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Identification of physiologically relevant substrates is still the
most challenging part in protease research for understanding
the biological activity of these enzymes. The zinc-dependent
metalloprotease meprin � is known to be expressed in many
tissues with functions in health and disease. Here, we demon-
strate unique interactions between meprin � and the amyloid
precursor protein (APP). AlthoughAPP is intensively studied as
a ubiquitously expressed cell surface protein, which is involved
in Alzheimer disease, its precise physiological role and rele-
vance remain elusive. Based on a novel proteomics technique
termed terminal amine isotopic labeling of substrates (TAILS),
APP was identified as a substrate for meprin �. Processing of
APP by meprin � was subsequently validated using in vitro and
in vivo approaches. N-terminal APP fragments of about 11 and
20 kDa were found in human andmouse brain lysates but not in
meprin ��/� mouse brain lysates. Although these APP frag-
ments were in the range of those responsible for caspase-in-
duced neurodegeneration, we did not detect cytotoxicity to pri-
mary neurons treated by these fragments.Our data demonstrate
that meprin � is a physiologically relevant enzyme in APP
processing.

All proteins undergo post-translational modification by pro-
teolysis, demonstrating the importance of proteases in health
and disease. About 2% of all human genes encode for proteo-

lytic enzymes, which account for 569 representatives in
humans (1, 2).
Meprin � and � are members of the astacin family of zinc

endopeptidases belonging to the metzincin superfamily (3).
Both enzymes exhibit unique characteristics among the seven
astacin proteases in humans.Meprin� for instance is capable of
forming homo-oligomers up to a size of 6 megadaltons, hence
being the largest secreted protease known (4, 5). Meprin � is
predominantly membrane-bound but can be released from the
cell surface by ectodomain shedding (6). The protease displays
a wide expression pattern in humans, including brain, skin,
intestine, and kidney (7–10). To date, only a few potential in
vivo substrates of meprin � have been described, e.g. interleu-
kin-1� (11), interleukin-18 (12), pro-collagen III (10), tumor
growth factor � (TGF-�) (13), epithelial sodium channel (14),
and vascular endothelial growth factor A (VEGF-A) (15). Other
reports have revealed an involvement of meprin � in immuno-
logical mechanisms due to its expression in intestinal leuko-
cytes of the lamina propria (16). Based on the processing of
these substrates, certain cleavage specificities have been unrav-
eled for meprins. Although meprin � prefers small aliphatic
residues in P1� (nomenclature by Schechter and Berger (17)),
meprin � favors acidic amino acid residues (18).
In this study, based on the proteomics terminal amine iso-

topic labeling of substrates technique (19), the amyloid precur-
sor protein (APP)4 was identified as a candidate substrate for
meprin �. APP is a ubiquitously expressed glycoprotein closely
related to the pathogenesis of Alzheimer disease (AD).
Together with amyloid precursor-like protein (APLP) 1 and
APLP2, APP composes the small APP gene family. All three
multidomain proteins are type I integral membrane proteins
with large extracellular domains and a transmembrane region
(20). Alternative splicing of the APP gene leads to three differ-
ently processed APP isoforms as follows: APP770, APP751, and
APP695.
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Before reaching the cell surface, APP undergoes several post-
translational modifications in the secretory pathway. Since the
discovery of APP in 1987 (21), multiple physiological functions
have been assigned to this protein, e.g. growth factor, cell adhe-
sion, signal transduction, etc. (22–24). However, the actual
physiological role of APP is still elusive. The generation of the
A� peptide from APP involves sequential cleavage by two pro-
teases termed �- and �-secretase (25). The initial �-secretase
cleavage by BACE1 (26, 27) generates the N-terminal soluble
domain (APPs�) and a membrane-tethered C-terminal frag-
ment (�CTF or C99). Subsequently, A� is released into the
luminal space by �-secretase cleavage within the transmem-
brane domain of APP (28, 29). However, only a small percent-
age of APP is cleaved by �-secretase. A larger portion of APP is
alternatively shed within the A� peptide by an �-secretase (30).
The �-secretase activity has been demonstrated to be mainly
associated with ADAM10 (a disintegrin and metalloprotease
10) (31, 32). This �-secretase-dependent processing of APP lib-
erates the longer sAPP� and a shorter CTF, termed �CTF or
C83.APP and alsomeprin�have been shown to be expressed in
mice brains (33). Gene expression databases confirm an over-
expression of meprin � in murine and human hippocampi (34).
Together, these data highlight that the regulation of APP is
complex and that there may be putative diverse effects of APP
in addition to the pivotal role of APP inAD. This study provides
evidence that the metalloprotease meprin � is physiologically
relevant for extracellular processing of the amyloid precursor
protein, demonstrated in vitro, in cellulo and in vivo.

