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Proteomic analysis of the human hippocampus identifies
neuronal pentraxin 1 (NPTX1) as synapto-axonal target in
late-stage Parkinson's disease
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1 | INTRODUCTION

Parkinson's disease (PD) is characterized by a progressive degener-
ation in multiple regions of the central nervous system giving rise to
a broad range of motor and non-motor symptoms. The prominent
loss of midbrain dopaminergic neurons causes the characteristic
extrapyramidal symptoms in PD (Dickson et al., 2009). Dopamine
imbalance affects synaptic transmission, synaptic vesicle exocyto-
sis, and vesicle cycling (Chung et al., 2009; Lee et al., 2010; Matta
et al., 2012), with evidence supporting early synaptic dysfunction
and synaptic loss preceding the loss of neuronal somata (Cheng
et al., 2010; Schirinzi et al., 2016).

In addition to motor impairment, dementia is a key manifesta-
tion of advanced PD, affecting up to 80% of patients in later dis-
ease stages, resulting in a six-times higher prevalence than in
age-matched subjects (Aarsland et al., 2003). PD dementia has been
linked to hippocampal atrophy, with hippocampal volume reduc-
tion being correlated to memory impairment (Camicioli et al., 2003;
Riekkinen et al., 1998). The current study focused on the proteomic
correlate of late-stage PD, addressing alterations in the hippocam-
pus of post-mortem tissue with a special focus on synapto-axonal
dysfunction. Our results describe PD-related alterations in the hip-
pocampal proteome and identify NPTX1 as a novel target protein for

disease-modifying treatment approaches.

2 | METHODS
2.1 | Human post-mortem hippocampal samples

Frozen human hippocampal samples were obtained from the
Parkinson's UK Brain Bank (Imperial College London, London, UK).
Samples from 16 PD patients and 14 respective age-correlated con-
trol subjects (CTR) were analyzed. Informed consent of donors was
incurred by the brain bank sample provision. Table S1 summarizes
clinical information about the subjects. Punch biopsies were taken
for whole tissue lysates (WTL) as previously described in Caldi
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we analyzed PD-associated alterations in the hippocampus of PD patients, since this
brain region is strongly affected by PD dementia. We focused on synapses, analyz-
ing the proteome of post-mortal hippocampal tissue from 16 PD cases and 14 con-
trol subjects by mass spectrometry. Whole tissue lysates and synaptosomal fractions
were analyzed in parallel. Differential analysis combined with bioinformatic network
analyses identified neuronal pentraxin 1 (NPTX1) to be significantly dysregulated in
PD and interacting with proteins of the synaptic compartment. Modulation of NPTX1
protein levels in primary hippocampal neuron cultures validated its role in synapse
morphology. Our analysis suggests that NPTX1 contributes to synaptic pathology in

late-stage PD and represents a putative target for novel therapeutic strategies.

neurodegeneration, Parkinson's disease, proteomics, synaptic dysfunction

Gomes et al. (2022) with few adaptations (detailed in the Supporting
Information methods section). For synaptosomal fractions (SF), sam-
ples from six PD patients and four CTR were used. The mass spec-

trometry analyses described here were not preregistered.

2.2 | Differential expression analysis of whole
tissue lysate samples by data-independent acquisition
mass spectrometry (DIA-MS)

WTL samples were subjected to DIA-MS as described in Caldi
Gomes et al. (2022) with few adaptations. More details about the
experimental setup for DIA-MS runs are described in the Supporting
Information methods. After DIA-MS runs, normalized protein abun-
dance counts for each patient were log transformed. The limma R
package (RRID:SCR_010943) was used for differential expression
(DE) analysis followed by Benjamini-Hochberg correction for multi-
ple testing. Proteins with an adjusted p-value <0.05 were considered
statistically differentially expressed. For a detailed description, refer
to Supporting Information methods.

2.3 | Differential expression analysis of
synaptosomal fractions by tandem mass tag-mass
spectrometry analysis

