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Abstract
A disintegrin and metalloproteinase 10 (ADAM10) plays a major role in the ectodomain shedding of important surface 
molecules with physiological and pathological relevance including the amyloid precursor protein (APP), the cellular prion 
protein, and different cadherins. Despite its therapeutic potential, there is still a considerable lack of knowledge how this 
protease is regulated. We have previously identified tetraspanin15 (Tspan15) as a member of the TspanC8 family to specifi-
cally associate with ADAM10. Cell-based overexpression experiments revealed that this binding affected the maturation 
process and surface expression of the protease. Our current study shows that Tspan15 is abundantly expressed in mouse 
brain, where it specifically interacts with endogenous ADAM10. Tspan15 knockout mice did not reveal an overt phenotype 
but showed a pronounced decrease of the active and mature form of ADAM10, an effect which augmented with aging. The 
decreased expression of active ADAM10 correlated with an age-dependent reduced shedding of neuronal (N)-cadherin and 
the cellular prion protein. APP α-secretase cleavage and the expression of Notch-dependent genes were not affected by the 
loss of Tspan15, which is consistent with the hypothesis that different TspanC8s cause ADAM10 to preferentially cleave 
particular substrates. Analyzing spine morphology revealed no obvious differences between Tspan15 knockout and wild-
type mice. However, Tspan15 expression was elevated in brains of an Alzheimer’s disease mouse model and of patients, 
suggesting that upregulation of Tspan15 expression reflects a cellular response in a disease state. In conclusion, our data 
show that Tspan15 and most likely also other members of the TspanC8 family are central modulators of ADAM10-mediated 
ectodomain shedding in vivo.
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CA1  CA1 layer of the hippocampus
CC  Corpus callosum
CNS  Central nervous system
cKO  Conditional knockout
CTF  C-terminal fragment
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GFAP  Glial fibrillary acidic protein
GPI  Glycosylphosphatidylinositol
IB  Immunoblot
Iba1  Ionized calcium-binding adaptor molecule 1
IP  Immunoprecipitation
ko  Knockout
LEL  Large extracellular loop
LIMP-2  Lysosomal integral membrane protein-2
NeuN  Neuronal neuclei
PrPC  Cellular prion protein
PrPSc  Scrapie PrP
shPrPC  Shed  PrPC

PNGase F  Peptide N-glycosidase F
PSD  Postsynaptic density
SEL  Small extracellular loop
Tspan  Tetraspanin
TALEN  Transcription activator-like effector nuclease
TEM  Tetraspanin-enriched microdomain
wt  Wild-type
5xFAD  5 Familial AD mutations

Introduction

The metalloproteinase ADAM10, together with its close 
relative ADAM17, is one of the best-described members of 
the ADAM family of proteases [1]. ADAM10 is expressed 
in several mammalian cell lines and in a wide variety of 
organs, including the brain [2–4]. As a type I transmem-
brane protein, ADAM10 is synthesized in the endoplasmic 
reticulum (ER) as an inactive proform with a molecular 
weight of about 100 kDa. During transport to the plasma 
membrane, ADAM10 is N-glycosylated at four positions and 
undergoes maturation by removal of the prodomain medi-
ated by the proprotein convertase furin and the proprotein 
convertase 7 (PC7) [5–7]. The resulting mature and active 
form of ADAM10 has a molecular weight of about 70 kDa 
and mediates substrate cleavage in late secretory compart-
ments and at the plasma membrane [8]. The substrate spec-
trum of ADAM10 to date comprises more than 40 validated 
substrates, including adhesion molecules (e.g., cadherins), 
chemokines (e.g., CX3CL1), growth factors (e.g., EGF and 
TNFα), signalling receptors, and ligands (e.g., Notch recep-
tor and Fas ligand) [9–11].

The regulation of ADAM10’s proteolytic activity and 
substrate specificity plays an important role in develop-
mental and physiological processes and decides about its 
functions in health or disease. Tetraspanins were discov-
ered to associate with ADAM10 and to regulate its activity 
and substrate specificity [12–19]. Tetraspanins are a group 
of evolutionary conserved transmembrane proteins with 
four membrane spanning domains forming a small and a 
large extracellular loop (LEL). In the case of the tetraspanin 

CD81, two pairs of transmembrane domains are separated 
and capped by the LEL, and within the membrane, an 
intramembrane pocket containing a cholesterol molecule was 
revealed [20]. A structural characteristic of tetraspanins is 
the formation of disulfide bonds in the LEL. This involves 
4–8 cysteines with two of them being located in a highly 
conserved CCG motif. Through a wide-ranging network of 
interactions, including interactions with other tetraspanins 
and other integral membrane proteins, tetraspanins form tet-
raspanin-enriched microdomains (TEMs) within the mem-
brane that contribute to the cell’s tetraspanin web [21, 22]. 
TEMs represent platforms, where tetraspanins organise their 
partner proteins in functional complexes. Increasing under-
standing of the tetraspanin biology in recent years revealed 
further important roles of tetraspanins in diverse processes 
such as immune response, fertilization, pathogen infection, 
and synapse formation [23].

Tspan15 is one of the first tetraspanins containing eight 
cysteine residues (TspanC8 group) which were identified 
as direct interaction partners of ADAM10 [12–14]. In cel-
lulo experiments revealed Tspan15 as a potent regulator of 
ADAM10 proteolytic activity. By promoting ADAM10’s ER 
exit and stabilisation of its mature form, Tspan15 increases 
ADAM10 maturation and surface expression. This also 
enhances ADAM10-mediated ectodomain shedding of 
N-cadherin and APP in N2a, HEK293, and Cos7 cells [14, 
24, 25]. In contrast, in the human osteosarcoma cell line 
U2OS-N1, Tspan15 was shown to be a negative regulator of 
Notch and APP processing, indicating that Tspan15 has cell-
type-specific functions [24]. Moreover, Tspan15 expression 
modulates the composition of proteins which are associated 
with ADAM10 at the plasma membrane and influences their 
motility [24]. Despite the increased understanding of how 
Tspan15 regulates ADAM10-mediated shedding in vitro, 
its physiological functions and its role in ADAM10 regu-
lation in vivo have not been addressed yet. To study the 
role of Tspan15 for ADAM10-mediated shedding events 
in vivo, Tspan15 expression was investigated and a Tspan15 
knockout mouse model was generated and analyzed. Our 
data reveal that Tspan15 also has significant impact on the 
maturation and activity of ADAM10 in the central nervous 
system (CNS), which determines Tspan15 (and possibly the 
other members of the TspanC8 family) as essential chaper-
ones modulating the function of this important cell surface 
protease in the brain.

Materials and methods

Animals

Tspan15 knockout mice were generated by transcription 
activator-like effector nuclease (TALEN)-mediated genome 
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editing. TALEN were designed to target exon2 of the 
Tspan15 gene locus. The following TALEN-repeat domain 
sequences were used. Left TALEN: NN HD HD NG NG HD 
HD NG NN NN HD HD HD HD HD NN, right TALEN: NN 
NI NI HD NI NG NN NI HD HD NI HD HD HD HD HD 
NI NN NN NI. TALEN-RNA precursors were generated and 
microinjected into male nucleoli of zygotes isolated from 
C57BL/6N mice as described [26]. Founder mice were geno-
typed for TALEN-mediated frameshift mutations. Resulting 
from this, mice with a 104 bp deletion mutation inducing a 
translational stop codon within exon2 of the Tspan15 gene 
were used for further breeding and analysis. 5xFAD trans-
genic mice express three mutant forms of human APP695, 
APP KM670/671NL (Swedish), APP I716V (Florida), 
APP V717I (London), as well as two human presenilin-1 
mutants M146L and L286V. 5xFAD mice were obtained 
from Jackson Laboratories and maintained on a C57BL/6N 
background.