EXPERIMENTAL PROCEDURES

Terminal Amine Isotopic Labeling of Substrates (TAILS)—
For proteomic analysis, HaCaT cells (human adult low calcium
high temperature keratinocytes; kindly provided by Dirk Breit-
kreutz) were grown in DMEM, 5% calf serum, to 70% conflu-
ency. Cells were then washed intensively to remove serum pro-
teins and grownovernight serum-free. Cellswerewashed again,
incubated in phenol red-free, serum-free medium, and incu-
bated with recombinant human meprin � or � (5, 9, 35). Con-
ditionedmediumproteinswere harvested at 48 hwhen the cells
were between 80 and 90% confluent, protease inhibitors (1 mM

EDTA, 1 mM PMSF) immediately added, and clarified by cen-
trifugation (5min, 500� g), filtration (0.22�m), and additional
centrifugation (30 min, 8,000 � g). The proteins were concen-
trated �100 by ultrafiltration using Amicon Ultra-15 centrifu-
gal filter units (3-kDa cutoff, Millipore). The sample buffer was
exchanged to 50mMHEPES, 150mMNaCl, 10mMCaCl2 by five
cycles of dilution and concentration within the same concen-
trating device. Protein concentration was determined by bicin-
choninic acid assay (Pierce) and Bradford assay (Bio-Rad).
Secretome collection and concentration, tryptic digestion,
amine-terminal blocked peptide enrichment, liquid chroma-
tography-MS/MS, data analysis, and peptide abundance ratio
were performed as described previously (36, 37).
Heterologous Protein Expression, Purification, and Cleavage

of APPs by Meprin �—Cloning was performed following stan-
dard procedures (38), using humanAPP751 andAPP695 cDNA
templates. A truncated version of APP was generated, termed
HisAPP, lacking the APP signal peptide, the transmembrane

domain, and the intracellular part by using the following prim-
ers: sense, 5�-catgccatggctggaggtacccactgatggtaat-3�, and anti-
sense, 5�-acatgcatgcctatttttgatgatgaacttcatat-3�.

Constructs were ligated into pFastBac (Invitrogen) contain-
ing the meprin � signal peptide, followed by a His6 tag (5),
resulting in the expression of soluble APP. Primers were syn-
thesized by Invitrogen, and sequences of constructs were veri-
fied by DNA sequencing (Genterprise GmbH). Recombinant
protein was expressed using the Bac-to-Bac expression system
(Invitrogen) following the manufacturer’s instructions. All
media and supplements were obtained from Invitrogen.
Recombinant baculoviruseswere amplified in adherently grow-
ing Spodoptera frugiperda (Sf)9 insect cells at 27 °C in Grace’s
insect medium supplemented with 10% fetal bovine serum, 50
units/ml penicillin, and 50�g/ml streptomycin. Protein expres-
sion was performed in 500 ml of suspension cultures of BTI-
TN-5B1-4 (HighFive) insect cells growing in Express Five
serum-free media supplemented with 4 mM glutamine, 50
units/ml penicillin, and 50 �g/ml streptomycin in Fernbach
flasks using a Multitron orbital shaker (Infors AG). Cells were
infected at a density of 2 � 106 cells/ml with an amplified viral
stock at a multiplicity of infection of �10. Protein expression
was stopped after 72 h; media were stored at �20 °C until fur-
ther use.
HisAPP was further purified from the media by ammonium

sulfate precipitation (60% saturation), stirring overnight at 6 °C,
followed by centrifugation at 11,000 � g for 2 h at 4 °C. Pellets
were dissolved in 1/10 volume of 50 mM NaH2PO4, 300 mM

NaCl, pH 8.0, and dialyzed against 50 mM NaH2PO4, 300 mM

NaCl, 10 mM imidazole, pH 8.0; afterward the protein solution
was loaded on aNi-NTA column. After a washing step using 50
mMNaH2PO4, 300mMNaCl, 25 mM imidazole, pH 8.0, protein
was eluted with the same buffer containing 50 mM imidazole,
pH 8.0.
HumanAPP770 (R&DSystems), APP751, andAPP695were

incubated with meprin � for given periods of time at 37 °C in a
100:1 molar ratio. Proteins were analyzed by SDS-PAGE and
Western blot. For N-terminal sequencing, proteins were blot-
ted onto PVDF membranes, stained with Coomassie Brilliant
Blue, and then sequenced at the proteinmicro-sequencing cen-
ter of the Institut Fédératif de Recherche 128 (Lyon, France).
SDS-PAGE andWestern Blot Analysis—SDS-PAGEwas per-

formed according to standard procedures in 10% polyacryl-
amide gels. Coomassie Brilliant Blue was used for background
free gel staining (39). For immunoblot analysis, proteins were
subjected to electrophoresis under reducing conditions and
afterward transferred onto a PVDF membrane (Immobilon P;
Millipore) by Western blotting. For detection with polyclonal
antibodies, the membrane was saturated with 5% dry milk in
TBS for 1 h, incubated with the first antibody (polyclonal anti-
N-APP, 1:500; Thermo Scientific) for 1 h, and subsequently
with horseradish peroxidase-conjugated anti-rabbit IgG
(1:10,000) for 1 h at room temperature. Detection was per-
formed using Rotilumin (Roth) following the manufacturer’s
instructions using x-ray film (hyperfilm enhanced chemilumi-
nescence; Amersham Biosciences). For detection with mono-
clonal antibodies (Penta-His, 22C11 (40), all diluted 1:1,000),
the membrane was blocked with 3% bovine serum albumin
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(BSA) incubated with the appropriate antibody. The secondary
antibody (anti-mouse, coupled with horseradish peroxidase)
was added for 1 h, and subsequent detection was performed
with Rotilumin.
Transient Transfections of HEK293 Cells with APP and

