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MAP2 and GPNMB as biomarkers and underpins importance
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Abstract

Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative disease and the proteins and pathways involved
in the pathophysiology are not fully understood. Even less is known about the preclinical disease phase. To uncover new
ALS-related proteins and pathways, we performed a comparative proteomic analysis in cerebrospinal fluid (CSF) of asymp-
tomatic (n=14) and symptomatic (n=14) ALS mutation carriers and sporadic ALS patients (n=12) as well as post-
mortem human spinal cord tissue (controls: n="7, ALS, n=_8). Using a CSF-optimized proteomic workflow, we identified
novel (e.g., UCHL1, MAP2, CAPG, GPNMB, HIST1H4A, HISTIH2B) and well-described (e.g., NEFL, NEFH, NEFM,
CHIT1, CHI3L1) protein level changes in CSF of sporadic and genetic ALS patients with enrichment of proteins related
to transcription, cell cycle and lipoprotein remodeling (total protein IDs: 2303). No significant alteration was observed in
asymptomatic ALS mutation carriers representing the prodromal disease phase. We confirmed UCHL1, MAP2, CAPG and
GPNMB as novel biomarker candidates for ALS in an independent validation cohort of patients (n=117) using multiple
reaction monitoring. In spinal cord tissue, 292 out of 6810 identified proteins were significantly changed in ALS with enrich-
ment of proteins involved in mRNA splicing and of the neurofilament compartment. In conclusion, our proteomic data in
asymptomatic ALS mutation carriers support the hypothesis of a sudden disease onset instead of a long preclinical phase.
Both CSF and tissue proteomic data indicate transcriptional pathways to be amongst the most affected. UCHL1, MAP2 and
GPNMB are promising ALS biomarker candidates which might provide additional value to the established neurofilaments
in patient follow-up and clinical trials.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a rare and fatal neu-
rodegenerative disease characterized by severe motor neu-
ron loss and finally death due to respiratory failure within
3-5 years. Except for about 5% of ALS patients with a clear
B4 Markus Otto monogenetic background (gALS) the cause of sporadic ALS

markus.otto@uni-ulm.de (SALS) remains elusive. The neuropathological hallmark
of ALS is TDP-43-positive protein inclusions and several
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Even less is known about the preclinical disease phase
and the available information is mainly derived from muta-
tion-based animal models. Diagnosis of ALS is based on
clinical symptoms [3] hampering the investigation of the
presymptomatic phase in patients. The most promising ALS
biomarker candidates are neurofilament levels in cerebro-
spinal fluid (CSF) and blood but they emerge during the
symptomatic disease phase and do not seem to change dur-
ing disease progression [4, 5].

Hence, there is an urgent need to identify new ALS-
related pathways to close the gaps in our current under-
standing of ALS pathophysiology and to potentially pro-
vide new targets for disease-modifying treatment strategies.
Furthermore, the establishment of new biomarker candidates
for early diagnosis and disease progression is an important
requirement to improve treatment of patients including drug
development.

The use of unbiased proteomics is a valuable tool for
the identification of disease-related pathways and new bio-
marker candidates for further validation. It has led to the
identification of the inflammatory protein CHIT1 as a CSF
marker in ALS [6] and this has been validated by several
studies [7—10]. However, previous proteomic studies did not
reach the sensitivity to detect proteins in the low concentra-
tion range where most biomarker candidates for neurologi-
cal diseases are expected including established ones such
as neurofilaments, tau or synucleins. The ongoing technical
advances in the proteomics field now enable a deeper pro-
teomic coverage in CSF samples making novel biomarkers
accessible. This is especially important for the small changes
that can be expected to occur during the earliest disease
phases. The investigation of asymptomatic ALS mutation
carriers offers the unique option to study the preclinical ALS
disease phase. We and others showed that the CSF biomark-
ers CHIT1 [8] and neurofilaments [5, 11] increase within the
time of symptom onset. Furthermore, a proteomic analysis
comparing changes in CSF and spinal cord tissue is currently
not available but can provide mechanistic information of the
proteins.

The aim of the present study was to uncover novel bio-
marker candidates and disease-related pathways of ALS by
comparative proteomic analysis of human CSF and spinal
cord samples from symptomatic ALS patients and to iden-
tify early changes in CSF of asymptomatic ALS mutation
carriers. We analyzed CSF samples from 14 asymptomatic
ALS mutation carriers, 12 sALS, 14 gALS and 16 control
patients using isobaric tags for relative and absolute quanti-
fication (ITRAQ). The identified biomarker candidates were
further evaluated in a second validation cohort consisting of
61 sALS, 24 gALS and 32 control patients using multiple
reaction monitoring (MRM). Post-mortem spinal cord tissue
from 8 ALS and 7 control patients were analyzed by label-
free proteomics.
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Materials and methods
Reagents

The iTRAQ Reagents Multi-Plex Kit (4-plex) was pur-
chased from AB Sciex (Darmstadt, Germany, #4352135),
Flagellin from B. subtilis from InvivoGen (San Diego,
USA, FLA-BS Ultrapure) and B-Lactoglobulin from
Thermo (Darmstadt, Germany, #400979). Stable isotope-
labeled (SIL) peptides were custom-synthesized from
Thermo and QPrESTs were provided by or purchased from
Atlas Antibodies AB (Bromma, Sweden).

Patients

Patients were recruited between 2009 and 2017 at the
Department of Neurology, Ulm University Hospital. ALS
was diagnosed according to the revised El Escorial criteria
[12] and all ALS patients were tested for known ALS gene
mutations. Asymptomatic ALS mutation carriers were
recruited through the German Presymptomatic ALS study
and where identified by genetic testing of first-degree rel-
atives of gALS patients. Relatives without known ALS
mutation and no neurodegenerative disease were assigned
to the control group of the discovery cohort. Controls in
the validation cohort were age and sex-matched individu-
als without neurodegenerative disease. Demographic
characteristics of the discovery (iTRAQ) and validation
cohorts (MRM) are listed in Table 1. All patients or their
legal representatives gave written informed consent to be
included in this study and the Ethics Committee of Ulm
University approved the study.

CSF was collected by lumbar puncture during diag-
nostic workup or recruitment, centrifuged and stored at
— 80 °C within 2 h in polypropylene tubes. The ALS func-
tional rating scale-revised (ALSFRS-r) was used to assess
disease severity.

