interest that are bound to 

albumin are removed from the sample together with albumin (45). Due to this co-depletion of 

non-targeted proteins, there is an ongoing debate on the actual benefits of depletion (44).  

Furthermore, most of the depletion kits available are designed for serum. These kits remove 

high abundant proteins like albumin which can not only be found in blood but also in CSF. 

Nevertheless, other proteins like prostaglandin D2 synthase or cystantin C which are 

synthesized in CNS and only exist in high concentrations in CSF (not in blood) are not targeted 

by these methods. A depletion kit especially developed for CSF might result in better output 

(52).  

In 2019, Jankovska et al. demonstrated two different fractionizing methods (affinity depletion: 

MARS 14 and relative protein enrichment with a peptide ligand library: ProteoMiner) along with 

the analysis of crude CSF. Their results showed an increase in total protein detection with both 

depletion approaches. Nevertheless, they also noted a great variety between the identified 

proteins with the different strategies. A specific cluster of proteins could not be detected with 

one or the other fractionizing methods (including proteins which had been claimed before to 

be brain enriched) indicating a potential loss of biomarkers. Furthermore, they have 

investigated the potential protein loss by analysing the waste fraction after depletion. 

Jankovska et al. found many low abundant proteins to be co-depleted. It becomes clear that 
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the depletion procedure intervenes in the complex molecular interactions of proteins since 

many proteins found in the waste fraction could not be found in the depleted CSF. Interestingly, 

most of these co-depleted proteins were also detected in crude CSF. Jankovska et al. suggest 

to analyse not only the depleted CSF but also the waste fraction in future studies to prevent 

protein losses (44). 

In summary, depletion is a feasible strategy to reduce the complexity of a sample but is an 

expensive procedure that holds the risk of unwanted co-depletion of proteins of interest.  

 

2.3.1.2  Protein Separation 

In order to analyse the CSF proteome, it is recommended to reduce the complexity of the 

proteins based on specific criteria, namely, molecular weight and charge. The most common 

techniques used are one-dimensional (1DE), two-dimensional (2DE) gel electrophoresis and 

various chromatography (LC) techniques (6, 50). 

 

One-dimensional polyacrylamide electrophoresis:  

1DE gel electrophoresis is a well-established method to separate protein mixtures according 

to their molecular mass (6). An electric field is applied to a polyacrylamide gel. The migration 

of charged proteins through the gel pores towards the positively charged anode depends on 

their size, shape and charge as well as on the gel pore size. The higher the concentration of 

acrylamide in the gel, the smaller the pores. While compact proteins run through the gel easily, 

the migration of bigger or extended molecules is slower (54). For the SDS-PAGE method 

proteins react with sodium dodecyl sulfate (SDS) prior to electrophoretic separation. SDS binds 

to the proteins according to their size (about 1.4g SDS per 1g protein) thereby charging them 

negatively and denaturing the proteins. The resulting negatively charged molecules move 

towards the positive pol and are hence separated according to their size and charge (55). The 

strengths of this technique are its reproducibility and the simplicity of its performance (6). 

 

Two-dimensional polyacrylamide electrophoresis:  

This technique was firstly introduced in 1972 by O’Farrell and Klose and allows the separation 

of complex protein mixtures including thousands of proteins in two dimensions by applying an 

electric field (50). The proteins (including post-translational modifications and protein isoforms) 

are separated in two manners. In the first dimension, the protein mixture is separated by 

isoelectric focusing, meaning the separation according to the protein’s isoelectric point. 

Proteins can act as an acid or base depending on the surrounding pH. There is a specific pH 

value at which all charges of the amino acids add up to zero, the isoelectric point. By using a 

pH gradient gel, proteins can be separated according to their net charge since they will stop 

migrating in the solution when the net charge is zero at the protein’s isoelectric point. In the 
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second dimension, the proteins which have been separated by isoelectric focusing migrate 

into the SDS-PAGE gel which is used for the separation by electrophoresis according to the 

protein’s relative molecular mass. The proteins are then made visible as numerous “spots” by 

various staining approaches (34, 50). Softwares like Melanie and PDQuest 2-D are helpful 

tools in the comparison of gel pictures as well as in the identification and the evaluation of 

protein expression levels. The great advantages of 2DE gel are its ability to detect 

posttranslational modifications as well as variations of proteins that exist due to alternative 

mRNA splicing (6). A drawback in this technique may occur due to proteins whose isoelectric 

point is outside the regular range or which are not well resolved in the buffer (34). Additionally, 

2DE is quite time consuming since one gel per sample is required (6). Gel electrophoretic 

separation of proteins is sensitive to salt. Since the salt concentration in CSF is comparably 

high, a prior desalting (>80%) is advisable (45).  

 

2.3.1.3  Liquid Chromatography 

After the separation of the protein mixture, proteins of interest are further cleaved into peptide 

fractions by in-gel or in-solution trypsin digestion. For the enzyme digestion a protease is 

employed, namely trypsin due to its cleavage specificity (34). It breaks up the bonds at arginine 

or lysine remnants (56).  

A further fractionation is necessary to further reduce the complexity of all the peptides utilizing 

the liquid chromatography (LC) system. In the LC method the sample is eluted with a liquid 

solvent through a column that contains a stationary phase consisting of C18 material (57). The 

different components of the liquid phase interact individually with the stationary phase. Some 

components are absorbed stronger than others leading to differences in the flow rates and the 

separation of the sample (58). The separation of proteins employing LC is based on their 

physical attributes, namely ion exchange, affinity, reverse phase as well as exclusion by size. 

The LC column can be directly interfaced to a mass spectrometer (50).  

 

2.3.2 Mass Spectrometry 

The field of proteomics has been revolutionized due to great progress in mass spectrometry 

technologies (42). Its ability to detect sequences of amino acids and to determine PTMs allows 

the identification of thousands of proteins and their modifications from a complex protein 

mixture (59, 60). In a first step, the molecules are ionized, then secondly separated according 

to the mass to charge ratio (m/z) and afterwards detected in the third step. Identification is 

made possible with tandem mass spectrometry (MS/MS) by breaking precursor peptides that 

were selected during MS process into smaller peptide fractions (50). The most frequently used 
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techniques for ionization in the field of proteomics are matrix assisted laser desorption 

ionization (MALDI) or electrospray ionization (ESI) (50, 61). 

In MALDI proteins are co-crystallized with matrix material on a metal plate. Laser pulses of a 

set wavelength can desorb and ionize proteins which pass in gas phase directly to the mass 

analyser (34). In ESI the proteins are dissolved in a solution. A charged needle spreads the 

liquid in form of small droplets. When the solvent evaporates the droplets get smaller and 

smaller until some ions finally leave the droplet and fly directly into the mass analyser (50).  

There are multiple mass analyser types which divide the ions according to m/z, namely linear 

quadrupole ion trap (LTQ), orbitrap and time-of-flight (TOF) (59). The hybrid mass 

spectrometer Thermo Fisher's LTQ-Orbitrap-XL™ has proven to be one of the well-established 

systems for characterizing proteins largely due to its sensitivity, high resolution and precise 

mass determination. An Orbitrap system consists of a central spindle-shaped electrode and 

an outer electrode. For protein detection in Orbitrap the ions are electrostatically trapped due 

to the balance between attraction to the electrode and centrifugal forces. They are rotating 

around the central electrode, shifting back and forth. While the amplitude of the axial, harmonic 

oscillation does not differ between the ions, the frequency is specific for a certain m/z value. 

The frequency can thus be enhanced enabling the determination through an image current 

(62).  

In the mass spectrum the relative intensity of the protein is presented on the y-axis and the 

m/z on the x-axis (34). After measuring the deviations in mass between the fragments the 

“decoded protein sequence” can be search against a database for the identification of the 

protein (50, 63). 

 

 

 

 
Figure 4: Thermo Fisher Scientific LTQ Orbitrap XL schematic representation 

The LTQ-Orbitrap-XL™ holds four components – a linear ion trap, a storage device (curved linear trap), an 
Orbitrap™ analyser and a collision cell. (64) 
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2.3.2.1  Data Analysis 

One of the biggest challenges in proteomics is the enormous set of data that is generated and 

which needs to be comprehensively analysed utilizing various bioinformatics tools (65). There 

are several techniques for the determination of protein expression levels of which label-free 

quantification stands out as a simple, inexpensive and unlimited method regarding the number 

of samples (59, 66). The usage of databases is the conventional way of dealing with the 

structural information gained from MS in order to identify the proteins of a sample. A wide 

range of programs is available these days that can process uninterpreted MS/MS data working 

with search algorithms, e.g. Mascot or SEQUEST (6). 
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2.4 Targeted Proteomics for Clinical Study 

While discovery proteomics aim to determine all proteins of a complex sample, the targeted 

approach focuses on a selection of proteins of interest. With this approach scientists and 

members of the health system can specifically analyse proteins that are important to their 

research questions and hypotheses (67). In contrast to the discovery approach a prior 

definition of the molecules in question is necessary. Thus, data for the proteins in focus is vital 

for the analysis (68). When investigating disease associated proteins sample pooling is not 

always the best option because the heterogenous of the sample and the individuality of 

proteins are compensated in the pool (69). 

The field of targeted proteomics is constantly developing, and scientists have recently come 

up with multiple protocols (70). However, the principle working steps in targeted proteomics do 

not differ much from the workflow described above. Proteins need to be fractioned into peptides 

prior to analysis via mass spectrometry (67).  

With the “selected reaction monitoring” (SRM) assays (the most common technique) the mass 

spectrometer can be programmed to solely detect preselected molecules enabling the 

exclusive analysis of targeted proteins. By specifically profiling fragments that were found in 

low numbers in discovery proteomic studies, the analysis of low abundant proteins becomes 

possible unimpaired by the high dynamic range of the sample (67). Due to the great 

development regarding software and instrumentation in the field of targeted data analysis by 

SRM a sensitive and robust protein quantification becomes possible (71). An advantage of the 

targeted approach is the reduced time of measurements enabling the analysis of a bigger 

patient cohort. Moreover, it is an adequate method to validate potential biomarker identified 

employing a discovery approach (67).  

This strategy is of high relevance regarding the analysis of body fluids in clinical use since it 

allows a direct and fast verification of a suspected diagnosis by profiling known biomarkers. 

Once a biomarker set for SCZ and MDD will be specified, targeted proteomics can be 

implemented in clinical routine facilitating the diagnosis of the mental diseases. 
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2.5 Critical View on Analysing CSF Employing Proteomics 
Strategy 

As discussed in chapter 2.3.1.1 a prior protein fractionizing in form of affinity depletion can be 

reasonable when analysing CSF due to its high dynamic range and the masking effect of high 

abundant proteins. However, the process of depletion intervenes in the complex protein 

interplay. It holds the risk of co-depleting potential biomarker proteins that are of particular 

interest in the present study (44). Moreover, the employment of depletion techniques is always 

accompanied by changes in protein concentrations (7). In order to avoid the accidental loss of 

these precious proteins no depletion steps were performed in the present study. Nevertheless, 

a method to deal with the high abundant proteins such as albumin in CSF is inevitable. 1DE 

gel electrophoresis is a reliable technique to separate the proteins by size. In order to minimise 

the masking effect, it is advisable to cut the resulting gel in very small bands, particularly in the 

intensely stained regions of the gel where albumin is located. 1DE is a basic, well- established 

technique for protein separation and is in this case preferred over 2DE due to its great 

reproducibility and the reduced workload (6). Thereby minimizing the risk for technical errors. 

Mass spectrometry has become a major tool in proteomics enabling the analysis of amino acid 

sequences as well as PTMs convincing with its speed, versatility, specificity, sensitivity and 

accuracy (59, 72). Thermo Fisher's LTQ-Orbitrap-XL™ is a MS system of high sensitivity and 

accuracy. However, a prior protein separation is necessary when working with Thermo Fisher's 

LTQ-Orbitrap-XL™ and results in better outcomes at peptide level. 
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2.6 Mental Disorders 

The term “mental disorder” covers a wide range of diseases including depression, bipolar 

disorder (BPD), schizophrenia, dementia, developmental disorders and other psychoses (73). 

These diseases are expected to be related to 40% of the disabilities in developed countries 

(74, 75). Mental disorders have major consequences on social, human rights, health and the 

economy with a clear growing tendency (73). Our knowledge of the pathophysiology behind 

these diseases is limited due to the complex interactions of various factors such as 

psychological, social, environmental and etiological components (76). 

Proteomic analysis of various body fluids has recently become an important tool in the search 

of potential biomarkers for mental diseases. While blood has been the body fluid of choice in 

many studies, CSF, a fluid in direct contact with the central nerve system, has not been equally 

well studied (77). In this study we are looking at proteome alterations in CSF of patients who 

suffer from schizophrenia or major depressive disorder in search for potential biomarkers. It is 

noteworthy that mental disorders are complex and the pathologies cannot be reduced to a 

gene mutation resulting in a single altered protein only. In neurological illnesses multiple 

proteins with various interactions as well as variations in gene products may play a role in the 

cause of the diseases (34). 

 

2.6.1 Schizophrenia 

Schizophrenia is a complex mental disorder that affects about 1% of the population worldwide 

(78). A certain family predisposition is known, e.g. children of schizophrenic parents have a 

higher risk of developing the disease (lifetime prevalence 12%), likewise siblings (lifetime 

prevalence 10%) (79). Affected patients show deviations in thoughts and behaviour that can 

be accompanied by different forms of hallucinations, delusional or paranoid ideations as well 

as movement and mood disorders (“positive symptoms”) (12, 30, 80). “Negative symptoms” 

may include reduced expression of emotions (“flat effect”), reduced feelings and speaking, 

social retreat and listlessness (79, 80). The causes of this impairing neuropsychiatric disease 

are heterogeneous and to date not fully understood. However, they are considered to be 

related to genetic and environmental factors (78, 81). While in the past many studies on SCZ 

have focused on genetic variations, it is clear now that the aetiology cannot be explained by 

genetics alone (32). Scientists hypothesize that changes of the dopamine system in the brain 

may lead to this disabling disorder (78). To date, the assessment of SCZ is solely based on 

clinical criteria (ICD-10 classification), making it a subjective diagnose that is complicated by 

the great variety of symptoms, the similarity to other neuropsychiatric diseases and the lack of 

disease specific biomarkers (12, 79, 82).  
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2.6.1.1  Potential Biomarkers in Human CSF for SCZ  

Table 1 presents 12 studies that analysed the proteome of human CSF taken from 

schizophrenic patients between 2003 and 2020 (32). Overall, the numbers of proteins identified 

in the listed studies were relatively low, an exception is a study presented by Al Shweiki et al. 

with a total detection of 153 differently expressed proteins in SCZ vs. control (CTRL).  

Different proteomic techniques were utilised to investigate the CSF proteome. Three studies 

employed 2DE for prior protein separation in combination with Matrix-Assisted Laser 

Desorption and Ionisation (chapter 2.3.2) coupled with a time-of-flight detector and a mass 

spectrometer (MALDI-TOF-MS). Jiang et al. found apolipoprotein A4 (APOA4) to be 

significantly downregulated in CSF of SCZ patients employing this technique (30). Wan et al. 

published a paper in 2006 presenting 80 identified proteins out of which they found 

transthyretin (TTR) and apolipoprotein E (APOE) to be significantly altered in SCZ CSF, 

suggesting these two proteins as potential biomarkers for diagnosis and treatment in future 

(69). MALDI-TOF-MS analysis performed by Martins-de-Souza et al. highlighted 

apolipoproteins E and A1 (APOA1) together with prostaglandin-H2 D-isomerase (PTGDS) as 

a possible set of markers in CSF (83). 

Four other studies listed in Table 1 also employed TOF-MS in combination with a different 

ionization method, namely Surface-Enhanced Laser Desorption and Ionisation (SELDI). SELDI 

is a further development of MALDI, in which a chip is integrated that allows the reduction of 

sample complexity due to its affinity chromatographic surface (84). This method has been 

frequently employed analysing human CSF by Huang et al. In the first approach 2006 they 

found neurosecretory protein VGF (VGF)-derived peptide to be upregulated and TTR to be 

downregulated and were able to distinguish SCZ from controls with a specificity of 95% and a 

sensitivity above 80% (10). The result of elevated VGF-derived peptide and downregulated 

TTR was verified by the study group one year later (85). Moreover, in 2008 Huang et al. 

employed SELDI-TOF-MS detecting decreased levels of APOA1 not only in CSF but also in 

liver, serum, red blood cells and post-mortem brain tissue proving an alteration in the CNS as 

well as in peripheral tissue (78). Albertini et al. reported a clear reduction of Aβ1–42 peptide 

levels (fractions of amyloid-precursor-protein (APP)) in SCZ patients as well as a slight 

increase of sAPPα, likewise utilising SELDI-TOF-MS (86).  

Johansson et al. analysed the CSF of 17 twin pairs, aiming to investigate how family and 

environment influence CSF markers. Therefore, they employed different immunoassays. In the 

course of the study, they found monocyte differentiation antigen CD14 (CD14) to be elevated 

in individuals with SCZ or BPD in comparison to their healthy co-twins (87). A potential 

biomarker to differentiate between SCZ, control and Parkinson’s disease was discovered by 

Gupta et al. in 2019. The group attached chemical tags (iTRAQ) to the peptides prior to QTOF-

MS analysis. For validation purposes Enzyme-linked Immunosorbent Assay (ELISA) was 
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employed. Alpha-2 Macroglobulin (A2M) was found to be downregulated in SCZ patients 

compared to control, while elevated levels of A2M were observed in Parkinson’s disease (88).  

Al Shweiki et al. likewise performed iTRAQ-based MS analysis of CSF, however, in 

combination with liquid chromatography. With this approach the group identified a total number 

of 1795 proteins analysing samples from three cohorts (SCZ, MDD and CTRL) of which 153 

were differently abundant in SCZ compared to CTRL.  

These studies, all presenting different potentially involved proteins in the pathophysiology of 

SCZ, prove again the complexity of the mental diseases and stress the need of research in 

this field in future to come closer to an understanding of SCZ and its biological causes and 

manifestations.  

 

2.6.2 Major Depressive Disorder 

Depression is a mental disorder that affects more than 264 million people globally and can be 

found in all age groups with a lifetime prevalence of 16–20% (89, 90). It presents one of the 

major global causes of disability resulting in a great contribution to the disease burden 

worldwide (90). The total costs of adults suffering from MDD in the US have increased from 

US$ 236.6 billion in 2010 to US$ 326.2 billion in 2018 (91). The leading symptoms are a 

depressed mood, loss of interest and listlessness. Additionally, sleep disturbances, reduced 

self-confidence, feelings of guilt, loss of appetite and concentration difficulties may occur. Self-

injury and thoughts of suicide are possible (89).  