2.3.1 | Synaptosomal fraction isolation and
preparation for LC-MS/MS analysis

To isolate the SF from post-mortem hippocampus, snap-frozen tissue
blocks, 600mg each, were submerged into 5mL of a cold homogeniza-
tion buffer (320mM sucrose and 5mM HEPES in water) and homog-
enized using a Teflon/glass homogenizer. Crude synaptosomal pellet
was obtained by a two-step centrifugation in a SS 34 fixed angle rotor
(Thermo Fisher Scientific) for 2min at 2988 g and for 12minat 14462g,
respectively. Crude synaptosomes were resuspended in the homog-
enization buffer and further purified by differential centrifugation
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using discontinuous Ficoll gradient (6%/9%/13%, wt/v Ficoll in the
homogenization buffer). The gradients were centrifuged for 35min at
865753 in an SW 41 swinging bucket rotor (Beckman Coulter). Two
synaptosomal bands at the interfaces between 6%/9% and 9%/13%
Ficoll were collected, pooled, and washed with the homogenization
buffer. Pelleted synaptosomes were lysed in 50 L of lysis buffer (4%
SDS, 100mM HEPES, 1mM EDTA, 1 x Halt Protease and phosphatase
inhibitor cocktail in water) and sonicated for 10 min using 30s on/30s
off—cycles at the maximum output of Bioruptor ultrasonication de-
vice (Diagenode). Protein concentration was determined using BCA
protein assay according to the manufacturer's instructions. Two hun-
dred micrograms of proteins per sample were reduced and alkylated
following the incubation with 10mM TCEP and 40mM CAA for
30min at 37°C. For protein purification steps, refer to the protocol by
Hughes et al. (2019) Purified proteins were digested overnight at 37°C
using trypsin (1:20 trypsin-to-protein ratio, wt/wt) in digestion buffer
(10% (v/v) trifluoroethanol (TFE), 100mM TEAB in water). Ten individ-
ual samples (6 x PD and 4 x CTR) and one technical replicate (separate
synaptosomal preparation of a PD sample) were labeled using TMT11
labeling reagents according to the manufacturer's instructions. The
labeling reaction was quenched with 1% (v/v) of hydroxylamine in
water. Samples were pooled, cleaned using the pre-packed C18 spin
columns (Harvard Apparatus), and concentrated in a Savant SpeedVac
vacuum concentrator (SpeedVac, Thermo Fisher Scientific). TMT11-
labeled peptides were pre-fractionated using reversed-phase chroma-
tography under basic pH (bRP, buffer A: 10mM NH4OH in water, pH
~10; buffer B: 10mM NH4OH and 80% (v/v) ACN in water, pH ~10),
as an adaptation to the protocol described by Silbern and colleagues
(Silbern et al., 2021). Specific details about bRP equipment are also
described in Silbern et al. (2021). The bRP-column was equilibrated
with 95% buffer A and 5% buffer B mixture. A linear gradient ranging
from 5% to 50% buffer B for 74 min followed by a washing step at 90%
buffer B for 5min was applied. One-minute fractions were collected
and concatenated into 24 final fractions, as suggested by Wang and
colleagues (Wang et al., 2011). BRP-Fractions were subsequentially
snap-frozen in liquid nitrogen and dried in the SpeedVac.

2.3.2 | DDA-MS of synaptosomal fractions

Dried peptides were re-dissolved in 2% (v/v) ACN 0.1% (v/v) TFA in
water and injected as a technical duplicate onto a C18 PepMap100-
trapping column (0.3 x5mm, 5um, Thermo Fisher Scientific) connected
to anin-house packed C18 analytical column (75 um x 300 mm; Reprosil-
Pur 120 C18 AQ, 1.9 um, Dr. Maisch GmbH). The columns were pre-
equilibrated using a mixture of 98% buffer A (0.1% (v/v) FA in water),
2% buffer B (80% (v/v) ACN, and 0.1% (v/v) FA in water). Liquid chroma-
tography was controlled by UltiMate 3000 RSLC Nanosystem (Thermo
Fisher Scientific). Peptides were eluted using a 120 min-linear gradient
ranging from 2% to 7% buffer B over 1 min and 7% to 45% buffer B over
105 min, followed by a washing step at 90% of buffer B for 5min. Eluting
peptides were sprayed into an Orbitrap Fusion Lumos Tribrid mass
spectrometer (Thermo Fisher Scientific). MS1 scans (350-2000m/z)

were acquired in a positive ion mode with a resolution of 120000 at
200m/z, 5e5 automatic gain control (AGC) target, and 50ms maximum
injection time. Precursor ions (allowed charges 2-7, dynamic exclusion
40s) were isolated using a 1.6 m/z isolation window and fragmented at
normalized collision energy (NCE) of 38%. The MS2 fragment spectra
were acquired with a resolution of 15000, 2.5e5 AGC target, and 40ms
maximum injection time. The ten most intense fragment ions were se-
lected for a subsequent SPS-MS3 scan using an isolation window of
2m/z and NCE of 45%. The SPS-MS3 spectra were acquired at a resolu-
tion of 60000 and maximum injection time of 118 ms.

2.3.3 | Data analysis of synaptosomal fraction data

Raw files were processed using MaxQuant version 1.6.10.2. (Cox
et al,, 2011; Tyanova et al., 2016) (RRID:SCR_014485). Cysteine carba-
midomethylation was selected as a fixed modification, while methionine
oxidation and acetylation of protein N-termini were allowed as variable
modifications. Specific tryptic peptides with up to two missed cleavage
sites and 5 variable modifications in total were allowed. Quantification
using reporter ions in MS3 (TMT11plex) was selected. MS1 and MS2
mass tolerances were kept at 4.5 and 20ppm, respectively. Canonical
amino acid sequences were retrieved from Uniprot (April 2018)
(RRID:SCR_002380). The following steps were conducted in R statisti-
cal programming language using custom scripts available upon request.
In brief, potential contaminants and matches to reverse sequences re-
ported by MaxQuant were filtered out. Protein groups with less than
two razor or unique peptides identified and protein groups containing
four or more missing quantitative values were excluded from the analy-
sis. Missing values were imputed for each TMT channel individually
by random sampling from a gauss distribution with a mean at the 10%
quantile and a half standard deviation of the log-transformed intensities.
More details about DDA-MS runs for SF are described in the statistics
section and the Supporting Information methods.