Post-mortem spinal cord tissue (cervical/thoracal)
was collected from neuropathologically confirmed ALS
patients (n =4 c9ALS, n=4 sALS) and non-neurode-
generative controls (n=7) with the following diagnoses:
myocardial infarction (3), multiple organ failure, cirrhosis
of the liver, aortic dissection and tricuspid insufficiency.
Both groups were comparable with respect to age and
post-mortem delay time (Online Resource 1) but with a
predominance of male subjects.
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Table 1 Demographic characteristics of the CSF discovery (iTRAQ) and validation (MRM) cohorts

N (f/m) Age (year)? Mutations ALSFRS-1* Age at onset (year)® Dura-
tion at LP
(months)?
Discovery cohort
Con 16 (11/5) 44 (29-51) - - - -
Asymptomatic ALS 14 (11/3) 45 (35-52) 8x CYorf72 - - -
mutation carriers 5x SOD1
1x TARDBP
SALS 12 (5/7) 67 (58-74) - 39 (32-44) 66 (57-68) 12 (6-21)
gALS 14 (5/9) 62 (53-75) 9x CY9orf72 39 (35-45) 54 (52-69) 12 (6-27)
5x SODI
p value® < 0.001 < 0.001 - 0.8 0.29 0.82
Validation cohort
Con 32 (13/19) 63 (57-72) - - - -
gALS 24 (9/15) 58 (48-66) 16x C9orf72 42 (37-45) 57 (46-64) 10 (7-22)
4x SODI
2x FUS
1x NEK
1x TBK1
SALS 61 (21/40) 64 (55-70) - 42 (36-46) 63 (52-69) 13 (6-27)
p value® 0.84 0.06 - 0.91 0.05 0.31

ALS amyotrophic lateral sclerosis, ALSFRS-r ALS functional rating scale-revised, Con controls, f female, gALS genetic ALS, LP lumbar punc-

ture, m male, SALS sporadic ALS

*Median and interquartile range

®Chi-squared test for sex, Mann—Whitney test (two groups) or Kruskal-Wallis test and Dunn’s post hoc test (>2 groups)

Sample preparation of CSF samples for iTRAQ
analysis

A volume of 200 pL. CSF per patient was spiked with
100 mM TEAB (triethylammonium bicarbonate), 5 mM
TCEP [tris(2-carboxyethyl)phosphine hydrochloride],
10 mM CAA (2-chloroacetamide) and two non-human
proteins (flagellin, p-lactoglobulin) to correct for varia-
tions during sample preparation. Samples were incubated
at 60 °C for 30 min (400 rpm) and then buffer exchanged
with 500 mM TEAB using 3 kDa MWCO centrifugal fil-
ters (Millipore UFC500396) and finally concentrated to
a volume of 25 pL. Trypsin/LysC (Promega) was added
with an enzyme-to-substrate ratio of 1:50 and incubated
for 16 h at 27 °C. Digestion was stopped by addition of
ethanol (75% final) followed by the addition of the respec-
tive iTRAQ labels (114, 115, 116 or 117) and incuba-
tion for 1 h at 22 °C. The labeling reaction was stopped
with formic acid (10% final) and all samples from one
iTRAQ 4-plex set were combined and vacuum dried. Pel-
lets were redissolved in 200 uL 1% TFA and fractionated
with strong cation exchange (SCX) STAGE Tips (Sigma
66889-U) into six fractions: 125, 160, 220, 300, 450 mM
ammonium acetate in 20% acetonitrile/0.5% formic acid
and 5% ammonium hydroxide in 80% acetonitrile. After

vacuum drying, the fractions were dissolved in 12 uL 0.5%
TFA and analyzed by LC-MS/MS.

In each iTRAQ 4-plex sample set, one CSF pool sample
was included enabling the comparison of samples from dif-
ferent iTRAQ 4-plex sets and patient groups were equally
distributed between the iTRAQ sets.

Sample preparation of human spinal cord tissue

Tissue (whole sections) was lysed in 10 X volume 6 M Gnd-
HCI, 10 mM TCEP, 40 mM CAA, 100 mM TEAB by soni-
cation and then heated for 10 min at 95 °C. The lysates were
buffer exchanged with 50 mM TEAB (4 X) using a Micro-
con-30 kDa centrifugal filter (Millipore #MRCFOR030)
and concentrated on the filter. Fifty microliters of trypsin/
LysC (Promega #V5072) in 50 mM TEAB were added to
a final protein-to-enzyme ratio of 50:1. Digestion was per-
formed for 16 h at 37 °C and 600 rpm. The resulting pep-
tides were centrifuged through the filter and centrifugation
was repeated after addition of 50 uL 0.2% TFA to increase
recovery. The flow through was pooled and then fraction-
ated by SCX Stage Tips into three fractions (160, 300 mM
ammonium acetate and 5% ammonium hydroxide) and fur-
ther processed as described above.
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CSF sample preparation for MRM analysis

A volume of 200 uL. CSF was spiked with 0.8 mM TCEP,
4.2 mM CAA, 83 mM TEAB and a mixture of stable isotope
labeled peptides and QPrESTs as internal standards (Online
Resource 2). The samples were incubated for 10 min at
95 °C and then digested for 16-18 h at 37 °C by addition
of 12 pL trypsin/LysC (0.1 pg/uL). Digestion was stopped
with 800 pL 1.25% TFA and samples fractionated with SCX
Stage tips into six fractions (75, 125, 200, 300, 450 mM
ammonium acetate and 5% ammonium hydroxide) and
vacuum dried. Samples were re-dissolved in 27.5 uL 6%
acetonitrile/0.1% TFA and stored in the autosampler until
analysis.