To date, 20% of patients do not show respondents to any available treatment (92, 93). Due to 

factors like phenotype heterogeneity patient’s response to drug treatment with antidepressant 

and numbers of remission differ (94). The causes of MDD are still not completely understood. 

There are several hypotheses regarding the background of this disease. One common theory 

is the deficiency of serotonin and norepinephrine that was concluded due to the 

correspondence to medication, namely tricyclic antidepressants (TCAs) and selective 

serotonin reuptake inhibitors (SSRIs), that cause an increase of serotonin and norepinephrine 

in the neuronal synapse. However, this theory conflicts with newer antidepressants (92, 95). 

At the present time, MDD is perceived as a disease of multifactorial origin with genetic, 

neurobiological, social-psychiatric and further environmental factors contributing (89). The 

diagnosis of MDD is (like SCZ) mainly based on the evaluation of clinical symptoms, making it 

a subjective and error-prone diagnose, emphasising the need for reliable biomarkers (92). 
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2.6.2.1  Potential Biomarkers in Human CSF for MDD 

Table 2 presents 12 studies that analysed CSF from humans diagnosed with MDD from 2001 

to 2020 (92). Differences in methodology were not as distinctive as in previous SCZ studies 

(chapter 2.6.1.1). Eight studies employed various immunoassays that function by means of a 

specific reaction between antigen and antibody, most frequently ELISA Kits were utilized, e.g. 

Diniz et al. presented reduced levels of brain-derived neurotrophic factor in late life depression 

employing ELISA technique (96). Higher Interleukin-6 (IL-6) and Interleukin-8 (IL-8) levels were 

observed by Kern et al. in depressed patients aged between 70-84 years (97). Elevated levels 

of neurofilament light protein (NEFL), CSF/serum albumin ratio and Aβ42 were monitored by 

Gudmundsson et al. (98). However, deviating results of decreases Aβ42 levels were described 

by Pomara et al. employing the same method, namely ELISA (99). ELISA is a simple, highly 

efficient procedure that is based on a reaction between antigen and antibody. However, it holds 

several disadvantages, e.g. the procedure is expensive and labour-intensive. Moreover, the 

instability of antibodies holds certain requirements regarding transport and storage and a 

relatively high risk of false results occurs due to immobilized antigens that haven’t been 

sufficiently blocked (100).  

Grabe et al. analysed specifically the abundance of protein S100beta (S100beta) in depressive 

patients utilizing an immunoluminometric assay. Protein S100beta is believed to be involved 

in the regeneration of serotonergic synapses and showed significantly higher expression levels 

in disease (101). Yoon et al. investigated the levels of cocaine- and amphetamine-regulated 

transcript (CARTPT) peptide in CSF of depressed patients. They suggest CARTPT to play a 

role in the development of depression due to reduced CSF levels in MDD cohort and a negative 

correlation with dose of antidepressant (102). 

In 2013, Maccarrone et al. performed an interesting study using protein biosignatures rather 

than a single protein biomarker to differentiate between CSF of depressed, bipolar or 

schizophrenic patients and healthy individuals. They managed to distinguish MDD from control 

with classification rates of 100% and 97% using a panel of 24 proteins that had been classified 

as “significant biomarkers”. Although the protein variations within the three psychiatric patient 

groups were not as significant as each compared to healthy control, they named chromogranin 

A (CHGA) as a potential protein to distinguish between MDD and SCZ patients (103). Besides, 

other studies discussed tau protein and pTau as biomarkers to differentiate between MDD and 

Alzheimer’s disease or mild cognitive impairment (104, 105).  

Solely three previous studies on MDD utilized MS analysis. Huang et al. described altered 

VGF23-62 peptide and secretogranin II (SCG2) 529-566 levels employing SELDI-TOF-MS 

(10). Ditzen et al. compared the CSF of twelve individuals with depressive symptoms and 

healthy controls using 2DE and MALDI-TOF-MS analysis and found 39 proteins to be 

differently abundant including elevated levels of cystatin C (CST3), prostaglandin-D2 synthase, 
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APOE and neurofilament heavy polypeptide (NEFH) as well as decreased levels of 

secretogranin I (CHGB) and TTR (94). 

An even higher number of differently abundant proteins in MDD was presented in 2020 by Al 

Shweiki et al. employing iTRAQ and LC-MS. In the comparison MDD vs. CTRL they 

determined 161 significantly differently expressed proteins which all appeared to be 

downregulated. Subsequently, twelve of the identified markers were validated via targeted 

multiple reaction monitoring analysis including VGF, leucine-rich repeat and immunoglobulin-

like domain-containing nogo receptor-interacting protein 1 (LINGO1), contactin-associated 

protein-like 4 (CNTNAP4), neurexin-3-beta (NRXN3), neurexophilin-1 (NXPH1), proSAAS 

(PCSK1N), neuroserpin (SERPINI1), CARTPT, glutamate receptor 4 (GRIA4), neuronal 

pentraxin receptor (NPTXR) and cerebellin-4 (CBLN4) (16). 

Mental disorders are heterogeneous and there is a great variety in expression. Yet, at the 

same time there are shared symptoms between the diseases (76, 92). The complexity of these 

neurological diseases is not likely to be expressed in the different abundance of a single 

protein, looking for biomarker panels might thus be a more promising approach (92). 

 



 

21 
 

Table 1: Altered proteins in SCZ discussed in literature 

Author Year Patients Method Altered proteins Observations Reference 

Jiang et al. 2003 10 SCZ, 10 CTRL 2DE, MALDI-MS ↓APOA4 
 

(30) 

Huang et al. 2006 58 SCZ, 16 MDD, 5 OCD, 10 
AD,90 CTRL 

SELDI-TOF-MS ↑VGF32-62 peptide, ↓TTR Differentiation between SCZ 
and CTRL, 80% sensitivity, 
95% specifity 

(10) 

Wan et al. 2006 35 SCZ, 36 CTRL 2DE, MALDI-MS ↓APOE, ↓TTR tetramer, 
↓TRFE, ↓RET4, ↓Ig Kapa, ↓Ig 
Gama, ↓HPT, ↓APOA1, 
↓A1AG2, ↑TTR monomer, 
↑TETN, ↑APOJ, ↑A1AT, 
↑ALBU 

 
(69) 

Huang et al. 2007 54 first-episode SCZ, 24 IPS, 70 
CTRL 

H-NMR, SELDI-
TOF-MS 

↑VGF32-62 peptide, ↓TTR Only significant difference 
between SCZ and CTRL, not 
between IPS and CRTL or IPS 
and SCZ 

(85) 

Huang et al. 2007 10 SCZ, 10 CTRL label-free nano-
LC MS 

 
Differentiation between SCZ 
and CTRL in PLS-DA scores 

(7) 

Huang et al. 2008 41 SCZ, 40 CTRL SELDI-TOF-MS ↓APOA1 ↓APOA1 also in peripheral 
tissue (liver, RBC, serum, brain 
tissue) 

(78) 

Martins-De-
Souza et al.  

2010 17 first-onset SCZ, 10 CTRL 2DE, MALDI-
TOF, TOF 

↑APOE, ↑PTGDS, ↑APOA1, 
↓TTR, ↓TGFR1, ↓CCDC3 

 (83) 

Albertini et 
al. 

2012 11 SCZ, 20 AD, 20 CTRL SELDI-TOF-MS sAPPα↑; Aβ1-42↓ 
 

(86) 

Johansson 
et al. 

2017 17 twin pairs, 1 twin sibling. 2 
pairs concordant SCZ, 11 pairs 
discordant SCZ/SAD/BPD, 4 
pairs CTRL 

Immunoassays, 
ELISA 

↑CD14 Several neurodegenerative 
markers with high heritability. 
Influence of dominant genetic 
variation on AβX-42, Aβ142, P-
tau and CSF/serum albumin 
ratio  

(87) 

Gupta et al. 2019 36 PD, 7 SCZ, 15 CTRL iTRAQ, LC-
QTOF-MS, 
ELISA 

↓A2M  ↑A2M in Parkinson's disease (88) 
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Gupta et al. 2019 36 PD, 10 SCZ (6 treated, 4 
drug-naive), 15 CTRL 

ELISA  Tendency:  
↓APOE in drug-naïve 
↑APOE in treated  

APOE and α-synuclein 
concentrations both inversely 
correlate with dopamine 
concentrations 

(106) 

Al Shweiki et 
al. 

2020 Discovery: 12 MDD, 6 BPD, 6 
SCZ, 14 CTRL 
Targeted: 40 MDD, 11 BPD, 13 
SCZ, 27 CTRL 

iTRAQ, LC-MS SCZ vs. CTRL: 
↓47 proteins 
↑106 proteins  

Validation of 12 differently 
expressed proteins via targeted 
approach 

(16) 
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Table 2: Altered proteins in MDD discussed in literature 

Author Year Patients Method Altered proteins Observations Reference 

Grabe et. al. 2001 11 mild/moderate D, 
11 CTRL 

Immunoluminometric 
assay 

↑S100β 
 

(101) 

Brunner et al. 2005 14 MDD 2DE 
 

characteristic protein for suicide 
attempter 33kDa and pI5.2, no 
identification of protein 

(107) 

Huang et al. 2006 58 SCZ, 16 MDD, 5 
OCD, 10 AD, 90 CTRL 

SELDI-TOF-MS ↑VGF23-62 peptide, ↓SCG2 
529-566 

 
(10) 

Gudmundsson 
et al. 

2008 78 MDD ELISA ↑NFL-L, ↑Aβ42 ↑ CSF/serum albumin ratio (98) 

Ditzen et al. 2011 12 MDD, 12 CTRL 2DE, MALDI-TOF-MS ↓B2GPI, ↓DBP, ↓TTR, 
↓PTGD2S, ↓/↑A1BG, ↓HNRNPH 
1, ↓/↑SERPINF 1, ↓HSPA8, 
↓APOE, ↑HPX, ↓/↑CYSC, 
↓ALDOC, ↓PRKACA, ↓ORMI, 
↓A2M, ↑APP, ↑AGT, ↓APOA1, 
↓APOA2, ↓APOD, ↑B2M, 
↓CD44, ↓CLU, ↓COL6A1, ↓C3, 
↓NPC2, ↓GSN, ↓CNDP1, ↑HRG, 
↑HOXD12, ↑NEFH, ↑NRCAM, 
↓PEX5, ↓SERPING1, ↓PLA2G7, 
↓F2, ↓CHGB, ↓SOD1, ↓VTN 

 
(94) 

Pomara et al. 2012 28 MDD, 19 CTRL ELISA ↓Aβ42, (↓Aβ40),  
 

(99) 

Maccarrone et 
al. 

2013 36 MDD, 27 BPD, 35 
SCZ, 35 CTRL 

Protein Microarray 
 

Differentiation CTRL from MDD, 
SCZ, BPD using panel of 
proteins  

(103) 

Diniz et al. 2014 25 LLD, 25 CTRL ELISA ↓BDNF 
 

(96) 
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Deuschle et al. 2014 10 AD, 10 MDD; 
confirmation: 17 AD, 8 
MDD 

ELISA-RIA 
 

hypocretin-1 concentrations not 
differ between AD and MDD, 
hypocretin concentrations in 
CSF are related to Tau and 
phosphorylated Tau (pTau) in 
CSF 

(108) 

Kern et al. 2014 19 minor or MDD, 67 
CTRL 

ELISA ↑ IL-6, ↑ IL-8 
 

(109) 

Yoon et al.  2018 24 MDD, 25 CTRL Immunoassay Kit ↓ CARTPT peptide Negative correlation of 
CARTPT levels with 
antidepressant dose, 
psychomotor retardation, 
somatic anxiety, and general 
somatic symptoms. Positive 
correlation with obsessive and 
compulsive symptoms. 

(102) 

Al Shweiki et al. 2020 Discovery: 12 MDD, 6 
BI, 6 SCZ, 14 CTRL 
Targeted: 40 MDD, 11 
BPD, 13 SCZ, 27 
CTRL 

iTRAQ, LC-MS, MRM, 
Immunoblotting 

MDD vs. CTRL: 
↓ 161 proteins 
 

Validation of 12 differently 
expressed proteins via targeted 
approach 

(16) 
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3 Materials and Methods 

3.1 Equipment, Consumables and Chemicals  

Equipment 

Intelli Mixer     NeoLab, Heidelberg, Germany  

Ultrasonic bath     Bandelin Sonorex RK31, Berlin, Germany  

Biofuge primo R     Heraeus, Fisher Scientific GmbH, Schwerte  

Eppendorf pipettes     Eppendorf, Hamburg, Germany  

Eppendorf 0,5, 1,5, 2,0 ml containers  Eppendorf, Hamburg, Germany  

Bio-one, pp-tubes, 15 ml    Greiner, Frickenhausen, Germany  

Covering foil PCR, self-adhesive, PP  Ratiolab GmbH, Dreieich, Germany 

96 well cell culture cluster, Costar  Merck KGaA, Darmstadt, Germany 

Well cell culture cluster, v-bottom   Greiner bio-one, Frickenhausen, Germany  

SOLAμ™ HRP SPE well plate   Thermo Fisher Scientific Inc., Waltham, USA 

EASY-nLC 1200 system    Thermo Scientific, Rockford, USA  

Acclaim PepMap RSLC, nano column  Thermo Scientific, Rockford, USA 

LTQ Orbitrap XL     Thermo Fisher Scientific Inc., Waltham, USA 

 

 

Chemicals and Consumables 

HPLC water      AppliChem GmbH, Darmstadt, Germany  

Acetonitril, LC-Grade    AppliChem GmbH, Darmstadt, Germany 

TFA for Proteinsequence analysis   Merck KGaA, Darmstadt, Germany 

Pierce BCA-Protein Assay Kit   Thermo Fisher Scientific Inc., Waltham, USA  

Ammonium bicarbonate    Carl Roth GmbH+CoKG, Karlsruhe, Germany  

Acetic acid      Carl Roth GmbH+CoKG, Karlsruhe, Germany  

Trifluoroacetic acid (TFA)    Merck KGaA, Darmstadt, Germany 

DTT 1,4-Dithiotreit     Carl Roth GmbH+CoKG, Karlsruhe, Germany 

IAA Iodoacetamide    Merck KGaA, Darmstadt, Germany 

 

Protein digestion:  

Trypsin      Promega, Madison, WI 53711, USA  

HPLC-water     AppliChem GmbH, Darmstadt, Germany 

Acetonitril, LC-Grade     AppliChem GmbH, Darmstadt, Germany 

Ammonium bicarbonate    Carl Roth GmbH+CoKG, Karlsruhe, Germany  

 

https://www.linguee.de/englisch-deutsch/uebersetzung/trifluoroacetic+acid.html
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Gel electrophoresis:  

NuPage 4-12 % Bis-Tris Gel    Novex, life technologies, Carlsbad, CA, USA  

NuPage Reducing Agent (10x)   Novex, life technologies, Carlsbad, CA, USA  

Seeblue Plus2 Prestained Standard  Invitrogen AG, Carlsbad, USA  

NuPage MOPS-buffer  Novex life technologies, Carlsbad, CA, USA  

Antioxidant Invitrogen AG, Carlsbad, USA 

Novex ® Colloidal Blue Staining Kit   Invitrogen, Carlsbad, CA, USA  

NuPage LDS Sample Buffer (4x)   Life Technologies, Carlsbad, CA, USA  

Methanol MS-Grade     Fisher Scientific, Waltham, USA 

 

Zip-tipping / Sola plate:  

C18 ZipTips®     Millipore, Merck KGaA, Darmstadt, Germany 

Acetonitrile (ACN), LC-Grade  Merck KGaA, Darmstadt, Germany 

Trifluoroacetic acid (TFA)    Merck KGaA, Darmstadt, Germany 

HPLC-water      AppliChem GmbH, Darmstadt, Germany 

 

LC/Orbitrap – sample preparation:  

Acetonitrile (ACN), LC-MS grade   AppliChem GmbH, Darmstadt, Germany 

Water, LC-MS grade     AppliChem GmbH, Darmstadt, Germany  

Methanol, LC-MS     AppliChem GmbH, Darmstadt, Germany 

Formic acid, LC-MS grade    Fisher Scientific, Waltham, USA 

 

 

Software  

MaxQuant v. 1.6.5.0 / 1.6.17.0  Max Planck Institute of Biochemistry (Cox and 

Mann 2008), Martinsried, Germany 

Proteome Discoverer v. 1.1.0.263   Thermo Fisher Scientific Inc., Waltham, USA 

Perseus Version 1.6.5.5  Computational Systems Biochemistry, Max 

Planck Institute of Biochemistry, Martinsried, 

Germany 

  

https://www.linguee.de/englisch-deutsch/uebersetzung/trifluoroacetic+acid.html
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3.2 Discovery Study 1: CSF Analysis via 1DE, Capillary-LC-MS 

In the present study, we analysed CSF samples taken from patients diagnosed with 

schizophrenia or major depressive disorder and compared the proteome of the two cohorts 

with a group of healthy controls aiming to detect protein alterations and to identify potential 

biomarker candidates. One-dimensional gel electrophoresis and capillary-LC-ESI-MS/MS 

approach was chosen for the label-free quantification of peptides.  

 

3.2.1 Study Samples 

CSF samples were provided by Dr. Michael van der Kooij as part of the collaboration with Prof. 

Dr. Marianne Müller, Department of Psychiatry and Psychotherapy, University Medical Center 

Mainz. Cerebrospinal fluid was extracted by lumbar puncture from the individuals that were 

categorised into three different groups. Each cohort comprised of 21 patients. Since the 

composition of the CSF proteome is age dependent (23), a wide range of age was chosen to 

gain an overview of protein variations independent of age. The clinical attributes of the patient’s 

characteristics of the included patients are listed in Table 3.  

 

The first group consisted of eleven female and ten male individuals diagnosed with SCZ with 

an average age of 37.76 ± 12.4 years. All patients were under medication during sample 

collection. Applied drugs were atypical antipsychotics, benzodiazepines, selective serotonin 

and noradrenalin reuptake inhibitors, typical antipsychotics and tricyclic antidepressant, as 

presented in Table 4. 

The second cohort comprised of patients suffering from MDD. Eleven female and ten male 

individuals with an average age of 51.4 ± 16.1 years were included. Participants were treated 

with different drugs such as atypical antipsychotics, benzodiazepines, lithium, mirtazapine, 

mood stabilizer, selective serotonin and noradrenalin reuptake inhibitors, selective serotonin 

reuptake inhibitors, typical antipsychotics and tricyclic antidepressants, as shown in Table 5. 

