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The fact that cerebrospinal fluid (CSF) deeply irrigates the brain together with the relative simplicity of sample
extraction from patients make this biological fluid the best target for biomarker discovery in neurodegenerative
diseases. Biomarker discovery has been especially fruitful for the identification new proteins that appear in the CSF
of Alzheimer’s disease (AD) patients together with amyloid- (AB42), total tau (T-tau), and phosphorylated tau (P-
tau). Thus, several proteins have been already stablished as important biomarkers, due to an increase (i.e.,
CHI3L1) or a decrease (i.e., VGF) in AD patients’ CSF. Notwithstanding this, only a deep analysis of a database
generated with all the changes observed in CSF across multiple proteomic studies, and especially those using
state-of-the-art methodologies, may expose those components or metabolic pathways disrupted at different levels
in AD. Deep comparative analysis of all the up- and down-regulated proteins across these studies revealed that

66% of the most consistent protein changes in CSF correspond to intracellular proteins.

Alzheimer’s disease proteomics cerebrospinal fluid CSF biomarkers

1. Two Thirds of the of the Proteins That Change in the CSF
of AD Are Intracellular

While the identification of biomarkers in CSF is crucial to the understanding of AD, unveiling the source of the
change is essential to reveal the biological mechanisms that underlie this pathology. Contrary to what we initially
expected, given the reduced number of cells present in CSF (approximately 5 cells per mL that mainly correspond
to lymphocytes and monocytes); &, our study reveals that 66% of the CSF altered proteins identified across
studies are intracellular proteins, mostly cytoplasmatic (39%; Figure 1A). Amongst them, approximately 80% of the
proteins (64) were increased in AD vs. controls. Taking into consideration the widely known neural death which
occurs in AD &, we would expect that a significant origin of these intracellular proteins in CSF may arise from
remains of cellular debris that translocate to the CSF Bl. Furthermore, an increased infiltration of neutrophils has
been observed during the development of AD. Indeed, increased expression of CD11b positive neutrophils, which
are directly related to neutrophil migration, positively correlated with the severity of AD. In this line, a higher number

of neutrophils were found in brain vessels of AD patients when compared with controls of similar age 4.
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Figure 1. Information regarding proteins that consistently emerge across proteomic studies. (A) Schematic
distribution of intracellular (plasma membrane and cytoplasm) and extracellular proteins (extracellular space). (B)
Molecular pathways identified using IPA. Only those pathways with a —log(p-value) over 2 and a z-score of + or — 2
were considered. Positive z-scores are represented in orange. Negative z-scores are represented in blue. (C)

Classification of the proteins according to their function.

*. Proteins identified with inverted pattern of expression in 1 additional article; &: Proteins identified with inverted
pattern of expression in two additional articles; $: B-Amyloid-interacting proteins #: Proteins that bind copper; A:
Proteins that bind metals. Down/up: protein down-up-regulated in the number of articles indicated; €: Proteins that
were identified at least in one article that used a less novel technique such as two-dimensional gel electrophoresis
(2-DE); C: cytokine; H: hormone.

Platelets are considered biomarkers for early diagnosis of AD (as reviewed in Bl). Treatment of platelets with Ap led
to platelet activation and enhanced generation of reactive oxygen species (ROS) and membrane scrambling,
suggesting enhanced platelet apoptosis [&. Interestingly, among the top five pathways detected using Reactome,

three of them were related to platelets. Specifically, this study has identified a total of 17 proteins directly related to
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platelet degranulation (p-value 2.1 x 10711) and or platelet aggregation (p-value 1.1 x —107%7). Whether this finding

is related to increased apoptosis requires further investigation.

Together with the cells discussed above an additional source for membrane proteins are exosomes. In this sense,
it was previously shown that 1 mL of human CSF contains ~2 pg of endogenous exosomes . The finding that
exosomes isolated from human CSF or brain samples sequestered oligomeric AR in the brain has led to propose
their protective role in AD pathogenesis [Z. Indeed, several proteins of our database such as CHL1, KNG1, or

APOA1 were found to be constituents of human CSF exosomes [&l.