Meprin � cDNAs—HEK293 cells were grown in 6-well cell cul-
ture plates until they reached�70–80% confluentmonolayers.
HEK293 cells were transiently transfected with the following
cDNAs, by using GeneJuice transfection reagent (Novagen),
according to themanufacturer’s instructions as follows: 1 �g of
pcDNA3 (Invitrogen) and 1 �g of APP751WT-pPCI-neo; 1 �g
of pcDNA3 and 1 �g of meprin �-pIRES2-EGFP; 1 �g of
APP751WT-pPCI-neo and 1 �g of meprin �-pIRES2-EGFP.
The transfectionswere carried out for 48 h. Thewells were then
washedwith 1ml of serum-freemedium. 800�l of fresh serum-
free medium was then added to the wells, and the medium was
conditioned for 5 h. Cell medium was then collected, and cell
lysates were prepared in 1% Triton X-100 (Sigma) in phos-
phate-buffered saline (PBS) lysis buffer containing a mixture of
protease inhibitors (Complete, Roche Applied Science). Sam-
ples containing cell medium were used for detection of total
soluble APP (sAPP) and other sAPP fragments and soluble
meprin �. Cell lysates were used to detect membrane-bound
meprin� and actin. Total sAPP and other sAPP fragmentswere
detected with anti-N-APP antibody, 22C11 (40). Soluble
meprin�was detectedwith an anti-meprin� antibody,MEP1B
(R & D Systems). Actin was detected with an anti-actin anti-
body (Sigma). Signal detection in all Western blotting experi-
ments was carried out with the enhanced chemiluminescence
assay solutions (Millipore).
Preparation of Human Brain Lysates—Brain tissue samples

were pulverized into powder in a liquid nitrogen-cooled pestle
andmortar. Brain lysates were prepared by adding a 6-fold vol-
ume to weight ratio of radioimmunoprecipitation buffer (50
mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% IGEPAL, 0.1% SDS,
0.5% deoxycholate) containing 10 mM NaF, 1 mM �-glycero-
phosphate, protease inhibitor mixture (Complete, Roche
Applied Science), phosphatase inhibitor mixture (PhosSTOP,
Roche Applied Science) and by homogenizing the brain tissue
powder in a glass homogenizer. Brain homogenates were incu-
bated on ice for 30 min and then centrifuged at 100,000 � g at
4 °C for 30 min. Tissue supernatants were aliquoted and stored
at �70 °C. This study was approved by the Institutional Review
Board of the University Hospital of Mainz. The experiments
were undertaken with the understanding and written consent
of each subject or their family member and in compliance with
national legislation and the Code of Ethical Principles forMed-
ical Research Involving Human Subjects of the World Medical
Association (Declaration of Helsinki).
Animals and Tissue Preparation—Mature congenic

Mep1��/� mice on a C57Bl/6 background, as described previ-
ously (41), weremaintained on a 12-h light-dark cyclewith food
and water ad libitum. Control (n � 3) and Mep1��/� animals
(n � 3) were anesthetized by sodium pentobarbital overdose
and sacrificed by cervical dislocation. Entire brains were
removed and subdissected into cerebellum, frontal cortex, tem-
poral cortex, hippocampus, and “the rest” of the brain prior to
further analyses. Individual brain tissue samples were used for

generation of a PBS-soluble fraction (S1) and a detergent-solu-
ble fraction (S2). S1 fraction was obtained by adding a 6-fold
volume to weight ratio of PBS, containing protease inhibitor
mixture (Complete, Roche Applied Science), 10 mMNaF, 1 mM

�-glycerophosphate, and phosphatase inhibitor mixture
(PhosSTOP, Roche Applied Science). Tissues were homoge-
nized by using a glass homogenizer and incubated on ice for 30
min. PBS-soluble fractions were centrifuged at 100,000 � g at
4 °C for 30 min. S2 fractions were generated by resuspending
the remaining pellet in the same original volume of 1% Triton/
PBS buffer, containing protease inhibitor mixture (Complete,
Roche Applied Science), 10 mM NaF, 1 mM �-glycerophos-
phate, and phosphatase inhibitor mixture (PhosSTOP, Roche
Applied Science). As previously, S2 fractionswere incubated on
ice for 30min before being centrifuged at 100,000� g at 4 °C for
30 min. Tissue supernatants were aliquoted in fresh tubes and
stored at �70 °C.
Quantitative Real Time PCR—RNA samples were tran-

scribed into cDNA using random primers and SuperScript II
reverse transcriptase according to the manufacturer’s instruc-
tions (Invitrogen). The obtained cDNA was subjected to quan-
titative real time PCR measurement using the StepOnePlus
RT-PCR system (Applied Biosystems, Darmstadt, Germany).
Measurement of the PCR product was enabled by incorpora-
tion of SYBR Green�. Amplification reaction consisted of a
hold of 10 min at 95 °C and 40 cycles (15 s at 95 °C and 60 s at
60 °C) with subsequent recording of primer melting curves.
The primer sequences for amplification of the target gene
Mep1b were as follows: meprin_fwd, tgctgatcatcacccttgtc, and
meprin_rev, cggagtcaaatttggtcgat. The transcript level was nor-
malized to the transcript level of ARF1 (ADP-ribosylation fac-
tor 1). As samples, we used commercially available adult human
renal RNA (Agilent Technologies, Waldbronn, Germany),
adult human brain RNA (BD Biosciences), and Stratagene uni-
versal human reference RNA (Agilent Technologies, Cedar
Creek, TX). ��CT values were used to calculate the relative
expression for each data point.
Generation and Purification of N-APP20 and N-APP11—