As control, CSF from a pool of 21 healthy patients with no known neurological disorder was 

analysed. The average age of participants was 42 ± 16.6 years. Fifteen female und six male 

individuals were included. Details can be obtained from Table 6. All samples were stored at -

80 °C until usage. 
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Table 3: Overview of the included patients in all cohorts 

 SCZ MDD CNTRL 

Age 37.8 ± 12.4 51.4 ± 16.1 42 ± 16.6 

Gender 11 female, 10 male 11 female, 10 male 15 female, 6 male 

Total 
proteins (µg / 
100 µl) 37.46 ± 9.38 35.54 ± 8.37 33.05 ± 8.35 

Medication  Under medication Under medication Without medication 

 

 

Table 4: Characteristics of patients included in SCZ cohort 

Group Age Gender Medication 
Total 

proteins 
(µg / µl) 

Total 
proteins 

(µg / 
100 µl) 

Standardized 
volume per 
sample = 

~140 µl (~40 
µg) 

Replicates 

Standardized 
volume 

per replicate 
= ~140 µl 

SCZ 28 f SSRI, AA 0.24 24.00 20.00 R1 

140.00 

SCZ 47 f AA, TCA 0.27 27.40 20.00 R1 

SCZ 35 m TA 0.31 30.60 20.00 R1 

SCZ 60 f AA 0.34 34.00 20.00 R1 

SCZ 28 m AA 0.41 41.20 20.00 R1 

SCZ 43 f B, TCA 0.44 44.00 20.00 R1 

SCZ 31 m AA 0.51 50.80 20.00 R1 

SCZ 37 f AA 0.26 25.80 20.00 R2 

140.00 

SCZ 39 m AA 0.28 28.20 20.00 R2 

SCZ 50 f AA 0.33 33.00 20.00 R2 

SCZ 32 f AA 0.35 34.70 20.00 R2 

SCZ 33 f AA, B 0.42 41.70 20.00 R2 

SCZ 27 m AA 0.45 45.00 20.00 R2 

SCZ 22 m TA 0.53 53.00 20.00 R2 

SCZ 18 f AA 0.27 27.00 20.00 R3 

140.00 

SCZ 43 f AA 0.31 30.60 20.00 R3 

SCZ 18 m AA 0.33 33.10 20.00 R3 

SCZ 57 f TA 0.35 35.00 20.00 R3 

SCZ 55 m AA, B 0.42 42.00 20.00 R3 

SCZ 35 m SSRI, AA 0.49 48.80 20.00 R3 

SCZ 55 m AA 0.57 56.80 20.00 R3 
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Table 5: Characteristics of patients included in MDD cohort 

Group Age Gender Medication 
Total 

proteins 
(µg / µl) 

Total 
proteins 

(µg / 
100 µl) 

Standardized 
volume per 
sample = 

~140 µl (~40 
µg) 

Replicates 

Standardized 
volume per 
replicate = 

~140 µl 

MDD 75 f SSRI, TA 0.26 26.20 20.00 R1 

140.00 

MDD 57 f 
SNRI, MS, 
AA 0.29 28.90 20.00 R1 

MDD 67 m Mi 0.31 31.00 20.00 R1 

MDD 24 m SSRI 0.33 32.80 20.00 R1 

MDD 72 m SSRI, AA 0.35 34.70 20.00 R1 

MDD 18 f SSRI 0.38 38.00 20.00 R1 

MDD 29 m 
SSRI, AA, 
B,TCA 0.42 41.60 20.00 R1 

MDD 60 f TCA, B 0.26 26.30 20.00 R2 

140.00 

MDD 62 m SSRI 0.29 29.30 20.00 R2 

MDD 38 m SSRI 0.31 31.20 20.00 R2 

MDD 34 f TCA, Mi 0.34 33.80 20.00 R2 

MDD 40 f TCA 0.36 36.20 20.00 R2 

MDD 58 m B 0.40 40.10 20.00 R2 

MDD 48 m AA, SSRI 0.57 57.00 20.00 R2 

MDD 61 m SSRI, TCA 0.28 27.60 20.00 R3 

140.00 

MDD 60 f B 0.31 30.60 20.00 R3 

MDD 50 f SSRI 0.32 31.70 20.00 R3 

MDD 42 f 
TCA, MS, 
Li 0.34 34.00 20.00 R3 

MDD 65 f Mi 0.37 36.60 20.00 R3 

MDD 74 m SSRI, Mi 0.41 40.60 20.00 R3 

MDD 45 f TA, Mi, B 0.58 58.10 20.00 R3 

 

Medication:  
AA: atypical antipsychotic, B: benzodiazepine, Li: Lithium, MAOI: monoamine oxidase inhibitor, Mi: mirtazapine, 
MS: mood stabilizer, SNRI: selective serotonin and noradrenalin reuptake inhibitor, SSRI: selective serotonin 
reuptake inhibitor, TA: typical antipsychotic, TCA: tricyclic antidepressan 
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Table 6: Characteristics of patients included in the control group 

Group Age Gender Medication 
Total 

proteins 
(µg / µl) 

Total 
proteins 

(µg / 
100 µl) 

Standardized 
volume per 
sample = 

~140 µl (~40 
µg) 

Replicates 

Standardized 
volume per 
replicate = 

~140 µl 

CTRL 25 f none 0.21 20.80 20.00 

R1 140.00 

CTRL 53 f none 0.23 23.00 20.00 

CTRL 51 f none 0.26 26.30 20.00 

CTRL 52 m none 0.31 30.50 20.00 

CTRL 37 f none 0.36 36.20 20.00 

CTRL 43 f none 0.40 40.30 20.00 

CTRL 76 f none 0.42 42.40 20.00 

CTRL 21 f none 0.23 22.50 20.00 

R2 140.00 

CTRL 22 f none 0.25 24.60 20.00 

CTRL 30 f none 0.29 28.90 20.00 

CTRL 18 m none 0.33 32.80 20.00 

CTRL 36 f none 0.39 38.60 20.00 

CTRL 63 m none 0.41 40.60 20.00 

CTRL 57 m none 0.45 44.60 20.00 

CTRL 43 f none 0.23 23.00 20.00 

R3 140.00 

CTRL 21 m none 0.25 25.00 20.00 

CTRL 41 f none 0.29 29.00 20.00 

CTRL 34 f none 0.34 33.80 20.00 

CTRL 48 f none 0.39 38.90 20.00 

CTRL 35 f none 0.42 42.40 20.00 

CTRL 76 m none 0.50 49.90 20.00 
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3.2.2 Sample Preparation 

Twenty µl CSF per sample of seven individuals from the same cohort were pooled to 140 µl 

within one biological replicate resulting in three biological replicates (R1, R2, R3) within the 

three designated groups of MDD, SCZ and CTRL, as shown in Table 4,Table 5 and Table 6, 

respectively.  

To enable the identification of proteins employing capillary-LC-MS, an amount of 40-50 µg of 

total protein per biological replicate is required. In order to reach an adequate amount of total 

proteins for the analysis a prior pooling of samples was inevitable. Cerebrospinal fluid from 

seven individuals (20 µl per sample) summed up to a total amount of 140 µl. Standardisation 

of the sample volume, rather than the amount of total proteins, is reasonable when analysing 

CSF due to the huge role albumin plays in the composition of CSF, it accounts for 

approximately 60% of total CSF proteins. The natural composition of CSF may be disturbed 

by standardisation of the total amount of proteins because smaller proteins that are interacting 

with albumin could be either masked or be higher abundant than they would normally appear 

due to their relation to albumin. Since this study is interested in the composition of CSF and its 

complex molecular structure in disease, the method refrains from adjustment of the amount of 

total proteins to avoid a disturbance of the molecular interplay and standardizes the volume 

instead.  

 

3.2.3 First Dimensional Gel Electrophoresis  

Since high abundant proteins can mask low abundant proteins of interest, the need for a 

fractionation method to reduce the complexity of the CSF proteins prior to the MS analysis 

occurs (110-112). One-dimensional gel electrophoresis is a fractionation method based on the 

separation according to variations in protein mass (113, 114). 

CSF samples were prepared for 1DE as described by Perumal et al. (115, 116). Per replicate 

135 µl pooled CSF were divided into two equal amounts of 67.5 µl each. This division resulted 

in two lanes with, in comparison to one bigger band in a single lane, smaller and more accurate 

bands. This is particularly sensible with regard to the thick band of albumin since the creation 

of smaller, more accurate albumin bands reduces the probability of smaller protein bands in 

close positional relation to albumin to be masked.  

For 1DE 4-15% NuPAGE Bris-Tris gel and MOPS running buffer were employed. The voltage 

was set on 150 V for approximately 60 min at 4°C. As a marker for protein molecular mass 

SeeBlue Plus 2 was utilized. Colloidal Blue Staining Kit was employed according to the 

manufacturer’s instructions to stain the gels. After staining the gels overnight, the staining 

solution was replaced by deionized water. 
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3.2.4 In-Gel Tryptic Digestion & Extraction  

As described in section 3.2.3, the separation of the pooled CSF into two lanes results in 

smaller, more precise protein bands in the gel. Especially, the complexity of the big albumin 

band can hence be reduced and masks less low abundant proteins. Moreover, a cutting 

scheme of 24 bands was employed, which divided the big band of albumin in three parts. Each 

band was then carefully sliced into small pieces with a size of approximately 1 mm x 1 mm. 

The two identical bands of the same replicate were combined in 1.5 mL microcentrifuge tubes.  

The gel pieces were destained by applying 500 µl of destaining solution (50 mM ammonium 

bicarbonate in 50% acetonitrile) for approximately 30 min and the solution was then carefully 

removed with a pipette. The following reduction of the disulfide bonds was achieved with 400 

µl of 10 mM 1,4-dithiotreit (DTT). The tubes were kept for half an hour at 65 °C. The DTT 

solution was carefully removed before alkylation. Alkylation prevents the disulfide bonds from 

rearranging (117). For the alkylation step 400 µl 55 mM iodoacetamide solution was utilized. 

Following the dehydration with 500 µl acetonitrile, the proteins were digested for 16 hours at 

37°C using 50 µl trypsin solution (0.013 µg/µl trypsin in 10 mM ammonium bicarbonate in 10 

% acetonitrile). 

In order to extract the remaining peptides from the gel pieces, the extraction buffer (150 µg of 

1:2 (v/v) of 5 % formic acid:acetonitrile) was carefully added. Samples were incubated in a 

shaker for 30 min at 37°C. The supernatant containing the peptides of interest was collected, 

dried in a speed-vac-centrifuge and stored at -20 °C. 

 

3.2.5 Peptides Purification 

Peptides were purified utilizing ZipTip® C18 columns, special pipette tips that hold a C18 

reversed-phase media and enable a desalting, purifying and concentrating of the samples 

(118). Samples were retrieved from the freezer and 10 µl of 0.1% TFA was added in each tube. 

Sonification for 5 min and centrifugation followed. 

According to the manufacturer’s instruction the employed ZipTip was cleaned using 100% ACN 

three times, then the running solution (0,1% TFA) was aspirated and discarded three times, 

before resuspending the sample in its tube ten times. After repeating the second step, the 

samples were eluted in a 0.5ml microcentrifuge tube using two times 10 µl of the elution 

solution (0.1% TFA in 60% ACN) and resuspended five times. This cycle was repeated four 

times. After completing the ZipTip process, the samples were dried in SpeedVac and then 

stored at -20°C. 
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3.2.6 Liquid Chromatography 

The peptides were dissolved in 10 µl of 0.1% TFA for subsequent LC-MS-analysis. The LC 

system employed consisted of a Rheos Allegro pump and an HTS PAL autosampler provided 

with a BioBasic C18, 30 x 0.5 mm precolumn which was linked to a BioBasic Phenyl, 100 x 0.5 

mm analytical column in combination with a Jupiter 4 μ Proteo analytical, 150 x 0.5 mm column. 

LC-MS grade water with 0.1% (v/v) formic acid was used as solvent A and LC-MS grade 

acetonitrile also with 0.1% (v/v) formic acid as solvent B. The total time for the run of the 

resulting gradient per sample summed up to 60 min. 0-5 min: 10% B, 5-45 min: 10-45% B, 45-

50 min: 45-90% B, 50-55 min: 90% B, 55-60 min: 10% B. The LC system was directly coupled 

with ESI-LTQ-Orbitrap-XL-MS system (59). 

 

3.2.7 Mass Spectrometry 

The system utilized in this study to obtain continuum data in form of mass spectra was an ESI-

LTQ-Orbitrap-XL-MS. The system was set on a spray voltage of 2.15 kV in positive-ion 

electrospray ionization mode, heated capillary temperature was determined at 220°C. The 

orbitrap was programmed in the “data-depending mode”, enabling the transition between 

Orbitrap MS and LTQ MS/MS. Mass spectra in the range of 300 to 1600 m/z were obtained 

with a resolution set to 30000 at m/z 400. “Target automatic gain control” was fixed at 1 x 106 

ions (59). The option lock mass was selected in MS mode. For “internal recalibration 

polydimethlycyclosiloxane” ions at m/z 445.120025 were applied in real time (119). Using CID 

fragmentation, the five ions with the highest intensity were isolated and fragmentated in the 

LTQ operating with the following settings: “normalized collision energy” (NCE): 35%, 

“activation time”: 30 ms and “dynamic exclusion”: 60 s. The fragments were then processed in 

the LTQ (59). 

 

3.2.8 Label-free Quantification Analysis 

The resulting mass spectra were processes by MaxQuant software version 1.6.5.0. It uses the 

search engine Andromeda on the basis of intensity-based absolute quantification (iBAQ) 

algorithm to identify and quantify peptides with high accuracy. The data from MS was search 

against Uniprot Human database (date 05/04/2019). The following settings were defined for 

the search: “fragment mass tolerance” of ± 0.5 Da, “peptide mass tolerance” of ± 20 ppm. A 

“false discovery rate” (FDR) of 0.01 for “peptide and protein identification with ≥ 6 amino acid 

residues” was allowed. Only “unique plus razor peptides” were accepted for the identification 

(59, 120). As a fixed modification “Carbamidomethylation of cysteine” was determined, as 
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variable modifications “protein N-terminal acetylation and oxidation of methionine”. The 

enzyme trypsin was selected and the “maximum number of missed cleavages” was set at 2. 

“Match between the runs” was enables with match time window of 5 min. The resulting table 

“proteingroups.txt” was “filtered for contaminants” (59).  

The generated data was further processed in Perseus software version 1.6.5.5 which enables 

a statistical analysis of enormous proteomic data sets. Firstly, log2 transformation of 

normalized LFQ protein intensities was performed to generate a standard distribution with 

ascertainable values. Working with Perseus software “reverse hits and minimum number of 

values in at least one group” is 3 and the normal distribution was used to replace the missing 

values. For the statistical assessment, a “two-samples t-test” with p-values < 0.05 was 

employed to determine significantly differently abundant proteins. Unsupervised hierarchical 

clustering analysis was performed according to Euclidean distance (linkage = average; 

preprocess with k-means) to illustrate the heat map that presents the differentially expressed 

proteins based on the z-scored values (59). 

 

3.2.9 Functional Annotation and Pathway analysis 

The identified proteins and gene names were transferred to IPA software for subsequent 

functional annotation and pathway analysis. The functional annotation and pathway analysis 

enables the network analysis by determination of molecular functions and protein-protein 

interactions as well as the localization of the protein within the cell and the identification of 

upstream regulators (121). Top diseases and canonical pathways of those proteins that 

appeared to be differently expressed in this study were listed. Their p-values were calculated 

employing the Benjamini-Hochberg (B-H) multiple testing correction (122).  

An excel list of all significantly differently expressed proteins was processed in IPA program. 

The protein-protein interaction networks were presented in different shapes representing the 

functional classes of proteins and are organized by their location within the cell. The colours 

and the colour intensities represent the protein abundance (red: upregulation, green: 

downregulation). The connecting lines between the proteins show known direct and indirect 

protein interactions.  
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3.3 Discovery Study 2: CSF Analysis via In-Solution, Nano-LC-
MS 

In a second proteomic discovery study, CSF of 13 patients diagnosed with schizophrenia was 

analysed employing a nano-LC column which enables a measurement of very high accuracy 

of individual samples. No sample pooling and no prior protein separation via gel is necessary 

employing this method due to the small diameter of the nano column. The small size of the 

column results in a much higher pressure within the column that allows an outstandingly 

sensitive protein separation. Overlapping signals can thus be avoided and proteins can be 

detected at much lower concentration rates. 

 

3.3.1 Study Samples 

In this pilot study six female and seven male individuals diagnosed with SCZ according to ICD-

10 classification were included with an average age of 42.54 ± 11.38 years. All patients were 

under medication, details can be obtained from Table 7. 

 

 

Table 7: Characteristics of the included patients 

Samples Age Gender Medication Total proteins (µg / µl) 

SCZ 1 32 f AA 0.35 

SCZ 2 33 f AA, B 0.42 

SCZ 3 43 f B, TCA 0.44 

SCZ 4 50 f AA 0.33 

SCZ 5 57 f TA 0.35 

SCZ 6 60 f AA 0.34 

SCZ 7 28 m AA 0.41 

SCZ 8 35 m TA 0.31 

SCZ 9 35 m SSRI, AA 0.49 

SCZ 10 39 m AA 0.28 

SCZ 11 55 m AA, B 0.42 

SCZ 12 55 m AA 0.57 

SCZ 13 31 m AA 0.51 
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3.3.2 In-Solution Tryptic Digestion 

For in-solution trypsin digestion, 2.5 µl of 0.1 µg/µl trypsin solution in 10 mM ammonium 

bicarbonate in 10 % acetonitrile was carefully added to the reaction tube holding 5 µl CSF 

sample each. The individual CSF samples were tryptic digested overnight (minimum 16 hours) 

at 37 °C. Then, samples were dried in SpeedVac and stored at - 20°C prior to further analysis. 

 

3.3.3 SOLAμ HRP SPE Well Plates 

The tryptic digested peptides were purified and concentrated employing SOLAμ™ HRP solid 

phase extraction well plates. This method comprises of five steps: Firstly, the wells were 

conditioned/activated with 100 % acetonitrile and then equilibrated using 0.1 % formic acid. In 

a third step, the wells were loaded with the samples. After washing the wells with 0.1 % formic 

acid twice, the peptides were eluted, now concentrated and freed from contamination. Details 

regarding the procedure can be obtained from Table 8. 