LC-MS/MS analysis of proteomic samples

LC-MS/MS analysis of fractionated iTRAQ-labeled CSF
samples and tissue lysates was performed with an UltiMate
3000 RSLCnano system and a Q Exactive mass spectrometer
(both Thermo, Dreieich, Germany). The digested peptides
were concentrated on a 20 X 0.075 mm, 3 pm trap column
(Thermo PepMap100 C18) and separated on a PepMap100
C18, 50 x 0.050 mm, 2 pm analytical column (Thermo) with
a column temperature of 60 °C. Mobile phase of the load-
ing pump (trap column) was 0.05% TFA/2%MeOH (flow
rate: 5 uL/min) and of the nano pump (analytical column)
4% DMSO0/0.1% formic acid (A) and 4%DMSO/76% ace-
tonitrile/0.1% formic acid (B) (flow rate 150 nL./min). Pep-
tides were eluted with a step-gradient from 1-53%B within
340 min (CSF) or 160 min (tissue) and infused into the Q
Exactive in positive ion mode (2300 V, 270 °C capillary tem-
perature, S-lens RF level 69). Data were acquired by data-
dependent acquisition (CSF: top12, tissue: top15) with the
following settings: full MS: resolution 70000, AGC target
3e6, max injection time 120 ms, scan range 400-1400 m/z,
MS?: resolution 35,000 (CSF) or 17,500 (tissue), AGC target
le6, max injection time 120 ms (CSF) or 65 ms (tissue),
isolation window 1.6 m/z, NCE 25, dynamic exclusion of
40 s and a fixed first mass of 100 m/z (CSF iTRAQ samples
only).

MRM analysis

The fractionated CSF samples were analyzed using an
Agilent 1260 HPLC pump, Eksigent MicroLC200 and
QTRAP6500 mass spectrometer (AB Sciex, Darmstadt,
Germany). Peptides were loaded on a C18 PepMap100,
5 um, 0.3 X 5 mm trap column (Thermo Fisher Scientific)
with a flow rate of 200 uL/min of 1% methanol/0.05% TFA.
Separation was performed on an Eksigent HALO Fused-core
C18, 2.7 pm, 0.5 X 100 mm column at 40 °C with mobile
phase A: 4% DMSO0/0.1% formic acid, and mobile phase B:

@ Springer

4% DMSO0/96% acetonitrile/0.1% formic acid and a linear
gradient from 1 to 30% B within 9.85 min (15 pL./min) and
measured in positive ion mode with the QTRAP6500 using
the following settings: 5500 V, 175 °C source temperature,
curtain gas 40psi, nebulizer gas (gas 1) 20 psi, heater gas
(gas 2) 30 psi, declustering potential 100 V. The measured
transitions, transition-specific settings and retention times of
the scheduled MRM are listed in Online Resource 2.

Proteomic and MRM data analysis

Data from the CSF iTRAQ analysis and spinal cord tissue
(label-free proteomics) were analyzed using MaxQuant
v1.5.2.8 [13] and Perseus v1.5.2.6 software [14].

MaxQuant settings for CSF iTRAQ samples were reporter
ion MS2 with iTRAQ 4-plex and a precursor ion fraction of
> 0.75. For tissue samples, the MaxLFQ algorithm [15] was
used for protein quantification. For all samples, N-terminal
acetylation and methionine oxidation were set as variable
modifications and carbamidomethylation on cysteine resi-
dues as fixed modification. Trypsin without cleavage before
proline was set as the enzyme allowing up to two missed
cleavages. Match between runs was selected. The human
reference proteome from UniProt (downloaded 07-Jun-2016)
was used for protein identification with a peptide and pro-
tein FDR of 1%. For CSF iTRAQ samples, the sequences of
B-Lactoglobulin and flagellin were also included.

Reporter ion intensities of all proteins were first normal-
ized to the mean intensity of flagellin and p-lactoglobulin
(internal standards) within each iTRAQ sample to account
for variations during sample preparation and these corrected
intensities were then normalized to the intensities of the CSF
pool sample within each iTRAQ set to enable comparison
between iTRAQ sets.

Normalized reporter ion intensities (CSF iTRAQ) and
LFQ intensities (tissue) were log2 transformed for further
statistical analysis. Groups were compared by Student’s ¢
test (two-tailed) and visualized in Volcano Plots. Correc-
tion for multiple testing was performed with permutation-
based FDR (0.05). For hierarchical clustering and heatmaps,
missing values were replaced by imputation from a normal
distribution (width 0.3, down shift 1.8) and intensities
were standardized using z score. Clustering was performed
by Euclidean distance and average linkage. Gene ontol-
ogy (GO) terms (molecular function, biological process,
and cellular compartment) and Reactome pathways were
downloaded from UniProt (20-Oct-2017) and enrichment
analysis was performed using Fisher’s exact test and Ben-
jamini—Hochberg FDR (0.05). Spearman’s rank correlation
coefficient was used for correlation analysis of log2 intensi-
ties and expected time to disease onset in asymptomatic ALS
mutation carriers.
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MRM data were analyzed with Skyline v4.2.0 [16] and
the mean light-to-heavy (L/H) ratio of 1-3 transitions per
peptide (see Online Resource 2) was calculated. For each
protein, 1-2 peptides were measured.

Hemoglobin determination

Hemoglobin concentration in the CSF pool sample was
determined to estimate blood contamination in the samples
of the iTRAQ experiment. Measurement was performed
with MRM using a stable isotope-labeled peptide as previ-
ously described [17].

Statistics

Statistical analysis of patient characteristics and MRM
data was performed with GraphPad Prism v5.00. Groups
were compared by Mann—Whitney test (2 groups) or
Kruskal-Wallis test and Dunn’s post hoc test (>2 groups).
All tests were two-tailed and unpaired. Sex distribution was
analyzed by Chi-squared test. Spearman’s rank correlation
coefficient was used for correlation analysis of MRM data
with clinical data. A p value <0.05 was regarded significant.

Results
Proteomic comparison of CSF samples

To identify novel disease pathways and altered protein levels
in the asymptomatic disease stage and in symptomatic gALS
and sALS, we used quantitative proteomics to compare CSF
samples from asymptomatic ALS mutation carriers (n=14)
with age- (p=0.79) and sex- (p=0.15) matched controls
(n=16) and sALS (n=12) and gALS (n=14) cases. Char-
acteristics of the individuals are given in Table 1. We estab-
lished an optimized proteomic workflow for CSF analyses
allowing deep proteomic coverage on a single patient level
in an applicable volume of CSF (200 uL). We identified
a total of 2303 proteins excluding potential contaminants
(Online Resource 3). Proteins identified with > 1 unique
peptide and quantified in > 3 samples in at least one group
(1929 proteins, Online Resource 3) were used for quanti-
tative comparisons. Hemoglobin concentration in the CSF
pool was 10.9 ng/mL and samples with blood contamination,
indicated by high intensity of hemoglobin (i.e.,>20 X than
CSF pool), were excluded (2 Con, 1 Car, 2 sALS, 3 gALS).
This threshold was selected based on the experience with
other biomarker candidates [17, 18].