2.4 | Western blot analysis

Post-mortem hippocampal lysate membranes were incubated with
primaryantibodies(NPTX1:1:100,BectonDickinson,RRID:AB_397755;
SYN1:1:1.000, Synaptic Systems, RRID:AB_11042000 and/or GAPDH:
1:1.000, HyTest, and RRID:AB_1616722) and secondary antibodies
(goat-anti-rabbit-HRP, RRID:AB_2099233, and horse-anti-mouse-
HRP, 1:10.000, RRID:AB_330924 Cell Signaling) to determine protein
quantities. More details about the experimental setup described in the

Supporting Information methods.
2.5 | Weighted correlation network analysis
(WGCNA) of whole tissue lysate samples

Pairwise correlations of protein expression patterns of all identi-
fied proteins from WTL were calculated, in order to reduce the
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large data set into manageable modules of co-expressed proteins.
The reduced data set was in turn used to characterize biologi-
cal relevance of potential modules of interest. The calculation of
the weighted co-expression network was conducted using the
freely accessible R package WGCNA (RRID:SCR_003302), follow-
ing the available tutorial (Langfelder & Horvath, 2008). Network
construction and module detection option were used for module
construction (thresholding power of 4 and minModuleSize of 25),

keeping all default settings.

2.6 | Weighted correlation network analysis
(WGCNA) of synaptosomal fraction samples

Similar to what was done for the WTL results, modules were con-
structed for the data set of identified proteins from the SF, with a
thresholding power of 10 and minModuleSize of 80 to account for
the same number of modules (10)—as established previously with

WTL samples to enable comparisons.

2.7 | Gene Ontology (GO) and
functional annotation

Functional annotation analysis and protein-protein interaction
networks were created using STRING Platform v.11.0b (Szklarczyk
et al., 2019). Significance for enriched terms was considered at
FDR<0.05. For the functional annotation analysis of WGCNA-
generated modules, the WEB-based Gene SeT Analysis Toolkit
(Liao et al., 2019; RRID:SCR_006786) was employed under stand-
ard settings (reference gene set list: genome-protein-coding), mak-
ing use of the redundancy reducing affinity propagation method for

post-processing.

2.8 | Immunohistochemistry for human
hippocampal samples

Paraffin-embedded hippocampal tissue sections of one PD and one
CTR were deparaffinized and pre-treated according to previously
published protocols (Fard et al., 2017). Primary NPTX1 antibody
(1:100, Becton Dickinson, RRID:AB_397755) was incubated over-
night at room temperature followed by visualization with the HRP-
based EnVision Kit (RRID:AB_2890017; Dako).

2.9 | Primary hippocampal neuron
cultures, recombinant NPTX1 treatment,
immunocytochemistry, and synapse
morphology assessment

Animals used for primary cell culture preparation were provided
by the Central Animal Facility (ZTE) of the University Medical
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Center Gottingen, Gottingen, Germany. All animal experiments
followed the regulations of the local animal research council
(LAVES, Niedersichsisches Landesamt fiir Verbraucherschutz
und Lebensmittelsicherheit, Reg. nr. G13/1332) and legislation of
the State of Lower Saxony, Germany. Previous to the preparation,
pregnant female animals were kept in standard multiple housing
(maximum four animals per cage) under environmentally con-
trolled conditions (temperature, humidity, 12-h dark/light cycle)
and fed ad libitum. No randomization was performed to allocate
animals in the study. Pregnant females (C57BL6/J mice) were fully
anesthetized in a CO, chamber to avoid drug residues in the off-
spring. After spinal reflexes were tested (by pinching of the tail,
upper and lower limbs with a laboratory tweezer), animals were
subsequently euthanized by cervical dislocation. Primary hip-
pocampal neurons were prepared from mouse pups at postnatal
day O (P0O). Fourteen primary cultures were employed, accounting
to 14 dams and around 112 pups used for all preparations/experi-
mental replicates. Recombinant NPTX1 (0.23pg, R&D Systems,
cat. no. 7707-NP-050) was added daily for 7 days. After fixation
with 4% paraformaldehyde, ICC was performed with primary
(NPTX1: 1:50, Becton Dickinson, RRID:AB_397755; SYN1: 1:500,
Synaptic Systems, RRID:AB_11042000) and conjugated second-
ary antibodies (AlexaFluor AffiniPure fluorescent dye, 1:250, anti-
rabbit, Jackson ImmunoResearch, AB_2337913, or Cy3 AffiniPure
fluorescent dye, 1:250, anti-mouse, Jackson ImmunoResearch,
AB_2338447) were used. Extended description of ICC experi-
ments is placed in the Supporting Information methods. For image
analysis, custom-written Matlab (RRID:SCR_001622) scripts were
used to measure and determine synapse morphology (details in
Supporting Information methods).