 

 

Table 8: Procedure employing SOLAμ™ HRP SPE well plates 

 
 

Step A/E 
Volume 

(µl) 

Speed 

(rpm) 

Duration 

(min) 

1 Activation 100% ACN 100 3000 1 

2 Equilibration 0.1% FA 100 3000 1 

3 Sample load 1st Sample in 0.1 %FA 100 3000 1 

3 Sample load 2nd Sample in 0.1 %FA 100 3000 1 

4 Wash 1st 0,1% FA 100 3000 1 

4 Wash 2nd 0,1% FA 100 3000 1 

5 Elution 1st 50% ACN 75 3000 1 

5 Elution 2nd 50% ACN 75 3000 1 
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3.3.4 Nano-Liquid Chromatography 

For nano-LC-MS-analysis, 40 µl of 0.1 % formic acid was carefully pipetted in the reaction 

tubes to dissolve the peptides. The employed nano-LC system (EASY-nLC 1200 system) was 

equipped with an Acclaim PepMap RSLC, 75µm x 50 cm, nanoViper analytical column. Two 

solvents were utilized, referred to as solvent A and B. LC-MS grade water with 0.1 % (v/v) 

formic acid was used as solvent A and 80% LC-MS grade acetonitrile with 0.1 % (v/v) formic 

acid as solvent B. The total time for the run of the resulting gradient per sample summed up to 

150 min. 0-120 min: 5 % - 30 % B, 120-130 min: 30-100 % B, 130-150 min: 100 % B. A direct 

connection between the nano-LC system and the employed ESI-LTQ-Orbitrap-XL-MS system 

was established. 

 

3.3.5 Mass Spectrometry  

As described in section 3.2.7 with the following changes: Mass spectra in the range of 300 to 

2000 m/z were obtained with a resolution set to 60000 at m/z 400.  

 

3.3.6 Lable-free Quantification Analysis 

As described in section 3.2.8 with the following changes: The resulting mass spectra were 

processes by MaxQuant software version 1.6.17.0 and a two-samples t-test with p values < 

0.05 was employed to determine significantly differently abundant proteins. 
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4 Results 

4.1 Biomarker Discovery Employing 1DE and Capillary-LC-MS 

In the first part of the present study the proteome of pooled CSF samples of patients diagnosed 

with MDD, SCZ and a group of healthy individuals were analysed via 1DE and capillary-LC-

ESI-MS. Since no prior sample fractionizing via depletion was performed, protein separation 

via 1DE was employed and every lane of the resulting gel was sliced into 24 define bands to 

reduce the high dynamic range of CSF. Each biological replicate (135 µl) was divided into two 

fractions and the wells were loaded with 67.5 µl sample each to achieve a good protein 

separation and to minimize the masking effect of the highly abundant proteins, especially 

serum albumin.  

The intensely stained region where albumin was located (approximately 66 kDa, band 10-13) 

was carefully excised into three tiny bands to reduce the masking effect at its best (Figure 5). 

Furthermore, the two slices of the same replicate were pooled again after excising to ensure a 

significant amount of proteins yielded to facilitate higher protein detection in MS analysis. 

Figure 5 shows the employed cutting scheme in a representative gel for all replicate groups.  

 

In total, 277 (FDR < 1 %) proteins were successfully identified employing the optimized 

discovery proteomics strategy. Generally, the total number of proteins identified in CTRL, MDD 

and SCZ were 244 ± 9, 227 ± 12 and 199 ± 11, respectively, as shown in Figure 6. Notably, 

lower numbers of proteins were identified in the SCZ group compared to the CTRL and MDD 

groups.  

A total of 239 proteins were identified in all the three designated groups, as shown in Figure 

7. An overlap of two proteins was determined exclusively between SCZ and MDD group, four 

between SCZ and CTRL and twelve between MDD and CTRL. The proteins identified solely 

for one group amount to two in SCZ, three in MDD and 15 in CTRL, as presented in the venn 

diagram Figure 7. Overall, the optimized discovery proteomics strategy resulted in good 

reproducibility outcomes between the designated groups. 

Functional annotation analysis was performed to investigate biological processes and 

functions associated with the discovered proteins. Employing IPA software, the log p-values 

of the three different groups were used to visualize the grade of involvement. Firstly, the 

affected biological pathways and diseases for all with this discovery approach revealed 

proteins were compared in Figure 8. The top five involved canonical pathways are as followed: 

acute phase response signaling, LXR/RXR activation, FXR/RXR activation, complement 

system and coagulation system and the top five associated diseases: amyloidosis, 

degranulation of blood platelets, tauopathy, dementia and Alzheimer’s disease. As mentioned 
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before, the detected proteins are almost the same for the three groups with 239 of 277 proteins 

overlapping. Hence, the top functions/diseases and pathways do not differ between the groups 

and only slight differences in the degree of involvement can be observed.  

In order to determine significantly differently expressed proteins, the extracted MaxQuant data 

was statistically analysed using Perseus software. A Student’s T-test was performed 

comparing the protein intensities of the 277 proteins to explore the number of significantly 

differently abundant proteins in disease and healthy individuals. Among the identified proteins, 

79 were found to be significantly differently abundant between the designated groups of which 

four proteins, namely collagen alpha-1(VI) chain (COL6A1), SPARC, cathepsin D (CTSD) and 

complement factor H-related protein 1 (CFHR1), were overlapping in all three groups (Figure 

9). Figure 9 presents the pairwise differences in the log2 differences of the proteome of the 

comparison analysis and the total number of proteins that were significantly differentially 

expressed are as follows: MDD vs. CTRL (25), SCZ vs. CTRL (66) and MDD vs. SCZ (22). 

Among the 79 significantly differently abundant proteins four proteins were shared by all three 

cohorts. While 13 proteins were overlapping in MDD vs. CTRL and SCZ vs. CRTL as well as 

in SCZ vs. MDD and SCZ vs. CTRL there were no proteins identified that were altered solely 

in MDD vs. CTRL and SCZ vs. MDD, as depicted in Figure 9. Most changes in protein levels 

were observed in the SCZ group compared to CTRL; 65 proteins were found to be 

downregulated. Interestingly, only one protein, namely apolipoprotein A2 (APOA2), appeared 

to be upregulated in SCZ patients, as depicted in Figure 10.  

The ten proteins which showed the most significant differences in expression levels were 

protein TANC2 (p=3.87E-03), neuronal pentraxin-1 (NPTX1) (p=1.2E-03), multiple epidermal 

growth factor-like domains protein 8 (MEGF8) (p=6.26E-03), complement component C7 (C7) 

(p=1.98E-02), COL6A1 (p=2.76E-03), inter-alpha-trypsin inhibitor heavy chain H2 (ITIH2) 

(p=1.35E-02), limbic system-associated membrane protein (LSAMP) (p=1.91E-03), voltage-

dependent calcium channel subunit alpha-2/delta-1 (CACNA2D1) (p=9.81E-03), brevican core 

protein (BCAN) (p=2.58E-02) and contactin-2 (CNTN2) (p=7.55E-03). Notably, all these 

proteins found to be differently abundant in SCZ vs. CTRL showed lower expression levels in 

disease. In the MDD cohort the most significantly downregulated proteins were neurexin-3 

(NRXN3) (p=1.45E-02), MEGF8 (p=4.18E-02), NPTX1 (p=2.70E-03), seizure 6-like protein 

(SEZ6L) (p=7.26E-03) and seizure protein 6 homolog (SEZ6) (p=2.58E-02). Further details 

regarding the intensities can be obtained from Table 9. 

 

In summary, this innovative and optimized proteomic strategy allowed the detection of a high 

number of CSF proteins without performing prior depletion steps. The little variation in total 

numbers of identified proteins within one cohort proves the workflow to be accurate and 

reliable. The analysis of the obtained data made it possible to highlight the significantly 
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differently abundant proteins in disease. The identified proteins were found to be involved in 

various processes, especially in neurological pathways, which is reasonable since SCZ and 

MDD are severe mental diseases. Therefore, the employed method provides an avenue for 

enabling biomarker identification in the designated groups.  

 

 

 

 

Figure 5: Cutting scheme for 1DE gel 
This gel picture shows biological replicate R1 of the three patient cohorts (CTRL, MDD, SCZ). The first row 

presents the reference marker for the molecular masses. Each biological replicate (135 µl) was divided into two 
fractions and the wells were loaded with 67.5 µl sample each. On the right side the cutting lines are presented, 

slicing the gel into 24 bands. 
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Figure 6: Total number of CSF proteins identified in each biological replicate (FDR ˂ 1 %) 
This figure presents the number of identified proteins in the biological replicates R1, R2 and R3 for each patient 

cohort (CTRL, MDD; SCZ). Identified proteins are overlapping between and within the groups. Numbers of 
detected proteins in the biological replicates of the same cohort are comparable. However, there is a tendency of 

less determined proteins in the SCZ group compared to CTRL and MDD. The very right column shows the 
number of total detected proteins in the present study. 

 
 
 

 

 
Figure 7: Numbers of detected proteins 

This venn diagram presents all identified proteins in the present study in the groups CTRL, MDD and SCZ. A total 
number of 277 protein was determined with 239 overlapping in all three cohorts. 
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Figure 8: Top canonical pathways and diseases of all identified proteins 

 
 
 
 

 

 

Figure 9: Numbers of differently expressed proteins 
This venn diagram presents the numbers of proteins that showed differences in abundance when comparing the 

patient cohorts MDD and SCZ with healthy individuals and comparing the proteins levels between the two 
diseases. Most altered proteins were observed in SCZ group. 
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Figure 10: Significantly differently expressed proteins 
The heat map depicts the hierarchical clustering of all the 79 differentially abundant proteins based on the log2 

ratio difference related to the designated comparison analysis. The upregulated proteins are shown in red and the 

downregulated proteins are presented in green. 
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Table 9: Differently abundant proteins detected in the present study via 1DE and LC-ESI-MS/MS 

Protein 
IDs 

Protein names 
Gene 

names 

MDD vs. CTRL SCZ vs. CTRL SCZ vs. MDD 

p-value  
Log2 

difference  
p-value  

Log2 
difference  

p-value  
Log2 

difference  

Q96S96 Phosphatidylethanolamine-binding protein 4 PEBP4     6.97E-04 -4.87 

Q13449 
Limbic system-associated membrane 
protein LSAMP   1.91E-03 -5.54 1.84E-03 -4.58 

P40925 Malate dehydrogenase, cytoplasmic MDH1   1.05E-02 -2.58 2.40E-03 -1.90 

P98160 
Basement membrane-specific heparan 
sulfate proteoglycan core protein HSPG2   4.02E-03 -3.20 4.93E-03 -2.33 

P23284 Peptidyl-prolyl cis-trans isomerase B PPIB   7.26E-03 -3.03 8.54E-03 -2.90 

P08603 Complement factor H CFH   7.35E-03 -3.79 9.02E-03 -2.41 

O00533 
Neural cell adhesion molecule L1-like 
protein CHL1   6.77E-03 -3.84 1.20E-02 -2.34 

P19827 Inter-alpha-trypsin inhibitor heavy chain H1 ITIH1   3.12E-02 -3.64 1.23E-02 -2.68 

P12109 Collagen alpha-1(VI) chain COL6A1 2.55E-02 -3.31 2.76E-03 -5.72 1.28E-02 -2.41 

P00747 Plasminogen PLG   2.55E-02 -3.39 1.78E-02 -2.61 

P43121 Cell surface glycoprotein MUC18 MCAM     1.84E-02 -2.80 

P09486 SPARC SPARC 1.17E-02 -2.71 1.42E-03 -4.84 1.93E-02 -2.13 

P54289 
Voltage-dependent calcium channel 
subunit alpha-2/delta-1 

CACNA2
D1   9.81E-03 -5.41 2.15E-02 -3.58 

P07339 Cathepsin D CTSD 5.15E-03 -1.02 2.63E-03 -2.42 2.24E-02 -1.40 

P19823 Inter-alpha-trypsin inhibitor heavy chain H2 ITIH2   1.35E-02 -5.57 2.42E-02 -3.95 

P36222 Chitinase-3-like protein 1 CHI3L1   1.20E-02 -2.60 2.68E-02 -2.01 

P08253 72 kDa type IV collagenase MMP2     2.79E-02 -3.37 

Q99435 Protein kinase C-binding protein NELL2 NELL2   1.49E-02 -4.12 3.82E-02 -2.46 

P10643 Complement component C7 C7   1.98E-02 -5.74 3.86E-02 -4.39 

P00746 Complement factor D CFD     4.28E-02 -2.29 

O75326 Semaphorin-7A SEMA7A     4.28E-02 -2.85 

Q03591 Complement factor H-related protein 1 CFHR1 4.36E-02 -2.42 2.56E-03 -4.11 4.62E-02 -1.69 
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Table 9: Continued 
 

Protein 
IDs 

Protein names 
Gene 

names 

MDD vs. CTRL SCZ vs. CTRL SCZ vs. MDD 

p-value  
Log2 

difference  
p-value  

Log2 
difference  

p-value  
Log2 

difference  

P30086 Phosphatidylethanolamine-binding protein 1 PEBP1   1.39E-02 -1.58   

Q02246 Contactin-2 CNTN2   7.55E-03 -5.31   

Q15818 Neuronal pentraxin-1 NPTX1 2.70E-03 -3.86 1.02E-03 -6.01   

P02452 Collagen alpha-1(I) chain COL1A1   1.49E-02 -3.41   

O94985 Calsyntenin-1 CLSTN1   2.30E-02 -3.17   

P05067 Amyloid beta A4 protein APP   4.30E-02 -2.25   

Q9Y6R7 IgGFc-binding protein FCGBP   4.87E-02 -3.91   

Q14118 Dystroglycan DAG1   3.42E-02 -3.38   

P16035 Metalloproteinase inhibitor 2 TIMP2   4.60E-03 -2.09   

Q8NFZ8 Cell adhesion molecule 4 CADM4 7.15E-03 -1.15 2.99E-02 -3.67   

P17174 Aspartate aminotransferase, cytoplasmic GOT1   3.03E-02 -5.22   

Q96KN2 Beta-Ala-His dipeptidase CNDP1   3.70E-02 -3.79   

P08123 Collagen alpha-2(I) chain COL1A2   1.24E-02 -3.37   

P01023 Alpha-2-macroglobulin A2M   4.88E-02 -2.82   

P16870 Carboxypeptidase E CPE 4.66E-03 -1.72 2.50E-02 -4.97   

Q9P121 Neurotrimin NTM 8.91E-03 -1.41 3.64E-02 -5.01   

P78324 
Tyrosine-protein phosphatase non-receptor 
type substrate 1 SIRPA   3.55E-02 -1.59   

Q9BYH1 Seizure 6-like protein SEZ6L 7.26E-03 -3.46 1.86E-03 -4.31   

P02751 Fibronectin FN1   3.40E-02 -4.17   

Q92859 Neogenin NEO1   4.19E-02 -4.83   

P51693 Amyloid-like protein 1 APLP1   3.60E-02 -2.98   

Q12805 
EGF-containing fibulin-like extracellular 
matrix protein 1 EFEMP1   8.15E-03 -3.74   

P00736 Complement C1r subcomponent C1R   3.43E-02 -3.45   
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Table 9: Continued 
 

Protein 
IDs 

Protein names 
Gene 

names 

MDD vs. CTRL SCZ vs. CTRL SCZ vs. MDD 

p-value  
Log2 

difference  
p-value  

Log2 
difference  

p-value  
Log2 

difference  

Q7Z7M0 
Multiple epidermal growth factor-like 
domains protein 8 MEGF8 4.18E-02 -3.87 6.26E-03 -5.84   

Q92823 Neuronal cell adhesion molecule NRCAM   2.89E-02 -3.20   

O94856 Neurofascin NFASC   3.71E-03 -4.60   

P08571 Monocyte differentiation antigen CD14 CD14 1.34E-03 -1.60     

P02649 Apolipoprotein E APOE   3.46E-02 -1.05   

P01859 Ig gamma-2 chain C region IGHG2   3.97E-02 -2.17   

P01031 Complement C5 C5   4.03E-02 -4.27   

Q99574 Neuroserpin 
SERPINI
1 1.91E-04 -1.74 1.54E-02 -2.87   

O43505 Beta-1,4-glucuronyltransferase 1 B4GAT1 3.10E-02 -1.09 5.07E-02 -2.47   

Q53EL9 Seizure protein 6 homolog SEZ6 2.58E-02 -3.41 8.83E-03 -4.61   

Q8TAG5 
V-set and transmembrane domain-
containing protein 2A VSTM2A   2.33E-02 -1.48   

Q96GW7 Brevican core protein BCAN   2.58E-02 -5.39   

P02652 Apolipoprotein A-II APOA2   2.01E-02 1.88   

Q9HCD6 Protein TANC2 TANC2   3.87E-03 -6.15   

P02774 Vitamin D-binding protein GC   1.47E-02 -2.94   

P01876 Ig alpha-1 chain C region IGHA1   4.39E-02 -2.05   

P01700 Ig lambda chain V-I region HA IGLV1-47   1.94E-02 -1.04   

P01019 Angiotensinogen AGT 3.74E-02 -1.12     

P04196 Histidine-rich glycoprotein HRG   2.05E-02 -1.98   

P36955 Pigment epithelium-derived factor 
SERPINF
1 3.65E-02 -0.96 3.35E-02 -1.83   

Q14515 SPARC-like protein 1 
SPARCL
1 3.16E-02 -1.63     
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Table 9: Continued 
 

Protein 
IDs 

Protein names 
Gene 

names 

MDD vs. CTRL SCZ vs. CTRL SCZ vs. MDD 

p-value  
Log2 

difference  
p-value  

Log2 
difference  

p-value  
Log2 

difference  

Q14982 
Opioid-binding protein/cell adhesion 
molecule OPCML 4.91E-02 -1.38     

P19021 
Peptidyl-glycine alpha-amidating 
monooxygenase PAM 1.29E-02 -2.96 1.89E-02 -4.32   

Q7Z3B1 Neuronal growth regulator 1 NEGR1 1.55E-02 -1.29     

O95502 Neuronal pentraxin receptor NPTXR 4.06E-02 -1.99 1.88E-02 -2.61   
A0A0C4D
H38 Immunoglobulin heavy variable 5-51 IGHV5-51 2.23E-02 -0.81     
A0A0B4J
1V0 Immunoglobulin heavy variable 3-15 IGHV3-15   1.47E-02 -1.68   

Q14624 Inter-alpha-trypsin inhibitor heavy chain H4 ITIH4 4.25E-02 -1.80 4.47E-02 -2.43   

P09972 Fructose-bisphosphate aldolase C ALDOC   1.46E-02 -2.96   

P27169 Serum paraoxonase/arylesterase 1 PON1   1.89E-02 -1.03   

P27797 Calreticulin CALR   4.83E-03 -2.21   

P04075 Fructose-bisphosphate aldolase A ALDOA 1.74E-02 -2.61     

P19022 Cadherin-2 CDH2   3.58E-02 -0.86   

Q9Y4C0 Neurexin-3 NRXN3 1.45E-02 -4.24 1.32E-02 -4.50   
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4.2 Functional Annotation Analysis 

The protein-protein interactions of the differentially expressed proteins were further 

analysed using Ingenuity Pathways Analysis. The interactions between altered proteins in 

SCZ vs. CTRL, MDD vs. CTRL and SCZ vs. MDD were depicted to achieve a better 

understanding of the interplay on molecular level, as shown in  Figure 11-13. Most proteins 

found were assigned as extracellular space proteins or as proteins of the plasma membrane. 