Antibodies

The following antibodies were used: anti-Actin (IB, Sigma-
Aldrich, Munich, Germany), anti-ADAM10 antibody 
EPR5622 recognizing the C-terminal part of ADAM10 (IB, 
Abcam, Cambridge, UK), self-made anti-ADAM10 antibody 
raised against the C-terminus of ADAM10 (IP, [14]), anti-
APP-C-terminus B63.2 (IB, a kind gift of Wim Annaert, 
Leuven, Belgium), anti-GAPDH FL-335 (IB, Santa Cruz 
Biotechnology, Dallas, USA), anti-GFAP M0761 (IHC, 
DAKO, Hamburg, Germany), anti-Iba1 019-19741 (IHC, 
Wako, Neuss, Germany), anti-NeuN MAB377 (IHC, Mil-
lipore, Billerica, USA), anti-myc 9B11 (IB, Cell Signaling 
Technology, Danvers, USA), anti-N-cadherin (IB, BD Trans-
duction Laboratories, Heidelberg, Germany), anti-LIMP2 
L2T2 (IB, [27]), anti-PrPC POM1 and POM2 (IB, Prof. Dr. 
Aguzzi, Zürich, Switzerland), rabbit polyclonal anti-shed 
 PrPC (IB, available from Prof. Dr. Glatzel/Dr. Altmeppen, 
Hamburg, Germany), anti-synaptophysin M7315 (IHC, 
DAKO, Hamburg, Germany), anti-beta-Tubulin E7 (IB, 
DSHB Iowa City, USA), anti-Tspan15 NBP1-92540 (IB, 
Novusbio, Littleton, USA), self-made anti-Tspan3 antibody 
raised against a synthetic peptide consisting of the last 19 
amino acids of the Tspan3 C-terminus (IB, Pineda, Berlin, 
Germany), self-made anti-Tspan7 antibody raised against the 
17 amino acids of the Tspan7 C-terminus (IB, Pineda, Ber-
lin, Germany), self-made anti-Tspan15 T3CT (IP, antibody 
raised against a synthetic peptide corresponding to the last 
15 amino acids of the C-terminus of murine Tspan15 (IB, 
Pineda, Berlin, Germany), and self-made anti-Tspan15 T2EL 
antibody produced against a synthetic peptide corresponding 
to amino acids 199–209 within the large extracellular region 
of murine Tspan15 (IB, Pineda, Berlin, Germany).

Cell culture, transfection, and plasmids

All cells were cultured in Dulbecco’s Modified Eagle 
Medium (DMEM, Thermo Fisher Scientific, Waltham, USA) 
supplemented with 10% fetal calf serum (FCS) and 1% peni-
cillin/streptomycin at 37 °C, 5%  CO2 atmosphere, and 95% 
relative humidity. For transient transfections, respective 
amounts of DNA were mixed 1:3 (w/v) with polyethylen-
imine Max (PEI, Polysciences, Hirschberg, Germany) and 
added to the cells. For inhibitor treatment, cell culture media 
were supplemented with 3 µM of the selective ADAM10 
inhibitor GI254023X (Sigma-Aldrich, Munich, Germany) 
or DMSO as control and cells incubated for 24 h at standard 
cell culture conditions. Mammalian expression vectors were 
pcDNA3.1Hygro(–) and pFrog3 derived from pcDNA3.1 
(Thermo Fisher Scientific, Waltham, USA) [28]. The myc-
epitope was inserted after the last amino acid of the Tspan15 
coding sequence.

Protein extraction from cells and organs

Cells were washed three times with cold phosphate buffered 
saline (PBS), scraped off in PBS supplemented with 0.04% 
proteinase inhibitor cocktail (Complete™, Roche Diag-
nostics, Mannheim, Germany), and centrifuged for 20 min 
at 4000g. The cell pellet was resuspended in lysis buffer 
(1 mM EGTA, 5 mM Tris, 250 mM Saccharose, pH 7,4) 
containing 1% Triton X-100 and 0.04% proteinase inhibi-
tor cocktail. Afterwards, cells were sonicated two times for 
10 s at 60 Hz, incubated for 1 h on ice, and sonicated again. 
Cell lysates were centrifuged for 10 min at 14,000g at 4 °C 
to remove cellular debris and nuclei. For protein extraction 
from organs, tissues were isolated and homogenized with 
RIPA lysis buffer (20 mM Tris–HCl pH 7.5, 150 mM NaCl, 
1 mM EDTA, 1 mM EGTA, 1% NP40, 2.5 mM sodium 
deoxycholate, and 0.04% proteinase inhibitor cocktail) using 
the Precellys homogenization system (Bertin Corp., Rock-
ville, USA). Thereafter, homogenates were sonicated two 
times for 10 s at 60 Hz, incubated on ice for 1 h, and centri-
fuged for 10 min at 14,000g at 4 °C. Protein concentration 
was measured using the Pierce™ BCA Protein Assay Kit 
(Thermo Fisher Scientific, Waltham, USA). Finally, lysates 
were prepared for SDS-PAGE by boiling with reducing 
SDS-PAGE loading buffer (625 mM Tris base, 10% SDS, 
50% glycerol, and 250 mM DTT) for 5 min at 95 °C.

Peptide N‑glycosidase F (PNGase F) digestion

Cell lysates and mouse brain homogenates were prepared 
as described above. Equal protein amounts were incubated 
with 5× denaturing buffer (250 mM  Na2PO4, pH 8.0, 1% 
SDS, 4% β-mercaptoethanol) for 5 min at 95 °C. Following, 
5× Triton solution (7.5% Triton X-100, 50 mM EDTA) and 
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proteinase inhibitor cocktail were added and samples were 
incubated with PNGase F (Roche, Diagnostics, Mannheim, 
Germany) or with  ddH2O for 2 h at 37 °C. Finally, samples 
were denatured with SDS-PAGE loading buffer and further 
analyzed by SDS-PAGE and immunoblotting.

Co‑immunoprecipitation experiments

Tissue lysates were prepared with immunoprecipitation 
buffer (120 mM NaCl, 50 mM Tris–HCl, 0.04% complete 
proteinase inhibitor cocktail, and pH 7.4) containing 0.5% 
NP-40 (Sigma-Aldrich, Munich, Germany) as described 
above. 60 µl of the total lysates were kept to control for 
protein expression. The residual lysate was used for immu-
noprecipitation. Therefore, equal protein amounts were 
incubated with primary antibodies over night at 4 °C under 
continuous rotation. For each sample, 70 µl of magnetic 
Protein G-coupled Dynabeads (Thermo Fisher Scientific, 
Waltham, USA) were washed with lysis buffer and incu-
bated with SEA-blocking buffer (Thermo Fisher Scientific, 
Waltham, 1:1 diluted with lysis buffer) over night at 4 °C 
to reduce unspecific binding of proteins. Next day, Dyna-
beads were incubated with the lysate–antibody complexes 
for 30 min at room temperature and under continuous rota-
tion. Beads were washed three times with lysis buffer and 
incubated with 50 µl reducing SDS-PAGE loading buffer for 
20 min at 65 °C to elute precipitated proteins. Input controls 
and immunoprecipitates were separated on 10% SDS gels 
and further analyzed by immunoblotting.

SDS‑PAGE and immunoblotting

Equal amounts of extracted proteins were loaded on 
10% SDS-PAGE or 4–12% gradient BIS/Tris NuPAGE™ 
gels (Thermo Fisher Scientific, Waltham, USA) and sepa-
rated for 1.5 h. Thereafter, proteins were transferred to 
nitrocellulose membranes (Whatman, GE Healthcare, Lit-
tle Chalfont, UK) using the tank blotting system for 2 h at 
0.8 A and 4 °C. For detection of APP-C-terminal fragments, 
blotting was performed at 0.25 A for 2 h at 4° C. Mem-
branes were blocked with 5% milk powder in Tris-buffered 
saline (TBS) plus 0.1% Tween (TBS-T) to prevent unspecific 
antibody binding. Primary antibodies were diluted in 5% 
milk powder solution in TBS-T and incubated with mem-
branes over night at 4 °C under continuous rotation. The 
next day, membranes were washed three times with TBS-T 
and incubated with peroxidase-coupled secondary antibod-
ies diluted in 5% milk powder/TBS-T for 1 h at room tem-
perature. Again, membranes were washed three times with 
TBS-T and subjected to detection using the Lumigen ECL 
Ultradetection solution (Lumigen Inc., Southfield, USA) in 
combination with the chemiluminescence detection system 

LAS4000 (GE Healthcare, Little Chalfont, UK). Signal 
intensities were quantified using the quantification software 
ImageJ.