| 2. Increased Glucose/Pyruvate Metabolism in AD CSF

A variety of proteins related to glucose metabolism were found altered in CSF to the extent that glycolysis and
gluconeogenesis constitute the two metabolic pathways most represented in our study (p-value 9.5 x 10711 and 6 x
1079, respectively; Figure 1B,C). Furthermore, all the proteins related to glucose metabolism appeared increased
in AD CSF. Most of the identified proteins are common enzymes for both processes, glycolysis and

gluconeogenesis (Figure 2).
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Figure 2. Alteration of glucose/pyruvate metabolism in AD CSF. Schematic representation of glycolysis,
gluconeogenesis and pyruvate metabolism. Proteins that increase in AD CSF are labelled in red and green
indicates decreased proteins. G6P: glucose-6-phosphate; F6P: Fructose-6-phosphate; G3P: glyceraldehide-3-
phosphate; 1,3-BPG: 1,3-Biphosphoglycerate; 3PG: 3-phosphoglyucerate; 2PG: 2-phosphoglycerate; PEP:
phosphoenolpyruvate; Pyr: pyruvate; OAA: oxalacetate. Background images were created using templates from
Servier Medical Art, which are licensed under a Creative Commons Attribution 3.0 Unported License

(http://smart.servier.com/ accessed on 5 July 2021).

It is also important to mention the glycolytic enzyme pyruvate kinase M1/2 (KPYM), that catalyzes the synthesis of
pyruvate from phosphoenolpyruvate & and the lactate dehydrogenase (LDH), which reduces pyruvate to lactate
through a reversible reaction, thus allowing cells to generate or consume lactate depending on their metabolic

profile.

Impaired glucose metabolism has been widely recognized as an early feature in the brain of subjects with AD since
alteration of brain aerobic glycolysis is frequently observed in the course of AD 1YL |t has also been proposed
that reduced glucose availability in AD would force the brain to rely on gluconeogenesis (de novo synthesis of
glucose). Interestingly, despite the low brain glucose uptake in AD, most post-mortem studies show consistent
upregulation in glycolytic enzyme proteins 1112l thus suggesting a compensatory mechanism for the low glucose
supply in order to overcome a compromised mitochondrial function. In conclusion, evaluation of an increase of
proteins directly related to glucose metabolism in CSF may reveal what takes place in surrounding tissues during

AD progression.

| 3. RXR Signaling in CSF (LXR/RXR Activation Pathway)

One of the most relevant findings of this study is the significant reduction (p-value = 1.1 x 10719 of proteins
participating in the Liver X Receptor (LXR)/Retinoid X receptor (RXR) pathway in CSF from AD patients (z-score
2.7; Figure 1B,C). LXR/RXR activation pathway (Figure 3) is involved in a variety of processes associated with
cholesterol metabolism, inflammation, oxidative stress, etc. 131141 Ajthough LXR/RXR pathway represents a
relevant pathway altered in AD [13]115] as far as we know, this is the first relevant mention of an overall reduction of
LXR/RXR activation in AD CSF. In line with our observations, previous works have detected a reduction in the
expression of LXR-B in plasma of AD patients compared to control samples 28 Furthermore, the LXR/RXR
pathway was also reduced in plasma samples of PSAPP and hTau mice models 4. Retinoids modulate the
expression of different key proteins in AD, as presenilin 1 (PS1), metalloprotease 10 (ADAM 10) or B-secretase 18]
(291 Moreover, retinoic acid (RA) may have a central role in the pathophysiology of AD and reduced brain levels of
this metabolite would constitute a risk factor for the development of the disease. Different mutations on the RA
receptors can misregulate AD candidate genes such as PS1, ADAM 10, PS2 or APP [13],
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Figure 3. Alteration of LXR/RXR activation pathway in AD CSF. Summarized representation of the LXR/RXR
activation pathway. Proteins that increase in AD CSF are labelled in red and green indicates decreased proteins.
Background images were created using templates from Servier Medical Art, which are licensed under a Creative
Commons Attribution 3.0 Unported License (http://smart.servier.com/ accessed on 5 July 2021).

As we pointed out, a reduction in the LRX activation was predicted with high confidence. This decrease might be
related to the advanced development of the pathology, since LXR activation plays a key role in plague reduction by
increasing clearance, thereby improving cognitive impairment (22211, Furthermore, genetic loss of LXR in APP/PS1
mice induced a greater accumulation of AR plaques [22 while loss of LXR in healthy mice triggered
neurodegeneration 23, Therefore, decreased LXR/RXR pathway components in CSF may inversely correlate with
AB deposition in tissues.