We first compared the symptomatic ALS patients
(sALS + gALS) with the control group to test whether we
are able to detect established biomarkers as verification of
our proteomic workflow (Fig. la). A total of 32 proteins

were significantly changed in the ALS group after correcting
for multiple testing (FDR =0.05) (Table 2).

The well-established ALS markers NEFL, NEFH and
CHIT1 [9] were markedly upregulated in ALS whereas
another marker of neurodegeneration, tau protein, which has
previously been shown to be not altered in ALS [19], was
unchanged. This indicates that our proteomic workflow is
able to correctly identify disease-relevant, low-abundant pro-
teins in CSF samples. Only three proteins were significantly
downregulated in ALS, all belonging to the histone protein
family (Fig. la and Table 2). Consistent changes (FDR
0.05) were observed for the proteins NEFM, NEFL, NEFH,
GPNMB, CHIT1, CHI3L1, CHI3L2, APOC2, APOC3
(increased) and HIST1H2B (decreased) when gALS and
sALS were compared with controls separately. Enrichment
analysis revealed an over-representation of proteins from the
neurofilament, nucleosome, nuclear nucleosome and inter-
mediate-density lipoprotein particle cellular compartments,
from the biological process of nucleosome assembly and
from pathways involved in transcription, cell cycle and lipo-
protein remodeling (Fig. 1b). Hierarchical clustering using
the 32 differentially regulated proteins identified two main
clusters of patients (Fig. 1c) with cluster 1 containing 86%
of ALS patients (19 out of 22) and cluster 2 containing 93%
of controls (13 out of 14). The profile of three ALS patients
on the left in cluster 1 seemed to differ slightly from the
other ALS cases in this cluster but we observed no unique
difference of these patients regarding age, sex, genotype,
age at disease onset, disease duration at sample collection or
ALSFRS-r score. Cluster 1 included only one control patient
(specificity 95%) and cluster 2 contained three ALS patients
(specificity 81%).

Validation of ALS biomarker candidates by MRM

We established an MRM method for proteins listed in
Table 2 to validate their biomarker potential in a second
cohort of patients (validation cohort, Table 1). The pro-
teins NEFL, NEFH, CHIT1, CHI3L1 and CHI3L2 have
already been studied extensively by our [5, 8, 9, 19, 20]
and other groups [4, 7, 10, 11], which is why we did not
further validate them here. From the remaining proteins,
we could successfully establish an MRM for NEFM (one
peptide), GPNMB (one peptide), MAP2 (one peptide),
SERPINA3 (two peptides), UCHL1 (two peptides), CAPG
(two peptides) and GBA (two peptides). The method showed
good performance for all measured proteins/peptides with
intra-assay CVs of 3.2-18.3%. Using the established MRM
method in the validation cohort, we could confirm signifi-
cantly increased CSF concentrations of NEFM, GPNMB,
MAP2, UCHLI and CAPG in ALS compared with age- and
sex-matched control patients (Fig. 2). For SERPINA3 and
GBA no significant difference between groups was observed
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Fig.1 iTRAQ proteomics in CSF uncovers differences in ALS
patients. a Volcano plot comparing protein levels in CSF of ALS
(allALS, n=22) and control patients (Con, n=14). Proteins above the
bold line are significantly different with a false discovery rate of 0.05.
Upregulated proteins in ALS are highlighted in red and downregu-

in the validation cohort (p > 0.18 for SERPINA3, p>0.07
for GBA, Online Resource 4).

There was a significant correlation of age at disease onset
and GPNMB (r=0.52, p<0.001), MAP2 (»=0.30, p=0.04),
UCHLI1 (r=0.61,<0.001) and CAPG (»=0.40, p <0.001)
but not NEFM (r=0.28, p=0.05). Disease duration at
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lated in blue. Tau protein (MAPT) as a negative control is indicated
in green. b Gene ontology and pathway enrichment analysis of the
significantly different proteins in ALS CSF. ¢ Heat map and hierar-
chical clustering of patients using the 32 significantly different pro-
teins in ALS

time of lumbar puncture (LP) showed a significant nega-
tive correlation with GPNMB (r=- 0.37, p<0.001) and
MAP2 (r=- 0.30, p=0.04) but not with the other proteins
(UCHL1: r=- 0.20, p=0.06, CAPG: r=0.01, p=0.95,
NEFM: r=0.12, p=0.39). The ALSFRS-r score correlated
significantly with GPNMB (r=— 0.44, p <0.001), UCHL1
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Table 2 Significantly different proteins (FDR =0.05) in CSF of ALS patients

Protein/protein group Gene names UniProt ID Log2ratio —Log
p value
Neurofilament heavy polypeptide NEFH P12036 2.64 5.02
Neurofilament medium polypeptide NEFM P07197 2.30 8.92
Chitotriosidase-1 CHIT1 Q13231 2.10 5.89
Neurofilament light polypeptide NEFL P07196 1.98 4.40
Apolipoprotein C-1I APOC2 P02655 1.15 5.03
Apolipoprotein C-1I1 APOC3 P02656 1.15 3.93
Chitinase-3-like protein 1 CHI3L1 P36222 1.10 4.69
Chitinase-3-like protein 2 CHI3L2 Q15782 1.09 4.52
Apolipoprotein B-100 APOB P04114 1.03 2.95
Transmembrane glycoprotein NMB GPNMB Q14956 0.95 5.26
Collagen alpha-1(VIII) chain COL8BA1 P27658 0.87 2.80
Osteopontin SPP1 P10451-5 0.81 3.01
Microtubule-associated protein 2 MAP2 P11137 0.79 3.14
CDS5 antigen-like CDSL 043866 0.75 2.79
Carbohydrate sulfotransferase 6, Carbohydrate CHST6, CHSTS Q9GZX3, Q9GZS9 0.69 3.34
sulfotransferase 5
Monocyte differentiation antigen CD14 CD14 P08571 0.67 3.44
Alpha-1-antichymotrypsin SERPINA3 P0O1011 0.64 4.02
Ubiquitin carboxyl-terminal hydrolase isozyme L1 ~ UCHLI P09936 0.63 4.48
N-acetylmuramoyl-L-alanine amidase PGLYRP2 Q96PD5 0.61 3.39
Apolipoprotein D APOD P05090 0.60 4.45
Glial fibrillary acidic protein GFAP P14136 0.58 3.29
Complement C4-B C4B POCOL5 0.58 3.29
Triggering receptor expressed on myeloid cells 2 TREM2 QINZC2 0.58 3.27
Polypeptide N-acetylgalactosaminyltransferase 15 ~ GALNT15 Q8N3T1 0.57 3.47
Macrophage-capping protein CAPG P40121 0.51 3.99
Glucosylceramidase GBA P04062 0.50 4.06
Phospholipid transfer protein PLTP P55058 0.45 3.66
Galectin-1 LGALS1 P09382 0.44 4.48
Vitamin K-dependent protein S PROS1 P07225 0.36 5.07
Histone H4 HIST1H4A P62805 —2.58 3.16
Histone H2B HIST1H2B (See Table S1) (See Table S1) —-242 4.52
Histone H1 HIST1HIC, HISTIHIE, HISTIHID P16403, P10412, P16402 - 0.88 3.00