Quantitative RT‑PCR (qRT‑PCR)

RNA was extracted from 30 mg tissue using the  NucleoSpin® 
RNA Kit (Macherey-Nagel, Düren, Germany). According 
to the manufacturer’s instructions, 1 µg of extracted RNA 
was reverse transcripted using the RevertAid™ First Strand 
cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, 
USA) and Random Hexamer primer. Gene transcription was 
determined by real-time PCR analysis of 0.5 µl cDNA on 
a  LightCycler® 480 Real-time PCR System (Roche Diag-
nostics, Mannheim, Germany) in 10 µl reaction volume as 
triplicates. Relative gene transcription was calculated using 
ΔCt values normalized to the transcription level of house-
keeping genes tubulin and actin. The PCR efficiency of 
each assay was determined by serial dilution of standards 
and these values were used for calculation. t tests were per-
formed on the mean ΔCt values of the technical triplicate 
measurements.

Histological and immunohistochemical analysis

Freshly extracted mouse brain hemispheres were immedi-
ately fixed in buffered 4% paraformaldehyde and embedded 
in paraffin blocks. 4 µm-thick sagittal sections were pre-
pared. Hematoxylin/eosin (H&E) and immunohistochemi-
cal (IHC) stainings were performed according to routine 
laboratory procedures. To ensure comparability and reduce 
experimental error, for each staining, all samples were run in 
parallel using the automated Ventana Benchmark XT system 
(Ventana, Tucson, USA). Antigen retrieval was achieved by 
boiling sections for 30 min (“mild”; for GFAP and Iba1) 
or 1 h (“standard”, for NeuN and Synaptophysin) in citrate 
buffer (Cell Conditioning Solution, CC1, Ventana). Sec-
tions were incubated for 1 h with the primary antibodies 
diluted in antibody diluent solution (Zytomed, Berlin, Ger-
many) containing 5% goat serum in 45% TBS pH 7.6, 0.1% 
Triton X-100 (Dianova, Hamburg, Germany): Secondary 
anti-mouse and anti-rabbit antibodies were purchased from 
Ventana. Staining was performed using the ultraView Uni-
versal DAB detection kit (Ventana) according to routine con-
ditions of the machine; and samples were finally mounted 
and sealed with a coverslip. Samples were analyzed and rep-
resentative pictures were taken with the digital DMD108 
microscopic device (Leica, Wetzlar, Germany).

Ultrastructural analysis of hippocampal sections

Mice were perfused and sections prepared as described pre-
viously [29].
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Localization of Tspan15 in primary hippocampal 
neurons

Primary hippocampal rat cultures were prepared as 
described previously [30]. At day in vitro (DIV) 13–15 
cells were transfected with Tspan15-YPET with or without 
the Golgi satellite marker pGolt-mCherry [31] using lipo-
fectamine 2000 according to the manufacturer’s instructions. 
24 h after transfection neurons were imaged on a VisiScope 
TIRF/FRAP imaging system (Visitron Systems) based on 
Nikon Ti-E equipped with a perfect focus system (Nikon), 
Nikon CFI Apo TIRF 100×, 1.49 N.A. oil objective, a back 
focal TIRF scanner for suppression of interference fringes 
(Ilas-2, Roper Scientific France/PICT-IBiSA, Institut Curie) 
and controlled with VisiView software. Samples were illu-
minated and fluorophores activated by 488 and 561 nm laser 
lines.

Fluorescence was collected through an ET 
405/488/561/640 Laser Quad Band filter with a The 
ORCA-Flash 4.0 LT sCMOS camera. Pictures were taken 
with 100 ms stream acquisition. For run length and velocity 
analysis, kymographs of 5 px (= 325 nm) wide lines along 
dendrites were created using the KymographClear plugin 
[32] in Fiji [33] and analyzed manually.

To stain mitochondria MitoTracker Red580 (Invitrogen, 
M22425) was applied to the cells in 1:10,000 dilution and 
single images taken 15–45 min afterwards. Quantification of 
co-localization of Tspan15 with pGolt or MitoTracker was 
performed manually. Tspan15 puncta were counted and con-
sidered as co-localizing with pGolt or MitoTracker if they 
show enrichment in fluorescence intensity.

Liquid chromatography–mass spectrometry (LC–
MS) analysis

SDS-PAGE bands corresponding to full-length and 
cleaved Tspan15 were excised, cut into smaller cubes 
(2 mm3), destained, reduced (dithiothreitol), and alkylated 
(iodoacetamide) using standard protocols. Here, triethyl-
ammonium bicarbonate (TEAB) replaced traditionally 
used ammonium bicarbonate (ABC) as it is volatile and 
compatible with downstream reductive dimethylation labe-
ling. Samples were labeled using 25 mM formaldehyde in 
25 mM  NaCNBH3 overnight in 100 mM HEPES buffer (pH 
7.0) at 25 °C. The reaction was quenched using 1 M etha-
nolamine for 30 min. Afterwards, samples were washed 
with ammonium bicarbonate (ABC), dehydrated with 
acetonitrile (ACN), and dried down and deglycosylated 
overnight with the addition of PNGaseF (New England 
Biolabs, Ispwich, USA) at 37 °C in ABC buffer. Gel bands 
were washed extensively to remove released N-glycans 
and thereafter digested overnight with either 100 ng of 

chymotrypsin (0.1 M TEAB in 2 mM  CaCl2) or 100 ng of 
trypsin (0.1 M TEAB). Peptides were extracted, dried via 
vacuum centrifugation and resuspended in 3% ACN and 
0.1% trifluoroacetic acid, and separated across a Dionex 
UltiMate 3000 RSLCnano system (Thermo, Bremen, Ger-
many) equipped with an Acclaim PepMap RSLC nano-
column (C18, 100 Å, 2 μm, 75 μm × 500 mm) (Thermo) 
which was coupled online to a Q Exative Plus mass spec-
trometer (Thermo). The eluents used were: eluent A: 
0.05% formic acid (FA), eluent B: 80% ACN + 0.04% FA; 
flow rate of 300 nl/min. The separation occurred over a 
programmed 90 min run. Chromatographic conditions 
were: 5% B for 2 min followed by a linear gradient from 5 
to 50% B over 60 min; then, 50–95% B over 5 min, before 
a 10 min wash at 95% B, followed by a 13 min equilibra-
tion of the column at 5% B.

The MS analysis was performed in positive ion mode 
utilizing HCD as the fragmentation method. Full-scan MS 
acquisition was performed (resolution 70,000, AGC target 
3e6, inject time 80 ms, scan range 300–2000 m/z in profile 
mode). Subsequent MS/MS via HCD with a normalized 
collision energy (NCE) of 27 (resolution 17,500, AGC tar-
get 1e5, max inject time 50 ms, isolation window 3.0 m/z) 
of the top 10 most intense ions was performed. Charge 
exclusion was enabled for unassigned, + 1 and > + 7 ions, 
and dynamic exclusion (15  s duration) and lock mass 
(445.12003 m/z) were enabled.

Database searches were performed on Proteome Dis-
coverer software (v2.2.0.388) using the SequestHT search 
algorithm. The data were searched against the reviewed 
and canonical human database (07.04.2017) with con-
taminants (cRAP) and murine Tspan15 with a C-terminal 
myc tag appended to the database (20,319 sequences). 
Data were searched with semi-enzyme specificity [five 
miss-cleavages for chymotrypsin (FQYLM) and two 
miss-cleavages for trypsin (Arg-C specificity)] with fixed 
modification at lysine (dimethylation) and cysteine (car-
bamidomethylation) residues. Modification at the pep-
tide N-term (dimethylation), methionine (oxidation) and 
asparagine (deamidation) residues was set as a variable 
modification. A precursor mass tolerance of 10 ppm and a 
fragment mass tolerance of 0.02 Da were used.