8.5�10�7 M APP695 was incubated with 1�10�8 M meprin � for
2 h at 37 °C. Total APP695 fragments were then loaded on a
Ni-NTA column as described under “Experimental Proce-
dures.” N-APP11was purifiedwith a 20mM imidazole-contain-
ing buffer and N-APP20 with 500 mM imidazole.
Preparation of Primary Rat Neurons—Hippocampal or cor-

tical neurons were prepared from Sprague-Dawley rat embryos
at day 18 as described before (42). In brief, hippocampi or cor-
texes were collected in Hanks’ balanced saline solution (Invit-
rogen), cut in pieces, and trypsinized (0.05% trypsin, 0.02%
EDTA in PBS) for 15 min. After a mechanical dissociation in
Neurobasal medium (Invitrogen) containing B-27 supplement
and 2-fold Glutamax (both from Invitrogen), cells were centri-
fuged at 500� g for 4min and resuspended again inNeurobasal
medium for counting. The cells were then plated onto poly-L-
ornithine (100 �g/ml; Sigma)-coated 24-well plates at a density
of 100,000 or 150,000 cells/well (for hippocampus and cortex,
respectively). The medium was replaced the next day, and cells
were cultured for another 11 days (hippocampus) or 4 days
(cortex) at 37 °C in a humidified 5% CO2 incubator.
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LiveCell ImagingwithTubulinTracker—Primary hippocam-
pal cells were grown to days in vitro (div) 11 and pooled hip-
pocampal and cortical cells to div4 in Neurobasal media (Invit-
rogen) with 0.5 mM glutamine at 37 °C and 5% CO2 in 24-well
plates. Cells were washed three times with DPBS and subse-
quently incubated with 100 nM N-APP20, 100 nM APP695, and
0.1 nMmeprin � for 48 h. APP695 fragments were generated by
preincubating 100 nM APP695 with 0.1 nM meprin � overnight
at 37 °C. Microtubules were immunostained with 250 nM
Tubulin Tracker (Invitrogen) according to the manufacturer’s
instructions. Fluorescence of the cells was monitored by fluo-
rescence microscopy (wDM IRBE microscope, Leica, Wetzlar,
Germany). Densitometric analysis was performed with ImageJ,
Version A5e.

RESULTS

APP Is a Substrate forMeprin � Identified byMass Spectrom-
etry-based Degradomics—Degradomic approaches employ
quantitative proteomic techniques to identify protease cleavage
sites in a cellular context. The proteome-wide coverage pre-
vents bias toward particular substrate classes, hence represent-
ing true profiling for potential substrates (43).
In a cell culture-based degradomics approach, named TAILS

(19, 36), allowing for identification of newly derived N termini
caused by proteases of interest, we identified 96 novel extracel-
lular substrates for human meprin � (Fig. 1 and supplemental
Fig. S1). This technique identifies potential substrates in the
natural cellular context of the target protein indicated also by
their relative abundance ratios (37). Therefore, we were able to
identify cleavage of APP by meprin � between Ser124/Asp125,
Glu380/Thr381, and Gly383/Asp384 (Fig. 1).
Meprin � Processing of Recombinant APP Isoforms in Vitro—

To further investigate the relevance of this APP processing by
meprin �, recombinant forms of APP (APP695, -751, and -770)
were incubated with meprin �. APP695 and APP751 were sub-
cloned in a Bac-to-Bac expression system for heterologous
expression in baculovirus-infected insect cells and subse-
quently purified by Ni-NTA chromatography. Expression and
secretion of the purified proteinswere verified byWestern blot-
ting, which revealed signals for a protein species with a molec-
ular mass of about 110 kDa for the 751 variant and 100 kDa for
APP695 (Fig. 2b). The yield of affinity chromatography-purified
APPwas 15mg/liter cell culturemedium for each isoform. Both
APP695 and -751 were expressed with a truncated C terminus
tomaintain solubility of the proteins (Fig. 2, a and b). The iden-
tity of the purified APP isoforms was additionally verified by
MALDI-TOF analysis.
To investigate whether human meprin � is capable of pro-

cessing APP in vitro, the two generated isoforms APP695 and
-751 as well as APP770 were incubated with meprin � and sub-
sequently examined by Western blot analysis. To demonstrate
meprin �-specific activity on APP, we have used several anti-
bodies directed against the N-terminal region of APP (Fig. 2, a
and c, and supplemental Fig. S2). Interestingly, compared with
the recombinant full-length APP following its incubation with
meprin�, wewere able to detect various cleavage products (Fig.
2c and supplemental Fig. S2).

