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Label-free Quantitative Proteomics of Mouse
Cerebrospinal Fluid Detects 3-Site APP
Cleaving Enzyme (BACE1) Protease Substrates

In Vivo*s

Bastian Dislich1§1]Y], Felix Wohlirab1§1]1], Teresa Bachhuberq], Stephan A. Miillert§,
Peer-Hendrik Kuhn§**, Sebastian Hoglt§, Melanie Meyer-Luehmann||,

and Stefan F. Lichtenthaler}{§**11§§

Analysis of murine cerebrospinal fluid (CSF) by quantita-
tive mass spectrometry is challenging because of low CSF
volume, low total protein concentration, and the presence
of highly abundant proteins such as albumin. We demon-
strate that the CSF proteome of individual mice can be
analyzed in a quantitative manner to a depth of several
hundred proteins in a robust and simple workflow con-
sisting of single ultra HPLC runs on a benchtop mass
spectrometer. The workflow is validated by a comparative
analysis of BACE1—/— and wild-type mice using label-free
quantification. The protease BACE1 cleaves the amyloid
precursor protein (APP) as well as several other sub-
strates and is a major drug target in Alzheimer’s disease.
We identified a total of 715 proteins with at least 2 unique
peptides and quantified 522 of those proteins in CSF from
BACE1—/— and wild-type mice. Several proteins, includ-
ing the known BACE1 substrates APP, APLP1, CHL1 and
contactin-2 showed lower abundance in the CSF of
BACE1—-/— mice, demonstrating that BACE1 substrate
identification is possible from CSF. Additionally, ecto-
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nucleotide pyrophosphatase 5 was identified as a novel
BACE1 substrate and validated in cells using immunob-
lots and by an in vitro BACE1 protease assay. Likewise,
receptor-type tyrosine-protein phosphatase N2 and plexin
domain-containing 2 were confirmed as BACE1 sub-
strates by in vitro assays. Taken together, our study
shows the deepest characterization of the mouse CSF
proteome to date and the first quantitative analysis of the
CSF proteome of individual mice. The BACE1 substrates
identified in CSF may serve as biomarkers to monitor
BACE1 activity in Alzheimer patients treated with BACE
inhibitors. Molecular & Cellular Proteomics 14: 10.1074/
mcp.M114.041533, 2550-2563, 2015.

Cerebrospinal fluid (CSF)" consists of interstitial fluid that is
in continuous exchange with the central nervous system and
the peripheral blood system. It represents the only body fluid
in humans that is in direct contact with brain tissue and
accessible in a routine clinical setting. Thus, the easy acces-
sibility from the periphery renders CSF perfectly suited to
study pathologic neurological processes (1). Human CSF has
a relatively low protein content (~ 0.4 mg/ml), but features a
highly diverse proteome. It is thus increasingly studied by
modern mass spectrometry based proteomics (2). The pro-
teomic analysis of human CSF typically involves various pro-
tein concentration and fractionation steps as well as the de-
pletion of highly abundant proteins, such as serum albumin.
This allows the identification of several hundred up to 2600
proteins from several milliliters of human CSF (3).

Mice are the most popular animal model in preclinical re-
search, because of their similarity to humans in genetics and
physiology, their unlimited supply and their ease of genetic
engineering. The study of their CSF can provide valuable
insights into disease mechanisms and biomarker discovery

" The abbreviations used are: CSF, cerebrospinal fluid; APP, amy-
loid precursor protein; BACE1, B-site APP cleaving enzyme 1; FASP,
filter aided sample preparation; FDR, false discovery rate; iBAQ,
intensity based absolute quantification; LFQ, label-free quantification.

2550

Molecular & Cellular Proteomics 14.10


http://crossmark.crossref.org/dialog/?doi=10.1074/mcp.M114.041533&domain=pdf&date_stamp=2015-7-2

CSF Proteomics of BACE1-deficient Mice

and may allow the rapid translation of preclinical findings into
human patients. However, the proteomic study of murine CSF
has been limited because of several shortcomings. The low
total CSF volume of ~30 ul and an average yield of only ~10
wl blood-free CSF pose a challenge for various protein con-
centration and depletion steps that are routinely applied to
human CSF, where the sample volume is up to 1,000-fold
more (4, 5). One study reported the identification of 289
proteins and the quantification of 103 proteins using pooled
immunodepleted CSF from 10-12 mice per sample (6). A
second study reported the identification of 566 proteins in
murine CSF of individual mice, relying on time consuming
fractionation by two dimensional liquid chromatography tan-
dem MS (2D-LC-MS/MS) (7).

Here we show that label-free quantitative proteomics in
murine CSF can be achieved in unprecedented depth in indi-
vidual animals using single ultra HPLC runs on the benchtop
Q Exactive mass spectrometer. We demonstrate the feasibil-
ity of our approach by comparing the CSF of BACE1 (B-site
amyloid precursor protein (APP) cleaving enzyme 1) —/— mice
with their wild-type littermates.

BACE1 is a membrane bound aspartyl protease that is
essential in the pathogenesis of Alzheimer’s disease. It is the
rate-limiting enzyme in a proteolytic cascade leading to the
liberation of the neurotoxic AB peptide from the much larger
amyloid precursor protein (APP) into the extracellular space
(8, 9). Inhibition of BACE1 abolishes AB generation, rendering
BACE1 a prime drug target for the therapy of Alzheimer’s
disease (10). Besides APP, BACE1 processes numerous other
substrates in vivo and in vitro, which raises concerns about
mechanism based side effects on the therapeutic inhibition of
this protease (11). Although BACE1 expression levels are the
highest in the brain, it is currently unknown whether BACE1
substrate levels besides APP can be monitored in the CSF as
a read-out of BACE1 activity. This would be desirable, as it
would allow the longitudinal monitoring of BACE1 substrate
levels on therapeutic inhibition of BACE1 in humans and thus
an effective screening for possible adverse effects.

Our approach allows the accurate identification and quan-
tification of several hundred proteins in as little as 2 ul of
murine CSF in ~4.5 h per sample, at a much greater speed
and proteomic depth than in previous studies, despite using
lower sample amounts (6, 7). Overall, 715 proteins were iden-
tified with at least two unique peptides and 522 proteins were
quantified in at least three biological replicates of both
BACE1—/— and wild-type mice. We provide evidence that
BACE1 activity is reflected in the composition of the CSF, as
the secreted ectodomains of well-known BACE1 substrates
were reduced in BACE1—/— animals. In addition, we identi-
fied and validated a previously unknown BACE1 substrate
candidate and confirmed two recently described novel
BACE1 substrates. The three proteins may represent novel
prognostic or diagnostic biomarkers and may aid in the de-
velopment of APP-specific BACE1 inhibitors.