Statistical analysis

Statistical significances were analyzed with the statisti-
cal analysis software GraphPad Prism using the two-
tailed unpaired Student’s t tests. Values are shown as 
mean ± standard deviation (SD) or standard error of the 
mean (SEM). Statistical significance was considered with 
p values as followed: *p < 0.05, **p < 0.01.
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Results

Tspan15 is a glycosylated protein with a broad 
expression pattern which is proteolytically 
processed

We have previously identified Tspan15 as an ADAM10 

interacting protein using a split-ubiquitin yeast screening 
assay [14]. However, there is not much known about the 
in vivo role of this tetraspanin and how it affects the pro-
tease. To address potential functions of Tspan15, we first 
evaluated the expression in different mouse tissues and 
subregions of a 6-month-old mouse brain (Fig. 1a). Immu-
noblot analysis revealed that Tspan15 is strongly expressed 
in lung, spleen, intestine, and brain, whereas in heart, bone 

Fig. 1  Tspan15 is a glycosylated protein with a prominent expression 
in different murine tissues. a Indicated organs were isolated from a 
6-month-old wild-type mouse; homogenates were prepared and sub-
jected to immunoblot analysis. Using a C-terminal anti-Tspan15 
antibody (NBP1-92540), Tspan15 expression was detected in all tis-
sues. It was most abundantly expressed in lung, spleen, intestine, total 
brain, and all of the analyzed subregions (cortex, hippocampus, and 
cerebellum) of the brain. Less Tspan15 was detected in heart, liver, 
kidney, and bone marrow (representative immunoblot of n = 3 inde-
pendent experiments, n = 1 for bone marrow). In addition, a Tspan15-
C-terminal fragment (CTF) was visible in total brain, cortex, and 
heart. Protein loading was controlled by anti-GAPDH staining. For 
quantification, Tspan15 signal intensities were measured and nor-
malized to total brain (set to one). b Schematic drawing of the full-
length Tspan15 structure, showing its four transmembrane domains, 
the small (SEL), the large extracellular loop (LEL), the potential 
(black), and additionally predicted (grey) glycosylation sites. A pos-
sible cleavage site within the LEL, which generates a Tspan15 C-ter-
minal fragment, is indicated with a scissor symbol. c Deglycosylation 
of Tspan15 using peptide N-glycosidase F (PNGase F) digestion. 
(I)  N2a cells were transfected with a murine myc-tagged Tspan15 

construct or an empty vector (mock). Cells were lysed and incubated 
with PNGase F (+) or left untreated (−). Using an anti-myc antibody, 
Tspan15-myc was detected at a molecular weight of 37  kDa in the 
Tspan15-myc-transfected untreated (Tspan15-myc, −), but not in the 
mock transfected samples. PNGase F treatment (Tspan15-myc, +) 
reduced the Tspan15-myc molecular weight to 32  kDa. In addition, 
a C-terminal fragment of Tspan15-myc appeared at around 17  kDa 
in both the PNGase F treated (+) and the untreated (−) Tspan15-
myc-transfected sample, which indicates that no glycans exist in this 
stretch. (II) Brain homogenate of a wild-type (wt) mouse was pre-
pared and subjected to PNGase F digestion. Removal of N-linked 
glycans decreased the molecular weight of endogenous Tspan15 
from 30  kDa (wt, −) to 25  kDa (wt, +). Specificity of the anti-
Tspan15 antibody (Tspan15 T2EL) was confirmed by the absence 
of the Tspan15 signal in a Tspan15 knockout (ko) control brain sam-
ple. Efficiency of the PNGase F digestion (I + II) was confirmed by 
the decreased molecular weight of the lysosomal integral membrane 
protein, LIMP-2, which is a highly glycosylated lysosomal protein. 
Immunoblots are representative for n = 3 independent experiments. 
Probing the immunoblots (I + II) for GAPDH confirmed equal protein 
loading. Asterisks (*) mark unspecific signals
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marrow, liver, and kidney, its expression is much lower. 
Within the brain, it is strongly expressed in all regions ana-
lyzed (i.e. cortex, hippocampus and cerebellum). Interest-
ingly, in brain, lung, spleen, intestine, and even more pro-
nounced in heart, we observed additional immunoreactive 
bands of around 16 and 20 kDa (heart and brain) which 
likely represent proteolytic fragments originating from a 
cut in the large extracellular loop of Tspan15 (Fig. 1b; 
Suppl. Fig. S1). A similar fragment was also observed 
after overexpression of a murine myc-tagged Tspan15 
construct in N2a cells (Fig. 1c, I; Suppl. Fig. S2). Treat-
ment of these cells with the selective ADAM10 inhibitor 
GI254023X did not reduce, but increased the occurrence 
of the Tspan15 CTF (Suppl. Fig. S2A), possibly excluding 
a role of ADAM10 in this cleavage event. The fuzzy nature 
of the full-length Tspan15 protein of around 30 kDa and 
its different mobility depending on the tissue suggest that 
it is glycosylated. This assumption was confirmed after 
PNGase F digestion of a myc-tagged version of Tspan15 
expressed in N2a cells and endogenous Tspan15 in brain 
homogenates (Fig. 1c I, II). The molecular weight of the 
full-length Tspan15 protein, but not the carboxyterminal 
fragment (CTF) of Tspan15 (Fig. 1c, I), was reduced after 
deglycosylation with PNGase F, suggesting that Tspan15 
is glycosylated at the single site (N118) at the beginning 
of the large extracellular domain (Fig. 1b).

Performing liquid chromatography–mass spectrometric 
analysis of a chymotryptic digest of the reductively dimeth-
ylated immunoprecipitated Tspan15 CTF (Suppl. Fig. S2B) 
revealed a prominent peptide with an N-terminally (reduc-
tively) dimethylated  Isoleucine187. This provides a hint that 
a cleavage occurs between  C186 and  I187. Interestingly, the 
identified cleavage site is located C-terminal to a double 
cysteine and N-terminally of a glycosylated  Asn189 which 
could indicate that this residue is carrying only a short car-
bohydrate chain. The peptide identified (Suppl. Fig. S2B) 
contains aspartate D189; this derives from a deamidation 
of the genetically encoded Asn189 during deglycosylation 
(PNGase F) which was performed prior to chymotryptic 
digestion and clearly leads to the conclusion that the CTF 
has been N-glycosylated at this residue. However, the data 
generated cannot rule out the presence of further cleavage 
sites.

Tspan15 expression increases with age and Tspan15 
is transported in dendrites and axons of primary rat 
neurons

To correlate the expression of Tspan15 and a possible regu-
lation of ADAM10, we analyzed the expression of both pro-
teins at different ages. Interestingly, we found that Tspan15 
expression increased from 11-day-old (11d) to 21-week-
old (21w) mice. In addition, ADAM10 expression in the 

brain was low at 11 days and became more prominent after 
3 weeks of age. In contrast to Tspan15 and ADAM10, the 
expression of the TspanC6 tetraspanin Tspan3 shows a 
higher expression in 3- (3w), 6- (6w), and 21-week-old and 
a low expression in 11d and 12w mice (Fig. 2a). Since the 
anti-Tspan15 antibody did not work in immunohistochemis-
try under different conditions (data not shown), we decided 
to express a yellow fluorescent protein optimized for FRET 
(YPET) fused to Tspan15 in primary hippocampal rat neu-
rons. We observed distinct Tspan15 punctae in dendrites 
(Fig. 2b). Live cell imaging allowed to follow up the traffick-
ing of Tspan15; and this analysis revealed a similar antero-
grade and retrograde velocity, but a longer anterograde path 
length as compared to the retrograde movement (Fig. 2c, 
d, also see: Supplementary Video S1). We found a partial 
co-localization with the Golgi marker pGolt-mCherry [31], 
but not with the mitochondrial marker MitoTracker, suggest-
ing that Tspan15 passes the Golgi microsatellite system in 
dendrites (Fig. 2e, f). Tspan15 was also found near synaptic 
spines (Fig. 2b, e) where ADAM10 has been reported to 
act [29].