(r=- 0.25, p=0.02) and CAPG (r=-0.30, p=0.005)
but not MAP2 (r=- 0.22, p=0.13) and NEFM (r=0.01,
p=0.97).

To evaluate the prognostic value of the biomarkers, we
correlated the CSF levels with disease duration from LP
to death in a subset of patients (2ALS and sALS) where
time of death was known (n=46). GPNMB (r=- 0.45,
p=0.002, Fig. 3a) but not UCHL1 (r=- 0.28, p=0.06),
CAPG (r=- 013, p=0.38), MAP2 (r=- 0.23, p=0.24)
and NEFM (r=- 0.02, p=0.91) showed a significant nega-
tive correlation with disease duration until death. ALS
patients with CSF GPNMB levels above the median had
a significantly shorter survival time than patients with low
GPNMB levels (Fig. 3b, c).

Proteomic comparison of asymptomatic ALS
mutation carriers and controls

To identify pathways and biomarker candidates that are
already changed in the presymptomatic phase of ALS, we
compared the CSF proteome of asymptomatic ALS muta-
tion carriers with age- (p=0.79) and sex- (p=0.15) matched
controls (Table 1). We did not observe a significant differ-
ence between the two groups after correcting for multiple
testing (FDR 0.05, Fig. 4). Using less stringent criteria
(no FDR), which is common in CSF proteomic analyses to
identify pathways and possible biomarker candidates for
further validation, we detected 21 proteins with a ¢ test p
value < 0.05 and log?2 ratio of > 0.25 (3 proteins) or < — 0.25
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Fig.2 MRM analysis of biomarker candidates in CSF of the vali-
dation cohort. The proteins UCHL1, CAPG, NEFM, GPNMB and
MAP2 were measured in cerebrospinal fluid (CSF) by multiple reac-
tion monitoring (MRM). The validation cohort consisted of genetic
ALS (gALS, n=24), sporadic ALS (n=61) and age-matched control
patients (n=32). The following peptides were measured by MRM:

UCHL1 (QFLSETEK, MPFPVNHGASSEDTLLK, mean of both
peptides), CAPG (EGNPEEDLTADK, VSDATGQMNLTK, mean
of both peptides), NEFM (FEEEAR), MAP2 (DQGGAGEGLVR),
GPNMB (IPDENCQINR). Groups were compared by Kruskal-Wal-
lis test and Dunn’s post hoc test. Boxes are median and interquartile
range, whiskers are min and max. *p <0.05, **p <0.01, ***p <0.001
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Fig.3 Higher CSF GPNMB levels in ALS are associated with shorter
survival. a Correlation analysis (Spearman) of CSF GPNMB levels
with disease duration from LP to death in a subset of gALS and sALS
patients from the validation cohort (n=46) where time of death was
available. b Kaplan-Meier curve and ¢ box blot of ALS patients with

(18 proteins) (Fig. 4, Online Resource 5). However, enrich-
ment analysis yielded no significantly enriched GO term or
pathway in the 21 proteins.

To identify proteins which might change gradually until
disease onset, we correlated protein levels of asympto-
matic ALS mutation carriers with the expected time to dis-
ease onset. This time span was estimated using the paren-
tal time of disease onset as described previously [5]. Only

@ Springer

CSF GPNMB levels below and above the median concentration show
shorter survival of ALS patients with high GPNMB levels (b log-
rank test, p=0.006; ¢ Mann—Whitney test, **p=0.002). Boxes are
median and interquartile range, whiskers are min and max

proteins with valid intensity values in all these patients
(998 proteins) were used for correlation to increase reli-
ability. Sixteen proteins showed a significant correla-
tion (Spearman r> 0.5 or < — 0.5 and p <0.05) with the
expected time to disease onset and are listed in Table 3. A
separate correlation analysis of these proteins in asymp-
tomatic C9orf72 and SODI mutation carriers is given in
Online Resource 5.
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Fig.4 No significant proteomic changes in CSF of asymptomatic
ALS mutation carriers. A volcano plot comparing protein levels in
CSF of asymptomatic ALS mutation carriers (Carrier, n=13) and
age- and sex-matched healthy controls (Con, n=14). No signifi-
cant changes reaching a false discovery rate of 0.05 (bold line) were
observed. Proteins with a ¢ test p value<0.05 and a log2 ratio of
> 0.25 (red) or < — 0.25 (blue) are indicated

Proteomics of post-mortem tissue

We used label-free proteomics for comparison of post-mor-
tem spinal cord tissue from ALS (n=8) and control patients
(n=17). Age (p=0.49), sex (p=0.57) and post-mortal delay
of tissue collection (p =0.63) was comparable between
the groups (Online Resource 1). We identified 6810 pro-
tein groups after excluding potential contaminants (Online
Resource 6) and used those with > 3 valid values in both
groups (5115 proteins) for the quantitative comparison. A
total of 292 proteins were significantly changed in ALS (139
downregulated, 153 upregulated, FDR =0.05) as shown in
Fig. 5a and Online Resource 7 including ALS-associated
proteins such as APOE, hnRNPA2bl, LMNBI1, NEFH,
NEFL, NEFM, PRPH, SARM1 and SOD2. Table 4 lists the
Top 30 proteins (based on fold change and p value). Proteins
involved in mRNA splicing (R-HSA-72163, p=0.016) and
of the catalytic step 2 spliceosome (GO:0071013, p=0.045)
and neurofilament (GO:0005883, p =0.030) compartments
were significantly enriched in the group of changed proteins.
Based on the 292 differentially regulated proteins, hierarchi-
cal clustering identified two main clusters (Fig. 5b). Cluster
1 contained 6 out of 7 control patients (86%) and cluster 2
contained all ALS patients (100%) and one control corre-
sponding to a specificity of 100% and 89% of cluster 1 and 2.