EXPERIMENTAL PROCEDURES

Materials—The following antibodies were used: pAb APLP1 anti-
body (Proteintech, Chicago, IL; 12305-2-AP), pAb APLP2 antibody
(Calbiochem; 171617), mouse mAb HA.11 (Covance, Emeryville, CA),
rat mAb HA 3F10 (Roche, Rotkreutz, Switzerland), mouse mAb FLAG
M2 (Sigma, St. Louis, MO), mouse mAb 3D5 (specific for BACE1, kind
gift of R. Vassar)(12), rabbit pAb calnexin (Stressgen, Enzo Life Sci-
ences, Lorrach, Germany), HRP- coupled anti-rabbit and anti-mouse
antibody (DAKO, Glostrup, Denmark), HRP coupled anti- rat antibody
(Santa Cruz, Dallas, TX). The following reagents were used: Acetoni-
trile, water, formic acid (all LC-MS/MS grade), dithiothreitol and io-
doacetamide were purchased from Sigma-Aldrich. BACE Inhibitor C3
(B-Secretase Inhibitor [V, Calbiochem)(13), Lipofectamine 2000
(Invitrogen).

Mouse Strains—BACE1—/— mice that are commercially available
from the Jackson Laboratory (www.jax.org, strain B6.129-
Bace1tm1Pcw/J) were maintained according to the European com-
munity council directive (86/609/ECC). Wild-type and BACE1—/—
mice were both on a C57BL/6 background and obtained from
BACE1 = x BACE1 + matings. Animals were kept under a 12/12 h
light-dark cycle with food and water ad libitum. All animal procedures
were carried out in accordance with the European Communities
Council Directive (86/609/EEC) and with an animal protocol approved
by the Ludwigs-Maximilians-University Munich and the government
of Upper Bavaria.

Immunoblots—For the analysis of murine CSF, 7 ul of CSF plus 2.3
wl of 4x Laemmli buffer per sample were incubated at 95 °C for 5 min
and loaded on 8% acrylamide gels for immunoblot analysis and
detection of APLP1 and APLP2. PVDF membranes (Millipore) were
incubated overnight at 4 °C. Blots were developed using horseradish
peroxidase-conjugated secondary antibodies and the ECL chemilu-
minescence system (Millipore). Immunoblots were quantified using
the LAS-4000 Fujifilm chemiluminescence camera and software (Fuji
Film, Inc.) and quantification was based on three independent repli-
cates. For analysis of HEK293T cell lysates and conditioned media,
samples were boiled in reducing Laemmli buffer for 5 min at 95 °C
and subsequently applied to 8% SDS-polyacrylamide-gel electropho-
resis. Nitrocellulose membranes pore size 0.45 um were used for
transfer, emulsified nonfat dry milk for blocking. Primary antibodies
were incubated overnight at 4 °C. The full-length proteins were de-
tected with HA.11 antibody and FLAG M2 antibody. The soluble
proteins were detected with HA 3F10 antibody. Blots were developed
and quantified as described above for the CSF samples. Full-length
and soluble protein levels were normalized to the protein levels of
calnexin, which was used as a loading control. Six independent
experiments were included for the statistical analysis, applying a
one-way ANOVA test.

CSF Collection From Adult Mice—The CSF was isolated from the
cisterna magna of 4 month old animals according to the protocol from
DeMattos et al. (4). Mice were anesthetized via intraperitoneal injec-
tion of a mixture containing ketamine (Bayer, 100 mg/kg body weight)
and Rompun (Ratiopharm, 10 mg/kg body weight). A dorsal excision
along the base of the skull to the dorsal thorax up to Th1 was made.
The musculature was displaced and the meninges on top of the
cisterna magna were exposed. The area was cleaned using cotton
swabs. The cisterna magna was punctuated and the CSF collected
using glass micropipettes (Stoelting, Wood Dale, IL, #50614). CSF
samples were subjected to centrifugation on a benchtop centrifuge
and visually inspected for the presence of blood in the form of
pelleted residual erythrocytes. A total of 5-20 ul of blood-free CSF
was collected from each animal and stored at —80 °C. The animals
were sacrificed afterward. Samples affected by visible blood contam-
ination were excluded from the analysis. Overall, five BACE1—/— and
eight wild-type mice (males and females) were used for the analysis.
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Human CSF Samples—Human CSF samples were provided by the
Karolinska University Hospital & Institute, Dept. of Clinical Neurosci-
ence, Neuroimmunology Unit. The ethical review board of the Karo-
linska Institute approved the study (Diary Number: 2009/2107-31-2)
and written informed consent was obtained from all patients. Six
human CSF samples of patients with minor symptoms were chosen
for the analysis.

In-solution Digestion and Peptide Purification—The in-solution di-
gestion was performed according to Olsen et al. (14). All steps were
performed at room temperature. Briefly, 5 ul of CSF were solubilized
in denaturation buffer (6 m urea (Sigma, U5128) in 10 mm HEPES pH
8.0, sample to buffer ratio 1:10) in low protein binding tubes (Eppen-
dorf). 1 ul of reduction buffer (10 mm dithiothreitol in 0.05 M ammo-
nium bicarbonate) was added for 10 ul of digestion buffer, followed
by incubation for 30 min. Then, 1 ul of iodoacetamide solution for 10
wnl of digestion buffer was added, followed by incubation for 20 min.
0.5 pg Lys-C solution (Promega, Life Technologies, Darmstadt, Ger-
many) was added and incubated for 4 h. The sample was diluted
4-fold with 50 mm ammonium bicarbonate, 0.4 ug trypsin (Promega,
Life Technologies, Darmstadt, Germany) was added and incubated
for 16 h. The digestion reaction was stopped using 1 ul of 100%
trifluoroacetic acid. Homemade C18 STAGE Tips were used for pu-
rification of the in-solution digested samples. Cleanup was done
according to Rappsilber et al. (15). The eluted peptides from one
digestion reaction (5 ul of CSF) were split into two aliquots and
processed on individual STAGE Tips, each representing one technical
replicate. Peptides were eluted in 60% acetonitrile, dried by speed-
vac, resuspended in 10 ul 0.1% trifluoroacetic acid in water and
loaded onto the autosampler. 8 ul of the peptide solution was injected
per run. Thus, each technical replicate contained the peptides of 2 ul
of digested CSF.

Comparison of In-solution Digestion and Filter Aided Sample Prep-
aration (FASP)—Pooled human CSF from six individuals was used to
test the efficiency and reproducibility of in-solution digestion and
FASP. Three replicates, 5 ul human CSF each, was digested with the
in-solution digestion protocol described above and with FASP ac-
cording to Wisniewski et al. (16). A double digestion with 0.1 ug LysC
and 0.1 ug trypsin was performed.