Tspan15 interacts with endogenous ADAM10 
in the brain

Experiments in overexpressing cells revealed the physical 
interaction of Tspan15 and ADAM10 [14]. To address the 
question of whether this association can also be demon-
strated at the endogenous level in mouse brain, we precipi-
tated ADAM10 and found the pro- and mature form of the 
protease (Fig. 3a, IP ADAM10). Tspan15, which was absent 
in Tspan15 knockout mouse brain lysates (see below), could 
also be found in this wild-type brain precipitate (Fig. 3a, 
CoIP Tspan15). Endogenous Tspan15 could also be pre-
cipitated from wild-type, but not from Tspan15 knockout 
brain lysates, confirming specificity of the Tspan15 pre-
cipitation (Fig. 3b, IP Tspan15). Likewise, co-precipitated 
mature ADAM10 was found in the wild-type, but not in the 
Tspan15 knockout precipitate (Fig. 3b, CoIP ADAM10). 
These findings demonstrate the specific interaction of both 
proteins also under endogenous conditions in the murine 
brain (Fig. 3a, b).

Tspan15 deletion in mice

To further study the role of Tspan15 for ADAM10-mediated 
shedding events in vivo, a Tspan15 knockout mouse model 
was generated and analyzed. To achieve a gene-specific 
knockout of Tspan15, transcription activator-like effec-
tor nuclease (TALEN)-mediated genome editing was per-
formed (Suppl. Fig. S3A). The TALEN-RNA was designed 
to target exon2 of the Tspan15 gene locus and microinjected 
into zygotes of a C57BL/6N founder mouse. Genomic DNA 
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Fig. 2  Tspan15 expression increases with age and Tspan15 is trans-
ported in hippocampal dendrites. a Murine brain homogenates 
from 11-day-old (11d), 3-, 6-, 12- and 21-week-old (3, 6, 12, and 
21w) wild-type mice were prepared; and the expression of Tspan15, 
ADAM10, and Tspan3 was analyzed by immunoblotting. Detec-
tion of Tspan15 using the Tspan15 T2EL antibody revealed a low 
Tspan15 expression in 11-day-old animals (11d), which increased 
with 3  weeks and was strongest in 21-week-old mice. Similarly, 
ADAM10 expression (detected with ADAM10 EPR5622) was low 
in 11-day-old mice and increased in older mice (n = 2). In contrast, 
Tspan3 showed a prominent expression at all age stages, but was 
strongest in 3-, 6-, and 21-week-old mice. Protein loading was con-
trolled by staining with an anti-GAPDH antibody. b Hippocampal 
neuron (DIV15) transfected with Tspan15-YPET. Arrows indicate 
examples of Tspan15-positive dendritic punctae. c Kymograph show-

ing dendritic trafficking of Tspan15. Position of particles along a 
dendritic stretch (x-axis) during 20  s of image acquisition (y-axis). 
Stationary particles shown as vertical lines (blue), anterograde (red), 
and retrograde (green) as diagonals. The slope correlates with trans-
port speed. d Quantification of average velocity (on the left) and 
run length (on the right) for anterogradely and retrogradely moving 
Tspan15 vesicles (n is number of moving vesicles, data from 7 den-
drites, 3 cells). Mean ± SEM. Two-tailed Student’s t test. e Tspan15 
punctae are partially co-localizing with the satellite Golgi marker 
pGolt-mCherry, but not with mitochondria (MitoTracker). D dendrite, 
A axon, S dendritic spine. Blue arrow indicates Tspan15 cluster. Also 
see Supplementary Video S1. f Quantification of co-localization of 
Tspan15 puncta with pGolt-mCherry or MitoTracker. Mean ± SEM [n 
is number of analyzed neurons, data from three independent cultures 
(pGolt-mCherry), two coverslips (MitoTracker)]
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from offspring mice was isolated and analyzed for the pres-
ence of frameshift mutations. PCR and sequence analysis of 
Tspan15 exon2 revealed a 104 bp deletion mutation in the 
TALEN-targeted region, which was sufficient to introduce 
a premature translational stop codon (Suppl. Fig. S3B). To 

validate that the observed frameshift mutation was efficient 
to cause loss of the Tspan15 protein, the expression level of 
Tspan15 was analyzed in different organs isolated from a 
homozygous Tspan15Δ104 knockout mouse. Immunoblot-
ting followed by detection of Tspan15 with an anti-Tspan15 
antibody revealed prominent signals at around 30 kDa in the 
tested wild-type (wt) tissues, which correspond to endog-
enous Tspan15 (Suppl. Fig. S3C). No signals were detected 
in the respective Tspan15 knockout (ko) samples, confirming 
the successful deletion of the Tspan15 protein in various 
tissues.

During breeding of Tspan15 knockout mice, it was con-
spicuous that an increased number of animals died within 
the first weeks after birth. To calculate the postnatal mor-
tality rate, the number of total born mice and mice, that 
were still alive 3 weeks after birth, was determined (Suppl. 
Fig. S3D). Calculation of the percentage of total alive to 
total born animals revealed a slightly increased mortality 
rate of 16% within the first 3 weeks after birth, which could 
indicate the occurrence of early developmental defects. 
However, genotype analysis of the surviving mice did not 
reveal apparent differences and corresponds to the expected 
Mendelian distribution with 24% wild-type (wt), 50% het-
erozygous (+/−), and 26% knockout (ko) animals.

Tspan15 deficiency impairs ADAM10 maturation 
and shedding activity in the brain

Since Tspan15 revealed a prominent expression in the brain 
(Fig. 1a), where the function of ADAM10 is well character-
ized (reviewed in Ref. [1]), the influence of Tspan15 defi-
ciency in the brain was further analyzed. First, the impact 
of Tspan15 on ADAM10 maturation and proteolytic activity 
was analyzed in brain homogenates of 3-week-old wild-type 
and knockout mice. Therefore, tissue lysates were prepared 
and the expression of ADAM10 was analyzed by immunob-
lot analysis (Fig. 4a). Staining with an anti-Tspan15 antibody 
led to prominent signals at 30 kDa in the wild-type (wt) 
samples, whereas no signals were detected in the Tspan15 
knockout (Tspan15 ko) samples, confirming the absence of 
Tspan15. In correlation with the loss of Tspan15, detection 
of ADAM10 in Tspan15 knockout samples revealed clearly 
decreased signal intensities of mature (m) ADAM10, com-
pared to wild-type samples (Fig. 4a). In contrast, similar sig-
nal intensities of immature pro- (p) ADAM10 were observed 
in both wild-type and Tspan15 knockout samples. To evalu-
ate whether the decreased appearance of mature ADAM10 
has an influence on the shedding of ADAM10 substrates, 
proteolytic processing of APP and N-cadherin, two well-
described ADAM10 substrates, was analyzed. Detection of 
APP with a C-terminal anti-APP antibody revealed no dif-
ferences in the signal intensity of the full-length (fl-) APP 
and the APP-C-terminal fragment (CTF) in wild-type and 

Fig. 3  Tspan15 interacts with ADAM10 in murine brain. a Using 
a C-terminal specific anti-ADAM10 antibody (ADAM10 Pin1), 
ADAM10 was precipitated from total brain homogenate of a wild-
type (wt) mouse. After immunoblotting, efficient immunoprecipita-
tion was confirmed by detection of pro- (p) and mature (m) ADAM10 
in the precipitate (IP ADAM10) using the ADAM10 EPR5622 anti-
body. In the same immunoprecipitate, Tspan15 was detected with an 
anti-Tspan15 antibody (CoIP Tspan15, Tspan15 T2EL), confirming 
Tspan15 as an interaction partner of ADAM10 (immunoblot is rep-
resentative for two independent experiments). b Other way around 
immunoprecipitation of Tspan15 from wild-type (wt) and Tspan15 
knockout (ko) brain homogenates was performed using a self-made 
C-terminal Tspan15 antibody (anti-Tspan15 T3CT). A Tspan15-spe-
cific signal was detected (anti-Tspan15 T2EL) in the wild-type, but 
not in the knockout precipitate (IP Tspan15). Likewise, co-immuno-
precipitation of mature ADAM10 (CoIP ADAM10) was observed 
in the wild-type, but not in the Tspan15 knockout precipitate. A 
lysate-free sample containing lysis buffer and the anti-ADAM10 (a) 
or the anti-Tspan15 T3CT (b) antibody, respectively, served as anti-
body control (ab  ctrl). Unspecific protein binding to the beads was 
controlled by incubation of beads with the homogenate and without 
antibody (a + b, beads). Expression of ADAM10 and Tspan15 was 
verified in the respective wild-type lysates (blots on the right). In 
addition, specificity of the anti-Tspan15 antibody (Tspan15 T2EL) 
was confirmed by the absence of a signal in a Tspan15 knockout (ko) 
brain sample. Asterisks (*) mark unspecific signals