2.10 | Statistics

Demographic differences between the analyzed groups of patients were
considered significantly different with p <0.05 according to Fisher's exact
test or two-sample t-test with equal variance assumed. The number of
subjects that composed the analyzed human cohort was exclusively de-
pendent on post-mortem sample availability by the selected Brain Bank.
For the animal experiments, all available mouse pups were used from
each litter for the primary cell culture preparations and no sample size
calculation for the number of pups used was performed. Three to five
experimental replicates were used for each cell culture experiment. For
proteomics analyses, peak areas were extracted using information from
the MS/MS library at an FDR of 1% (Lambert et al., 2013). Normalized
protein abundance counts for each patient were log transformed before
differential expression analyses were performed. Benjamini-Hochberg
correction was used to adjust p-values for multiple testing. Log2-
transformed reporter ion intensities were then normalized using Tukey
median polishing and subjected to statistical testing using limma package
by Smyth (Smyth et al., 2005) (RRID:SCR_010943). Differences in protein
group intensities between PD- and control samples were expressed as
log2 fold changes (PD/Control). Protein groups showing Empirical-Bayes
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moderated p-values <0.05 were considered differentially expressed and
were subjected for bioinformatic analyses. Complete statistical reports
for proteomics results are presented in Tables S2 and S3. Two-sided t-
tests were employed for the statistical analyses of quantified western
blotting band intensities. gRT-PCR datasets were analyzed using Mann-
Whitney U tests for non-normal data.

3 | RESULTS

Protein changes were quantified in the post-mortal hippocampus of
patients with PD (n=16) and corresponding age-correlated control
subjects (CTR) (n=14). The groups showed no significant difference
in demographical and clinical data (Table S1). Two separate sample
preparations, whole tissue lysates (WTL) and synaptosomal frac-

tions (SF), were analyzed (Figure 1a).

3.1 | Proteomic analysis, differential
expression, and functional annotation

Proteomic analysis was conducted via DIA-MS/DDA-MS (for WTL
and SF respectively). MS experiments quantified a total of 2089
protein groups for the WTL and 2413 protein groups for the SF.
Differential expression analysis of the WTL found 55 significantly dif-
ferentially expressed (DE) proteins between PD and CTR (Figure 1b-
d), while analysis of SF yielded 194 DE proteins (Figure 1le-g).
Protein-protein interaction (PPI) networks of the DE proteins
of the WTL showed prominent clusters composed, among others,
of proteins involved in axonal growth such as BASP1, GAP43, and
AGRN, as well as signal transduction mediators such as YWHAH,
YWHAQ, and YWHAE (Figure S1), with YWHAE being also present
in the SF, clustering among others with NPTXR (Figure S1). A func-
tional annotation analysis yielded top enriched Gene Ontology (GO)
terms involved in (vesicle-mediated) transport and (membrane) local-
ization (Figure S1) suggestive of a marked dysregulation of processes

involved in synapto-axonal function.
3.2 | Network analysis of co-expressed protein
expression patterns and biological relevance

Characteristic protein expression levels across all patients were evalu-
ated using WGCNA (Langfelder & Horvath, 2008), dividing each data

set into modules based on similar expression patterns of protein levels.
In the WTL samples, 10 modules were identified (Figure 2a), and the SF
data were adapted to yield the same number of modules for comparabil-
ity (Figure 2d). In a functional annotation analysis, umbrella terms were
used to combine related GO terms that were significantly enriched in
the individual WGCNA modules (all enriched terms shown in Table S5).
Analysis revealed GO terms widespread across several modules of both
sample preparations such as metabolic process, cellular localization, and
transport, as well as terms specific to distinct modules (Figure S2). Among
all modules, module 03 of the WTL data (W03) showed a strong syn-
aptic profile, with the functional annotation analysis revealing biological
processes strongly related to synapse and synaptic vesicles. Among the
184 proteins found in this module, 14 proteins were previously found to
be differentially expressed in the DE analysis, including BASP1, GAP43,
PEA15, SYN1, and NPTX1 (Figure 2b,c). Interestingly, module 01 (SO1)
of the SF showed an almost exact overlap in top-ranked enriched GO
terms. Out of the 495 proteins in the SO1 module, 23 proteins were
DE proteins, including DBN1, CAMK2A, and NPTXR (Figure 2e,f). The
integration of the analyzed data sets enabled a focused selection of
proteins of interest involved in synaptic dysfunction in the hippocam-
pus of PD. Because NPTX1 and its receptor NPTXR were identified as
differentially expressed and enriched in the synapto-axonal WGCNA
modules, and since NPTX1 has been associated with synaptic dysfunc-
tion in neurodegenerative diseases previously (Coutelier et al., 2021;
Deppe et al., 2022; Figueiro-Silva et al., 2015; Ma et al., 2018), and
even proposed as an early biomarker for Alzheimer's disease (AD; Duits
et al., 2018), we focused the further analysis on NPTX1 as a particularly
promising target.