Mass Spectrometry—Samples were analyzed by LC-MS/MS, cou-
pling an Easy nLC1000 nanoflow HPLC system to the Q Exactive
benchtop mass spectrometer (both Thermo Fisher Scientific). A two-
column setup was used. The pre-column (Acclaim Pep Map 100, 75
um X 2 cm, nano Viper C18, 3 um, Thermo Fisher Scientific), waste
line and the analytical column (Pep Map RSLC, C18, 2 um, 75 um X
50 cm, Thermo Fisher Scientific) were interconnected using a three
way tee connector. Peptides were eluted in a trilinear gradient at
50 °C at a maximum pressure of 800 bar. The aqueous solvent
(solvent A) consisted of HPLC grade 0.1% formic acid in water,
whereas the organic solvent was pure HPLC grade acetonitrile (sol-
vent B) (both Sigma). The column was equilibrated with at least 10
column volumes of solvent A, followed by loading of the sample at
maximum pressure of 800 bar (in solvent A). The trilinear gradient
consisted of the following linear increases in solvent B: 5-25% 175
min, 25-35% 45 min, 35-60% 20 min. The layout of the gradient was
provided by Nagarjuna Nagaraj (Max Planck Institute of Biochemistry,
Martinsried, Germany). At the end of the gradient, the column was
washed with at least 10 column volumes of 95% solvent B in order to
avoid sample carryover. The analysis of BACE1—/— and wild-type
samples was alternated.

Online electrospray of the eluting peptides into the Q Exactive
mass spectrometer was achieved with the Easy Spray ion source
(Thermo Fisher Scientific). Full MS spectra were recorded at a reso-
lution of 70,000 over a mass range between m/z 400-1800. The
automatic gain control target was set to 3 X 10° and a maximum

injection time of 50 ms was allowed. The 10 most intense peptide ions
were chosen for fragmentation. The MS/MS spectra were recorded at
a resolution of 17,500 with the automatic gain control target set to
100,000 and a maximum injection time of 50 ms. A mass window of
2.0 m/z was applied to precursor selection. Normalized collisional
energy for the higher-energy collision-induced dissociation fragmen-
tation was set to 25%. A dynamic exclusion with a time window of
40 s was applied. Singly charged molecules were not selected for
fragmentation and the monoisotopic precursor selection was en-
abled. The underfill ratio (minimum percentage of the estimated target
value at maximum fill time) was set to 0.1%.

Data Analysis—OQverall, 26 LC-MS/MS files (five BACE1—/— and
eight wild-type CSF samples with two technical replicates each) were
subjected to data analysis using the MaxQuant software environment
(version 1.3.0.5). The implemented Andromeda search engine was
used for matching the peak lists against a concatenated forward and
reverse database including the complete UniProt-SwissProt mouse
database (release 2012-08, with a total of 59345 database entries)
and the standard MaxQuant contaminant database. The following
settings were chosen for the MaxQuant software environment: Oxi-
dation of methionines and N-terminal acetylation were set as variable
modifications. Mass deviation was set to 20 ppm for the first and 6
ppm for the main search. The maximum number of peptide modifi-
cations was set to 5, the maximum number of missed cleavages was
set to 2. Peptide and site false discovery rate (FDR) were set to 0.01.
The search for co-fragmented peptides in the MS/MS spectra was
enabled (“second peptides” option). Quantification was achieved us-
ing the LFQ (Label-Free Quantification) and iBAQ (intensity Based
Absolute Quantification) algorithms (17, 18). Razor and unique pep-
tides were used for LFQ quantification. Reproducibility of retention
times was checked manually. According to this inspection the match
between runs option was enabled, allowing a time window of 2 min to
search for already identified peptides in all obtained chromatograms.
Human CSF samples were searched with the same settings against a
human database including all known isoforms from UniProt (reference
database, release 2014-04-14).

The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium via the PRIDE partner repository
with the data set identifier PXD001514 (19). Annotated MS/MS spec-
tra are available at the UCSF MS-Viewer (20) (http://prospector2.
ucsf.edu/prospector/cgi-bin/msform.cgi?form=msviewer) under fol-
lowing search key: “sxmp8fxdhm.”

Statistical evaluation of the data was performed with the freely
available Perseus statistics software (version 1.2.0.17) and Microsoft
Excel. Common contaminants and reverse decoy matches were re-
moved from the protein identification list. At least 2 unique peptides
per protein were required for a protein identification. Only proteins
that were identified and quantifiable in at least one technical of at least
three biological replicates in each group were used for relative quan-
tification. The arithmetic mean was used to obtain the average LFQ
intensity within each biological group. For statistical evaluation a
two-sided t test was used. The p value was corrected using false
discovery rate (FDR) based multiple hypothesis testing. Both t test
and FDR based multiple hypothesis testing were carried out with the
default settings of the Perseus statistics software.

Plasmids pcDNAS3.1-CD5-SLIC-FLAG was generated by exchang-
ing RHA-MBP (EcoRV/Not1) of pcDNA3.1-CD5-SLIC-MBP for the
PCR product RHA-FLAG amplified with CMV-F and RHA FLAG
Not1 rev RHA FLAG Not1 C-terminal from pcDNAS3.1-CD5-
SLIC-MBP. Subsequently, pcDNA3.1-CD5-HA-SLIC-FLAG was gen-
erated by exchanging CD5-LHA in between (Hindlll/EcoRV) of
pcDNAS.1-CD5-SLIC-FLAG for 5’"UTR-CD5-HA-SLIC generated with
CMV-F and CD5-HA-LHA rev from pcDNA3.1-HA-IL1R2-FLAG tem-
plate (21). pcDNA3.1-CD5-HA-SLIC-FLAG-ENPP5, pcDNAS.1-CD5-
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Fic. 1. Comparison of in-solution digestion with FASP. A, Comparison of identified and quantified proteins in human CSF. Identifications
with one or two unique peptides are shown as average values of three replicates with standard deviation error bars. The third comparison
shows proteins that were quantified in three out of three replicates. B, Comparison of the overlap of quantified proteins in all replicates. 61%
of the proteins were quantified with both methods, whereas 22 and 17% were only quantified by in-solution digestion or FASP, respectively.

HA-SLIC-FLAG-PTPRN2 and pcDNAS3.1-HA-CD5-SLIC-FLAG-
PLXDC2 were generated by cloning PCR products of murine ENPP5,
PTPRN2, and PLXDC2 lacking the respective signal peptide and
containing the left homology arm (LHA) and the right homology arm
(RHA) into EcoRV linearized pcDNA3.1-CD5-HA-SLIC-FLAG vector
via Gibson assembly. The resulting plasmids are coding for respec-
tively PLXDC2, PTPRN2 and ENPP5 with an HA epitope tag (YPYD-
VPDYA) at the N terminus and a FLAG (DYKDDDDK) epitope tag at
the C terminus. The generation of peak12-BACE1 and peaki2-control
vectors has been described (22).