Processes within the cell appear to play a tangential role since very few proteins were allocated 

to the cytoplasm and nucleus.  

 

Differently expressed proteins in SCZ vs. CTRL added up to 66 proteins of which 35 were 

assigned to the extracellular space. Notably, most protein-protein interactions were determined 

in SCZ vs. CTRL, promoted by the fact that the highest number of differently abundant proteins 

was identified in this designated group, the most striking was amyloid beta A4 (APP) which is 

known to interact with 20 other differently abundant proteins, as depicted in Figure 11. 

Moreover, functional analysis of IPA networks implies the interaction of APOE with 13, 

fibronectin (FN1) with 19 and plasminogen (PLG) with ten other altered proteins in SCZ vs. 

CTRL. Analysing protein functions, most of the proteins in this group were marked as 

complex/group/others. However, nine proteins were identified as enzymes and five as 

transporters. Peptidases and transporters were assigned to the cytoplasm and the extracellular 

space only while enzymes were also allocated to the plasma membrane, as shown in Figure 

11.  

A lower number of proteins was revealed to be differently abundant in MDD group compared 

to CTRL. Moreover, the known protein interactions are not as complex as they appear in SCZ 

vs. CTRL. IPA software analysis indicates the interaction of NPTX1 with three other differently 

expressed proteins, one assigned to the plasma membrane, two to the cytoplasm. Overall, 

eleven of the 25 altered proteins in MDD were allocated to the extracellular space, ten to the 

plasma membrane and four to cytoplasm. Again, plasma membrane proteins and extracellular 

proteins appear to play key roles when analysing the functions of the differently abundant 

proteins in MDD disease. Details can be obtained from Figure 12. 

 

Comparing the identified proteins in SCZ and MDD cohort most striking proteins regarding 

protein-protein interactions are 72 kDa type IV collagenase (MMP2) and SPARC. 72 kDa type 

IV collagenase interacts with five, SPARC with further three differently expressed proteins. 

Thirteen of the 22 differently abundant proteins were assigned to the compartment extracellular 

space while the plasma membrane and cytoplasm appear to play minor roles. A notable 

amount of proteins found to be differently expressed in SCZ vs. MDD function as enzymes and 

peptidases, as presented in Figure 13. 
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Figure 11: Networks of significantly differently expressed proteins comparing SCZ cohort with healthy 
individuals analysed with the Ingenuity Pathway Analysis software 
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Figure 12: Networks of significantly differently expressed proteins comparing MDD cohort with healthy 

individuals analysed with the Ingenuity Pathway Analysis software 

 
 
 
 

 
 

Figure 13: Networks of significantly differently expressed proteins comparing SCZ and MDD cohort 
analysed with the Ingenuity Pathway Analysis software 
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The differentially abundant proteins identified in the designated groups underwent a stringent 

Benjamini-Hochberg multiple testing correction to identify significantly involved canonical 

pathways and biological functions.  

The top five biological functions of the differentially abundant proteins were acute phase 

response signaling, LXR/RXR activation, hepatic fibrosis/hepatic stellate cell activation, 

FXR/RXR activation and complement system, as visualized in Figure 14. Nine of the proteins 

found to be differently expressed in SCZ compared to CTRL were highly involved in the acute 

phase response pathway (p-value = 2.44E-07), namely increased APOA2, decreased 

histidine-rich glycoprotein (HRG), pigment epithelium-derived factor (SERPINF1), A2M, 

complement C1r subcomponent (C1R), FN1, Inter-alpha-trypsin inhibitor heavy chain H4 

(ITIH4), PLG and ITIH2, as depicted in Figure 15.  

The altered proteins were related to the following functions and diseases: Organization of 

extracellular matrix, Alzheimer’s disease, progressive encephalopathy, dementia and cell 

movement. A high p-value (p-value = 7.43E-07) has been determined for Alzheimer’s disease. 

This neurodegenerative disease has been well studied in the past hence many associated 

proteins have been identified. Sixteen of these proteins also appeared to be altered in the 

present study when comparing protein intensities of SCZ and CTRL group, namely increased 

APOA2, decreased APOE, APP, C1R, C7, chitinase-3-like protein 1 (CHI3L1), neural cell 

adhesion molecule L1-like protein (CHL1), CTSD, vitamin D-binding protein (GC), HRG, 

basement membrane-specific heparan sulfate proteoglycan core protein (HSPG2), NPTX1, 

PLG, serum paraoxonase/arylesterase 1 (PON1), SPARC and A2M, as depicted in Figure 16 

A. Figure 16 B presents nine of the differently expressed proteins between SCZ and MDD that 

were also associated with Alzheimer’s disease: CHI3L1, CHL1, CTSD, HSPG2, MMP2, PLG, 

SPARC, C7 and complement factor D (CFD).  

Notably, SCZ also shows up in the list of associated diseases (p-value for SCZ vs. CTRL= 

7.61E-05). The differently expressed proteins related to SCZ were APP, CACNA2D1, CHI3L1, 

aspartate aminotransferase cytoplasmic (GOT1), HSPG2, malate dehydrogenase cytoplasmic 

(MDH1), protein kinase C-binding protein NELL2 (NELL2), NPTX1, SERPINI1, SEZ6 and 

fructose-bisphosphate aldolase C (ALDOC), as can be obtained from Figure 15. Additionally, 

many differently abundant proteins in the SCZ group were related to progressive neurological 

disorder (p-value = 1.95E-06) and severe psychological disorder (p-value= 1.34E-04), details 

can be obtained from Figure 17.  

The degree of involvement of the altered proteins in MDD vs. CTRL is relatively low compared 

to SCZ vs. CTRL which is natural since less proteins were found to be differently abundant in 

MDD vs. CTRL in the present study. However, three differently expressed proteins in MDD vs. 

CTRL, namely CD14, ITIH4 and angiotensinogen (AGT), were associated with acute phase 

reaction (p-value = 2.19E-03), as shown in Figure 18. 
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Figure 14: Top canonical pathways of altered proteins 

 
 
 
 

 
 

Figure 15: Top diseases of altered proteins 
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Figure 16: Altered proteins associated with Alzheimer's disease A: SCZ vs. CTRL, B: SCZ vs. MDD 

 

 
 

Figure 17: Altered proteins associated with disorders SCZ vs. CTRL A: Severe psychological disorder, B: 

Progressive neurological disorder 

 

 

 

Figure 18: Altered proteins MDD vs. CTRL in acute phase reaction 
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4.3 Biomarker Discovery Employing In-Solution and Nano-LC-
MS/MS 

In the second part of the present proteomic discovery analysis, a nano-LC column and ESI-

MS/MS system was employed. This technique allows the omission of sample pooling since 

less total amount of protein is required when employing a nano column enabling the analysis 

of individual samples. The great advantage of individual sample analysis is that attributes such 

as gender, race or age can be examined within a cohort. Also, with this method, due to the 

small diameter of the nano column, a prior protein separation via gel may be dispensed 

consequently reducing the sample preparation to in-solution trypsin digestion. This proteomic 

discovery approach enabled the identification of a total number of 214 proteins, as presented 

in Figure 19. The total number of proteins detected with the first approach via 1DE and 

capillary-LC-ESI-MS/MS counted 247 proteins. Even without prior protein separation and time-

consuming preparation of the samples 86.6% of the total amount of proteins were determined 

proving the nano-LC column an excellent tool for fast and effective proteomic analysis of CSF. 

Furthermore, comparing the proteins identified employing the two proteomic workflows, 160 

proteins were overlapping, while 87 proteins were unique to the 1DE approach and 54 were 

exclusively determined employing in-solution and nano-LC column, as depicted in Figure 19. 

Moreover, the nano-LC system analyses each sample individually. This allows a closer look at 

individual variations in protein intensities enabling the exploration of influences such as age, 

gender or race.  

The comparison of protein intensities in male and female samples revealed seven proteins to 

be significantly altered. Four proteins, namely SH3 and multiple ankyrin repeat domains protein 

2 (SHANK2), complement C5 (C5), Ig alpha-1 chain C region (IGHA1) and insulin-like growth 

factor-binding protein 7 (IGFBP7), showed higher protein intensities in male patients and three 

proteins (ankyrin repeat domain-containing protein 36C (ANKRD36C), galectin-3-binding 

protein (LGALS3BP), pleckstrin homology domain-containing family H member 2 (PLEKHH2)) 

were higher expressed in female individuals, as shown in Table 10. Interestingly the proteins 

C5 and IGHA1 that both showed higher expression levels in males were also found to be 

significantly downregulated in CSF of SCZ patients compared to CTRL in the first part of this 

discovery study. The results are visualized in a heat map (Figure 20). 

In summary, the advantages of this methods are that the preparation and analysis of samples 

are less work- and time-consuming implying less potential technical sources of error. In 

addition, less total amount of proteins is required enabling the analysis of small samples 

quantities, offering the possibility of individual sample viewing. 
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Figure 19: Venn diagram: Number of detected proteins employing 1DE PAGE MS and in-solution nano-LC-MS. 

 
 
 
 

 

 

Figure 20: Altered proteins related to gender  
Lower intensities are presented in red, higher protein intensities in green. IGFBP7, IGHA1, SHANK2 and C5 and 

showed higher protein intensities in male patients, LGALS3BP, PLEKHH2 and ANKRD36C were found to be 
higher expressed in female individuals. 
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Table 10: Proteins that showed significantly altered expression levels related to gender 

Gene names 
Student's T-test p-value 

Female vs. Male 

Student's T-test Log2 fold 
Difference Female vs. 

Male 

SHANK2 1.21E-2 -2.02 

C5 1.7E-3 -1.77 

IGHA1 3.68E-2 -1.65 

IGFBP7 3.21E-2 -1.64 

ANKRD36C 2.55E-2 1.23 

LGALS3BP 4.55E-2 2.03 

PLEKHH2 1.94E-2 3.30 
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5 Discussion 

5.1 Biomarker Discovery Employing 1DE and Capillary-LC-ESI-
MS 

In the present study, as many as 79 CSF proteins were found to be differently abundant in the 

SCZ vs. CTRL, MDD vs. CTRL and SCZ vs. MDD cohort proving excellent sensitivity of the 

employed proteomic method. The greatest amount of significantly altered proteins was 

observed in statistical analysis between SCZ cohort and healthy individuals. Moreover, the 

proteins which showed the most significant differences in expression levels were all observed 

in the comparison SCZ vs. CRTL while the comparison MDD vs. CTRL revealed less 

alterations in protein numbers. These results could be explained by the severity of the SCZ 

disease with deviations in thoughts and behaviour and the complexity of the disorder 

expressed in a variety of symptoms (12). The least differences in abundance were determined 

comparing SCZ and MDD samples. MDD and SCZ are both classified as mental disorders 

(73). Within the mental disorders symptoms can be overlapping (74), it thus seems reasonable 

that fewer protein alterations were determined comparing the two designated groups.  

The comparison of the differently expressed proteins in this study with those discussed in the 

CSF studies presented in chapter 2.6.1.1 and 2.6.2.1. revealed overlapping alterations in SCZ 

cohort for APOE and A2M as well as for some APP fragments (Table 1). In MDD group altered 

SERPINF1, COL6A1 and AGT were observed which had been perceived with differences in 

expression levels in disease in the past, as shown in Table 2. Most correlations occurred when 

comparing our results with the recently published paper by Al Shweiki et al. that presented 

proteomic findings of 161 altered proteins in MDD vs. CTRL and 153 proteins in SCZ vs. CTRL. 

This study is of particular interest since the group was working with the same study medium 

(CSF), the same cohort (SCZ and MDD; deviating from the present study they also included 

BPD patients) and all included patients were under medication. In addition, the group employed 

comparable methods, except for the prior protein labelling by iTRAQ. Ten correlating differently 

abundant proteins for MDD were identified comparing the results of Al Shweiki et al. and this 

study, namely AGT, fructose-bisphosphate aldolase A (ALDOA), COL6A1, carboxypeptidase 

E (CPE), NPTX1, NPTXR, NRXN3, opioid-binding protein/cell adhesion molecule (OPCML), 

peptidyl-glycine alpha-amidating monooxygenase (PAM) and SERPINI1 and an overlap of 17 

differently expressed proteins for SCZ were determined (APOA2, APP, C5, complement factor 

H (CFH), calsyntenin-1 (CLSTN1), beta-Ala-His dipeptidase (CNDP1), COL6A1, GC, IGHA1, 

inter-alpha-trypsin inhibitor heavy chain H1 (ITIH1), ITIH2, ITIH4, LSAMP, neurofascin 

(NFASC), PLG, SERPINI1, tyrosine-protein phosphatase non-receptor type substrate 1 

(SIRPA)). 
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In the SCZ vs. CTRL group APOE appeared to be downregulated. Apolipoprotein E is a core 

component of a number of lipoproteins and plays an important role in the transport of lipids in 

CSF (123, 124). The 34 kDa lipoprotein consists of 299 amino acids. There are three alleles 

(polymorphic variants) existing for the gene located on chromosome 19q13.2 coding for 

different isoforms, namely ε 2, ε 3 and ε 4. A human being carries two chromosome sets 

allowing six possible combinations of the alleles resulting in six feasible genotypes (125-127). 

The occurrence of the different isoforms varies with race, ethnicity and geographical region 

(128, 129). Apolipoprotein E functions in the transport and metabolism regulation of lipids and 

is believed to be involved in the reaction of the nervous system to nerve injury (123, 130, 131). 

As a reaction to inflammation and oxidative stress the turnover of synaptic proteins can 

change. This process is indirectly related to APOE through its impact on the regulation of 

cholesterol (106, 132). Altered APOE has been associated with SCZ in the past and has been 

the subject of multiple studies (106, 127, 128, 133-136). Our finding of decreased APOE 

corroborates with the observations presented by Wan et al. in 2006 comparing CSF of 35 SCZ 

patients with 36 controls as shown before in Table 1 (69). Notably, in both cases patients 

diagnosed with SCZ were under medication. Yet, it is not clear which impact medication has 

on the expression of APOE. Interestingly, Martins-De-Souza et al. detected increased APOE 

levels in first-onset schizophrenic patients (Table 1) (83). None of the included individuals had 

been treated with antipsychotics for longer than six weeks. Taking this observation into account 

it is possible that APOE levels are affected by the treatment time with the medication 

administered. Yet, this assumption conflicts with the findings of Gupta et al. who presented 

lower APOE levels in drug naïve SCZ patients compared to treated individuals (106). 

Nevertheless, it might not be enough to look at APOE as a general term for all isoforms. 

Several studies have focused on evaluating the impact of APOE’s polymorphic character, 

seeking to connect frequencies of different alleles with schizophrenia disease. Al-Asmary et 

al. found higher frequencies of allele ε2 and its genotypes and higher frequencies for ε4 allele 

in schizophrenic patients who showed positive symptoms. For APOE ε3 they concluded a 

possible protective effect (127). Conflicting results were presented by Akanji et al. who found 

ε2 to be less frequent in SCZ patients. Also, they observed low frequencies of allele ε4 in 

patients older than 31 at disease onset (128). Jonas et al. stated that APOE ε4 was a risk 

factor for worsening symptoms of hallucinations and delusion that is related to age (133). 

Kecmanović et al. were not able to find any significant alterations in the frequency of APOE 

alleles or genotype comparing SCZ patients and healthy control (137). This indicates that a 

further investigation of the different isoforms might be reasonable since APOE variants emerge 

to be promising biomarkers for future SCZ diagnosis.  
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Furthermore, decreased SERPINF1 levels were observed when comparing protein intensities 

of MDD patients versus healthy controls. Pigment epithelium-derived factor is an endogenous 

50 kDa glycoprotein which belongs to the group of serine protease inhibitors and consists of 

418 amino acids (94, 138-140). The glycoprotein is known to exhibit antitumorigenic, 

neurotrophic, neuroprotective and antiangiogenetic effects and contributes to anti-

inflammation (138, 139, 141). Pigment epithelium-derived factor has been discussed in the 

context of depression before (94, 138, 142). Ditzen et al. found increased levels of SERPINF1 

in CSF of twelve depressive patients compared to healthy controls employing 2DE and MALDI-

TOF-MS, as shown in Table 12. However, it was found to be downregulated in the following 

targeted LC-MS-based approach. The authors explained this discrepancy by stating that the 

peptides for the LC-MS approach and 2D-PAGE method are part of different protein isoforms 

(94). Moreover, a study performed in 2017 found elevated SERPINF1 levels in plasma of 

depressed patients which were increased further following electroconvulsive therapy (139). 

Nevertheless, a recently published study found decreased SERPINF1 levels in plasma of drug-

naïve MDD patients. However, the same study reported elevated levels in combination with 

antidepressants (142).  

It is not surprising to see the anti-inflammatory protein SERPINF1 to be altered in MDD patients 

because inflammation is a striking feature in depression (143). Since SERPINF1 is known to 

be involved in anti-inflammatory activity (138), downregulated SERPINF1 does go in line with 

the pathophysiology of the disease. However, this accounts for drug-naïve patients; in which 

way different antipsychotics influence the protein levels is still debatable. 

The results of the present study indicate an involvement of SERPINF1 in depression. The 

glycoprotein may present a potential therapeutic target. Yet, more research regarding the 

impact of antidepressants on SERPINF1 levels is inevitable. Also, the different isoforms need 

to be considered. 

 

Next, decreased COL6A1 levels were observed in MDD and SCZ cohort, a protein of the 

extracellular matrix that provides structural support (144). Similar observations have been 

previously reported by Ditzen et al. in 2012 (94). However, COL6A1 has not been the subject 

of many studies in the context of depression. Nonetheless, it has been associated with 

Parkinson’s and Alzheimer’s disease in the past (145, 146). Since it has been found to be 

altered before, it might yet be an interesting target for future research.  

In the present study, AGT appeared to be downregulated in MDD cohort. Yet, opposite findings 

have been determined in human CSF before (94). Nevertheless, experiments in mouse model 

revealed depressive-like behaviour in mice with low AGT level supporting the findings of this 

study. Angiotensinogen plays a major role in the renin-angiotensin system (RAS) thereby 

regulating the blood pressure as well as the hydroelectrolyte balance. Apart from the 
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cardiovascular regulation AGT is also believed to be involved in higher brain activities, e.g. 

depression, anxiety, memory, adaptive reaction to stressful impulses, cognition and pain 

perception (147-151). To date, there is not enough data available to unambiguously evaluate 

the impact of AGT on MDD. 