Monoclonal 22C11 antibodies revealed the full-length
APP751 and -695 protein with apparent molecular masses of
110 and 100 kDa, respectively, whereas the 770 isoform
appeared at 120 kDa (Fig. 2c, controls). After incubation of all
APP isoforms with meprin � (Fig. 2c, lanes 1, 4, and 7), bands
were detected in the range of 20 and 11 kDa. A similar band
pattern was detected with the polyclonal antibody anti-N-APP
directed against the N terminus of APP (supplemental Fig. S2).
Both APP-derived fragments were detectable by the Penta-His
antibody, recognizing the N terminus of the generated His-
tagged APP695, indicating that these cleavage products share
the mature N terminus (Fig. 2c, lanes 10–12).

Calculation of the relative molecular mass of the smallest
fragment revealed an average size of 11 kDa. Sequencing of this
proteolytic APP695 fragment by Edman degradation revealed
indeed the mature N terminus starting with the sequence
LEVP. This, in combination with the identified cleavage site by
degradomics (Ser124/Asp125), is the exact peptide sequence
recently detected in human brain lysates (44, 45).
Meprin�Cleaves APP in Cell Culture-based Assays—To fur-

ther investigate whether cellular expressedmeprin� provides a

FIGURE 1. Proteomic identification of APP cleavage products produced
by meprin � in cultured keratinocytes. a, proteome was harvested from
cultured keratinocytes (HaCaT) with (�) and without (�) meprin �. Isotopic
labeling of amine groups and MS/MS analysis were performed as described
previously (36, 37). b, APP peptides identified by the degradomics approach
TAILS (a) and meprin � cleavage sites in APP isoforms. High probability values
calculated by the iProphet algorithm indicate high confidence in spectrum to
peptide assignments (for spectrum peptide assignments see supplemental
Fig. S1). Meprin � versus control (ctrl) abundance ratios of �15 identify meprin
�-generated neo-N termini as high confidence cleavage products (36, 37).
Sprot, Swiss-Prot accession numbers.
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similar cleavage pattern of APP compared with the applied
recombinant proteins, HEK293 cells were transiently trans-
fected with human APP751wt and meprin �. Soluble N-APP
fragments of �11 and 20 kDa were detected in the medium of
HEK293 cells transiently overexpressing APP751 andmeprin �
(Fig. 3a). This was not observed when meprin � was expressed
solely. Additionally, membrane-bound or cellular meprin �
(Fig. 3b) as well as soluble meprin � (Fig. 3c) were unaltered by

APP overexpression. These results demonstrate that meprin �
cleavesAPP in vitro and in cellulo, thereby releasingN-terminal
metabolites of sAPP.
APP Is Processed by Meprin � in Vivo—To test whether the

cleavage of APP by meprin � observed in a proteomics
approach, in cell culture and in vitro, is also relevant in vivo, we
examined APP processing in human brain lysates from control
subjects and AD patients with an N-APP-specific antibody

FIGURE 2. a, processing of recombinant human APP isoforms by meprin �. APP wt, schematic structure of APP and alternative spliced variants is shown. Only
the full-length APP770 isoform contains both the Kunitz protease inhibitor (KPI) and additionally the Ox2 domain; the latter is absent in APP751. AICD � APP
intracellular domain. HisAPP, APP751 and -695 were C-terminally truncated at position 613 or 669, respectively, to generate soluble protein. The insertion of an
N-terminal His6 tag (6xHis) allowed affinity purification of the recombinant enzymes by Ni-NTA chromatography. CuBD, copper-binding domain; E2, conserved
region of the central APP domain; GFLD, N-terminal growth factor-like domain. b, purified proteins were analyzed by 10% SDS-PAGE and subsequently
Coomassie staining (lanes 1–3 and 4 – 6) as follows: starting material (lanes 1 and 4), washing material (lanes 2 and 5), and the protein sample purified with 50
mM imidazole (lanes 3 and 6). Additionally, proteins were transferred to polyvinylidene fluoride membrane and probed with a monoclonal penta-His (histidine)
antibody and a polyclonal antibody specific for the N terminus of APP (anti-N-APP), indicating molecular masses of 100 kDa for APP695 and 110 kDa for APP751.
c, proteolytic processing of APP isoforms by meprin �. Recombinant APP770 and purified APP variants 751 and 695 were incubated with meprin � at 37 °C for
1, 5, and 15 min and 30, 60, and 120 min, respectively. After immunoblotting, membranes were exposed to different antibodies (22C11 and Penta His,
supplemental Fig. S2, anti-N-APP) specific for certain APP regions as indicated in a. Smaller fragments of processed APP695 about 20 kDa (N-APP20, upper arrow)
and 11 kDa (N-APP11, lower arrow) were further analyzed (c). The 11-kDa (N-APP11) fragment starts with the mature N terminus of APP retrieved by Edman
degradation.
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22C11 (Fig. 3e). N-APP products of about 20 kDa (Fig. 3e,
N-APP20, i and ii) and 11 kDa (N-APP11) were observed that
correlate with those detected in vitro (Fig. 1c and supplemental
Fig. S2) and in cell culture medium (Fig. 3a). The intensities of
N-APP20 (Fig. 3e, i and ii) andN-APP11 differed between those
identified in cell culture medium and human brain lysates.
However, we were unable to detect any statistically significant
differences in N-APP fragments between control subjects, mild
cognitive impairment, and AD patients (n � 4; one represent-
ative is shown) due to the small size of our cohort. The reason
for the different amounts of generated N-APP fragments
between tissue culture medium and brain lysates might be due
to the extensive activity of meprin � in the overexpressing sys-
tem, probably leading to an enhanced processing of N-APPs.
Supporting the physiological relevance of meprin �, we dem-
onstrated that APP processing in the brain of meprin ��/�

mice was clearly altered and significantly decreased compared
with the wild type (WT) animals (Fig. 3e, lanes 1 and 2). Here,
only the full-length sAPP could be detected, althougha fragment
of about 20 kDa (asterisk, N-APP20) appeared in meprin �-
expressingmice only. TheN-APP11 fragment was not detected
in mice brain, possibly indicating subtle differences in APP
processing between mice and human. To quantify the expres-

sion level of meprin � in human brain, we performed quantita-
tive real time PCR (Fig. 3f). RNA was extracted from 10 human
brain samples and analyzed for meprin � expression. The data
were normalized and compared with the expression of meprin
� in the kidney, a tissue that is known to highly express the
enzyme (46, 47). Interestingly, the expression level of meprin �
in the brains analyzed here was on average 21.6 times higher
compared with the level of meprin � detected in the kidney
RNA sample (Fig. 3f). As further controls, commercially avail-
able RNA samples from human brain and human universal
RNAwere used as reference samples. In comparisonwith these,
meprin � expression in the 10 human brain samples was on
average 3.5 and 1.4 times higher, respectively.
Soluble APP695 and APP695 Fragmented by Meprin � Are

Not Cytotoxic in Primary Rat Neurons—Because small N-ter-
minal fragments of APP have been recently implicated in apo-
ptosis in cells, we analyzed the cytotoxic capacity of meprin �-
derivedN-terminalAPP fragments. To analyze themorphology
and viability of isolated embryonic hippocampal and cortical
rat neurons, axonal tubulin was stained (Fig. 4b). It has been
demonstrated previously that tubulin staining of live cells is an
appropriate method to analyze cytotoxicity in neurons (23, 48).
Primary neurons at div2 were incubated with sAPP695 and

FIGURE 3. Overexpression of meprin � in human embryonic kidney cells leads to cleavage of N-terminal APP. This processing by meprin � was found in
human brain lysates and wild type mouse brain but is missing in meprin ��/� mouse brain. a, human APP was transiently overexpressed in HEK293 cells with
or without human meprin �. Cell medium was collected, and total sAPP and other sAPP fragments were detected with anti-N-APP antibody, 22C11. Blots
revealed an accumulation of sAPP (N-APP20) bands between the 17- and the 26-kDa markers in media of cells that co-expressed APP and meprin �. Addition-
ally, a N-APP fragment of �11 kDa (N-APP11) appeared in the medium of cells that co-expressed APP and meprin �. Levels of membrane-bound or cellular
meprin � (cMep �) (b) and soluble meprin � (sMep �) (c) were unaffected by APP overexpression. Equal protein loading was confirmed by blotting for actin
protein in cell lysates (d). APP processing, detected with 22C11 antibody, is markedly different between the wild type (wt, lane 1) mice and meprin � knock-out
(lane 2) mice (e). The latter showed no N-APP20 (asterisk). Cell medium collected from HEK293 cells transiently transfected with APP and meprin � (lane 3) was
loaded on a 15% SDS-PAGE alongside human brain lysates (lane 4, young control; lane 5, mild cognitive impairment (MCI); lane 6, control (C); lane 7, AD; lane 8,
control). Different sAPP fragments (N-APP35, -20, and -11) were detected with 22C11 antibody. i and ii indicate subtypes of N-APP20. f, quantitative real time
PCR was used to detect human meprin � expression in 10 human brain samples. Three different RNA samples were used as reference for the normalized
transcript levels of meprin (see “Experimental Procedures”). Adult human renal total RNA was used as reference because expression of meprin � in mouse and
human kidney has been reported previously (46, 47). Expression levels in the brains analyzed were compared with the level of meprin detected in the kidney
RNA sample (data were obtained from duplicates of four independent experiments). As additional controls, commercially available RNA samples from human
brain and human universal RNA were used as reference samples (data were obtained from duplicates of one experiment). RQ, relative expression.
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APP695 fragments caused by meprin � activity (Fig. 4b), puri-
fied N-APP20 (Fig. 4, a, lanes 4–6, and b), and meprin � solely
(Fig. 4b), respectively. To analyze the effects of single N-APP20
in cellulo,N-APP fragments derived frommeprin � processing
were separated using a Ni-NTA column, with the help of the
N-terminal His tag. Isolation of a pure 20-kDa protein from
residual N-APPs was attained with 500 mM imidazole (Fig. 4a).
After cells were cultured for 48 h, tubulin was stained. Under all
conditions, axons and dendrites exhibited a healthy and normal
morphology compared with controls (Fig. 4, b–d) indicating
that N-terminal APP fragments do not affect neurons cytotoxi-

cally. In hippocampal cells, effects of sAPP andN-APP20 rather
resulted in an increased tubulin staining indicating a promoting
activity of the APP N-terminus. These APP forms just as
meprin � cause a marginal decrease of living cells when study-
ing a mixture of cortical and hippocampal neurons (Fig. 4d).
However, these observations were not statistically significant.
Nevertheless, meprin � is already known to induce apoptosis in
keratinocytes thereby reducing the cell number (9). The sus-
ceptibility of cortical neurons to APP and meprin � might be
higher compared with hippocampal neurons. Previous studies
have shown that these two cell cultures exhibit different sensi-