3.3 | Expression of NPTX1 in human brain tissue

To assess the expression of NPTX1 in human brain tissue, we per-
formed immunohistochemistry on paraffin-embedded hippocampal
tissue sections and found a maximum synaptic expression in the
CA4 region (Figure 3a-d). Western blot analyses confirmed the in-
creased abundance of NPTX1 in PD brains (Figure 3e,f).

3.4 | Modulation of NPTX1 in primary
hippocampal cell cultures

To mimic the increased levels of NPTX1 observed in PD sam-

ples, recombinant NPTX1 protein was added to primary PO mouse

FIGURE 1 Overview of proteomic analysis. (a) Scheme of workflow from sample acquisition via needle biopsy/synaptosomal
fractionation to MS analyses and data treatment. (b, e) Volcano scatter plots showing differential expression of proteins between PD and
CTR from proteins identified from whole tissue lysates and synaptosomal fractions. p-values (-log10) are plotted against fold changes (log2).
Dotted line at p-value 0.05. Cool colors (blue-yellow) show proteins down-regulated in PD, and warm colors (orange-red) show proteins
upregulated in PD. Circle radius represents fold change. Differential expression analysis was performed with the limma package (Smyth

et al., 2005) in R. (c, f) Overview of consistently quantified proteins from whole tissue lysate samples and synaptosomal fractions, as well

as consistently quantified proteins with differential expression. Red arrows show up-regulation; blue arrows show down-regulation. (d, g)
Heatmaps of the top 55 and 50 differentially expressed proteins from whole tissue lysate samples and synaptosomal fractions respectively.

Z score calculated from normalized counts for each patient.

959917 SUOWIWIOD SAITeRID 9|cedljdde 8y} Aq pauenoB aJe SSo1le YO 9SN JO S9N Joy Aleud 1 8U1IUO AS|IM UO (SUOTIPUOI-PUE-SLUBIWOD A8 1M Aelq 18Ul UO//:SAN) SUOIIPUOD pue SWS 1 8U) 89S *[t7202/90/TT] Uo Akiqiauliuo AS|IM ‘F26ST QUl/TTTT 0T/I0p/Wod oM Akelq Ul juo//:sdny WwoJj pepeojumod ‘S ‘€202 ‘6STYTLYT



WARTH PEREZ ARIAS ET AL.

Journal of
Neurochemistry

JNC ‘=—Wl LEY-

samples | processing | | proteomics | data analysis

-human hippocampus-

(a)

whole tissue lysate total cohort

PD CTR <
n=16 n=14 &V\ >
total cohort

PD CTR ,fl\_ needle biopsy
° n=16 ne1a ;i/,, whole tissue lysates > DIA-MS/DDA-MS

Term A 0. 0
o) \
Term B - i, N
Term € o o o]
00

T~

synaptosomal fraction sub-cohort
PD  CTR )\
=t \v =

n= diffe:g;ltial functional network

expression annotation analysis

tissue block
synaptosomal fraction

(b) ) ) 3 (c) summary (d) protein expression levels
differential Iex?resswn -whole tissue lysates- -whole tissue lysates-
analysis Z score

-whole tissue lysates- -6 -4 -2 ) 2 4 6
' s & O ———
H4 °® consistently ACRN
identified oevers "
BASP1 2089

pro.telns

YWHAZ GAP43
3] .MBP e O

@
RL4 MARCKS YWHAH

0+~ e ‘e O
21 MOBP NPTX1

55 RO1A
FLNC SSYNi ‘ proteins COF?S'% =
ooy S -

P-value[-log10]
| ]

%
2
&
[ B |

14 differentially LY6H
AGRN " » expressed oS -

o 1
2%-37 Aine Wi

-15 1 0.5 0 0.5 1
Fold change [log2] 0883

2
I
>
o
[ N |

CTR4
CTRS
CTR6
CTR7
CTR8
CTR9
CTR10
CTR11
CTR12
CTR13
CTR14

FERRRREBRZE3 535 5EEE

PD10
PD11

(e) (f) summary (g) protein expression levels

differential expression _synaptosomal fraction- -synaptosomal fraction-

analysis
-synaptosomal fraction- Z score

consistently

—
identified |
— 5
I
|
|

TAB3

\

194 TOR1AIP1
proteins RAP1GAP

P-value|-log10]
z
>
o
[
>

H 3 PRKCA
differentially .
expressed ANXA11

+93 4inpD ot

15 -1 05 0 0.5 1

<0101 + in PD WAL
Fold change [log2]

PDO1
PD0O2
PDO3
PDO4
PDOS
PD17
CTRLO1
CTRL11
CTRL12
CTRL13

959917 SUOWIWIOD SAITeRID 9|cedljdde 8y} Aq pauenoB aJe SSo1le YO 9SN JO S9N Joy Aleud 1 8U1IUO AS|IM UO (SUOTIPUOI-PUE-SLUBIWOD A8 1M Aelq 18Ul UO//:SAN) SUOIIPUOD pue SWS 1 8U) 89S *[t7202/90/TT] Uo Akiqiauliuo AS|IM ‘F26ST QUl/TTTT 0T/I0p/Wod oM Akelq Ul juo//:sdny WwoJj pepeojumod ‘S ‘€202 ‘6STYTLYT



