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A B S T R A C T   

Intraneuronal aggregates of the microtubule binding protein Tau are a hallmark of different neurodegenerative 
diseases including Alzheimer’s disease (AD). In these aggregates, Tau is modified by posttranslational modifi
cations such as phosphorylation as well as by proteolytic cleavage. Here we identify a novel Tau cleavage site at 
aspartate 65 (D65) that is specific for caspase-2. In addition, we show that the previously described cleavage site 
at D421 is also efficiently processed by caspase-2, and both sites are cleaved in human brain samples. Caspase-2- 
generated Tau fragments show increased aggregation potential in vitro, but do not accumulate in vivo after AAV- 
mediated overexpression in mouse hippocampus. Interestingly, we observe that steady-state protein levels of 
caspase-2 generated Tau fragments are low in our in vivo model despite strong RNA expression, suggesting 
efficient clearance. Consistent with this hypothesis, we find that caspase-2 cleavage significantly improves the 
recognition of Tau by the ubiquitin E3 ligase CHIP, leading to increased ubiquitination and faster degradation of 
Tau fragments. Taken together our data thus suggest that CHIP-induced ubiquitination is of particular impor
tance for the clearance of caspase-2 generated Tau fragments in vitro and in vivo.   

1. Introduction 

Tau is the major component of the proteinaceous aggregates found in 
multiple neurodegenerative diseases including Alzheimer’s disease 
(AD). In AD, Tau aggregates form neurofibrillary tangles (NFTs), and 
consist of Tau proteoforms heavily modified by posttranslational mod
ifications (PTMs). On soluble Tau protein, PTMs can be reversible such 
as phosphorylation or irreversible like proteolysis (Quinn et al., 2018). 
Proteolytic events may be part of physiological Tau degradation, but 
they may also render Tau more aggregation-prone, since removal of 
both the N- and C- termini exposes the aggregation-prone repeat domain 
region of the protein (Jeganathan et al., 2006; Strooper, 2010). 

However, the importance of specific Tau truncation events for the for
mation of NFTs in AD patients remains unclear. 

Both the N- and C-termini of Tau can be cleaved by members of the 
caspase family of proteases, and this cleavage has been associated with 
the formation of Tau aggregates (Calignon et al., 2010; Mead et al., 
2016; Rissman et al., 2004). Caspase-6 has been shown to cleave Tau at 
D13 (Horowitz et al., 2004), and more recently caspase-2-mediated 
cleavage at D314 has been reported (Zhao et al., 2016). The caspase 
cleavage site in Tau that has been studied most extensively is D421, 
which has been described as a caspase-3 site but may also be cleaved by 
caspases − 6, − 7 and − 8 (Gamblin et al., 2003; Horowitz et al., 2004). 

The ubiquitin E3 ligase carboxyl-terminus of Hsc70 interacting 
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protein (CHIP) is highly expressed in tissues with terminally differenti
ated cells and high metabolic activity such as the brain (Paul and Ghosh, 
2014). It binds a C-terminal motif of Hsp70 and Hsp90 chaperone family 
proteins and targets misfolded client proteins of these chaperones for 
proteasomal degradation (Paul and Ghosh, 2014). Interestingly, a recent 
study showed that caspase cleavage can lead to the exposure of a degron 
sequence recognized by CHIP at the novel C-terminus of the client 
protein (Ravalin et al., 2019). 

Here we identify a previously unknown cleavage site at D65 of Tau, 
which is efficiently processed by caspase-2, and we further show that 
this enzyme can also cleave Tau at D421. This results in the truncation of 
Tau at both the N- and C-termini, generating a fragment with strong 
aggregation propensity in vitro. In addition, we find that CHIP-mediated 
ubiquitination of Tau is strongly induced after caspase-2 cleavage, and 
Tau fragments show significantly accelerated clearance compared to the 
full-length protein in cultured cells. The truncated proteins also exhibit 
preferential binding to CHIP and a strong reduction of steady-state levels 
compared to full-length Tau after overexpression in mouse hippocampal 
tissue. Our findings thus suggest that CHIP-mediated degradation may 
prevent the accumulation of caspase-2 generated Tau fragments in vivo. 

2. Materials and methods 

2.1. Recombinant Tau purification 

Full-length Tau 1N4R, 2N4R and Tau fragments 1–421 (2N4R) and 
66–421 (2N4R) were expressed and purified as described previously 
(Behrendt et al., 2019). Briefly, E. coli BL21(DE3) cells (Sigma, cat. no. 
CMC0014) transformed with a pET19 vector containing the Tau 
construct were induced by the addition of 1 mM IPTG and harvested by 
centrifugation. Cleared lysates in 50 mM Na-phosphate pH 7.0, 1 mM 
EGTA, 1 mM DTT, cOmplete protease inhibitors (Roche), benzonase 
(Merck) and 10 μg/ml lysozyme (Sigma) were boiled for 20 min at 
100 ◦C. Supernatants were loaded onto a combination of a HiTrap Q and 
a HiTrap SP column (GE Healthcare) and eluted in a gradient to running 
buffer containing 300 mM NaCl. Tau-containing fractions were further 
purified with a HiLoad 16/600 Superdex 75 pg size exclusion chroma
tography column (GE Healthcare). Fractions were analyzed by SDS- 
PAGE, pooled according to purity, flash-frozen in liquid nitrogen and 
stored at − 80 ◦C. 