FIGURE 4. N-terminal APP fragments produced by meprin � do not effect morphology of primary neurons. a, separation of N-terminal meprin �-derived
APP fragments. After incubation of 3 �M sAPP695 with 10 nM meprin � for 2 h at 37 °C, APP-derived fragments were loaded on a Ni-NTA column. Collected wash
(lanes 1–3) and elution fractions (lanes 4 – 6) were analyzed by Western blotting using the polyclonal N-APP antibody. The arrows indicate the isolated 20- and
11-kDa product derived from buffers containing 20 mM and 500 mM imidazole, respectively. c, control. b, effects of sAPP695 and sAPP695-associated products
and meprin � on primary hippocampal and hippocampal/cortex neurons. sAPP695, APP-derived fragments, N-APP20, and meprin � do not influence cell
viability, cell morphology, or proliferation of rat neurons. sAPP695-derived fragments were generated by preincubation with 1 nM meprin �. Hippocampal
cultures were subjected to proteins at div11 and cortical pooled with hippocampal cells at div4. Tubulin of cell bodies and axons were immunostained after
48 h of incubation for visualization. Scale bar, 100 �m. c and d, densitometric analysis of tubulin staining in primary rat neurons after treatment with sAPP695,
sAPP695 fragments, and meprin � (ImageJ version 1.45e). No significant influence on cell morphology could be observed after sAPP and N-APP-20 treatment
of hippocampal cells and hippocampal/cortical cultures.
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tivities to external impacts (49). Similar effects to the hip-
pocampal cells were observed when the human epithelium-like
astrocytic cell line U373-MG was studied under the same con-
ditions as used for rat neurons (data not shown).

DISCUSSION

In this study, we present a biologically relevant interaction
between themetalloprotease meprin � and APP by using a new
proteomics approach, knock-out mouse studies, and cell biol-
ogy experiments. Taken together, the data indicate for the first
time that APP is processed in vitro and in vivo by the metallo-
protease meprin � resulting in specific N-APP fragments
(Fig. 5).
To date, APP holds the key role in the hypothesis for the

development of Alzheimer disease (25), although the physio-
logical function of APP is poorly understood. However,
recently, a novel pathway has been described in mice involving
the generation of N-terminal APP peptides binding to the neu-
ronal death receptor DR6, which is required for normal axonal
pruning processes (23). Binding of N-APPs to this receptor
enables a caspase-dependent cascade to become activated due
to nerve growth factor deprivation. Axonal degeneration is
then triggered by caspase 6, whereas caspase 3 activation leads
to destruction of cell bodies. In this study, we present data that
support a role for themetalloproteasemeprin� in generation of
N-terminal fragments of APPs in vivo.
Meprin� is known to have a clear preference for aspartic and

glutamate residues in the P1� position (18). Two of the three
cleavage sites in APP due to meprin � activity identified by
TAILS reveal aspartate in P1� (DALL and DENE), correlating
with the specificity of this enzyme. These observations identify
meprin� as a promising candidate for the interactionwith APP
in vivo. By analyzing the GenePaint database, a co-localization
ofmeprin� andAPP could be observed throughout the embry-
onic brain, although with much lower abundance for the met-
alloprotease. The activity of meprin �, which includes s a trans-
membrane region and aC-terminal cytosolic part, is dependent
on various factors. First, it has to be activated by limited prote-
olysis, which is done by tryptic proteases like kallikreins (35).
Furthermore, it is known that it can be released from the cell
surface by ectodomain shedding because of TACE activity (6).
In this study, we analyzed the activity of soluble meprin �

toward APP. Meprin � was able to cleave all APP isoforms
(APP770, -751, and -695) at multiple sites in the N-terminal
ectodomain. The full-length APP proteins were converted into
fragments of about 20 kDa (N-APP20) and 11 kDa (N-APP11).
The physiological relevance of this APP processing bymeprin�
was demonstrated through the use of meprin ��/� mice. Only
faint N-APP fragments could be detected in the knock-out ani-
mals, whereas particularly N-APP20 was the most prominent
cleavage product in the WT mice. The occurrence of different
N-APP peptides in WT animals and their absence in meprin �
KOmice clearly indicates a key physiological role of this prote-
ase in the turnover of APP.
Most studies in Alzheimer disease research focus on the