ﬂWl LEY

Journal of
Neurochemistry

WARTH PEREZ ARIAS ET AL.

q
all

The Offical Journal of
o fonsl Society
for Newrochemistry

(@) (b) (c)
WGCNA cluster dendrogram whole lysate WGCNA modules whole lysate WGCNA modules
-whole lysate- -module 03 characteristics- -module 03 characteristics-
height
1.?0 0.85 0.70 whole lysate whole lysate module 03
-module 03 overview- -functional annotation -
— " 'wo1
5 whole lysate | top 5 significantly enriched GO terms for biological process |
E dule 03
E- moaue G0:0099504 synaptic vesicle cycle
i W04 _— G0:0099003 vesicle-mediated transport in synapse
E — DE . G0:0099177 regulation of trans-synaptic signaling
! - 8% proteins ) GO:0060627 regulation of vesicle-mediated transport
e ] ~—~ GO:0050808 synapse organization
f—“ . - 208? \
E [PREElE Top 5 significantly enriched GO terms for cellular compartment
E
B wo7)
g Exerr]plary DE proteins G0:0098793 presynapse
= wos8 in module 03 G0:0098978 glutamatergic synapse
E G0:0098984 neuron to neuron synapse
E - NPTX1 * BASP1 * PEA15 * G0:0097060 synaptic membrane
L - GAP43 + SYN1 * GO0:0099572 postsynaptic specialization
(d) (e) )
WGCNA cluster dendrogram synaptosomal fraction WGCNA modules synaptosomal fraction WGCNA modules

-synaptosomal fraction- -module 03 characteristics-
height
1.00 0.80 0.60 synaptosomal fraction
11 |

-module 01 overview-

synaptosomal
fraction

module 01

2413
proteins

Exemplary DE proteins
in module 01

cPx2 4

NPTXR 4 DBN1 4

MYOSA | CAMK2A 4

proteins
~

-module 03 characteristics-

module 01
-functional annotation -

| Top 5 significantly enriched GO terms for biological process |

‘ S G0:0099177 regulation of trans-synaptic signaling
@ G0:0050808 synapse organization

DE G0:0099504 synaptic vesicle cycle

G0:0022604 regulation of cell morphogenesis

G0:0099003 vesicle-mediated transport in synapse

Top 5 significantly enriched GO terms for cellular compartment

G0:0097060 synaptic membrane
G0:0098978 glutamatergic synapse
G0:0098984 neuron to neuron synapse
G0:0098793 presynapse

G0:0099572 postsynaptic specialization

FIGURE 2 Co-expression network construction and functional annotation analysis. Cluster dendrogram with individual proteins from
whole tissue lysates (a) and synaptosomal fractions (d) depicted in rows accompanied by the module assignment. Overview of proteins
grouped in synaptic modules from whole tissue lysates (b) and synaptosomal fractions (e), as well as proteins with differential expression

found in the modules. Red arrows show up-regulation; blue arrows show
top 5 GO-cellular compartment terms significantly enriched, with an FDR

down-regulation. Top five GO-biological processes terms as well as
<0.05, are shown for proteins from the synaptic module 03 from

whole tissue lysates (c) and synaptic module 01 from synaptosomal fractions (f). Functional annotation analysis was conducted with the
“WEB-based Gene SeT Analysis Toolkit” (Liao et al., 2019) under standard settings.

hippocampal neuron cultures (Figure 3g). The fixed cell cultures
were co-immunostained for NPTX1 and SYN1 to quantify the ef-
fects of NPTX1 application on synapse morphology (Figure 3h).
Photomicrographs of immunocytochemical stainings were taken, fit-
ting ellipses to ~10 300 individual synapses and quantifying structural
characteristics such as synaptic area and major and minor axis of the
fitted ellipses using a semi-automatic algorithm (Figure 3i). We found
a significant decrease in the area of NPTX1-treated synapses com-
pared with vehicle-treated cultures (37.7 vs. 39.73a.u. respectively,
p=0.01). Furthermore, while the major axis was unchanged, the minor
axis showed a significant increase in treated cells (5.34 vs. 5.32 a.u, re-
spectively, p=2.52x 107°), while also presenting a significant increase
in mean intensity per synapse in NPTX1-treated neurons (16.16 vs.
15.19 a.u., respectively, p<2.2 x 107; Figure 3j).

4 | DISCUSSION

In the work presented here, we addressed the proteomic composi-
tion of hippocampal tissue, including SF, from post-mortem samples
of patients with PD and identified NPTX1 as promising target pro-
tein contributing to synaptic pathology in PD.