Cell Culture, Transfections, Treatments—Human embryonic kidney
293T cells (HEK293T) were cultured in Dulbecco’s modified Eagle
medium (DMEM, Gibco, Life Technologies, Darmstadt, Germany)
supplemented with 10% fetal calf serum (FCS/Gibco) and 1% Peni-
cillin/Streptomycin (P/S). Transfections of HEK293T cells were done
with Lipofectamine 2000. Selection was achieved with Zeocin (Invit-
rogen) at a concentration of 200 ug/ml. 2 days after transient BACE1
transfection the medium was replaced with either BACE1 inhibitor C3
(2 wm) containing selection medium or DMSO containing selection
medium as a control. After 48 h of treatment, conditioned media and
cell lysates (150 mm NaCl, 50 mm Tris pH 7.5, 1% Triton X-100,
protease inhibitor mixture from Roche) were collected. Protein meas-
urement assay was performed and volumes for immunoprecipitation
and immunoblotting were calculated accordingly. To enrich the se-
creted ectodomains from the supernatants immunoprecipitation us-
ing HA.7 agarose (Sigma) was performed overnight at 4 °C.

BACET In Vitro Assay—Recombinant proteins HA-PLXDC2-FLAG,
HA-PTPRN2-FLAG, and HA-ENPP5-FLAG were purified from cell
lysates of stably expressing HEK293T cells using anti-HA-agarose
(Sigma). Proteins were eluted by adding 0.1 ug/ul HPLC purified HA
peptide (Sigma). The eluted proteins were incubated with recombi-
nant mouse BACE1 (R&D Systems, Minneapolis, MN) in 50 mm Na*
acetate buffer pH 4.4 from 4 to 16 h as described (22). The samples
were boiled in reducing Laemmli buffer and applied to Western blot
analysis as described above.

RESULTS

For the quantitative proteomic analysis of murine CSF from
adult mice, we first evaluated the performance of in-solution
digestion versus FASP (16, 23). Given that the amount of
blood-free CSF ranged between 10-15 ul per mouse, we
used human CSF for the initial comparison of in-solution
digestion and FASP. Human CSF has a similar protein con-
centration as murine CSF, but is available in milliliter quanti-

ties. Five ul each of a pooled human CSF sample were used
in three replicates for in-solution digestion and FASP. Results
were analyzed independently with MaxQuant. In-solution di-
gestion gave slightly better results than FASP regarding the
number of identified and quantified proteins (Fig. 1A). On
average, 297 and 273 proteins were identified by at least two
unique peptides with in-solution digestion and FASP, respec-
tively. The number of quantified proteins in three out of three
replicates was 270 for in-solution digestion and 255 for FASP.
The Venn diagram (Fig. 1B) shows that FASP is rather com-
plementary to in-solution digestion as the overlap of quanti-
fied proteins was only 61%. We also tested the reproducibility
of protein quantification using the LFQ intensity values. Both
methods performed equally well with an average correlation
coefficient R better than 0.99 for log10 transformed LFQ
intensities.

For the quantitative analysis of adult mouse CSF, we chose
in-solution digestion because it is less time consuming and
gave slightly better results compared with FASP. Five four
month old BACE1—/— mice and eight four month old wild-
type mice were analyzed. Five ul CSF of each mouse was
used for LC-MS/MS analysis. The resulting peptides were
split into 2 aliquots, representing one technical replicate each,
and were analyzed by LC-MS/MS. Subsequent protein iden-
tification and label-free quantification of the raw data was
performed in the MaxQuant software environment (Fig. 2).

Chromatographic conditions between the different runs were
highly reproducible, resulting in a high degree of correlation of
label-free quantification (LFQ) intensities between technical and
biological replicates (Fig. 3A, supplemental Tables S1, S2).
Overall, 817 proteins were identified at a false discovery rate
of under 1% at the peptide and protein level. 715 proteins
were identified with at least 2 unique peptides (Fig. 3B and
supplemental Table S1). Five hundred twenty-two of those
proteins were quantifiable in at least three BACE1—/— and at
least three wild-type mice. Thus, our method allows the ac-
curate identification and quantification of more than 500 pro-
teins in the CSF of individual mice (Fig. 3 B). The majority of

Molecular & Cellular Proteomics 14.10

2553


http://www.mcponline.org/cgi/content/full/M114.041533/DC1
http://www.mcponline.org/cgi/content/full/M114.041533/DC1

CSF Proteomics of BACE1-deficient Mice

extract CSF from in solution
cisterna magna double digest
under anesthesia 5ul
&
BACE1 -/- b%b“
mice o & - -
Lys-C
Trypsin
wildtype Eo &)“&)*‘
mice €25 e - -
e O

clean up LC-MS/MS quantitation
2 technical at least 1 technical
replicates and 3 biological
replicates
- LA‘JL
'
c1s 50 cm column
) 4 h gradient LFQ Max Quant
STAGE Tip Q Exactive

f

identification of
BACE1 substrates

~

Fic. 2. Workflow for the analysis of individual BACE1—/— and wild-type CSF proteomes. The CSF of BACE1—/— mice and wild-type
littermates was obtained from the cisterna magna. CSF was digested with Lys-C and trypsin in-solution. Peptides were collected and purified
on C18 STAGE Tips. Samples were measured on a 50 cm column using 4 h gradients in two technical replicates on the Q Exactive mass

spectrometer, followed by label-free analysis using the MaxQuant algorithm.
(A) 11 (B) 900,
» 800 ]
10 2 700/
c
> @ 600
G L 2 500
88 o i S 4004 0 total
2 . e
o & R*=0.9912 @ 300 o trans-
g 8 . a
53 O £ 200 | membrane
= =}
o'c g < 100
287 (1 , ,
- A atleast1 atleast2 quantifiable
6 M unique unique in at least
6 7 8 9 10 11 peptide peptides 3 biological
log10 LFQ intensity replicates
technical replicate 1
" (C) 120
5100 N
N . -
251 g
c g o 80
Q.= =
a9 ©
ot S 60
L § R?=0.9359 o
= S
g8 5 40
D 0O
g2 £
7 2 201
NE 0 1a ' _
6 7 8 9 10 " 25 1 25