C-terminal fragments of APP (APP-CTFs), some of which (C99
and C89) serve as substrates for A�. Whether the N-terminal
processing of APP by meprin � influences the cleavage effi-
ciency toward A� by the �-, �-, and �-secretase is still elusive.
Recent evidence suggests that the N terminus of APP is impor-
tant for the biological role of APP. The copper binding domain,
a motif of the N terminus, was shown to build intramolecular
disulfide bonds within the APP molecule by oxidizing two cys-
teines at positions 144 and 158 due to previous copper reduc-
tion from Cu(II) to Cu(I), which leads to oxidative stress (50–
52). Moreover, copper II induces neurotoxicity in APP�/�

neurons to a higher extent than inWTcells (53). Several ligands
interactingwith sAPPhave been characterized, e.g. the lowden-
sity lipoprotein receptor-related protein (54), fibulin-1 (55),
F-spondin (56), and ganglioside GM1 (57), suggesting that the
interaction may modulate the activity or function of the pro-
tein. Apart from the copper binding domain, the N terminus
includes a growth factor-like domain that was reported to be
crucial in neurite outgrowth (58). Another function of the N
terminus of APP is given by its inhibition capacity thatmight be
critical in regulating proteolytic processing in neurons and
soma cells. The Kunitz protease inhibitor-containing APP751
decreases the activity of trypsin significantly in vitro, contrary
to APP695 lacking the inhibitory domain (59–61).
Although not proven by N-terminal sequencing, we were

able to identify two novel N termini of APP by meprin �
between Glu380/Thr381 and Gly383/Asp384 using the proteom-
ics technique. Both cleavage events occur within the E2/carbo-

FIGURE 5. Processing of APP by meprin � in the context of neurodegenerative conditions. The schematic presentation provides an overview of potential
interactions of meprin-derived APP fragments. Membrane-bound meprin � (orange) cleaves APP (gray) at distinct sites. N-APP35 that might lead to neuronal
death by binding to DR6 might be further cleaved by meprin � into a 20- and 11-kDa fragment sharing the same N terminus, which are unable to bind DR6 and
therefore prevent neurotoxicity. Scissors indicate proteolytic cleavage.
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hydrate binding domain. When an antibody detecting the N-ter-
minal amino acids 1–286ofAPPwasused, the full-lengthproteins
withmolecularmasses of 120, 110, and 100 kDa for APP770, -751
and -695, respectively, were processed by meprin �. Signals
between 40 and 35 kDa were detected that are in the range of
the cleavage sites identified by TAILS. We show that the
meprin �-derived N-APP11 fragment identified by the 22C11
antibody and further analyzed by N-terminal sequencing is
consistentwith a peptide detected in humanbrain fluids of both
AD patients and a control cohort (44). Based on mass spec-
trometry, this study led to the identification of six novel N-APP
fragments startingwith thematureN terminus and endingwith
various amino acids (119, 121–124, and 126). Independent
from the amyloid hypothesis, this finding might prove a novel
enzymatic mechanism, important for the physiological turn-
over of APP. Indeed, in our degradomics approach, we could
identify meprin �-specific cleavage between Ser124 and Asp125

revealing the exact C terminus of the 11-kDa N-APP fragment
observed in vivo (44). Interestingly, the authors could not detect
the DR6 ligand in the cerebrospinal fluid (CSF), described by
Nikolaev et al. (23). TheN-terminal part of this 35-kDa peptide,
which is not further characterized yet, potentially serves as a
binding partner solely and matches N-terminally with the
N-APP peptides of smaller sizes (44).Moreover, theDR6 ligand
was not identified in a mouse model either (23). Crossing AD
mice with DR6 KO models is necessary to verify this self-de-
struction mechanism and identify the N-APP ligand in vivo.
Despite the ability of meprin �-releasing N-terminal frag-

ments of APP in vitro and in vivo, these fragments did not affect
cytotoxically the primary hippocampal or cortical cells suggest-
ing that the meprin-derived APP fragments are not consistent
with those binding toDR6 (23). Supporting our observation, we
did not determine significant differences in number and mor-
phology of axons of WT and meprin ��/� cortical sections
indicating different physiological functions for meprin �-de-
rived N-APP and the DR6 ligand.
Hence, we hypothesize that the most abundant N-terminal

APP fragments in vivo do not act as DR6 ligands. Because DR6
is expressed specifically in neuronal tissues and not throughout
the body, the N-APP/DR6 interaction appears relevant only to
the physiological function of APP in the brain. Because APP is a
ubiquitously expressed protein, the activity of meprin � is not
restricted to neuronal cells. It is unknown to what extent
meprin � is quantitatively involved in N-APP processing by
now. Nevertheless, N-APP fragments due to direct activity of
meprin � in human and mouse brain were absent in meprin
��/� mice. Involvement and compensation of other proteases
due to the lack of meprin � are not excluded, which might lead
to different processing forms of APP. It is becoming more evi-
dent that theN-terminal processing of APP is important for the
elucidation of the biological relevance of this protein. In sum-
mary, all experiments described in this study demonstrate that
meprin � is a physiologically relevant enzyme for the process-
ing of the extracellular N-terminal region of APP, resulting in
proteolytic fragments observed in human brain lysates.
Whether meprin � is involved in the pathogenesis of neurode-
generative diseases has to be further elucidated.
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