Our initial analysis identified 2089 unique proteins from the
WTL sample and 2413 unique proteins from the SF samples, which
is in line with previous proteomic studies of human post-mortem
tissue of PD patients and for other neurodegenerative diseases.
Compared with studies that analyzed Substantia nigra (SN) tissue,
revealing 1795 unique detected proteins (Licker et al., 2014), or the
analysis of frontal cortex material with 1864 uniquely identified pro-
teins (Shi et al., 2008), our higher detection might be attributable
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to both, a high number of available samples (n=16 PD and n=14
CTR) and the high quantification accuracy and precision of DIA-MS.
Other studies report a higher number of identified proteins in brain
tissue (McKetney et al., 2019; Ping et al., 2018). Nevertheless, stud-
ies that employed similar methodological settings also reported
similar numbers of consistently quantified proteins (in the range of
2.600-3.300 uniquely identified proteins for WTL of brain sam-
ples (Johnson et al., 2020; Seyfried et al., 2017), and in the range
of 2.500-3.600 consistently quantified proteins for TMT-labeling
mass spectrometry for human biofluids (Higginbotham et al., 2020;
Muraoka et al., 2020)). While 55 DE proteins were identified in the
WTL cohort, the SF analysis—which included only a smaller subset
of WTL samples—did not yield DE proteins after multiple testing cor-
rection according to Benjamini-Hochberg. Therefore, a less strin-
gent approach considering empirical Bayes moderated p-values was
employed yielding 194 DE proteins. Among the identified DE pro-
teins, we detected several proteins previously addressed in relation
to PD, including an increase in several isoforms of the 14-3-3 protein
family such as YWHAE, YWHAH, and YWHAQ (Table S2). YWHAE
had been previously found in Lewy bodies in the SN of PD patients
(Berg et al., 2003) while YWHAH was found to influence the kinetics
and products of a-syn aggregation in vitro (Plotegher et al., 2014).
Both YWHAH and YWHAE were also found to be upregulated in
the synaptosome samples (Table S3). Furthermore, mediators of
regenerative axonal growth, BASP1 and GAP43, (Table S2), were
among the higher abundant proteins in PD patients. Studies of the
nigrostriatal system in PD have shown a decrease in GAP43 mRNA
in dopaminergic neurons and a reduction in GAP43 in the neuropil
of the SNpc, suggesting a lower regenerative capacity of the dopa-
minergic system (Saal et al., 2017). Considering the spatial progres-
sion proposed by Braak (Braak et al., 2003), where the hippocampus
is affected subsequent to the midbrain, the elevated expression of
GAP43 and BASP1 in the hippocampus of PD patients might reflect
a compensatory mechanism in response to degeneration in other
regions.

In addition to the assessment of individual DE proteins, we
identified several functional modules by co-expression analysis
(Langfelder & Horvath, 2008). Functional annotation revealed mod-
ules WO3 of the WTL and SO1 of the SF data set to be strongly rep-
resentative of synapse-related biological processes as well as synapse
for top enriched cellular compartments (Figure 2c,f), suggesting
these modules as of special interest for the study of synaptic dys-
function in PD. These modules encompassed several DE proteins
such as BASP1, GAP43, SYN1, NPTX1, and NPTXR (Figure 2b,e).
In addition to the previously addressed involvement of BASP1 and
GAP43 in axonal regeneration, NPTX1 had been previously linked
to neurodegeneration as a potential plasma biomarker of synaptic
dysfunction. NPTX1 belongs to the family of long neuronal pentrax-
ins that are associated with the synaptic scaffolding complex. Both,
NPTX1 and its receptor, NPTXR, are mainly expressed by excitatory
neurons, and have been shown to play a role in synaptogenesis, and
synaptic remodeling, as well as to modulate mitochondrial trans-
port/dynamics, and also the function of AMPA receptors in synapses
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(Cho et al., 2008; Clayton et al., 2012; Goodman et al., 1996; Sia
et al., 2007; Xu et al., 2003). The expression of NPTX1 is specific
to central nervous system tissue, being well characterized in the
hippocampus, as well as in the cortex, amygdala, and cerebellum
(Schlimgen et al., 1995; Uhlén et al., 2015). NPTX1 has been linked to
neurodegeneration by its contribution to activity-dependent apop-
tosis in neurons (DeGregorio-Rocasolano et al., 2001). Low neuronal
activity in mature neurons has been found to induce the expression
of NPTX1, modulating mitochondrial dynamics, and reducing syn-
aptic density (Abad et al., 2006; Figueiro-Silva et al., 2015). Models
of neurodegeneration in vitro reported increased levels of NPTX1
in dystrophic neurites, as well as NPTX1-induced impairments in
synaptic transmission (Abad et al., 2006; Cummings et al., 2017).
Interestingly, deregulated expression of neuronal pentraxins (i.e.,
NPTX1 and NPTX2), as well as NPTXR, has been recently reported
in a variety of neurological disorders, including AD, autosomal dom-
inant cerebellar ataxia (ADCA) and frontotemporal dementia (FTD).
(Coutelier et al., 2021; Deppe et al., 2022; Duits et al., 2018; Esteve
et al,, 2021; Figueiro-Silva et al., 2015; Ma et al., 2018). Recent
studies also explored the biomarker potential of neuronal pen-
traxins and their receptors for neurodegenerative diseases (Duits
et al., 2018; Dulewicz et al., 2021; Lim et al., 2019, 2020; van der
Ende et al., 2019, 2020). In a study addressing excitatory synaptic
pathology in mild cognitive impairment (MCI) and AD, NPTX1 lev-
els in plasma were significantly increased in MCIl (=33 MCI, n=31
CTR) (Ma et al., 2018). Additionally, NPTX1 was found to negatively
regulate synapse density and excitatory synapse numbers, by mod-
ulating neuronal excitability while restricting excitatory synaptic
plasticity (Figueiro-Silva et al., 2015). Despite its role in synaptic dys-
function, neuronal pentraxins have not been extensively explored
the context of PD to date. Only few studies explored the relevance
of neuronal pentraxins for PD pathology (Li et al., 2019; Moran
et al., 2008). A couple of studies have recently reported decreased
levels of NPTX1, NPTX2, and NPTXR in PD CSF (Lerche et al., 2021;
Nilsson et al., 2023).