 

The greatest consensus regarding differently expressed proteins in SCZ and MDD was 

determined between this study and the study by Al Shweiki et al. published in 2020 (16). In 

SCZ group 17 shared differently expressed proteins were identified. The present study verified 

downregulated APP, CLSTN1, CNDP1, COL6A1, LSAMP, NFASC, SERPINI1, SIRPA and 

APOA2. However, differences regarding up- and downregulation of C5, CFH, GC, IGHA1, 

ITIH1, ITIH2, ITIH4 and PLG were observed. These differences may occur due to the different 

methods and the sensitivity of the employed MS system. Also, as mentioned before, the 

diagnosis of SCZ and MDD are subjective and symptoms within the diagnoses can vary. Also, 

no standardized medication was described. Moreover, the selected individuals for CTRL in this 

study did not undergo psychiatric assessment in contrary to those of the CTRL cohort of Al 

Shweiki et al. However, the selected age group was very similar in both studies (present study: 

37.76 ± 12.35, Al Shweiki et al.: 36.3 ± 12.7). 

Nevertheless, all ten correlating altered proteins in MDD versus CTRL appeared to be 

downregulated in their study perfectly matching our results, namely AGT, ALDOA, COL6A1, 

CPE, NPTX1, NPTXR, NRXN3, OPCML, PAM and SERPINI1. 

 

Overall, there are multiple factors that might limit the correlation between our results and 

previously detected altered proteins in CSF. Firstly, there are not many study groups that have 

analysed CSF of SCZ and MDD patients in the past compared to other diseases, e.g. 

Alzheimer’s disease. Secondly, the variety in age and symptoms might contribute to 

differences in results as well as the administered medication.  

Interestingly, in the present study altered proteins have been identified in MDD that have been 

discussed in the context of SCZ in the past, for example CD14. This clarifies the complexity of 

mental disorders on protein level and the need for considerable efforts that must be directed 

to the biomarker research in SCZ and MDD.  
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5.2 Functional Annotation Analysis 

In the illustration of protein interactions of differently abundant proteins in SCZ versus CTRL 

(Figure 11) APP stands out with a central position interacting with 20 other differently 

expressed proteins. As an integral membrane protein APP is a localized on the cell’s surface 

and is involved in neuronal adhesion, the growth of neurite, axonogenesis and synaptogenesis 

(152, 153). Located on chromosome 21 (21q21.2-3) the APP gene is coding for three major 

isoforms of which the 695 amino acid isoform appears to be primarily produced in the brain 

(154-156). In the present study, APP was found to be downregulated in SCZ group verifying 

the results of Al Shweiki et al. who observed the same phenomenon in SCZ CSF (16). Amyloid-

beta A4 protein has been reported to be a molecule of high complexity which is involved in 

biological processes in full-length form while at the same time presenting a source for 

fragments which differently effect neurological function (154). Two of these fragments, namely 

sAPPα and Aβ1-42 were found to be differently abundant in a proteomic CSF study in 2012 

(86). Since APP is associated with the regulation of presynaptic structure and function, further 

investigations regarding the involvement of APP in its full-length confirmation as well as its 

fragments might be promising to evaluate the probable relation to mental disorders on neuronal 

level (154). Amyloid-beta A4 protein can be of particular interest due to its interaction with 

many other proteins and due to the fact that is has been observed to be altered in other SCZ 

CSF studies before. 

 

Another differently abundant protein in SCZ that was highly involved in protein-protein 

interactions was FN1. Fibronectin has been discussed in the context of SCZ before, lower FN1 

content has been observed in SCZ patient’s fibroblasts (157). However, no study reporting 

altered FN1 levels in CSF was found to date. Fibronectin is believed to be involved in cell 

shape maintenance, cell adhesion, opsonization, cell motility and wound healing (158-162). It 

has been suggested that a dysfunction of adhesion molecules may lead to 

neurodevelopmental abnormalities (163). Therefore, FN1 is an interesting target of 

investigation in the context of mental diseases.  

 

In the MDD cohort NPTX1 was the altered protein exhibiting most interactions with other 

differently abundant proteins. It was also among the top three proteins showing the most 

significant changes in intensities in SCZ as well as in MDD group. Neuronal pentraxin-1 is 

believed to be involved in the modulation of neuronal excitability thereby negatively regulating 

the number of excitatory synapses and to limit the plasticity of excitatory synapses (164). 

Neuronal pentraxin-1 has been suggested as a “plasma biomarker of excitatory synaptic 

dysfunction” in the past and has been found to be increased in the context of Alzheimer’s 

disease when analysing plasma and brain in mouse model (165). Analysing CSF of MDD 
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patients NPTX1 was found to be decreased in the study recently published by Al Shweiki et al. 

presenting similar observations than the present study in CSF (16). 

 

Moreover, TANC2 was one of the three most significantly altered proteins in the comparison 

SCZ vs. CTRL. Protein TANC2 is a scaffold protein that can predominantly be depicted in the 

developing brain where it is particularly expressed in glia cells and excitatory neurons. 

Interestingly, it is less pronounced in Drosophila glial cells in which it was reported to have an 

impact on behavioural outcomes (166). Protein TANC2 expression positively regulates 

together with TANC1 the denseness of synaptic spines and excitatory synapses. Also, TANC2 

plays a role in embryonic development (167); it was reported to be associated to Hippo 

signalling which is involved in the growing and branching of neurites (168). However, to date, 

the specific molecular functions of the TANC proteins are still unknown (168). Mutations in the 

TANC2 gene have been associated with neuropsychiatric disorders in previous publications 

(166, 168, 169). Nevertheless, to qualify TANC2 protein as a marker for SCZ further 

investigations are inevitable.  

 

Next, MEGF8 was significantly downregulated in both SCZ and MDD cohort compared to 

CTRL. Multiple epidermal growth factor-like domains protein 8 is involved in the negative 

regulation of hedgehog signalling (170, 171). To our knowledge, this is the first study that 

presents altered MEGF8 in CSF of SCZ and MDD patients. However, MEGF8 has been 

discussed in the context of Parkinson’s disease (PD) before and an involvement in astrocytes’ 

phagocytic function has been hypothesised (172, 173). The association of MEGF8 with PD is 

of interest since dopamine is believed to play a role in the pathophysiology of both PD and 

SCZ. While in SCZ a higher expression of dopamine or an oversensitivity of dopamine 

receptors have been discussed as the causes of the disorder, in PD a decrease of dopamine 

in the brain, more precisely in the substantia nigra, is believed to lead to the disease (174). 

Overall, very little is known about the involvement of MEGF8 in neurological disorders (173) 

but our results might impulse future research in this field.  

 

Neurexin-3 was determined to be significantly downregulated in the comparison MDD vs. 

CTRL. Correlating with these findings Al Shweiki et al. also presented significantly decreased 

NRXN3 (and CNTNAP4) levels. Neurexin-3 is located on the surface of neuronal cells and 

may play a role in cell recognition and cell adhesion as well as trans-synaptic signalling (175-

177). Al Shweiki et al. concluded an impairment of the synaptic signalling in MDD due to the 

involvement of NRXN3 and CNTNAP4 in synaptic transmission and intercellular property 

exchange (16). This repeatedly observed alteration in NRXN3 levels provides significant 

grounds to further investigate NRXN3 as a potential biomarker for MDD in future. 
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The only protein that appeared to be unregulated in disease compared to control was APOA2 

which showed higher expression levels in SCZ cohort. Similar observations in SCZ CSF were 

described by Al Shweiki et al. (16). Deviating findings in serum APOA2 levels were published 

in 1984 by Sasaki et al. (178). Another serum study recently associated APOA2 and other 

apolipoproteins with metabolic imbalance (179). More data is highly desirable to evaluate the 

role of apolipoproteins in SCZ. 

 

Performing functional annotation analysis, the differently expressed proteins were associated 

with abnormalities on neuronal level like neuronal cell death and morphology of neurons. 

Moreover, the altered proteins were related to multiple diseases of the central and peripheral 

nervous system, namely dementia, including its most common form Alzheimer disease (180), 

schizophrenia, progressive neurological und severe psychological disorder. Most of the 

associated diseases are mental disorders with a shared molecular neuropathology (181). Our 

results support the assumption of an overlap in pathophysiology within the different 

neurological disorders and prove the involvement of overlapping altered proteins in diseases. 

The assumption of a shared pathophysiology stresses the need for biomarker panels rather 

than single biomarker proteins.  

 

The top canonical pathways related to the proteins found to be altered in the present study 

included acute phase response (APR) signalling. The APR is a defensive systemic reaction of 

the innate immune system to stress, infection, trauma, neoplasia and inflammation in order to 

foster healing (182, 183). Stress and inflammation have been associated with schizophrenia 

in the past, pro-inflammatory markers, e.g. cytokines, were found to be elevated in blood and 

CSF of schizophrenic patients (184). Moreover, the influence of stress on depression has been 

discussed in several publications (185, 186). Stress can induce a hypothalamic-pituitary-

adrenal axis activation, a known neurobiological change that has been observed in patients 

with MDD (185, 187, 188). Stress and inflammation promote a systemic response, it does thus 

not come as a surprise that alterations in the proteome occur.  

Also, in functional annotation analysis the complement system was implicated with the 

differently expressed proteins. Recently, Ishii et al. presented significantly high C5 levels in 

MDD and SCZ indicating that the activation of the complement system plays a role in the 

neurological pathophysiology (189). 

Moreover, IL-6 signalling was on the list of the top canonical pathways. This result is not 

surprising since alterations in interleukin-6 levels have been observed in depression (Table 1) 

(97, 190). The pro-inflammatory cytokines are involved in the pathogenesis of depression and 

the blockade of Il-6 receptor resulted in antidepressant effects in mice (191). 
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Next, thyroid hormone biosynthesis was among the top associated canonical pathways. Hyper- 

and hypothyroidism, resulting in concentration changes of thyroid hormones, are believed to 

be risk factors for depression and lead to psychotic and depressive symptoms in mental 

diseases (78, 185, 192). The relation between MDD and SCZ decreased levels of thyroid 

stimulating hormone (TSH) has been a subject of earlier studies (193). A review published by 

Kirkegaard et al. investigated thyroid hormones’ role in depression describing decreased 

thyroxine (T4) levels in total serum, free serum and CSF and no changes in serum 

triiodothyronine (T3) levels (192). Hence, a correlation appears to exist between changes in 

thyroid hormone levels and mental diseases.  

 
The present study presents 25 differently abundant proteins in the comparison MDD vs. CTRL 

and 66 differently expressed proteins in the comparison SCZ vs. CTRL. While some proteins 

were identified to be differently expressed in these mental diseases for the very first time, 19 

of the 66 differently abundant proteins have been presented in literature in the context of SCZ 

before (Table 11). Eleven of the 25 altered proteins in MDD have been discussed as potential 

biomarkers for MDD in the past (Table 12). This offers a new perspective on the mental 

disorders MDD and SCZ on proteomic level. 1DE gel electrophoresis and capillary-LC-ESI-

MS analysis were successfully employed and excellent results were achieved in the present 

study without prior sample depletion thereby preventing unintentional co-depletion of proteins 

of interest. The results prove a great sensitivity of the proteomic approach and an objective, 

reproducible, complex way of protein processing. Even so, further research in the field of 

psychiatric disorders is inevitable to validate the presented data. 
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Table 11: Altered proteins SCZ vs. CTRL in this study compared to previous studies 

Altered proteins SCZ This study Previous studies 

A2M ↓ ↓ Gupta et al. 2019 

APOA2 ↑ ↑ Al Shweiki et al. 2020 

APOE ↓ 
↓ Wan et al. 2006, ↑ Martins-De-Souza et al. 2010,  
     Tendency: ↓ drug-naive, ↑ treated Gupta et al. 2019 

APP ↓ ↓ Al Shweiki et al. 2020, (sAPPα↑; Aβ1-42↓ Albertini et al. 2012) 

C5 ↓ ↑ Al Shweiki et al. 2020 

CFH ↓ ↑ Al Shweiki et al. 2020 

CLSTN1 ↓ ↓ Al Shweiki et al. 2020 

CNDP1 ↓ ↓ Al Shweiki et al. 2020 

COL6A1 ↓ ↓ Al Shweiki et al. 2020 

GC ↓ ↑ Al Shweiki et al. 2020 

IGHA1 ↓ ↑ Al Shweiki et al. 2020 

ITIH1 ↓ ↑ Al Shweiki et al. 2020 

ITIH2 ↓ ↑ Al Shweiki et al. 2020 

ITIH4 ↓ ↑ Al Shweiki et al. 2020 

LSAMP ↓ ↓ Al Shweiki et al. 2020 

NFASC ↓ ↓ Al Shweiki et al. 2020 

PLG ↓ ↑ Al Shweiki et al. 2020 

SERPINI1 ↓ ↓ Al Shweiki et al. 2020 

SIRPA ↓ ↓ Al Shweiki et al. 2020 

 
TOTAL: 19 
  

Out of 66 altered proteins in the comparison SCZ versus CTRL 19 proteins have been 
presented in proteomic CSF studies before, 47 first presented altered proteins in CSF 
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Table 12: Altered proteins MDD vs. CTRL in this study compared to previous studies 

Altered proteins MDD This study Previous studies 

AGT ↓ ↓ Al Shweiki et al. 2020, ↑ Ditzen et al. 2011 

ALDOA ↓ ↓ Al Shweiki et al. 2020 

COL6A1 ↓ ↓ Al Shweiki et al. 2020, ↓ Ditzen et al. 2011 

CPE ↓ ↓ Al Shweiki et al. 2020 

NPTX1 ↓ ↓ Al Shweiki et al. 2020 

NPTXR ↓ ↓ Al Shweiki et al. 2020 

NRXN3 ↓ ↓ Al Shweiki et al. 2020 

OPCML ↓ ↓ Al Shweiki et al. 2020 

PAM ↓ ↓ Al Shweiki et al. 2020 

SERPINF1 ↓ ↓/↑ Ditzen et al. 2011 

SERPINI1 ↓ ↓ Al Shweiki et al. 2020 

 
TOTAL: 11  

 
Out of 25 altered proteins in the comparison MDD versus CTRL 11 proteins have been 
presented in proteomic CSF studies before, 14 first presented altered proteins in CSF 
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5.3 Biomarker Discovery Employing In-Solution and Nano-LC-
MS/MS 

In order to optimize the methodology for CSF analysis, another proteomic discovery study was 

performed employing the in-solution and state-of-art nano-LC-MS strategy.  

In this pilot study, CSF from 13 patients diagnosed with SCZ was analysed resulting in the total 

identification of 214 proteins. This accounts for 86,6% of the number of total proteins that had 

been determined employing 1DE and capillary-LC-MS/MS. The great number of detected 

proteins is an excellent achievement since it proves the nano-LC column to be a powerful tool 

for future proteomic analysis which requires less time for preparation and measurement. 

Generally, the measurement of one sample employing nano-LC takes 150 min (2,5h), while 

utilizing 1DE and capillary-MS the total measuring time per sample sums up to 24 hours. This 

is because each band of one sample (total 24 bands) needs to be measured separately, each 

measurement taking about 60 min. Therefore, analysis employing nano-LC is ten times faster 

than 1DE capillary-LC. In addition, less amount of sample volume is required for nano-LC 

analysis. Twenty-eight times more sample volume is necessary for 1DE capillary-MS analysis 

(140µl per pool) in comparison to nano-LC (5 µl per sample). 

Furthermore, this innovative technique also offers a new perspective on individual variations 

since samples no longer need to be pooled to reach an adequate protein concentration. This 

advantage allows the comparison of protein intensities in individuals rather than in cohorts. In 

summary, nano-LC is a faster tool for MS analysis that requires less sample volume and 

enables individual sample analysis. The comparison of male and female patients becomes 

possible and the role of gender in schizophrenia can be examined further. In statistical analysis 

four proteins (SHANK2, C5, IGHA1, IGFBP7) were found to be upregulated in male individuals 

in this study while three proteins (ANKRD36C, LGALS3BP, PLEKHH2) were found to be higher 

expressed in female patients. 

 

Even though men and women show identical symptoms in SCZ during the acute phases of the 

illness and an equivalent distribution of schizophrenia exists between the sexes, several known 

gender-specific differences have been described in literature (194, 195). Women appear to be 

of higher age at disease onset, to have a better disease progression, a better premorbid 

adjustment and a clearer symptom profile. Also, cognitive deficits as well as structural brain 

abnormalities vary between the sexes (194). Moreover, women show better outcome of 

disease compared to men under medication as well as without drug treatment. Several factors 

may contribute to the advantage: Firstly, drug metabolism results in relatively high blood levels 

in women compared to men. Secondly, women appear to follow drug prescription more likely. 

Thirdly, while men are more likely to show cognitive and negative symptoms, women tend to 

suffer from hallucinations and delusions. These symptoms appear to respond better to 



 

68 
 

treatment with antipsychotics (196-198). Another factor of interest is the influence of gonadal 

hormones in schizophrenia since the onset of illness is concurring with a drop in oestrogen 

levels and oestrogen is believed to positively influence the disease outcome by enhancing 

dopamine blockade (196, 199, 200). Since there are known sex differences in SCZ disease 

these differences may also be reflected on proteomic level.  

 

In statistical analysis seven proteins were found to be altered in male versus female in this 

study (SHANK2, C5, IGHA1, IGFBP7, ANKRD36C, LGALS3BP and PLEKHH2). Two of the 

proteins with higher protein levels in males, namely C5 and IGHA1, had also shown 

significantly altered intensities in SCZ compared to CTRL. 

 

SH3 and multiple ankyrin repeat domains protein 2 belongs to the SHANK gene family which 

code for postsynaptic scaffold proteins in excitatory neurons. SHANK proteins form a matrix 

structure functioning as a “net” to organize other proteins in the postsynapse. SH3 and multiple 

ankyrin repeat domains protein 2 has been associated with neuropsychiatric disorders, 

primarily with autism spectrum disorder, but also with schizophrenia in the past (201, 202). An 

interesting paper published by Berkel et al. investigated the influence of sex hormones on the 

expression of shank proteins. The group concluded that there is a difference in expression of 

SHANK between the sexes since they found SHANK expression to be related to hormone 

expression. Moreover, they state that estrogen and androgen receptor antagonists can block 

the effect Dihydrotestosterone (DHT) and 17β-Estradiol have on the expression of the SHANK 

genes. Their findings let Berkel et al. suggest a “direct regulatory influence of DHT on 

SHANK2” (203). This leads to the questions to which extent increased SHANK levels in males 

are physiological and if hormonal expression levels beyond physiological ranges may 

contribute to the development and progress of SCZ. 