Another function of the LXR/RXR pathway comprises the activation of apolipoproteins that may serve as
cholesterol acceptors 241, Apolipoproteins constitute a family of proteins with a key role in transport and delivery of
lipids, cholesterol homeostasis, and central nervous system (CNS) remodeling 3. In this study, we observed
decreased levels of different apolipoproteins (APOAL, APOC2, and APOL1) in CSF. APOA1, one of the most
abundant proteins in human CSF, has been identified as part of senile plaques of AD patients’ brains [28. A link

between the presence of APOC2 and familial Alzheimer’s was observed decades ago 24, although, to date, its

https://encyclopedia.pub/entry/14660 5/15



Proteomics in CSF of AD | Encyclopedia.pub

specific role in late-onset AD (LOAD) is still unknown. Similarly, APOL1 has been related to other pathologies such

as kidney disease [28, while a direct link with AD has not been established yet.

| 4. Neuronal Function/Synaptogenesis

The organization of the proteins according to their function (Figure 1C) revealed that a high number of them were
directly related to neuronal function and specially, synaptogenesis. Synaptogenesis is a dynamic process by which
the formation and stabilization of synapses occur in the CNS 22, In neurodegenerative diseases, such as AD,
synaptic degeneration and synapse loss have been described as early events that precede neuronal death 2211,

Indeed, several studies have proposed a role for synaptic proteins as specific biomarkers for AD in CSF [32]141(3],

The clearest reflection in CSF of the synaptic degeneration that occurs in AD is the family of ‘long’ neuronal
pentraxins (NPTX1, NPTX2) and its receptor NPTXR since they constitute the most consistently decreased
proteins in CSF and they display a direct function in neural differentiation 23, synaptogenesis B4 and synaptic
plasticity 328137 gpecifically, these proteins form mixed NPTX complexes which traffic to the extracellular
surface at excitatory synapses where they interact with postsynaptic glutamate receptors 2832 Taken together,
these three proteins were found to decrease in 8 different proteomic studies. The parallel and consistent decrease
of these proteins in CSF would not fit with our previous suggestion of increased neuronal cell death. However,
different studies have already described a down-regulation of NPTX2 in AD brains B4l |t has also been
described that NPTX1 is accumulated in dystrophic neurites and surround plaques in postmortem AD brains 42143]
(441 which would explain their decreased levels in CSF. Therefore, the inverse correlation of pentraxins amount in

plagues/CSF could be a good indicator of neuronal death and/or synaptic loss.

Similarly, neurexins (NRX), one of the best-characterized families of presynaptic organizers, appeared reduced in 6
different studies. Likewise NPTX1, two of the three family members (NRX1 and NRX2) have been proposed as
direct targets of Ap oligomers 43, In the same line, calsyntenin-3 (CSTN3), a direct NRX interactor 2847 was also
found to decrease in CSF. This transmembrane protein of the cadherin superfamily is distributed in postsynaptic
membranes throughout the adult brain 8. As occur with NPTX1, CSTN3 accumulates in dystrophic neurite

surrounding AR plaques 49,

In view of these studies, we have to take into consideration that several proteins may not be released to the CSF
and, oppositely, they might somehow be accumulated into the plaque in a process that could be carried out by A
and tau aggregation, thus ultimately driving a reduction of certain proteins in CSF. This may explain the variability
observed across proteins not only directly involved in neuronal function but also those related to cell adhesion and
components of the cell-matrix (Figure 1C). Although at different levels, 21 of these proteins decreased while 25
increased in CSF. The best example that reflects this heterogeneity raises from the members of the SPRC family.
Based on our results, four members of this family are differently altered in AD CSF. This family of proteins
comprises six members that present calcium-binding domains and regulate cell interaction with the
microenvironment B2, It is worth highlighting the potential role of SPRC on vascular pathology in AD. In the brain,

SPRC is also expressed in endothelial cells, wherein it affects trans-endothelial permeability 2. Moreover, since it
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acts as a chaperone of collagen IV through the SPRC-collagen binding domain, it has been observed a direct
relationship between increased SPRC, collagen 1V, and the thickening of the basal lamina of the cerebral

vasculature, a feature commonly observed in AD brains B251152],

Notwithstanding this, according to our study, SMOC1 was consistently upregulated in AD CSF in seven different
studies, thus making it a potential biomarker. Among its functions, SMOC1 promotes endothelial proliferation 53],
and although it is overexpressed in AD brains, wherein it colocalizes with A plaques B4B3l its specific role in AD
is still unknown. Conversely, testican-1 (TICN1) was consistently downregulated in AD CSF. Different studies have
shown a link between TICN1 overexpression in the brain and AD 38l It surrounds AB plaques in brains of AD
patients 28 and regulates proteins related to AR production and degradation, such as MMP2 or cathepsin-L 57581,
Finally, it has been linked to APP sorting. Therefore, as we have previously proposed for other proteins, lower CSF

levels of this protein may indicate an accumulation in the brain during the development of the pathology [28].