Table 3 List of proteins

. . Gene names Spearman r 95% CI p value Link to neurological disease

correlating with expected
time to disease onsetin NUCB1 -0.70 ~091to-0.22 0.008 AD [50]
igﬁeﬁg‘)ﬁ?ﬁﬁfﬂﬁn‘r}‘iﬁ“o“ NUCB2 ~0.56 ~0.85 10 0.01 0.049 Anxiety/depression [51]
comparison SPARC -0.75 -0.92t0-0.33 0.003

ACHE -0.56 -0.85t0 0.01 0.049 ALS [52, 53]

AGT -0.59 -0.87to-0.04 0.035 ALS [54, 55]

ALS-associated gene (http://
alsod.iop.kcl.ac.uk)

CDH8 -0.58 —-0.86 to — 0.03 0.037 Autism-Gene [56]

CFHR2 0.59 0.05 to 0.87 0.033

FAT2 -0.59 -0.87to-0.04 0.035 SCA [57] and autism [58] gene

ALS [59]

FSTL5 -0.65 -0.89to-0.15 0.015

GALNTI8 -0.62 -0.88 to —0.09 0.024

GMFB -0.63 -0.88 to—0.10 0.022 PD [60]

MCAM -0.59 -0.87 to - 0.05 0.033 ALS [61, 62], MS [63]

PLD4 -0.57 -0.86 to —0.00 0.044 ALS [64]

SIRPA; SIRPB1 -0.67 -0.90 to-0.17 0.012 AD [65, 66]

SLPI -0.68 -0.90to-0.19 0.010 ALS [67], FTLD [68]

UBAS52; RPS27A; -0.57 -0.86 to —0.00 0.044 ALS and others [69]

UBB; UBC
ALB 0.23 -0.39t00.70 0.459 na

AD Alzheimer’s disease, ALS amyotrophic lateral sclerosis, CI confidence interval, FTLD frontotemporal
lobar degeneration, PD Parkinson’s disease, SCA spinocerebellar ataxia

@ Springer


http://alsod.iop.kcl.ac.uk
http://alsod.iop.kcl.ac.uk

Acta Neuropathologica

a

©- FDES0 LRP1

ACTN1
o
o
WDR41 o’ o  ,GGT5
oo o ° °
] ACY3°® o° 0°
o

o
S
T“ o -
> -]
1 o GPNMB
Q LANCL3, IQGAP2
o
S
-

o o MYH2

AVIL™ " PRPHo
EPX 3

Log, ratio (allALS/Con)
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Table 4 Top 30 proteins

. . Gene names — Log Log?2 ratio Gene names — Log Log?2 ratio

changfsd in post-mortem spinal p value p value

cord tissue of ALS
AVIL 1.92 -4.6 SCYL1 4.63 -0.5
GPNMB 2.90 35 LAMTOR3 4.49 0.6
ACTN1 4.89 1.5 MAST1 4.16 -0.8
MYH2 1.87 -3.8 MVD 4.42 -0.6
GGTS5 423 1.4 WDR41 431 -0.7
FDPS 5.00 -0.7 ITGAX 4.11 0.9
CSNKID;CSNKIE 5.05 -0.5 SOD2 4.30 0.6
ACY3 3.99 -15 HMGB1; HMGB1P1 3.93 1.0
HLA-DRA 4.10 1.3 CAPG 3.70 1.1
LRP1 4.88 0.5 MVK 3.94 -0.8
EPX 1.67 -3.6 KIF3C 4.16 -0.6
LGALS3 3.54 1.8 S100A6 3.30 1.4
IQGAP2 2.75 2.4 PDPK1; PDPK2 4.00 -0.6
CYBB 3.61 1.6 ANXA1 3.10 1.5
NAMPT 4.00 1.2 LMNB1 3.80 0.8

Merger of CSF and tissue proteomic data

To strengthen our proteomic results in CSF and spinal cord
tissue, we merged both data sets. A change in both CSF and
tissue will increase the reliability of these proteins and a
comparison of the direction of changes can yield hints to
the related mechanisms. Quantitative data in both data sets
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were available for 1049 protein groups (Online Resource 8)
and the changes in ALS (log?2 ratios) are plotted in Fig. 6.
Proteins changed in CSF and spinal cord tissue can be
divided into four groups: (1) downregulated in tissue and
upregulated in CSF, (2) upregulated in both, (3) upregu-
lated in tissue, downregulated in CSF and (4) downregu-
lated in both (Online Resource 9). The equation y=1/6x was
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Fig.6 Merge of CSF and spinal cord proteomic data divide proteins
in four groups. The scatter plot shows 1049 proteins which were iden-
tified in both CSF and spinal cord tissue. Log?2 ratios of protein levels
in ALS (allALS) and controls (con) in CSF (x axis) and spinal cord
tissue (y axis) are shown. Proteins can be divided into four groups: (1)
downregulated in tissue and upregulated in CSF, including the neuro-
filament proteins (blue) (2) upregulated in both (red) (3) upregulated
in tissue, downregulated in CSF (green) and (4) downregulated in
both (pink). We used the equation y=1/6x to separate changed pro-
teins from unchanged

used as threshold for group allocation (Fig. 6). Group (2) is
enriched of proteins involved in the complement and coagu-
lation cascade and ECM-receptor interaction and group (3)
is enriched with proteins of the nucleosome (GO:0000786)
and nuclear nucleosome (GO:0000788). Neurofilaments and
other cytoskeletal proteins were present in group (1) but no
significant enrichment was observed in groups (1) and (4).