3260 L. Seipold et al.

1 3



3261In vivo regulation of the A disintegrin and metalloproteinase 10 (ADAM10) by the tetraspanin…

1 3

Tspan15 knockout samples. In contrast to APP, detection of 
N-cadherin revealed an increased expression of full-length 
N-cadherin (N-cad.fl) in the brains of Tspan15 knockout 
mice compared to wild-type samples. Using the same anti-
body and a longer exposure time, a significant decrease of 
the ADAM10-generated N-cadherin cleavage product, CTF1 
(N-cad. CTF1), was also observed in the Tspan15 knockout 
samples (Fig. 4a).

To validate these findings in adult mice, the expression 
of ADAM10, APP, and N-cadherin was also assessed in 

brain homogenates of 21-week-old mice (Fig. 4b). Simi-
lar to the previous findings, the signal intensities of mature 
ADAM10 were significantly reduced in brains of Tspan15 
knockout mice compared to wild-type samples. Interest-
ingly, with a 50% reduction in the relative signal intensity 
of m/p ADAM10 (0.5 ± 0.06), this effect was even more pro-
nounced in 21-week-old mice compared to 3-week-old mice 
(0.7 ± 0.06). The reduction of mature ADAM10 in 21-week-
old animals was again accompanied by a clearly decreased 
appearance of the N-cadherin CTF1, but did not influence 
the expression of fl-APP and APP-CTFs in Tspan15 knock-
out samples (Fig. 4b).

In addition to N-cadherin and APP, the mRNA levels 
of Notch downstream target genes Hey1, Hey2, Hes1, and 
Hes5 were analyzed by qRT-PCR in 3- and 21-week-old 
mice (Fig. 4c, I + II). Loss of Tspan15 had no significant 
influence on the transcription levels of Notch downstream 
genes in 3-week-old mice and only reduced the mRNA level 
of Hey1 in 21-week-old Tspan15 knockout mice.

In combination with the observation that loss of Tspan15 
had a more pronounced effect on the expression of mature 
ADAM10 and substrate cleavage in older mice, mRNA lev-
els of TspanC8 tetraspanins 5, 14, 17, and 33 are signifi-
cantly increased in 3-week-old Tspan15 knockout mice, but 
unchanged in 21-week-old mice (Fig. 4c, III + IV). This indi-
cates that other TspanC8 members could partially compen-
sate for the loss of Tspan15 during the early developmental 
stages, but not in aged mice.

In conclusion, the knockout of Tspan15 in mice led to a 
decreased expression of mature ADAM10 and significantly 
reduced shedding of N-cadherin. This effect was present 
in 3-week-old mice and more pronounced in 21-week-old 
Tspan15 knockout animals. Surprisingly, loss of Tspan15 
and the concomitant reduction in mature ADAM10 did not 
influence the proteolytic processing of APP in young and 
adult mice and had only a minor effect on the transcription 
levels of Notch target genes in 21-week-old mice.

The shedding of the cellular prion protein 
is regulated by Tspan15

Due to the fact that a neuron-specific knockout of ADAM10 
in mice prevented shedding of the cellular prion protein 
 (PrPC) [34], it was further of interest, whether the decreased 
maturation of ADAM10 in Tspan15 knockout mice has a 
similar effect on  PrPC shedding as observed for N-cad-
herin. The appearance of GPI-anchored full-length  PrPC 
and its soluble shed form  (shPrPC), which is released upon 
ADAM10 cleavage, was analyzed (Fig. 5a). Brain homogen-
ates were prepared from 3-week-old wild-type and Tspan15 
knockout mice (Fig. 5b). In addition, brain homogenates 
of  PrPc-deficient mice  (Prnp0/0), ADAM10 conditional 
knockout mice (A10 cKO), and  PrPc overexpressing mice 

Fig. 4  Loss of Tspan15 reduces ADAM10 maturation and N-cadherin 
shedding. Brain homogenates of a  3-week-old and b 21-week-old 
wild-type (wt) and Tspan15 knockout (ko) mice were prepared and 
analyzed by immunoblot. Tspan15-deficiency in Tspan15 ko samples 
was confirmed by the absence of specific signals after staining with 
an anti-Tspan15 antibody (Tspan15 T2EL). Using an anti-ADAM10 
antibody (ADAM10 EPR5622) expression of pro- (p) and mature 
(m) ADAM10 was detected in all samples. Compared to respective 
wild-type samples, expression of mADAM10 was clearly reduced in 
3-week-old (a) and 21-week-old (b) Tspan15 knockout mice. Staining 
for APP with a C-terminal anti-APP antibody revealed no differences 
between Tspan15 knockout and wild-type mice (a + b) in the expres-
sion of full-length (fl-) APP and the APP-C-terminal fragment (CTF). 
Expression of full-length N-cadherin (N-cad.-fl) and the C-terminal 
fragment CTF1 generated by ADAM10 (N-cad. CTF1) was moni-
tored with an anti-N-cadherin antibody. N-cadherin-CTF1 produc-
tion was significantly reduced in 3-week-old (a) and 21-week-old (b) 
Tspan15 knockout mice compared to respective wild-type samples. 
Beta-Tubulin staining was used to control for equal protein load-
ing. Asterisks (*) mark unspecific signals. Quantitative analysis was 
performed by calculation of relative signal intensities for ADAM10 
(m/p), APP (CTF/fl), and N-cadherin (CTF1/fl). c (I–II) Tspan15-
deficiency has only a minor effect on Notch downstream gene expres-
sion. To analyze the influence of the Tspan15 knockout on Notch 
shedding, the transcription level of Notch downstream genes Hey1, 
Hey2, Hes1, and Hes5 was analyzed in Tspan15 wild-type (wt) and 
knockout (ko) mice. mRNA was isolated from 3-week-old (a) and 
21-week-old (b) animals. After reverse transcription into cDNA, rela-
tive mRNA levels were measured by qRT-PCR. ΔCt values were cal-
culated and normalized to wild-type samples. (I) Loss of Tspan15 had 
no significant influence on the relative transcription levels of Hey1, 
Hey2, Hes1, and Hes5 in 3-week-old mice (n = 3). (II) In 21-week-
old mice, Tspan15-deficiency only increased the relative mRNA level 
of Hey1 but had no effect on Hey2, Hes1, and Hes5 (n = 6). Statisti-
cal significance was tested using Student’s t test (*p < 0.05). (III–IV) 
Loss of Tspan15 in young mice increases transcription levels of other 
TspanC8 members. Relative transcription levels of TspanC8 tetraspa-
nins 5, 10, 14, 17, and 33 were analyzed. mRNA was isolated from 
brains of 10-day-old (a) and 21-week-old (b) Tspan15 wild-type 
(wt) and knockout (ko) mice, reverse transcribed into cDNA, and 
TspanC8 transcription levels were measured by qRT-PCR. ΔCt val-
ues were calculated and normalized to wild-type samples. (III) The 
relative mRNA levels of Tspan5, 14, and 17, but not Tspan33, were 
significantly increased in 10-day-old Tspan15 ko mice compared to 
respective wt samples (n = 3). (IV) In 21-week-old mice, no signifi-
cant differences in the transcription levels of the respective TspanC8 
tetraspanins were observed between Tspan15 ko (n = 4) and wt (n = 3) 
mice. Tspan10 mRNA levels were below the detection limit (a + b). 
Values of wt samples were set to one and data are shown as mean 
values ± SD. Statistical significance was analyzed by Student’s t test 
(*p < 0.05, **p < 0.01)

◂
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(tga20) were used as controls. Tissue lysates were sub-
jected to immunoblotting, and expression of full-length 
 PrPC and  shPrPC was analyzed (Fig. 5b). Using an anti-
shPrPC antibody, raised against the new carboxy-terminus 
upon ADAM10-mediated cleavage,  shPrPC was detected in 
tga20 homogenates, but not in  PrPc-deficient and A10 cKO 
samples, indicating specificity of the antibody (Fig. 5b). In 

comparison to wild-type (wt) homogenates, the  shPrPC sig-
nal intensities were significantly reduced in the brains of 
Tspan15 knockout (ko) mice. Staining for full-length  PrPC, 
using a C-terminal anti-PrPC antibody, revealed no signifi-
cant differences of  PrPC (di-, mono-, and unglycosylated) 
signal intensities in wild-type and Tspan15 knockout brains 
at this age (Fig. 5b).