log10 LFQ intensity
biological replicate 1

log2 protein ratio ko/wt

Fic. 3. Quality control of the label-free comparative CSF analysis of BACE1—/— mice. A, Upper panel: The log10 LFQ intensities of two
selected technical replicates are plotted against each other. Lower panel: The log10 LFQ intensities of two selected biological replicates (two
individual BACE1—/— mice) are plotted against each other. Note the high correlation for both biological and technical replicates as indicated
by the coefficient of determination being close to 1. B, Number of identified proteins that were detected by at least 1 unique peptide, at least
2 unique peptides and at least 2 unique peptides that were quantifiable in 3 or more biological replicates. LFQ: label-free quantification. ID:

protein identification. C, Histogram displaying the relative protein ab

undances in the BACE1—/— CSF. The log2 fold change of the mean

BACE1—/— : wild-type ratio is shown on the x axis. The bin size for the log2 fold change is 0.2. The vast majority of all quantified proteins
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proteins quantified in the CSF did not show a gross change in
their relative abundance between BACE1—/— and wild-type
mice (Fig. 3C). The difference in protein levels was less than
twofold for 95% of all quantified proteins and the majority of
them clustered around zero (changes in the protein levels is
expressed as the log, fold ratio of BACE1—/— over wild-type
samples, Fig. 3C). Therefore, the absence of BACE1 does not

lead to major changes in the composition of murine CSF,
which is an important finding for the BACE-inhibitors currently
under development as a therapeutic approach for Alzheimer’s
disease.

The usage of in-solution digestion with a long gradient for
LC separation of peptides was superior compared with pre-
vious mouse CSF studies and identified more than 2.5 times
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Fic. 4. Comparison and distribution of protein identifications
with at least 2 unique peptides. A, An area-proportional Venn dia-
gram displays the number of protein identifications of our and two
recent murine CSF analyses (6, 7). ~ Smith et al. identified a total of
261 proteins with at least two unique peptides. One hundred twenty-
eight of them were previously found in mouse brain. Only those
proteins were used for this Venn diagram, as the other non brain-
specific proteins were not supplied in the supplementary table of their
manuscript. B, UniProt Keyword subcellular location analysis for cel-
lular components of proteins identified by at least two unique pep-
tides. C, Subanalysis of annotated membrane proteins to GPI-an-
chored, or transmembrane (TM) type 1 or 2 and multipass according
to UniProt subcellular location.

as many proteins as in previous studies (6, 7) (Fig. 4A), thus
providing the most comprehensive list of the murine CSF
proteome to date. Our data was analyzed according to
UniProt subcellular location terms. Among the 715 identified
proteins, 213 (33%) are annotated as secreted and 236 (33%)
as cytoplasmic proteins (Fig. 4B), whereas a smaller number

are annotated as nuclear (88; 12%) or mitochondrial (59; 6%)
proteins. A similar percentage of nuclear (10%) and mitochon-
drial (2%) proteins has been detected in human CSF and may
be partially explained by exosomal secretion, apoptosis of
ependymal cells or contamination during CSF extraction (3).
One hundred sixty-seven proteins were annotated as mem-
brane proteins (Fig. 4C), with 100 of them being integral
membrane proteins (either transmembrane or GPl-anchored).
Integral membrane proteins may not only be released as
intact membrane proteins by one of the mechanisms above,
but alternatively may undergo ectodomain shedding, which is
a general physiological process, in which the ectodomain of
membrane proteins is proteolytically released from cells for
the purpose of cell-cell communication (24). To test this pos-
sibility, we analyzed the identified peptides from all 100 inte-
gral membrane proteins with our recently developed QARIP
(Quantitative Analysis of Regulated Intramembrane Proteoly-
sis) web server (25). QARIP maps all identified peptides of an
intrinsic membrane protein to its intracellular-, extracellular-
or transmembrane domains. For the majority of proteins an-
notated as transmembrane or GPl anchored by UniProt (87
out of 100) the peptides mapped exclusively to the extracel-
lular domains (supplemental Table S3-S5). As the majority of
proteins feature large extracellular domains and rather small
intracellular domains, the discovery of ectodomain derived
peptides is statistically more likely. However, also for proteins
such as PTPRN2 or NCAM1, where the intracellular domain
makes up 39 and 35% of the entire protein (supplemental
Table S3), only ectodomain-derived peptides were identified,
speaking against a statistical effect. In conclusion, our data
suggests that the presence of integral or GPl-anchored pro-
tein fragments in the CSF is dependent on proteolytic shed-
ding and not simply because of the release of full-length
proteins.

One of the proteases contributing to the ectodomain shed-
ding of transmembrane proteins is BACE1. The BACE1 ac-
tive-site resides on the extracellular part of the protease,
which results in the proteolytic release (shedding) of the sub-
strate ectodomain into the extracellular compartment (11, 24).
We therefore assumed that membrane protein ectodomains
that are released into the CSF by BACE1 should be less
abundant in the CSF of BACE1—/— mice and that these
differences should be quantifiable. Fig. 5 shows a volcano
plot with the mean fold change of all biological replicates
(expressed as the log, fold change of the BACE1—/— : wild-
type ratio) plotted against their corresponding p values. Fifty-
eight proteins had a p value = 0.05 and are above the hori-
zontal line. This included 42 proteins with reduced protein
levels and 16 proteins with increased levels in the BACE1—/—
CSF. Proteins with increased levels include several lipopro-
teins, such as ApoA1 and ApoC3, which may indicate a role of
BACE1 activity in lipid metabolism. However, given that they
are soluble proteins and that their levels are increased in
BACE1—/— CSF, they are unlikely to be direct BACE1 sub-
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in at least three biological replicates. The log, fold change of the mean BACE1—/— : wild-type ratio is plotted against the -log10 of the p value.
The vertical bars mark a fold change of at least 1.5 and greater than the twofold standard deviation (corresponding to a reduction of 1.86-fold).
The horizontal bar shows the cutoff for statistical significance (p value 0.05 or below). Proteins above this line have a p value < 0.05. Proteins
shown as black and gray filled circles are regarded putative BACE1 substrates, as they are decreased in the absence of BACE1 and are
annotated as membrane proteins. Gene names in “bold” mark previously known BACE1 substrates. The circle filled in black indicates that this
protein remains significantly changed after a false discovery rate based multiple hypothesis testing. Gene names in regular font show proteins
that are significantly decreased or up-regulated in the CSF of BACE1—/— mice by at least 1.5-fold. Gene names in “italic” show integral or
GPl-anchored membrane proteins that are significantly decreased in the CSF of BACE1—/— mice, but show a fold change below 1.5. One

non-significant outlier is not shown in Fig. 3 in order to save space for visualizing the data (UniProt ID P05063; -3.39, 0.71).