 

Complement C5 expression has also been associated with sex hormone levels. Baba et al. 

stated that testosterone promotes C5 expression in mice (204). Complement C5 is a circulating 

innate immunity protein that has also been observed to be differently expressed between the 

sexes in mouse model in a study of liver metastasis caused by pancreatic neuroendocrine 

tumours (205). The role of C5 as part of an immune response in SCZ is not well studied, yet, 

it has been determined to be differently abundant in this study using two different proteomic 

approaches and may thus be an interesting target for future research. 

 

No publications regarding gender/sex differences and differences in IGHA1 expression levels 

were found. Immunoglobulins are produced by B lymphocytes. As part of the humoral 

immunity, they function as membrane-based receptors that trigger the differentiation of B 
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lymphocytes into plasma cells that secrete immunoglobulins when binding a specific antigen 

(206-208). 

Insulin-like growth factor-binding protein 7, the name itself explaining its main molecular 

function, is involved in a variety of biological processes like cell growth regulation, cell adhesion 

and metabolic processes as well as in the regulation of cell proliferation (209-211). Insulin-like 

growth factor-binding protein 7 (and IGFBP3) have been observed to be associated with 

different forms of cancer, including breast, gastroesophageal, prostate and colon cancer (212-

215). Insulin-like growth factor-binding protein 7 appears to be upregulated in some cancer 

types (e.g. oesophageal cancer) while in others it was observed to be downregulated (e.g. 

Melanoma) (212). Gender and age differences in IGFBP7 expression as a marker in patients 

with acute kidney injury have been described by Boddu et al. (216). Insulin-like growth factor-

binding protein 7 gene was also examined in the context of sex effects on the risk for opioid 

dependence (217). 

Ankyrin repeat domain-containing protein 36C is part of the ANKDRD36 family located in 

chromosome 2 which have been associated with inflammation (218, 219). Ankyrin repeat 

domain-containing protein 36C is believed to function as an inhibitor on ion channels (220, 

221).  

Galectin-3-binding protein’s main molecular function is its scavenger receptor activity (222). 

Galectin-3-binding protein is believed to be involved in several biological processes such as 

cell adhesion, signal transduction and cellular defence reaction (222-224). A study by Melin et 

al. in 2019 demonstrated the association between high LGALS3BP levels and elevated total 

cholesterol and sCD163 levels, reduced HDL-cholesterol levels and, of interest regarding 

sexual dysmorphism, the female sex in patients diagnosed with type 1 diabetes. According to 

the study, women showed a prevalence of LGALS3BP levels twice as high as men (225).  

Pleckstrin homology domain-containing family H member 2, an intracellular protein in 

podocytes which appears to play a role in actin dynamics and matrix adhesion, has been 

associated with schizophrenia in previous publications (226, 227). However, no study 

analysing PLEKHH2 expression in the aspect of variations in gender was found. 

 

This study successfully identified seven proteins associated with gender in SCZ cohort. The 

method could be potentially targeted for future clinical studies regarding diagnostic and drug 

development. However, in the present study out of 271 detected proteins, only seven proteins 

showed significant changes in protein levels, suggesting that gender does not considerably 

influence the CSF proteome. 
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5.4 Limitations 

The major limitation of this study is that all patients were drug treated and medication varied 

between the individuals. Since one cannot foresee the impact of drugs and their combinations 

on proteomic level it cannot be ruled out which protein alterations are manifestations of the 

disease and which have adapted as a biological response to medication. Also, as mentioned 

before, mental disorders are highly complex and clinical expressions can vary. No correlation 

between symptoms and altered proteins can be concluded from the pooled samples. Hence, 

there is a need to critically scrutinise the selection of patients regarding age and symptoms. It 

might be necessary to analyse subgroups of patients in order to answer fundamental yet 

elusive questions regarding the pathophysiology of SCZ and MDD.  

Overall, a larger number of samples is needed to verify the results of the present study and to 

obtain representative alterations in protein concentrations. 

In the present study the CTRL group consisted of patients that underwent lumbar puncture for 

diagnostic reasons that had no relation to mental disorders. However, patients of the control 

group were not examined by psychologists to exclude patients with psychiatric diseases. 

 

To conclude, the research on the pathophysiology of MDD and SCZ is still in an early stage 

and this study offers a great input of potentially altered proteins in disease which may 

contribute to the identification of biomarker sets in the future.  
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6 Conclusion  

Herein, we report a proteomic investigation of CSF samples taken from depressed and 

schizophrenic patients and healthy controls resulting in the identification of a total of 277 

proteins. Since the proteome is a dynamic system that reflects the current state and 

environment of an organism, alterations on protein level were explored in order to achieve a 

better understanding of the pathophysiology behind the mental disorders. Sixty-six proteins 

were found to be differently abundant in the comparison SCZ versus healthy individuals and 

25 proteins in the comparison MDD versus CTRL. All altered proteins except for APO2 

appeared to be downregulated in disease.  

This study verifies altered expression levels of 11 proteins that have been presented in 

previous studies. These 11 proteins, namely AGT, ALDOA, COL6A1, CPE, NPTX1, NPTXR, 

NRXN3, OPCML, PAM, SERPINF1 and SERPINI1, may be potential biomarkers for MDD 

disease. Moreover, 14 proteins were observed to be differently expressed in MDD for the first 

time. These potential biomarker candidates need to be investigated further in the future. 

In SCZ cohort, 19 differently abundant proteins were identified that have been discussed as 

potential biomarkers for SCZ in previous studies (A2M, APOA2, APOE, APP, C5, CFH, 

CLSTN1, CNDP1, COL6A1, GC, IGHA1, ITIH1, ITIH2, ITIH4, LSAMP, NFASC, PLG, 

SERPINI1 and SIRPA). However, the findings regarding up and downregulations are partly 

conflicting suggesting that the molecular diversity and the expression on proteomic level is 

even more complex than the variation in clinical symptoms. Extensive research under 

consideration of the administered medication is inevitable for progress in this field. 

Furthermore, 47 differently abundant proteins were determined that may be involved in SCZ 

pathophysiology and which to our knowledge have not been observed to be altered in previous 

studies. 

Mental disorders share some clinical manifestations indicating that the pathophysiology behind 

the diseases is partly alike. This assumption is supported by the shared alterations in 

expression levels of some proteins in SCZ and MDD. It thus becomes clear that the complexity 

of mental disorders may require a set of biomarkers (biosignature) rather than single altered 

proteins as markers for future diagnostic and treatment. Further validation of the proteins found 

to be altered in the present study is of great interest. To avoid technical errors a larger patient 

cohort and a division of patients according to their symptoms and age is advisable. Also, the 

analysis of drug naïve patients enables a better understanding of the manifestation of mental 

disorders on proteomic level. The findings prove the employment of 1DE gel and capillary-LC-

ESI-MS to be a reliable and solid method for the analysis of CSF.  

At the same time, this study presents an alternative method for proteomic analysis which 

enabled the detection of about 86.6% of the proteins detected with 1DE gel and LC-ESI-MS. 
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This method, in-solution technique combined with nano-LC-ESI-MS/MS, is less time 

consuming and fewer preparation steps minimize the sources of technical errors. Moreover, 

samples can be analysed individually which opens new perspectives; for example, a 

comparison of differences in expression levels between the sexes becomes possible. In the 

SCZ cohort seven proteins were identified that showed differences in expression correlating 

with gender (SHANK2, C5, IGHA1, IGFBP7, ANKRD36C, LGALS3BP, PLEKHH2) of which 

two had also been observed to be downregulated in SCZ cohort compared to control. Even 

though only a small number of samples were analysed employing in-solution and nano-LC MS 

we can state that this method is an excellent alternative to the 1DE gel approach. In addition, 

it proves that the field of proteomics is rapidly improving in view of technology and that highly 

sensitive tools are available these days for the investigation of dynamic body fluids. This study 

provides numerous proteins that are possibly related to the mental disorders SCZ and MDD 

and which have a great potential to contribute to the diagnostic and treatment of these diseases 

in the future.  
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6.1 Zusammenfassung 

In dieser Studie ist es gelungen, mittels proteomischer Analyse von Liquorproben depressiver 

und schizophrener Patienten sowie einer gesunden Kontrollgruppe, insgesamt 277 

Liquorproteine zu identifizieren. Um ein besseres Verständnis der Pathophysiologie hinter den 

psychischen Erkrankungen Schizophrenie (SCZ) und Depression (MDD) zu erlangen, wurden 

Veränderungen auf der Proteinebene untersucht, da das Proteom ein dynamisches System 

ist, das den aktuellen Zustand und die Umgebung eines Organismus widerspiegelt. Im direkten 

Vergleich der Proteinintensitäten der Kohorten SCZ und CTRL konnten 66 signifikant 

unterschiedlich exprimierte Proteine identifiziert werden, 25 unterschiedlich abundante 

Proteine im Vergleich MDD und CTRL. Alle veränderten Proteine mit Ausnahme von APO2 

erschienen im Krankheitsfall herunterreguliert.  

Diese Studie verifiziert die veränderte Expression von 11 Proteinen, die in der Vergangenheit 

für MDD beschrieben wurden. Diese 11 Proteine, AGT, ALDOA, COL6A1, CPE, NPTX1, 

NPTXR, NRXN3, OPCML, PAM, SERPINF1 und SERPINI1, könnten potenzielle Biomarker 

für MDD sein. Darüber hinaus wurden 14 weitere Proteine identifiziert, die zum ersten Mal im 

Zusammenhang mit MDD als unterschiedlich exprimiert beschrieben wurden. Diese 

potenziellen Biomarker-Kandidaten sollten in der Zukunft weiter untersucht werden. In der 

SCZ-Kohorte wurden 19 unterschiedlich abundante Proteine identifiziert, die in früheren 

Studien als potenzielle Biomarker für SCZ diskutiert wurden (A2M, APOA2, APOE, APP, C5, 

CFH, CLSTN1, CNDP1, COL6A1, GC, IGHA1, ITIH1, ITIH2, ITIH4, LSAMP, NFASC, PLG, 

SERPINI1 und SIRPA). Die Ergebnisse hinsichtlich der Hoch- und Herunterregulierung sind 

jedoch teilweise widersprüchlich, was darauf hindeutet, dass die molekulare Vielfalt und die 

Expression auf proteomischer Ebene noch komplexer ist als die Variation der klinischen 

Symptome. Umfangreiche Untersuchungen unter Berücksichtigung der verabreichten 

Medikamente sind für Fortschritte auf diesem Gebiet unumgänglich. Darüber hinaus wurden 

47 unterschiedlich exprimierte Proteine bestimmt, die möglicherweise in die Pathophysiologie 

die SCZ Erkrankung involviert sind und die unseres Wissens zufolge in noch keiner anderen 

früheren Studie im Zusammenhang mit SCZ diskutiert wurden. 

Psychische Erkrankungen haben einige klinische Manifestationen gemeinsam, was darauf 

hindeutet, dass sich die Pathophysiologie hinter den Krankheitsbildern teilweise ähnelt. Diese 

Annahme wird durch Proteine, die sowohl in der SCZ- als auch in der MDD-Kohorte als 

unterschiedlich exprimiert identifiziert wurden, gestützt. Damit wird deutlich, dass die 

Komplexität psychischer Störungen möglicherweise eine Reihe von Biomarkern (Biosignatur) 

und nicht nur einzelne veränderte Proteine als Marker für die künftige Diagnose und 

Behandlung erfordert. Eine weitere Validierung der in der vorliegenden Studie festgestellten 

veränderten Proteine ist von großem Interesse. Um potenzielle Fehlerquellen zu vermeiden, 

ist eine größere Patientenkohorte und eine Kategorisierung der Patienten nach Symptomen 
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und Alter ratsam. Außerdem ermöglicht die Analyse von Patienten, die keine Medikamente 

einnehmen, ein besseres Verständnis der Manifestation psychischer Erkrankungen auf 

proteomischer Ebene.  

Die Ergebnisse belegen, dass der Einsatz von 1DE-Gel und LC-ESI-MS eine zuverlässige und 

solide Methode für die Analyse von Liquor cerebrospinalis darstellt.  

Gleichzeitig wird in dieser Studie eine alternative Methode zur Proteomanalyse vorgestellt, mit 

der etwa 86,6 % der mit 1DE-Gel und LC-ESI-MS nachgewiesenen Proteine erfasst werden 

konnten. Diese Methode, In-Solution-Technik in Kombination mit nano -LC-ESI-MS/MS, ist 

weniger zeitaufwendig und weniger Vorbereitungsschritte minimieren Fehlerquellen. Darüber 

hinaus können die Proben individuell analysiert werden, was neue Perspektiven eröffnet; so 

wird beispielsweise ein Vergleich der Geschlechter möglich. In der SCZ-Kohorte wurden in 

dieser Studie sieben Proteine identifiziert, die geschlechtsspezifische Unterschiede in der 

Expression aufwiesen (SHANK2, C5, IGHA1, IGFBP7, ANKRD36C, LGALS3BP, PLEKHH2), 

von denen zwei auch in der SCZ-Kohorte im Vergleich zur Kontrollgruppe herunterreguliert 

waren. Obwohl nur eine kleine Anzahl von Proben mit In-Solution und nano-LC MS analysiert 

wurde, können wir feststellen, dass diese Methode eine hervorragende Alternative zum 1DE-

Gel-Ansatz darstellt. Darüber hinaus beweist sie, dass sich der Bereich der Proteomik 

technologisch rasant weiterentwickelt und heute hochempfindliche Instrumente für die 

Untersuchung dynamischer Körperflüssigkeiten zur Verfügung stehen. 

Diese Studie liefert zahlreiche Proteine, die möglicherweise mit den psychischen 

Erkrankungen SCZ und MDD in Verbindung stehen und die ein großes Potenzial haben, in 

Zukunft zur Diagnose und Behandlung dieser Krankheiten bei. 
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Table 13: Total proteins detected employing in-solution and nano-LC MS 

Protein IDs Protein names 
Gene 

names 
Intensity 

P04217 Alpha-1B-glycoprotein A1BG 49788000 

P01023 Alpha-2-macroglobulin A2M 71986000 

P43652 Afamin AFM 9682500 

O00468 Agrin AGRN 1407500 

P01019 Angiotensinogen AGT 120060000 

P02765 Alpha-2-HS-glycoprotein AHSG 520610000 

P02768 Serum albumin ALB 4688800000 

Q13740 CD166 antigen ALCAM 1064300 

P04075 Fructose-bisphosphate aldolase A ALDOA 4327600 

P09972 Fructose-bisphosphate aldolase C ALDOC 3184200 

P02760 Protein AMBP AMBP 156480 

Q5JPF3 Ankyrin repeat domain-containing protein 36C ANKRD36C 1925200 

P51693 Amyloid-like protein 1 APLP1 242060000 

Q06481 Amyloid-like protein 2 APLP2 3974000 

P02647 Apolipoprotein A-I APOA1 1955900000 

P02652 Apolipoprotein A-II APOA2 390820000 

P06727 Apolipoprotein A-IV APOA4 136570000 

P02656 Apolipoprotein C-III APOC3 997690 

P05090 Apolipoprotein D APOD 34678000 

P02649 Apolipoprotein E APOE 1269200000 

P02749 Beta-2-glycoprotein 1 APOH 34587000 

O14791 Apolipoprotein L1 APOL1 1382900 

P05067 Amyloid beta A4 protein APP 105360000 

P25311 Zinc-alpha-2-glycoprotein AZGP1 4086300 

P61769 Beta-2-microglobulin B2M 1177200000 

O43505 Beta-1,4-glucuronyltransferase 1 B4GAT1 42188000 

Q96GW7 Brevican core protein BCAN 51688000 

P02746 Complement C1q subcomponent subunit B C1QB 9046800 

P02747 Complement C1q subcomponent subunit C C1QC 6691000 

P00736 Complement C1r subcomponent C1R 1325800 

P09871 Complement C1s subcomponent C1S 26754000 

P06681 Complement C2 C2 6340800 

P01024 Complement C3 C3 625600000 

P0C0L5 Complement C4-B C4B 354800000 

P01031 Complement C5 C5 3841300 

P13671 Complement component C6 C6 3036500 

P10643 Complement component C7 C7 3697100 

P02748 Complement component C9 C9 9174100 

P54289 
Voltage-dependent calcium channel subunit 
alpha-2/delta-1 CACNA2D1 1179600 

Q9BY67 Cell adhesion molecule 1 CADM1 2524000 

P27797 Calreticulin CALR 994410 
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P13987 CD59 glycoprotein CD59 14250000 

Q8TCZ2 CD99 antigen-like protein 2 CD99L2 3832800 

P55290 Cadherin-13 CDH13 2757000 

P19022 Cadherin-2 CDH2 4756700 

P00751 Complement factor B CFB 178810000 

P00746 Complement factor D CFD 1032900 

P08603 Complement factor H CFH 52888000 

Q03591 Complement factor H-related protein 1 CFHR1 2388700 

P05156 Complement factor I CFI 9440500 

Q99674 
Cell growth regulator with EF hand domain 
protein 1 CGREF1 1652700 

P10645 Chromogranin-A CHGA 129290000 

P05060 Secretogranin-1 CHGB 776370000 

P36222 Chitinase-3-like protein 1 CHI3L1 99511 

O00533 Neural cell adhesion molecule L1-like protein CHL1 46466000 

P05452 Tetranectin CLEC3B 15925000 

O94985 Calsyntenin-1 CLSTN1 18538000 

P10909 Clusterin CLU 950770000 

Q15846 Clusterin-like protein 1 CLUL1 208140 

Q96KN2 Beta-Ala-His dipeptidase CNDP1 89520000 

P26992 
Ciliary neurotrophic factor receptor subunit 
alpha CNTFR 3186500 

Q12860 Contactin-1 CNTN1 55602000 

Q02246 Contactin-2 CNTN2 1697800 

Q9C0A0 Contactin-associated protein-like 4 CNTNAP4 849870 

P39060 Collagen alpha-1(XVIII) chain COL18A1 2877200 

P02452 Collagen alpha-1(I) chain COL1A1 1508300 

P08123 Collagen alpha-2(I) chain COL1A2 1276800 

P12109 Collagen alpha-1(VI) chain COL6A1 12730000 

P00450 Ceruloplasmin CP 363630000 

P16870 Carboxypeptidase E CPE 7662500 

O95196 Chondroitin sulfate proteoglycan 5 CSPG5 1954900 

P01034 Cystatin-C CST3 508630000 

P07339 Cathepsin D CTSD 8368100 

Q14118 Dystroglycan DAG1 5895000 

P07108 Acyl-CoA-binding protein DBI 524430 

Q9UBP4 Dickkopf-related protein 3 DKK3 165020000 

Q16610 Extracellular matrix protein 1 ECM1 5473800 

O94769 Extracellular matrix protein 2 ECM2 1514800 

Q13822 

Ectonucleotide 
pyrophosphatase/phosphodiesterase family 
member 2 ENPP2 65722000 