Fig. 5  Tspan15 deficiency reduces shedding of the cellular prion 
protein  (PrPC). a Schematic drawing showing ADAM10 and the cel-
lular prion protein  (PrPC) with its GPI anchor at the plasma mem-
brane (PM). ADAM10-mediated shedding of  PrPC occurs in close 
proximity to the PM and releases nearly full-length  PrPC as a shed, 
soluble form  (shPrPC). b, c Immunoblot analysis of the proteolytic 
processing of  PrPC in brain homogenates prepared from 3-week-old 
(b) and 21-week-old (c) Tspan15 wild-type (wt) and knockout (ko) 
mice. Shed  PrPC  (shPrPC) was detected with an antibody specifically 
directed against the novel C-terminus generated through cleavage by 

ADAM10 (shed  PrPC). Membrane-bound di (d)-, mono- (m), and 
unglycosylated (u) full-length  PrPC was detected with a C-terminal 
anti-PrPC antibody (Pom1,2). As controls, brain samples from PrP-
deficient mice  (Prnp0/0), conditional ADAM10 knockout mice (A10 
cKO) with a postnatal deletion in forebrain neurons and  PrPC over-
expressing mice (tga20) were used (b). For quantitative analysis, the 
relative signal intensities of  shPrPC/actin (b, c), and  PrPC/actin (b + c) 
were calculated. Values of wt samples were set to one and mean val-
ues of n = 3 (a) and n = 4; (b) samples are shown ± SD. Statistical sig-
nificance was analyzed by Student’s t test (*p < 0.05, **p < 0.01)
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However, analysis of  PrPC shedding in 21-week-old 
mice (Fig. 5c) not only revealed significantly reduced lev-
els of  shPrPC in Tspan15 knockout brain homogenates. At 
this age, reduced shedding of  PrPC was also paralleled by 
a significant increase of full-length  PrPC (di-, mono-, and 
unglycosylated).

Morphology of synapses in Tspan15‑deficient brains 
is unaltered

Previously, we showed that the postnatal neuronal deple-
tion of ADAM10 in mice is associated with morphological 
changes of synaptic spine structure and leads to learning 
deficits and impairs synaptic plasticity [29]. In an ultrastruc-
tural analysis with transmission electron microscopy, we fur-
ther revealed that ADAM10 deficiency in hippocampal neu-
rons leads to an enlargement of dendritic spine heads with a 
shrunken and stubby shape [29]. To investigate whether the 
reduced presence of mature ADAM10 in Tspan15-deficient 
mice could have an effect on the morphology of dendritic 
spines, ultrastructural analysis of hippocampal neurons 
of Tspan15 knockout and wild-type mice was performed 
(Fig. 6). The electron micrographs revealed dendritic spine 
heads with a continuous postsynaptic density (S) and spines 
with a discontinuous or “perforated” (*) postsynaptic den-
sity (PSD), but showed no obvious difference in the overall 
morphology of dendritic spine heads. This was further sup-
ported after measuring dendritic spine head size and number 
of perforated PSDs, which were both unaltered by the loss 
of Tspan15 in comparison to wild-type samples (Fig. 6). In 
addition, histological analysis of the Tspan15 wild-type and 
knockout brains using H&E and DAB staining for the glia-
specific protein GFAP, the microglia-specific protein Iba1, 
and synaptophysin did not reveal any apparent alterations in 
Tspan15-deficient mice (see Suppl. Fig. S4).

Although the loss of Tspan15 clearly decreased the 
expression of mature ADAM10 and the cleavage of impor-
tant neuronal molecules, such as N-cadherin and  PrPC, 
knockout of Tspan15 had no apparent influence on the over-
all hippocampal morphology and the ultrastructure of den-
dritic spines. It should be noted that in aged mice, no overt 
neurological symptoms were observed (Suppl. Fig. S5).

Tspan15 expression is increased in AD mouse 
models and in cortical AD patient material

The physiologically relevant α-secretase of APP, 
ADAM10, plays a central role in the context of Alzhei-
mer’s disease [35, 36]. While reduced ADAM10 activity 
contributes to AD pathology, upregulation of ADAM10 
activity is thought to be a promising therapeutic approach 

to treat AD [37, 38]. Although Tspan15-deficiency did not 
show an influence on the proteolytic processing of APP in 
our mouse model, the above shown experiments confirmed 
Tspan15 as an important regulator of ADAM10 maturation 
and activity in vivo. To test whether Tspan15 is associated 
with AD pathology, Tspan15 expression was analyzed in 
the brains of 5xFAD mice, a well-established model for 
AD. In comparison to age-matched wild-type samples, 
Tspan15 expression was significantly increased in the 
brains of 5xFAD mice (Fig. 7a). Importantly, in addition 
to murine AD samples, expression of Tspan15 expres-
sion was also significantly increased in prefrontal cortex 
samples of human AD patients compared to age-matched 
controls, whereas the expression level of a different tetras-
panin, Tspan7, was similar in both groups (Fig. 7b, more 
detailed information about the patient material is provided 
in Suppl. Table S1).

Fig. 6  Loss of Tspan15 has no effect on the morphology of dendritic 
spines. Representative electron micrographs of the hippocampal CA1 
region of wild-type (wt) and Tspan15-deficient mice (ko). Dendritic 
spines with a continuous (S) and perforated (*) postsynaptic density 
(PSD) are highlighted in pink. The size of dendritic spines (S) of 
n = 7 wild-type (wt) and n = 8 Tspan15 knockout (Tspan15 ko) ani-
mals was measured using ImageJ. Mean values ± SD of the measured 
spine area are shown in µm2. The number of perforated PSDs (*) of 
wild-type (wt) and Tspan15 knockout (ko) animals was counted. Data 
are shown as mean values ± SD. Statistical significance was analyzed 
by Student’s t test. No significant differences (ns) were observed
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Discussion

Tetraspanins have emerged as interactors of proteases and 
critical regulators of the processing of APP and other sur-
face proteins [16]. Tspan15 is one of several tetraspanins 
controlling ADAM10 maturation, its trafficking to the cell 
surface, and substrate cleavage. Based on yeast and overex-
pression experiments, Tspan15 was found as an ADAM10 
interaction partner [13, 14]. In particular, Tspan15 pro-
moted N-cadherin cleavage after overexpression in sev-
eral cell lines [14, 25]. Tspan15 was also identified as a 
negative regulator of Notch activity and, depending on the 
cell type, Tspan15 expression reduced or promoted APP 
proteolytic processing [14]. Despite an increasing appre-
ciation of the functions of Tspan15 and other TspanC8 
tetraspanins modulating ADAM10 activity and substrate 
cleavage, their general physiological relevance and their 

specific roles in modulation of ADAM10 are not well 
characterized.

Here, we demonstrate that Tspan15 is an important 
regulator of ADAM10 in the murine brain, where—as in 
lung and intestine—it is highly expressed and interacts 
with ADAM10. To better understand the role of Tspan15 
for ADAM10-mediated shedding in vivo, we generated a 
Tspan15 knockout mouse model, which is after Tspan33 
[13, 39], the second TspanC8 member depleted in mice. 
Tspan15-deficient mice did not display an overt phenotype, 
but it was conspicuous that a considerable fraction (16%) of 
the born animals died within the first 3 weeks, which likely 
results from a general enhanced postnatal lethality during 
the early developmental stages.