strates. Only membrane proteins that show reduced levels of
their ectodomains in the CSF of BACE1—/— compared with
wild-type mice are considered possible BACE1 substrates.
Altogether, 100 transmembrane or GPl-anchored proteins
were identified in the entire data set (Fig. 4C). Eighteen of
them are among the 42 significantly reduced proteins in the
BACE1—/— CSF and thus may be candidate BACE1 sub-
strates (Table I). All 168 peptides detected from these proteins
strictly mapped to their extracellular domains (Table I), which
indicates that their release is because of ectodomain shed-
ding (e.g. by BACE1) and not because of the release of the
full-length transmembrane proteins. 10 of the 18 membrane
proteins showed a significant (o value = 0.05) reduction in
CSF of more than 1.5-fold (APLP1, APLP2, ENPP5, PTPRN2,

CHL1, PLXDC2, APP, DAG1, CDH2, CNTN2), with five of
them (APLP1, APLP2, ENPP5, PTPRN2, CHL1) being reduced
by even more than twofold (Fig. 5). Ten of the 18 proteins
represent previously identified BACE1 substrates or substrate
candidates (APP, APLP1, APLP2, CHL1, CNTN2, NCAM1,
PLXDC2, PAM, PTPRN2, Sez6L2) (26-30). CELSR2 repre-
sents a G-protein coupled receptor with seven transmem-
brane domains, featuring a topology that is rather unusual for
a BACE1 substrate. However, a previous study identified sev-
eral G-protein coupled receptors (Latrophilin 1-3) as putative
BACE1 substrates in primary cortical neurons (27). The addi-
tional membrane proteins (ENPP5, DAG1, CDH2, EFNBS,
ATP6AP1, CDH13, and QSOX1) may be novel BACE1 substrate
candidates. Among the 18 membrane proteins, the well-known
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TABLE |
Summary of all integral or GPl-anchored membrane proteins that are significantly decreased in the CSF of BACE1—/— mice. Proteins are ranked
by their fold change (mean of BACE1—/— to wild-type ratio), thus displaying the proteins with the strongest reduction in the BACE1—/— CSF
on top. Proteins shown on dark grey background remain significantly changed after a false discovery based multiple hypothesis testing. Proteins
that are shown on light and dark grey background show at least a 1.5-fold reduction in the BACE1—/— CSF. Previously identified: Theses
proteins have been identified as BACE1 substrates or BACE1 substrate candidates in previous studies. a) p value: All proteins shown have a
p value <0.05 according to a Student’s t-test comparing at least three biological replicates of wild type and BACE1—/— mice b) Topology:
Protein topology as predicted by the PHOEBIUS web server. c) Peptide distribution: Shown is the graphical output of the QARIP web server.
A schematic of each protein is shown, that shows the distribution of the different topological regions and the identified peptides within the
corresponding protein. Peptides that were detected during LC-MS/MS measurements are shown in black. The individual protein domains are
shown in brown (signal peptide), blue (extracellular domain), yellow (transmembrane domain) and green (intracellular domain). All detected
peptides originate from the extracellular domains, suggesting that they are released into the CSF via ectodomain shedding
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BACE1 substrates APLP1 and APLP2 (27, 30-35) showed the  significantly decreased, although to a lesser extent (2-, 1.7-, and
strongest decrease (5.4- and 2.9-fold respectively) (Fig. 5). The 1.5-fold respectively). Taken together, these results demon-
known BACE1 substrates CHL1, APP and CNTN2 were also strate a) that BACE1-dependent release of soluble ectodomains
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Fic. 6. Top 5 proteins that are decreased in the BACE1—-/—
CSF. A, The LFQ values of the top 5 significantly regulated proteins
are shown for each biological replicate. LFQ values are normalized to
the wild-type mean of all biological replicates (set to 1) for a given
protein. B, Relative abundance of all observed proteins relative to
each other as calculated by the iBAQ algorithm. Each protein identi-
fied in the CSF data set is displayed as a black circle and ranked by
its relative abundance in the CSF. The iBAQ (intensity Based Absolute
Quantification) score is calculated by dividing the total ion intensity of
all observed peptides by the theoretical number of all observable
peptides of a protein (18). The iBAQ score thus ranks the proteins in
a data set by their approximate abundance, the proteins of highest
abundance on top. LFQ: label-free quantification.

can be monitored in the CSF and b) that BACE1 substrates can
be identified from mouse CSF (Fig. 5).

After applying a false discovery rate-based multiple hypoth-
esis testing, five proteins (APLP1, APLP2, PTPRN2, PLXDC2,
ENPPS5) remained significantly decreased in BACE1—/— mice
in comparison to their wild-type littermates (Fig. 5 and Table I).
These five proteins, which are all type | membrane proteins,
comprise the known BACE1 substrates APLP1 and APLP2 as
well as the recently described BACE1 substrates PLXDC2 and
PTPRN2 (26-28). In addition the type | membrane protein
ENPP5 (ectonucleotide pyrophosphatase 5) was significantly
reduced in BACE1—/— CSF, making ENPP5 a novel BACE1
substrate candidate (Fig. 5 and Table I).

The individual LFQ intensities measured for these top five
proteins are shown in Fig. 6, as well as their relative abun-
dance in the entire data set expressed by their iBAQ score
(18). The iBAQ intensities of all quantified proteins ranged over
seven orders of magnitude, with the top 5 BACE1 substrates
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Fic. 7. Western blot analysis of APLP1 and APLP2 in murine
CSF. A, The CSF of individual mice of an independent set of animals
was subjected to SDS-PAGE and analyzed by Western blotting. An-
tibodies against APLP1 and APLP2 were raised against the extracel-
lular domains of these proteins and detect the secreted ectodomains
(sAPLP1 and sAPLP2) in the CSF. Two bands are detected for APLP2,
one of them is considered to be a truncated form of mature APLP2
(85). Unspecific bands detected by both antibodies are marked with
an asterisk (*) and show that equal amounts of CSF were loaded per
lane. B, Densitometric quantitation of the Western blot shown in A)
(*: p < 0.05, *: p < 0.01; two-tailed Student’s t-Test, n = 3).

rel. soluble protein levels [ %]

distributed in the middle of this range. This indicates that our
workflow allows accurate quantification of BACE1 substrates
despite the presence of proteins which are 10°-10* times
more abundant. Notably, the relative protein abundances, as
determined by the IBAQ scores, were similar to the protein
abundances in human CSF (supplemental Fig. S1, supple-
mental Table S6), which was analyzed using the same work-
flow as the murine CSF.

To further validate our findings and methodology, we ob-
tained CSF from an independent set of three BACE1—/— and
three wild-type mice. First, we validated our mass spectro-
metric data for the known BACE1 substrates APLP1 and
APLP2. To this aim, the CSF was subjected to Western blot-
ting. Similar to our mass spectrometry-based results, the
ectodomains of both proteins were strongly reduced in
BACE1—/— mouse CSF (Fig. 7A). Moreover, the densitomet-
ric quantification of the secreted ectodomains demonstrated
a confirmatory correlation with our label-free quantification
results, with a 7.5-fold reduction for APLP1 and a 3.5-fold
reduction for APLP2 (Fig. 7B).