The early contribution of synaptic dysfunction in the develop-
ment of PD is well documented (Bellucci et al.,, 2012; Compta &
Revesz, 2021; Schirinzi et al., 2016). Since changes in the expres-
sion of NPTX1 have been associated with activity-dependent neu-
rodegenerative events (through the deregulation of mitochondrial
function in synapses, alterations in synaptic composition, and im-
paired neuroplasticity), we hypothesize that dysfunctions in NPTX1/
NPTXR expression might be closely related to PD-related alter-
ations, in particular at early stages of the disease. Thus, we aimed
to characterize the expression patterns of NPTX1 and NPTXR in the
analyzed cohort, as well as to explore the role of deregulated levels
of this candidate for synaptic morphology in vitro.

Our data showed increased levels of NPTX1 in the PD hippocam-
pus—as confirmed by western blot and gRT-PCR—suggesting a novel
role for NPTX1 in PD-related changes in synaptic morphology and
function. Similar to a previous study on NPTX1 in organotypic hip-
pocampal slices (Cummings et al., 2017), we increased extracellular
levels of NPTX1 modeling its secretion (Yuzaki, 2018; Figure 3g). Our
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FIGURE 3 Human NPTX1 expression and validation experiments in vitro. (a-d) Representative photomicrographs of cytoplasmic NPTX1
expression with maxima in human CA4 hippocampal area. DG: dentate gyrus, CA: Cornu Ammonis. Representative NPTX1 stainings

stand for (a) PD sample (100x magnification); (b) Magnified view (400x) of neurons located in CA4 field of (a); (c) control sample (100x
magnification); (d) Magnified view (400x) of neurons located in CA4 field of (c). () Antibody signals of NPTX1 (50kDa) and GAPDH in
western blots. All available patient samples (h=16 PD, n=14 CTR) were loaded in equal amounts and a pool of all samples was loaded
additionally on each gel (pool). (f) Quantification of NPTX1 signal shown in (e). Signal was normalized to housekeeping GAPDH and to the
pool signal. Significant increase in NPTX1 signal in PD samples. **p-value=0.007, t-value=2.774, DF =54, two-sided t-test. (g) Scheme of
chronic NPTX1 treatment of murine hippocampal cultures. Cells were treated daily, starting at DIVO1, for 7 days with recombinant NPTX1.
(h) Exemplary immunocytochemical stainings of NPTX1-treated (+NPTX1) and vehicle-treated neurons (+vehicle). Cells were fixated at
DIV08 and immunostained for NPTX1 (red) and synapsin 1 (SYN1, green). SYN1 signal was used for synaptic morphology assessment. (i,

j) Quantification of synaptic morphology in NPTX1- and vehicle-treated hippocampal neurons via semi-automatically quantified ellipse

variables.

study showed a significant alteration of synapse morphology in neu-
rons treated with NPTX1, resulting in significantly smaller and stub-
bier shapes compared with vehicle-treated neurons (Figure 3j). Allied
with the well-characterized contribution of synaptic dysfunction in
PD and the evidence from neurophysiological studies showing an ef-
fect of presynaptic activity on postsynaptic dendritic spines (Nagerl
etal., 2004; Yuste & Bonhoeffer, 2001), our results support the role of
synaptic alterations in PD and suggest NPTX1 as a new protein target.

5 | CONCLUSIONS

In summary, we characterized changes in protein expression levels of
advanced-stage human hippocampal PD samples, finding an altered
expression level in several targets involved in synapto-axonal func-
tion. Among the dysregulated proteins, NPTX1 appeared as a promis-
ing and novel target protein in the synaptic hippocampal pathology of
PD. The increased abundance of NPTX1 captured by proteomics and
validated by western blot (Figure 3f) was also confirmed on the gene
level (QRT-PCR results; Figure S5), and in vitro modulation of NPTX1
levels confirmed morphological changes in synapses of hippocampal
neuron cultures. These findings suggest a new role for NPTX1 in the
synaptic pathology of the hippocampus in PD and PD dementia. Our
results speak for further investigation of the mechanism of extracel-
lular NPTX1 elevation and suggest further studies analyzing whether
inhibition of NPTX1 has beneficial disease-modifying effects in PD.
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