Discussion

In the present study, we investigated proteomic changes in
CSF and spinal cord tissue from ALS patients. Both CSF and
tissue proteomic data indicate transcriptional pathways to be
amongst the most severely affected pathogenic mechanisms
relevant for ALS. We identified novel ALS biomarker can-
didates by CSF proteomics, i.e., UCHL1, CAPG, GPNMB
and MAP2, which we confirmed with MRM in an independ-
ent validation cohort. Of note, no significant changes were
observed in CSF from asymptomatic ALS mutation carriers
supporting the hypothesis of a sudden disease onset and a
short preclinical disease phase.

We used an optimized proteomic workflow for the analy-
sis of CSF samples which enabled us to detect low abun-
dance proteins in the pg/mL range, such as neurofilaments,
synucleins and tau. This was not possible in previous prot-
eomic studies comparing single patient samples [6, 10], as
it required large volumes (> 1 mL) of pooled CSF samples
[21, 22]. As a proof-of-concept for biomarker identification,
we observed increased concentrations of the established
markers neurofilaments (NEFL, NEFM, NEFH), CHIT1
and CHI3L1 (also known as YKL40) in CSF of sympto-
matic ALS patients [5, 8, 10, 19] while the neurodegen-
eration marker tau, known to be unchanged in ALS [19],
was not altered in our proteomic analysis. In addition, we
discovered four new ALS biomarker candidates, UCHLI1,
CAPG, GPNMB and MAP2, which we confirmed in an
independent validation cohort of patients with a different
method (MRM).

Ubiquitin C-terminal hydrolase-L.1 (UCHL1) is highly
expressed in the brain and a mutation of the UCHLI1 gene
was linked to Parkinson’s disease [23]. It is thought to be
involved in the ubiquitin—proteasome-system due to its abil-
ity to cleave ubiquitin from small peptides and its impor-
tance for maintaining a pool of free ubiquitin. Recent stud-
ies indicate that there are also other functions of UCHL1
that might be more important [24]. UCHLI1 is essential for
axonal health [25] and the absence of UCHL1 leads to the
degeneration of corticospinal neurons [26] and motor axons
[25], both of which are cardinal features of ALS [1]. Further
support for a role of UCHL1 in ALS pathogenesis comes
from studies showing alternative polyadenylation of UCHLI1
mRNA in ALS [27] and reduced gene expression of UCHL1
in the motor cortex and spinal cord of ALS patients [28]. In
agreement with Lederer et al. [28], we observed reduced
UCHLI1 protein levels in post-mortem spinal cord tissue of
ALS patients (p <0.05) although it did not reach statistical
significance after correction for multiple testing. In contrast,
UCHLI levels in CSF were increased in our study in two
independent cohorts of ALS patients. The elevated UCHLI1
levels might reflect the massive release of UCHLI into the
extracellular space during axonal degeneration, similar to
what is expected for neurofilaments, which show a similar
profile to UCHLI1 (i.e., increased in CSF, reduced in tis-
sue). The reduced UCHLLI levels in tissue might reflect the
reduced number of axons/neurons in ALS. Alternatively,
the reduced UCHL1 could also be the result of an actively
increased UCHL1 secretion from cells resulting in an intra-
cellular UCHL1 deficit inducing axonal degeneration. Mas-
sive UCHL1 secretion would also explain the increased
CSF levels. Clearly, more research is needed to elucidate
the nature of the observed UCHL1 changes but our observa-
tions strongly support at least a secondary role of UCHL1 in
ALS pathogenesis. Further studies must also address how
UCHLI levels in CSF change during the disease course and
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whether it can be used as a biomarker for disease progres-
sion and provide an added value to the measurement of
neurofilaments.

MAP2 and tau belong to the MAP2/tau family of micro-
tubule-associated proteins (MAPs) which are predomi-
nantly located in neurons and are important for regulating
the microtubule network, but also have additional functions
[29]. In mature neurons, tau is mainly located to the axon
[29, 30], whereas MAP?2 is restricted to the somatodendritic
compartment [29]. In agreement with previous studies [19,
31], we did not observe significant changes of CSF tau in
ALS using proteomics, which is a robust yet incompletely
understood finding in ALS since the CSF levels of other
axonal proteins, i.e., neurofilaments, are markedly increased.
In contrast to tau, we observed a significant increase of
MAP?2 levels in CSF of ALS patients. MAP2 is located to
the soma and dendrites of neurons [29] and might therefore
be a marker of motor neuron degeneration in ALS which is
also supported by immunohistochemistry [32]. It has been
shown that MAP2 can induce neurites [29] and elevated CSF
levels of MAP2 could reflect a compensatory increase of
MAP?2 expression in the CNS to compensate axonal loss.
However, we did not observe increased MAP2 expression
in spinal cord tissue but we cannot rule out that upper motor
neurons contribute more to the CSF MAP2 pool. The deter-
mination of MAP2 levels in CSF as a marker of motor neu-
ron loss would complement the established axonal markers
(i.e., neurofilaments) and allow for a better characterization
of the disease in patients and in clinical trials and should be
followed up in further studies.

CAPG (capping actin protein, gelsolin-like) and GPNMB
(glycoprotein non-metastatic melanoma protein B) have been
related to inflammatory processes [33, 34]. Both show sig-
nificantly increased levels in CSF and spinal cord tissue of
ALS patients in our study although changes of CAPG in CSF
are moderate limiting its use as a biomarker. In agreement
with our observation, increased levels of GPNMB in CSF
and a higher number of GPNMB depositions in spinal cord
of sALS patients have been described by Tanaka and col-
leagues [35]. In addition, our data show that gALS patients
are characterized by an increase similar to sporadic cases.
Increased expression of GPNMB has also been observed in
other neurodegenerative diseases such as Alzheimer’s dis-
ease [36] and Parkinsons disease [37, 38] in parallel with
markers of so called “disease-associated microglia” such
as TREM2 [36]. TREM2 is also increased in CSF of ALS
patients in our study supporting the presence of disease-
associated microglia. Several studies showed that increased
GPNMB expression is neuroprotective [38—40] and might
reflect a common compensatory effect to the degenerative
process in neurodegenerative diseases. Thus, its suitability
as a biomarker for differential diagnosis is questionable,
although the extent of GPNMB elevation might be useful,
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but needs further validation. However, we observed a shorter
survival time of ALS patients with high GPNMB levels in
CSF and a correlation of GPNMB with the ALSFRS score,
a clinical measure of disease severity. This indicates that the
amount of GPNMB expression is related to the degree of
neurodegeneration and might therefore be a potential marker
for disease progression or treatment effects in clinical trials.
Since neurofilaments as the most established fluid biomarker
for ALS diagnosis do not change over time, a marker of dis-
ease progression is urgently needed [4]. Longitudinal studies
must clarify whether our observed association of GPNMB
levels in CSF with survival and disease duration is a suit-
able follow-up marker for ALS or if GPNMB is a prognostic
marker but stays constant during the disease process similar
to neurofilaments.