Next we studied the three additional proteins PLXDC2,
PTPRN2 and ENPP5 in order to further confirm the mass
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Fic. 8. BACE1 increases shedding of PLXDC2, PTPRN2 and
ENPP5. Shown are immunoblots of the indicated proteins. Human
embryonic kidney HEK293T cells were stably transfected with HA and
FLAG epitope-tagged proteins (HA-PLXDC2-FLAG (A), HA-PTPRN2-
FLAG (B), HA-ENPP5-FLAG (C) or the empty pcDNAS3.1 vector as
control (CON). Additionally, the stable cells were transiently trans-
fected with BACE1 or empty peak12 vector as indicated. Additionally

spectrometric data. In contrast to APLP1 and APLP2 no an-
tibody was available allowing successful detection of the pro-
teins’ ectodomains in mouse CSF. Thus, an HA epitope tag
was added to the N terminus of the ectodomains and addi-
tionally a FLAG epitope tag to the C terminus of the full-length
proteins. The recombinant proteins were stably expressed in
human embryonic kidney 293 (HEK293) cells and their pro-
cessing by BACE1 was analyzed. The shed ectodomains
were detected by immunoblot as faint bands in the superna-
tant. The full-length proteins were seen in the cell lysate and
showed specific bands at their predicted apparent molecular
weights (Fig. 84A-8C). As a control, these protein bands were
not seen in the lysate or supernatant of cells transfected with
the empty vector. Because endogenous BACE1 is highly ex-
pressed in the nervous system, but at very low levels in
non-neuronal tissue (36), the HEK293 cells were additionally
transiently transfected with a BACE1 or a control plasmid.
Compared with the control transfected cells, transfection of
BACE1 strongly increased the shedding of the ectodomains
into the conditioned medium for all three proteins, PLXDC2,
PTPRN2 and ENPP5 (Fig. 8). Addition of the specific BACE1
inhibitor C3 (13) largely blocked this increase in substrate
ectodomain shedding, demonstrating that the proteolytic ac-
tivity of BACE1 was required for the increased cleavage of the
three proteins.

To further demonstrate that the increased cleavage is be-
cause of a direct cleavage by BACE1 and not merely because
of secondary effects, the epitope-tagged proteins were im-
munoprecipitated from the cell lysates using an antibody
against the HA-tag and subject to an in vitro cleavage assay
by purified, recombinant BACE1. As a result of this assay,
BACE1 cleavage should increase the generation of the same
shed ectodomain, which was also seen in the supernatant of
the transfected HEK293 cells. Indeed, in the absence of
BACE1 in the in vitro assay, only full-length PLXDC2 was
detected (Fig. 9A). When BACE1 was added to the assay, the
intensity of the full-length band was reduced and a cleaved
PLXDC2 ectodomain was detected using the HA antibody for
detection. Importantly, the cleaved PLXDC2 had the same
apparent molecular weight as the shed PLXDC2 ectodomain
in the supernatant of the transfected HEK293 cells (Fig. 9A
compare with Fig. 8A), demonstrating that PLXDC2 cleavage
in the cells occurs in the same way as in the in vitro assay. As

the cells were treated with either the BACE1 inhibitor C3 or DMSO.
The recombinant full-length (fl) proteins PLXDC2, PTPRN2 and
ENPP5 were detected in the cell lysate (lys) using the N-terminally
binding HA antibody and the C-terminally binding FLAG antibody
(indicated by arrowheads). The soluble (s) ectodomains sPLXDC2,
sPTPRN2, sENPP5 were immunoprecipitated from the conditioned
medium with the HA.7 monoclonal antibody and detected using the
HA monoclonal antibody 3F10 (indicated by arrowheads). Calnexin
served as a loading control. BACE1 was detected by 3D5 antibody.
Shown are representative immunoblots from three independent
experiments.
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Fic. 9. BACE1 in vitro assay. Recombinant HA-PLXDC2-FLAG (A),
HA-PTPRN2-FLAG (B), HA-ENPP5-FLAG (C) were purified from cell
lysates of stably transfected HEK293T cells by immunoprecipitation
(using antibody HA.7) and digested with or without BACE1 (B1) in
vitro. Detection of full-length proteins and their N-terminal, soluble
ectodomains (resulting from BACE1 cleavage) was done using the HA
3F10 antibody. Control: immunoprecipitation from HEK293T cells
stably expressing the empty vector. The full-length (fl) proteins
fIPLXDC2, fIPTPRN2 and flENPPS5 (indicated by arrowheads) and the
soluble (s) ectodomains sPLXDC2, sPTPRN2 and sENPP5 (indicated
by arrowheads) were detected using the HA 3F10 monoclonal anti-
body. BACE1: recombinant BACE1 was loaded without any purified
substrate protein. Shown is a representative blot of three independent

experiments. *: PTPRN2 degradation product. ** unspecific band.

controls, both the full-length protein and the shed ectodomain
were not detected, when the assay was performed in the
absence of PLXDC2 expression (Control) or when only recom-
binant BACE1 was loaded (BACE1).

Similar results were obtained for PTPRN2 and ENPP5. In
the absence of BACE1, full-length PTPRN2 (arrowhead,
fIPTPRN2) as well as several presumed degradation products
were detected. In the presence of BACE1 the full-length pro-
tein was reduced and a 65 kDa fragment was generated as
well as a less intensive 55 kDa fragment (Fig. 9B). The 65 kDa
fragment corresponds exactly to the shed PTPRN2 ectodo-
main observed in the conditioned medium of HEK293 cells
(Fig. 9B).

For ENPP5, in the absence of BACE1 the full-length protein
at 80 kDa was detected as well as a smaller fragment of
around 70 kDa (Fig. 9C). After addition of BACE1 the full-
length protein levels were reduced, whereas the 70 kDa frag-
ment was strongly increased, which has the same apparent
molecular weight as the shed ectodomain in HEK293 cells
(Fig. 8C). Given the low levels of the 70 kDa fragment in the
absence of BACE1 it is likely that ENPP5 is efficiently cleaved
by BACE1 in cells, such that the purification of full-length
ENPP5 with the HA antibody copurified lower levels of the
BACE1-generated ENPP5 ectodomain.

Taken together, the HEK293 cell experiments and the in
vitro assays validate ENPP5 and confirm PTPRN2 and
PLXDC2 as BACE1 substrates and demonstrate their direct
cleavage by BACE1 in the in vitro assay and their cleavage by
BACE1 in cells.