P00734 Prothrombin F2 19376000 

P12259 Coagulation factor V F5 498270 

Q92520 Protein FAM3C FAM3C 95168000 

P23142 Fibulin-1 FBLN1 16377000 
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Q9Y6R7 IgGFc-binding protein FCGBP 782100 

P02671 Fibrinogen alpha chain FGA 39002000 

P02675 Fibrinogen beta chain FGB 20538000 

P02679 Fibrinogen gamma chain FGG 39693000 

P02751 Fibronectin FN1 124520000 

Q14393 Growth arrest-specific protein 6 GAS6 674600 

P02774 Vitamin D-binding protein GC 212590000 

P14136 Glial fibrillary acidic protein GFAP 658380 

P22352 Glutathione peroxidase 3 GPX3 1430300 

P06396 Gelsolin GSN 445990000 

P69905 Hemoglobin subunit alpha HBA1 11084000 

P68871 Hemoglobin subunit beta HBB 4507600 

P02042 Hemoglobin subunit delta HBD 133310 

P00738 Haptoglobin HP 1654100000 

P02790 Hemopexin HPX 150600000 

P04196 Histidine-rich glycoprotein HRG 5014000 

P11021 78 kDa glucose-regulated protein HSPA5 1100200 

P98160 
Basement membrane-specific heparan sulfate 
proteoglycan core protein HSPG2 470750 

P24592 Insulin-like growth factor-binding protein 6 IGFBP6 84946000 

Q16270 Insulin-like growth factor-binding protein 7 IGFBP7 3263500 

P01876 Ig alpha-1 chain C region IGHA1 67980000 

P01857 Ig gamma-1 chain C region IGHG1 262670000 

P01859 Ig gamma-2 chain C region IGHG2 5263600 

P01860 Ig gamma-3 chain C region IGHG3 11405000 

P01861 Ig gamma-4 chain C region IGHG4 1486900 

P01871 Ig mu chain C region IGHM 4565000 

P0DOX7 Immunoglobulin kappa light chain IGK 69047000 

P01614 Ig kappa chain V-II region Cum IGKV A18 4583400 

P0DOY3 Ig lambda-6 chain C region IGLC6 93006000 

B9A064 Immunoglobulin lambda-like polypeptide 5 IGLL5 8484100 

A0A075B6K
5 Ig lambda chain V-III region LOI IGLV3-9 2042900 

O14498 
Immunoglobulin superfamily containing 
leucine-rich repeat protein ISLR 2907000 

P19827 Inter-alpha-trypsin inhibitor heavy chain H1 ITIH1 10358000 

P19823 Inter-alpha-trypsin inhibitor heavy chain H2 ITIH2 24535000 

Q14624 Inter-alpha-trypsin inhibitor heavy chain H4 ITIH4 15955000 

O43896 Kinesin-like protein KIF1C KIF1C 155240000 

Q92876 Kallikrein-6 KLK6 86469000 

P01042 Kininogen-1 KNG1 12465000 

P04264 Keratin, type II cytoskeletal 1 KRT1 56388000 

P13645 Keratin, type I cytoskeletal 10 KRT10 17707000 

P13646 Keratin, type I cytoskeletal 13 KRT13 42505 

P08779 Keratin, type I cytoskeletal 16 KRT16 180880 

P35908 Keratin, type II cytoskeletal 2 epidermal KRT2 5665300 
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P19013 Keratin, type II cytoskeletal 4 KRT4 298050 

P35527 Keratin, type I cytoskeletal 9 KRT9 25212000 

P04180 Phosphatidylcholine-sterol acyltransferase LCAT 1631700 

P07195 L-lactate dehydrogenase B chain LDHB 3394400 

Q8NES3 
Beta-1,3-N-acetylglucosaminyltransferase 
lunatic fringe LFNG 54531000 

Q08380 Galectin-3-binding protein LGALS3BP 33575000 

P02750 Leucine-rich alpha-2-glycoprotein LRG1 15379000 

Q9NT99 Leucine-rich repeat-containing protein 4B LRRC4B 673290 

Q13449 Limbic system-associated membrane protein LSAMP 20216000 

P51884 Lumican LUM 11112000 

P43121 Cell surface glycoprotein MUC18 MCAM 5815700 

P40925 Malate dehydrogenase, cytoplasmic MDH1 696040 

Q7Z7M0 
Multiple epidermal growth factor-like domains 
protein 8 MEGF8 1853900 

P08493 Matrix Gla protein MGP 1819800 

Q14CX7 
N-alpha-acetyltransferase 25, NatB auxiliary 
subunit NAA25 3886100 

P13591 Neural cell adhesion molecule 1 NCAM1 64965000 

O15394 Neural cell adhesion molecule 2 NCAM2 2910900 

O14594 Neurocan core protein NCAN 1401100 

Q7Z3B1 Neuronal growth regulator 1 NEGR1 4353100 

Q99435 Protein kinase C-binding protein NELL2 NELL2 19148000 

Q92859 Neogenin NEO1 298030 

P23582 C-type natriuretic peptide NPPC 656110 

O95502 Neuronal pentraxin receptor NPTXR 5587600 

Q92823 Neuronal cell adhesion molecule NRCAM 57814000 

Q9NPD7 Neuritin NRN1 783780 

Q9Y4C0 Neurexin-3 NRXN3 4563300 

Q9P121 Neurotrimin NTM 22630000 

P20774 Mimecan OGN 12115000 

Q99983 Osteomodulin OMD 1094300 

P02763 Alpha-1-acid glycoprotein 1 ORM1 8088300 

P19652 Alpha-1-acid glycoprotein 2 ORM2 574150 

Q15113 Procollagen C-endopeptidase enhancer 1 PCOLCE 5026800 

Q9UHG2 ProSAAS PCSK1N 14240000 

P30086 Phosphatidylethanolamine-binding protein 1 PEBP1 10368000 

P01210 Proenkephalin-A PENK 28200000 

Q96PD5 N-acetylmuramoyl-L-alanine amidase PGLYRP2 744180 

Q8IVE3 
Pleckstrin homology domain-containing family 
H member 2 PLEKHH2 13631000 

P00747 Plasminogen PLG 16739000 

P55058 Phospholipid transfer protein PLTP 10700000 

P27169 Serum paraoxonase/arylesterase 1 PON1 3569700 

Q6S8J3 POTE ankyrin domain family member E POTEE 3812700 

P14314 Glucosidase 2 subunit beta PRKCSH 736250 
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P04156 Major prion protein PRNP 17835000 

P07225 Vitamin K-dependent protein S PROS1 8565600 

Q5FWE3 Proline-rich transmembrane protein 3 PRRT3 545120 

P41222 Prostaglandin-H2 D-isomerase PTGDS 1242300000 

P23471 
Receptor-type tyrosine-protein phosphatase 
zeta PTPRZ1 10632000 

Q16769 Glutaminyl-peptide cyclotransferase QPCT 428320 

P78509 Reelin RELN 1256400 

Q9BRS2 Serine/threonine-protein kinase RIO1 RIOK1 114870000 

Q9P1V8 
Sterile alpha motif domain-containing protein 
15 SAMD15 6670000 

P13521 Secretogranin-2 SCG2 46411000 

Q8WXD2 Secretogranin-3 SCG3 60277000 

P05408 Neuroendocrine protein 7B2 SCG5 17903000 

Q13228 Selenium-binding protein 1 SELENBP1 159210 

O75326 Semaphorin-7A SEMA7A 9681400 

P49908 Selenoprotein P SEPP1 2894300 

P01009 Alpha-1-antitrypsin SERPINA1 804370000 

P01011 Alpha-1-antichymotrypsin SERPINA3 155600000 

P08185 Corticosteroid-binding globulin SERPINA6 791520 

P05543 Thyroxine-binding globulin SERPINA7 667430 

P01008 Antithrombin-III SERPINC1 2827000 

P05546 Heparin cofactor 2 SERPIND1 32866000 

P36955 Pigment epithelium-derived factor SERPINF1 390220000 

P08697 Alpha-2-antiplasmin SERPINF2 9544700 

Q9UPX8 
SH3 and multiple ankyrin repeat domains 
protein 2 SHANK2 2029900 

Q6ZSJ9 Protein shisa-6 homolog SHISA6 1115200 

P78324 
Tyrosine-protein phosphatase non-receptor 
type substrate 1 SIRPA 11356000 

P00441 Superoxide dismutase [Cu-Zn] SOD1 3597100 

P08294 Extracellular superoxide dismutase [Cu-Zn] SOD3 8158900 

P09486 SPARC SPARC 1766500 

Q14515 SPARC-like protein 1 SPARCL1 207690000 

Q92563 Testican-2 SPOCK2 431610 

P10451 Osteopontin SPP1 238490000 

P61278 Somatostatin SST 11440000 

P02787 Serotransferrin TF 1377800000 

O43493 
Trans-Golgi network integral membrane protein 
2 TGOLN2 5972700 

P04216 Thy-1 membrane glycoprotein THY1 2786300 

P01033 Metalloproteinase inhibitor 1 TIMP1 6676000 

P16035 Metalloproteinase inhibitor 2 TIMP2 1260000 

P63313 Thymosin beta-10 TMSB10 433150 

P62328 Thymosin beta-4 TMSB4X 7615500 

P02766 Transthyretin TTR 645740000 

P10599 Thioredoxin TXN 728400 
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O15240 Neurosecretory protein VGF VGF 39494000 

P04004 Vitronectin VTN 2878700 

Q8TEU8 
WAP, Kazal, immunoglobulin, Kunitz and NTR 
domain-containing protein 2 WFIKKN2 1363200 

P01619 Ig kappa chain V-III region B6 IGKV3-20 91057 
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Table 14: All identified proteins with one or the other method 

 Gene names 
1DE_PAGE MS 

In-solution – nano-
LC MS 

1 COL18A1 √ √ 

2 MEGF8 √ √ 

3 SPARC √ √ 

4 COL1A2 √ √ 

5 KRT16 √ √ 

6 LSAMP √ √ 

7 C6 √ √ 

8 NRXN3 √ √ 

9 LUM √ √ 

10 AGRN √ √ 

11 F5 √ √ 

12 MDH1 √ √ 

13 NEO1 √ √ 

14 CFD √ √ 

15 HSPG2 √ √ 

16 C5 √ √ 

17 PCSK1N √ √ 

18 CALR √ √ 

19 PENK √ √ 

20 SEMA7A √ √ 

21 CACNA2D1 √ √ 

22 MCAM √ √ 

23 ALDOC √ √ 

24 TIMP2 √ √ 

25 COL1A1 √ √ 

26 ECM1 √ √ 

27 HBD √ √ 

28 C2 √ √ 

29 CNTN2 √ √ 

30 ITIH2 √ √ 

31 CHGA √ √ 

32 APOC3 √ √ 

33 NCAN √ √ 

34 ALDOA √ √ 

35 FCGBP √ √ 

36 ITIH1 √ √ 

37 NCAM2 √ √ 

38 GPX3 √ √ 

39 SERPINF2 √ √ 

40 DAG1 √ √ 
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41 BCAN √ √ 

42 PRNP √ √ 

43 TIMP1 √ √ 

44 C7 √ √ 

45 LDHB √ √ 

46 SERPINA7 √ √ 

47 C9 √ √ 

48 NTM √ √ 

49 CPE √ √ 

50 HRG √ √ 

51 C1QB √ √ 

52 OGN √ √ 

53 CDH13 √ √ 

54 CD59 √ √ 

55 NELL2 √ √ 

56 CHGB √ √ 

57 C1R √ √ 

58 AMBP √ √ 

59 NPTXR √ √ 

60 NEGR1 √ √ 

61 IGHM √ √ 

62 PROS1 √ √ 

63 SIRPA √ √ 

64 FGA √ √ 

65 CFI √ √ 

66 C1S √ √ 

67 PEBP1 √ √ 

68 CDH2 √ √ 

69 CHI3L1 √ √ 

70 SERPINA6 √ √ 

71 SPP1 √ √ 

72 PLG √ √ 

73 PLTP √ √ 

74 PON1 √ √ 

75 IGLV3-9 √ √ 

76 CFH √ √ 

77 FGB √ √ 

78 CTSD √ √ 

79 ITIH4 √ √ 

80 AFM √ √ 

81 PCOLCE √ √ 

82 SPARCL1 √ √ 

83 CLSTN1 √ √ 



Appendix  

 
 

84 APP √ √ 

85 SERPIND1 √ √ 

86 NCAM1 √ √ 

87 CHL1 √ √ 

88 SOD3 √ √ 

89 FGG √ √ 

90 THY1 √ √ 

91 SOD1 √ √ 

92 FAM3C √ √ 

93 LRG1 √ √ 

94 VTN √ √ 

95 IGFBP6 √ √ 

96 APLP1 √ √ 

97 C1QC √ √ 

98 IGFBP7 √ √ 

99 FN1 √ √ 

100 CNTN1 √ √ 

101 NRCAM √ √ 

102 FBLN1 √ √ 

103 KNG1 √ √ 

104 LGALS3BP √ √ 

105 IGHG3 √ √ 

106 CFB √ √ 

107 CLEC3B √ √ 

108 RELN √ √ 

109 CNDP1 √ √ 

110 APOA2 √ √ 

111 ENPP2 √ √ 

112 F2 √ √ 

113 HBA1 √ √ 

114 B4GAT1 √ √ 

115 IGKV A18 √ √ 

116 APOH √ √ 

117 KLK6 √ √ 

118 DKK3 √ √ 

119 A1BG √ √ 

120 AZGP1 √ √ 

121 IGHG4 √ √ 

122 IGLL5 √ √ 

123 APOA4 √ √ 

124 KRT2 √ √ 

125 HBB √ √ 

126 ORM2 √ √ 
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127 IGKV3-20 √ √ 

128 GSN √ √ 

129 SERPINC1 √ √ 

130 A2M √ √ 

131 AHSG √ √ 

132 IGHA1 √ √ 

133 CP √ √ 

134 KRT9 √ √ 

135 SERPINA3 √ √ 

136 GC √ √ 

137 B2M √ √ 

138 C4B √ √ 

139 KRT10 √ √ 

140 SERPINF1 √ √ 

141 HP √ √ 

142 AGT √ √ 

143 IGLC6 √ √ 

144 HPX √ √ 

145 APOD √ √ 

146 CLU √ √ 

147 IGHG2 √ √ 

148 KRT1 √ √ 

149 ORM1 √ √ 

150 C3 √ √ 

151 APOE √ √ 

152 CST3 √ √ 

153 APOA1 √ √ 

154 IGK √ √ 

155 SERPINA1 √ √ 

156 PTGDS √ √ 

157 IGHG1 √ √ 

158 TF √ √ 

159 TTR √ √ 

160 ALB √ √ 

161 FSTL4 √   

162 NPTX1 √   

163 PEBP4 √   

164 NFASC √   

165 SEZ6L √   

166 IGLV1-36 √   

167 KRT72 √   

168 MMP2 √   

169 CST4 √   
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170 LYNX1 √   

171 F12 √   

172 ATRN √   

173 IGFBP2 √   

174 PIK3IP1 √   

175 KRT6B √   

176 PAM √   

177 GOT1 √   

178 CTSL √   

179 RNASET2 √   

180 IGHV3-43D √   

181 RARRES2 √   

182 C4A √   

183 OMG √   

184 BTD √   

185 C4orf48 √   

186 DCD √   

187 FRMPD1 √   

188 IGHV3-64D √   

189 ACTG1 √   

190 CADM3 √   

191 C1QA √   

192 IGHV3-49 √   

193 ENDOD1 √   

194 CRTAC1 √   

195 SAA4 √   

196 ABHD12B √   

197 IGHV3-23 √   

198 OPCML √   

199 HIST1H4A √   

200 IGKV1-8 √   

201 SERPINI1 √   

202 IGKV1-6 √   

203 C8G √   

204 PIBF1 √   

205 CADM4 √   

206 CSF1R √   

207 VSTM2A √   

208 CUTA √   

209 IGHV4-61 √   

210 IGHV5-51 √   

211 LYZ √   

212 DMD √   
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213 IGKV2-24 √   

214 ITGA11 √   

215 NPC2 √   

216 ANKRD50 √   

217 IGLV1-47 √   

218 KRT5 √   

219 IGHV3-15 √   

220 IGKV1-33 √   

221 TMEM198 √   

222 CD14 √   

223 ABCF1 √   

224 GM2A √   

225 IGHV3-21 √   

226 RNASE1 √   

227 PSAP √   

228 HIST2H2AC √   

229 KRT14 √   

230 EFEMP1 √   

231 IGHA2 √   

232 UBA52 √   

233 CD22 √   

234 IGKV3D-11 √   

235 NCKAP5 √   

236 IGHV3-74 √   

237 IGKV4-1 √   

238 RBP4 √   

239 IGKV3D-7 √   

240 DNAH2 √   

241 GULP1 √   

242 HIST1H2AJ √   

243 ELMSAN1 √   

244 MROH6 √   

245 SERPING1 √   

246 HABP2 √   

247 IGKC √   

248 KIF1C   √ 

249 RIOK1   √ 

250 SCG3   √ 

251 LFNG   √ 

252 SCG2   √ 

253 VGF   √ 

254 SCG5   √ 

255 PLEKHH2   √ 
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256 COL6A1   √ 

257 SST   √ 

258 PTPRZ1   √ 

259 TMSB4X   √ 

260 SAMD15   √ 

261 TGOLN2   √ 

262 APLP2   √ 

263 NAA25   √ 

264 CD99L2   √ 

265 POTEE   √ 

266 CNTFR   √ 

267 ISLR   √ 

268 SEPP1   √ 

269 CADM1   √ 

270 CFHR1   √ 

271 SHANK2   √ 

272 CSPG5   √ 

273 ANKRD36C   √ 

274 MGP   √ 

275 CGREF1   √ 

276 LCAT   √ 

277 ECM2   √ 

278 APOL1   √ 

279 WFIKKN2   √ 

280 SHISA6   √ 

281 HSPA5   √ 

282 OMD   √ 

283 ALCAM   √ 

284 CNTNAP4   √ 

285 NRN1   √ 

286 PGLYRP2   √ 

287 PRKCSH   √ 

288 TXN   √ 

289 GAS6   √ 

290 LRRC4B   √ 

291 GFAP   √ 

292 NPPC   √ 

293 PRRT3   √ 

294 DBI   √ 

295 TMSB10   √ 

296 SPOCK2   √ 

297 QPCT   √ 

298 KRT4   √ 
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299 CLUL1   √ 

300 SELENBP1   √ 

301 KRT13   √ 
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