We performed enrichment analyses in the CSF and spinal
cord tissue data sets to identify new ALS-related pathways.
We used the list of all identified proteins in each data set
for comparison in enrichment analyses instead of the whole
human proteome to avoid sampling bias [41] and increase
the robustness of the results which is why the number of sig-
nificantly enriched pathways is lower compared with other
studies. A consistent finding in the CSF and tissue data sets
was the enrichment of pathways involved in transcription in
ALS patients.

In spinal cord tissue of ALS patients, we found a signifi-
cant enrichment of proteins involved in mRNA splicing and
the catalytic step 2 spliceosome. This included the proteins
HNRNPC, SNRPB2, MAGOH, SNRPE, LSM3, SNRPD2,
SRSF1 and LSM7 which were significantly upregulated
in ALS. Our data are in agreement with transcriptomic
data showing alterations of mRNA splicing in ALS motor
neurons [42]. Alternative splicing is one of several pro-
posed functions of TDP-43, which forms the characteristic
insoluble protein aggregates in ALS, and therefore, splic-
ing defects have been proposed as a possible contributor
to ALS pathogenesis [43]. Recent evidence indicates that
TDP-43 loss-of-function in splicing repression due to cyto-
plasmic mislocalization is a key pathological event in ALS
[44]. It leads to the decline of STMN2 which is important
for axonal growth and regeneration [45]. In agreement with
our observation that several proteins of the spliceosome are
affected in ALS spinal cord, a recent hypothesis assumes
that there is an equilibrium between several RNA-binding
proteins including TDP-43 and splicing defects appear if any
of these proteins becomes dysfunctional [46, 47]. This the-
ory also provides a link between sporadic and genetic ALS
since splicing defects seem to be a common mechanism [46].
Cytoplasmic mislocalization of the splicing factor SNRPB2
due to the C9orf72-associated dipeptide repeat proteins were
accompanied with splicing defects in induced pluripotent
stem cell (iPSC)-derived motor neurons of c9ALS patients
[48]. SNRPB2 was also upregulated in ALS spinal cord
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tissue in our study which would be in agreement with a cyto-
plasmic accumulation of the protein. In addition, there is
evidence that histones which we found dysregulated in ALS
CSF also play a role in pre-mRNA splicing [49] providing a
link between our two datasets. The ALS-related CSF/tissue
profile of histones in our study (reduced in CSF, increased in
tissue) would also be in support of a cytoplasmic accumula-
tion of these histones but needs confirmation.

One of the major aims of our study was to discover early
changes in ALS pathogenesis by proteomic investigation of
CSF from asymptomatic ALS mutation carriers. However,
we did not find any significant changes in these individu-
als. Even when we increased sensitivity by excluding cor-
rection for multiple testing and using all proteins with a p
value < (.05, there were no significantly enriched pathways
or functional annotations. This observation is in agreement
with previous studies from our and other groups which
observed changes of neurofilaments [5, 11] or inflammatory
markers [8] shortly before or simultaneously with disease
onset supporting a short preclinical phase of ALS. On the
other hand, neurodegeneration might start suddenly when
the straw of factors that have accumulated over years breaks
the camel’s back. The asymptomatic ALS mutation carri-
ers investigated here might be in different preclinical ALS
stages and combining them in a single group might not be
appropriate to identify proteins that change gradually over
time. Therefore, we correlated protein levels in CSF with
the expected time to disease onset in the asymptomatic ALS
mutation carriers. We observed 16 proteins showing a strong
and significant correlation with time to disease onset. Serum
albumin was used as a negative control and did not corre-
late. Eleven of the 16 proteins have already been associated
with neurologic diseases before and seven even with ALS
(ACHE, AGT, FAT2, MCAM, PLD4, SLPI and ubiquitin).
However, although many of the proteins in this list have
already been linked to neurodegenerative diseases in other
studies, the performance of the correlation analysis is based
on several assumptions which might not necessarily be true
such as the gradual change of protein levels over time, the
expected time of disease onset and a 100% penetrance of
gene mutations. Therefore, this list should be regarded as a
selection of candidates which might be promising for further
validation.

A limitation of our study is the significantly lower age
of the controls compared with the ALS group in the CSF
iTRAQ experiment. Since the sample number that can be
used for iTRAQ proteomic studies is limited due to the
required analysis time and costs, we included only one
group of controls that were age- and sex-matched to the
asymptomatic ALS mutation carriers to maximize the sen-
sitivity and specificity for this comparison. We assume
that the age-difference between ALS and controls is also
responsible for the skewed appearance of the Volcano plot

reflecting the known age-dependent increase of blood-
derived proteins in CSF. However, the fact that we suc-
cessfully identified already established ALS biomarkers
such as neurofilaments and no change of tau as a negative
control shows that the age-effect is less pronounced for
CNS-derived proteins and the comparison is valid to iden-
tify new biomarker candidates. In addition, to overcome
this limitation, we validated the new biomarker candidates
by MRM in a separate and larger cohort of patients who
were matched for age and sex and confirmed our observa-
tions from the iTRAQ experiment.

In conclusion, our proteomic data in both CSF and spi-
nal cord of ALS patients indicate that pathways involved in
transcription are attractive candidates for the pathogenesis
of ALS. We successfully identified and validated UCHLI1,
MAP2 and GPNMB as new ALS biomarker candidates in
CSF which might also be useful as follow-up markers for
disease progression and clinical trials. The lack of significant
proteomic changes in CSF of asymptomatic ALS mutation
carriers is in support of a short preclinical phase of ALS.
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