DISCUSSION

In this study we show for the first time that the CSF pro-
teome of individual mice can be analyzed in a quantitative
manner. Our simple workflow allows the in-depth investiga-
tion of murine CSF of individual mice with low sample vol-
umes in ~4.5 h per sample. It combines the simplicity of an
in-solution digestion with ultra-long analytical HPLC columns
in conjunction with a mass spectrometer providing fast scan
speed while maintaining a high resolution. It avoids the time
and sample consuming protein concentration, depletion and
fractionation steps that were required for the analysis of mu-
rine CSF in the past. Additionally, we compared in-solution
digestion with FASP. In-solution digestion showed to be su-
perior to FASP with regards to the number of protein identi-
fications as well as quantifications. However, FASP seems to
be a complementary method to in-solution digestion, as the
overlap of proteins identified by both methods was only 61%.

Moreover, our workflow increases proteomic depth, as the
number of protein identifications were two- to threefold higher
compared with previous studies (6, 7). This is a clear step
forward toward the goal of determining the whole mouse CSF
proteome. Additionally, 55-67% of previously identified pro-
teins in murine CSF were confirmed in our study (Fig. 4A).
Some of the previously identified proteins might only be de-
tectable in murine CSF on previous immunodepletion or ex-
tensive fractionation, because of their low expression levels
or the presence of highly abundant proteins such as albumin.
This could explain why the overlap between the different
studies is not complete and why some well-known BACE1
substrates such as seizure protein 6 were not quantified in our
analysis (27, 28). Our simplified workflow minimizes the vari-
ance during sample processing, which is helpful for the ac-
curacy of label-free quantification. The quantitative results of
the top two BACE1 substrates in this data set were validated
by Western blot analysis and demonstrate high correlation of
protein levels between our mass spectrometry based meth-
odology and immunobilotting. In our hands label-free quanti-
fication is currently the best strategy to investigate murine
CSF, as SILAC labeling of entire mice is extremely expensive
and time consuming, whereas chemical labeling of the small
sample amounts may increase variation between samples. As
our method only requires 5 ul of CSF from one mouse (for two
technical replicates), the longitudinal CSF sampling of mice is
possible, as up to 8 ul of CSF can be harvested from an adult
mouse every 2-3 months (37). Mice are the most common
animal model in clinical research, including a large variety of
neurological diseases (38). Therefore, our method will be of
great value for investigating the CSF of those mice. Addition-
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ally, preclinical findings in the CSF can be rapidly transferred
to the clinic. For example, the identified BACE1 substrates
may be used for monitoring the response to BACE inhibitors
during clinical inhibition studies as we found the great majority
of them to be also detectable in human CSF.

Analysis with the QARIP webserver revealed that a signifi-
cant number of proteins detected in murine CSF are derived
from ectodomain shedding, which has also been suggested
by a previous study analyzing the human CSF peptidome and
proteome (39). Thus, mouse CSF, for example from wild-type
and protease-deficient mice, is generally well suited for the
identification of protease substrates in vivo.

This is the first proteomic analysis of the CSF of the
BACE1—/— mouse model and demonstrates that the activity
of the BACE1 protease can be monitored by quantifying the
amount of released BACE1 substrate ectodomains into this
body fluid. Our data suggests that BACE1 is not an exclusive
sheddase for many of the proteins released into the CSF, as
their shedding is not completely abolished in the absence of
BACE1. This was also confirmed on analysis by Western blot-
ting. Although APLP1 was almost absent in CSF, APLP2 was
reduced less drastically, which is in agreement with our previ-
ous proteomics study of primary cortical neurons treated with a
BACE1 inhibitor (27). This is most likely because of the com-
pensatory or parallel proteolysis by alternative sheddases.

BACE1 is the rate-limiting enzyme of AB production and is
a major drug target for the therapy of Alzheimer’s disease (40).
The interest in BACE1 is because of two reasons: On the one
hand, orally available BACE1 inhibitors have recently shown
their AB-lowering potential in humans and non-human prima-
tes (41, 42). On the other hand, an increasing number of
BACE1 substrates is described, together with the elucidation
of a complex phenotype in BACE1—/— mice, raising concerns
about mechanism-based side effects (11). Our study validates
previously identified BACE1 substrates in the CSF. In addi-
tion, we identify ENPP5 as a novel BACE1 substrate. More-
over, we confirm the recently described substrates PLXDC2
and PTPRN2 (26-28) in vitro and in cell culture. ENPP5 be-
longs to the family of nucleotide pyrophosphatases and is
highly expressed in rat brain. However, in contrast to other
nucleotide pyrophosphatase members, its catalytic activity
could not be demonstrated so far and no other physiological
function has been described (43, 44).

PLXDC2 has been identified as a BACE1 substrate by two
independent proteomic studies, where the pharmacologic in-
hibition of BACE1 led to a decrease of detectable PLXDC2 in
the conditioned media of HEK293 cell and cultivated primary
neurons (26, 29). It has been shown to regulate neuronal cell
fate and proliferation. Interestingly, the ectodomain itself is
sufficient for the observed effects on neurogenesis (45).
BACE1 could thus control the function of this protein by
regulating its cell surface levels as well as the amount and
distribution of soluble, functional ectodomains.

PTPRN2 has been first described as a BACE1 substrate in
the murine endocrine pancreas. This was demonstrated by a
reduction of PTPRN2 protein levels in the conditioned media
and the according increase of protein levels in the cell lysate
of BACET1 deficient islets using SRM/MRM-based mass spec-
trometry (28). In addition, PTPRN2 has been shown to regu-
late insulin secretion (46). It is expressed throughout the CNS,
however its role in the nervous system has not been investi-
gated so far (47). The functional analysis of these proteins in
future studies may broaden our understanding of the complex
phenotype of BACE1—/— mice as well as mechanism-based
side effects on therapeutic inhibition of BACE1. Furthermore,
the expanding panel of physiologic BACE1 substrates in the
CSF may aid in the development of prognostic and diagnostic
biomarkers and drug development. Our methodology is well-
suited to also analyze CSF samples derived from non-human
primates or patients treated with BACE1 inhibitors in drug
development and clinical studies, respectively. This may allow
the determination of which membrane proteins are predomi-
nant BACE1 substrates in humans. Such substrates may also
lead to the development of APP-specific BACE inhibitors that
spare other substrates, as it has been described for Notch-
sparing +y-secretase inhibitors (48). Furthermore, a panel of
physiological substrates that can routinely be monitored in the
CSF will aid in evaluating the drug response in individual pa-
tients undergoing therapy and improving personalized medicine
approaches for the treatment of Alzheimer’s disease.
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