| 5. 14-3-3 Proteins Are up Regulated in CSF

The 14-3-3 family consists of seven highly homologous molecules that were first reported as regulators of tyrosine
hydroxylase (TH) activity 2, four of which were consistently upregulated in the CSF of AD. These proteins have
recently been linked to a variety of processes such as regulation of protein interaction and localization or
transcription since they have a nuclear localization sequence 9. It has been reported that 14-3-3 proteins regulate
neuronal differentiation, morphogenesis and migration 81, The expression of these proteins increases in cortical
regions of AD patients and, even though they have not been observed in AB plaques, some evidence connects
them with neurofibrillary tangles 9. However, 14-3-3 family members cannot be considered suitable markers for
differential diagnosis of AD 8263 since they have also been detected in CSF of all dementia patients, thus

suggesting their role as common markers for neurodegenerative diseases.

| 6. Cytokines and Hormones up and down Regulated in CSF

Five of the proteins in this section correspond to members of the granin family of proteins (chromogranins,
secretogranins and VGF). These precursors of biologically active peptides and the products of their proteolitical

cleavage have been proposed as biomarkers of different neurological diseases, included AD [64165],

As expected, among them, VGF was the most consistent downregulated protein among the identified secreted
proteins with biological activities. This protein is nowadays considered one of the best AD markers in CSF as it is

consistently reduced in CSF of these patients 2],

Another remarkable protein that was consistently reduced in CSF was somatostatin (SMS). A long time ago it was
proposed that diminished levels of somatostatin in CSF may be a specific AD signature compared to other
neurodegenerative pathologies as Parkinson’s 881671 Whereas the reason for this reduction as a consequence of
the pre-propeptide processing remains elusive, it has been recently reported that its deficiency has a direct link

with a loss of integrity of the BBB in AB-induced toxicity [68],
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On the contrary, among the four proteins in this group that appear increased, phosphoprotein 1 (SPP1, also called
osteopontin) was found to be the most consistent upregulated protein (increased in seven different studies). This
extracellular phosphoprotein is expressed in response to stress and injury and regulates macrophage infiltration
and cytokine production BJI79  |n the past years, SPP1 has been linked to inflammation-associated neurological

disease. Indeed, higher SPP1 levels have already been described in brain and CSF in AD patients 172,

| 7. Importance of Cofactors in CSF

Herein, we explored common affinities of the identified proteins for given cofactors. Interestingly, copper (Cu?*)
emerged as the most common cofactor for several of the identified proteins. Several meta-analysis have identified
changes in Cu?* concentration in brain and serum (reviewed by [3]), although conflicting evidence of copper’s role
in AD has been pointed (475, reviewed by [78)). It is well known that Cu?* and Zn?* interact with A peptides with
high affinity and these interactions have been proposed to accelerate ABq.49 and AB4.4> aggregation in vitro, thus
contributing to their toxicity, ROS generation, and the development of AR neurotoxicity 7. Nonetheless, the
mechanism that Cu?* utilizes to reach the brain is partially understood. Together with albumin (ALBU), the main
protein needed for passive diffusion of Cu?* through the blood-CSF barrier to the brain is ceruloplasmin (CERU)
[78 The fact that both proteins seem to behave inversely in CSF AD, showing decreased levels of ALBU and

increased CERU, indicate that the equilibrium of Cu?* transport in CSF is altered in AD.

Further evidence of the implication of Cu?* in AD would be represented by metallothionein 3 (MT3), which
regulates Cu®* and Zn?* transport and storage in CNS and inhibits their toxicity, thus representing one of the major
players in metal homeostasis 2. Conversely, the peptidylglycine a-amidating monooxygenase (AMD), a copper-
dependent enzyme that regulates the secretory pathway, was found increased in CSF from AD patients. In
mammals, AMD is essential to catalyze a-amidation, a necessary step to confer full biological activity to many
neuropeptides BBl Herein, we report for the first time the potential use of AMD as a consistent AD marker in
CSF. Furthermore, to our knowledge, there is only one study investigating AMD in CSF where a reduction in
enzyme activity in AD samples as compared to healthy, age-matched control was proposed, thus suggesting

neuronal dysfunction within the CNS in AD patients [82],
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