Although TspanC8 tetraspanins (except for Tspan10 and 
Tspan17) have redundant functions in terms of ADAM10 
maturation and trafficking [12, 13], it was rather surprising 

Fig. 7  Tspan15 expression is upregulated in Alzheimer’s disease 
model mice and patients’ brains. a Immunoblot analysis of brain 
homogenates of 5-month-old wild-type (wt) and 5xFAD mice. Detec-
tion of Tspan15 (Tspan15 T2EL) and subsequent quantification of 
signal intensities revealed an increased Tspan15 expression in 5xFAD 
compared to wild-type samples. b Tspan15 expression was analyzed 
in post-mortem prefrontal cortex samples of human Alzheimer’s dis-
ease (AD, n = 6) patients and patients without diagnosed neurodegen-

eration (Ctrl, n = 5). Tspan15 wild-type (wt) and knockout (ko) brain 
homogenates were used to confirm specificity of the anti-Tspan15 
antibody (NBP1-92540). In addition, Tspan7 expression was ana-
lyzed with a self-made anti-Tspan7 antibody. Equal protein loading 
was verified by GAPDH staining. Values are shown as mean ± SD. 
Statistical significance was tested using Student’s t test (*p < 0.05). 
Numbers indicate patient samples as given in Suppl. Table S1. Aster-
isks (*) mark unspecific signals
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that in Tspan15-deficient brains, a significant reduction of 
mature ADAM10 was revealed. This finding underscores 
the predominant role of Tspan15 for ADAM10 maturation 
in vivo. As previously demonstrated, Tspan15 binding to 
ADAM10 occurs already in the ER. This binding event trig-
gers the ER export and surface delivery of the protease. An 
ER retention mutant of Tspan15 prevented the ER exit of 
ADAM10 [14]. Since the proform of ADAM10 is cleaved 
within the Golgi, a lack of Tspan15 causes a reduced trans-
port of the protease from the ER and a decreased proteo-
lytic maturation and generation of the active/cell surface 
expressed form of the protease. Our in vivo results ana-
lyzing the Tspan15 knockout brains revealed a reduced 
mature and active ADAM10 protease strongly confirming 
our cell-based experiments and supporting the model of 
Tspan15 (TspanC8) mediating the ER cell surface transport 
of ADAM10.

Analysis of the transcription levels of TspanC8 genes 
further revealed that loss of Tspan15 is likely partially 
compensated in younger animals, while no such compen-
sation (i.e., increased mRNA expression of other TspanC8 
family members) was found in older mice. In this regard, 
it should be noted that loss of Tspan15 did not completely 
abolish ADAM10 maturation, demonstrating that also other 
Tspan15-independent mechanisms control ADAM10 matu-
ration. These mechanisms likely involve TspanC8 members 
Tspan5, 14, which also promote ADAM10 maturation and 
activity in cell-based assays and are highly expressed in 
different mouse brain cell types, including neurons, oligo-
dendrocytes, and astrocytes as revealed by RNA sequencing 
[18].

In addition to the decreased level of mature ADAM10, 
the shedding of the ADAM10 substrates N-cadherin and the 
cellular prion protein  (PrPC) were also reduced in Tspan15-
deficient mice. ADAM10-mediated N-cadherin shedding is 
essential for cell adhesion and has important functions in 
the activation of β-catenin signalling [40]. As a neuronal 
adhesion molecule, N-cadherin is associated with synaptic 
adhesion, spine morphology, and plasticity [41–43]. A con-
ditional knockout (cKO) of ADAM10 in the brain reduced 
N-cadherin shedding and caused severe developmental 
defects in the cortex, learning deficits, impaired network 
formation, and led to changes in dendritic spine morphol-
ogy [29, 36]. Despite reduced N-cadherin shedding and 
localization near synaptic spines, our morphological analy-
ses in the Tspan15 knockout mice did not reveal obvious 
synaptic changes of hippocampal CA1 neurons. It could 
be that the remaining ADAM10 activity—as revealed by 
the residual mature form of the protease seen in immuno-
blot—is sufficient to cleave enough N-cadherin and other 
synaptic cell surface molecule [11] to allow an apparently 
normal development of synapses, an assumption which is 
supported by the observation that ADAM10 heterozygote 

mice lack an obvious neurological phenotype. More detailed 
functional studies have to be performed to understand if 
Tspan15 deficiency may have some milder impact on syn-
aptic transmission.

The physiological function of  PrPC is not yet well under-
stood. It is proposed to function in neurogenesis, synapse 
formation and differentiation of neuronal precursor cells, 
maintenance of myelin, and in the immune system [44–46]. 
Its role in neurodegenerative diseases is well documented 
(reviewed in Refs. [47, 48]). By conversion into the mis-
folded pathological form, PrP scrapie  (PrPSc), the prion 
protein is the main causative agent of transmissible prion 
diseases in humans and other mammalian species [49]. 
ADAM10 is the main (if not only) sheddase of  PrPC and 
releases a soluble GPI-anchorless form of  PrPC [50]. Deple-
tion of ADAM10 in neurons abolished  PrPC shedding and 
resulted in an accumulation of full-length  PrPC in the 
early secretory pathway and at the plasma membrane [34, 
50]. After prion infection of mice deficient for neuronal 
ADAM10, an increased conversion of  PrPC into  PrPSc and 
shortened incubation times to prion disease, despite a simul-
taneously reduced spreading of pathology, were observed 
[34]. It is conceivable and supported by our observations 
of a decreased  PrPC shedding that the knockout of Tspan15 
could have a similar effect in prion disease. Detailed analy-
ses of whether Tspan15, indeed, influences shedding and 
thus pathology in prion disease are of importance in this 
regard.

It should be noted that according to our immunoblot anal-
yses, APP proteolytic processing was not affected by the loss 
of Tspan15 in the brain. This is in line with the previous 
cell-based findings, which revealed that Tspan15 has only a 
minor role in APP processing and that its ability to promote 
APP shedding rather seems to depend on the analyzed cell 
type or the rate of APP (over)expression [14].

It will be of interest to see how disease progression and 
amyloid pathology will develop in AD mouse models in a 
situation of Tspan15-deficiency. On the other hand, a direct 
or indirect role of Tspan15 is also suggested by our find-
ing of its increased expression in the brains of 5xFAD mice 
and AD patients. However, such a finding could, as well, 
simply reflect an apparently non-successful compensatory 
response in patients’ brains to counterbalance the excessive 
neurotoxic production of amyloid beta peptides during the 
course of disease.

Taken together, our loss of function studies identified 
Tspan15 as an important regulator of ADAM10 matura-
tion and shedding activity in vivo. The finding that loss of 
Tspan15 reduces N-cadherin and  PrPC shedding, while it 
has no or only a minor effect on the proteolytic processing 
of APP and Notch, provides the first in vivo evidence for 
the hypothesis of a substrate specific role of TspanC8 tetras-
panins, which supports the idea that binding of a TspanC8 
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constrains ADAM10 in a conformation, where it favours 
cleavage of specific substrates [17–19, 25]. The lack of an 
overt mouse phenotype implicates that Tspan15 is only one 
of many players to modulate ADAM10 activity (and pos-
sibly also other proteins expressed at the cell surface). Lack 
of Tspan15 in mice may, therefore, be efficiently compen-
sated and only subtle alterations of the physiological func-
tion of ADAM10 and its substrate cleavage are found. How 
Tspan15 regulates ADAM10 activity in vivo and whether 
additional substrates are affected by the loss of Tspan15 will 
be interesting questions for future experiments. Moreover, 
it will be worthwhile to perform a more detailed analysis 
of its importance in pathological processes, such as prion 
and Alzheimer’s disease. Since ADAM10 is an interesting 
drug target, it may, as well, be wise to study if specific tet-
raspanins, including Tspan15, can be exploited to modulate 
ADAM10 activity in a more substrate- and tissue-specific 
manner to avoid severe side-effects.
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