2.2. Thioflavin T assay 

10 μM recombinant Tau protein (in 20 mM Tris pH 7.5 containing 
100 mM NaCl, 1 mM EDTA, 1 mM DTT) were mixed with 0.03 mg/ml 
heparin sodium salt (Sigma Aldrich) and 30 μM thioflavin T (Sigma 
Aldrich) and incubated at 37 ◦C in a black 96 well plate in a FLUOstar 
optima plate reader (BMG Labtech). Fluorescent signals were measured 
every 30 min for a time frame of 60 h using 450 nm for excitation and 
520 nm for emission as described previously (Behrendt et al., 2019). 

2.3. In vitro caspase digest 

3 μg full-length recombinant Tau 1N4R protein were incubated with 
human caspases 1–10 (Enzo Life sciences) a final concentration of 10 U/ 
μl for 1 h at 37 ◦C in caspase cleavage buffer (100 mM HEPES pH 7.4, 
200 mM NaCl, 0.2% CHAPS, 2 mM EDTA, 20% glycerol, 10 mM DTT). 
Samples were subsequently analyzed by SDS-PAGE as described below. 

2.4. Human brain samples 

Anonymized human post-mortem tissue was obtained from the 
London Neurodegenerative Diseases Brain Bank and the Southwest 
Dementia Brain Bank, members of the Brains for Dementia Research 
Network. Tissue donor characteristics are summarized in Suppl. 
Table S1. 

2.5. Acid hydrolysis for mass spectrometric determination of N- and C- 
termini in caspase-cleaved recombinant Tau 

Samples were separated on a 10% Tris-Tricine SDS-PAGE gel 
(Thermo). Excised bands from recombinant 2N4R Tau with/without 
caspase-2 digest (band 1 and band 2, respectively) were transferred into 
tubes and shrunk with 100% ACN for 15 min at room temperature. Gel 
pieces were treated with 10 mM Dithiothreitol (DTT) followed by 
another shrinkage procedure. This was repeated with 55 mM Iodoace
tamide (IAA). For determination of the protein sequence (Myrum et al., 
2015), gel pieces were dried and transferred to glass vials (Chromacol) 
and covered with 3 M HCl. After 5 min incubation, tubes were put in a 
microwave set to 100% power and 10 min. Supernatant was desalted 
using C18 cartridges (OASIS, Waters) and analyzed on LC-MS as 
described (Myrum et al., 2015). In brief, peptides were separated using 
the nanoAcquity UPLC system (Waters) fitted with a trapping (nano
Acquity Symmetry C18, 5 μm, 180 μm × 20 mm) and analytical column 
(nanoAcquity BEH C18, 1.7 μm, 75 μm × 200 mm) coupled directly to a 
linear trap quadropole (LTQ) Orbitrap Velos (Thermo Fisher Scientific) 
with a Proxeon nanospray source. Solvent A was water+0.1% formic 
acid and solvent B was acetonitrile+0.1% formic acid. Samples were 
loaded with a constant flow of solvent A at 5 μl/min on to the trapping 
column. Peptides were eluted via the analytical column at a constant 
flow of 0.3 μl/min. The peptides were introduced into the mass spec
trometer (Orbitrap Velos Pro, Thermo) via a Pico-Tip Emitter 360 μm OD 
(outer diameter) × 20 μm ID (inner diameter); 10 μm tip (New Objec
tive) and a spray of 2.2 kV was applied. Full scan MS spectra with mass 
ranges of 300–1700 m/z were acquired in the fourier transform (FT) 
profile mode with resolution of 30,000. The most intense ions (up to 15) 
from the full scan MS were selected for sequencing. Data processing was 
performed using isobarQuant software (Franken et al., 2015) and 
MASCOT (Matrix Science). The data were searched against a Homo sa
piens Uniprot database including the specific sequence of Tau–F. The 
data were searched with the following modifications: fixed carbamido
methylation on cysteine and variable oxidation on methionine. Only 
rank 1 peptides with a minimum Mascot score of 15 were used for 
sequence coverage, peptides identified are summarized in Suppl. 
Table S2. 

2.6. LC-MS/MS of Tau immunopurified from human brain samples 

The detailed sample preparation and MS workflow is described 
elsewhere (Behrendt et al., 2019). In brief, human entorhinal cortex was 
homogenized in Triton lysis buffer (50 mM NaCl; 20 mM Tris, pH 7.5; 1 
mM EDTA; 1 mM EGTA; 1% Triton-X-100; 1× Protease inhibitors; 1×
Phosphatase inhibitors (both Roche), 500 μM IOX1, 2 μM Daminozide, 
10 μM Trichostatin A, 5 mM Nicotinamide, 10 μM Paragyline hydro
chloride, 1 μM Thiamet G), and Tau was immunoprecipitated using a 
combination of total Tau antibodies (Tau-12, Biolegend; Tau-5, Abcam; 
HT7, Thermo Fisher). Samples were separated by SDS-PAGE, stained 
with Coomassie Staining solution (0.1% Coomassie Blue G250, 1 M 
ammonium sulfate, 30% methanol, 3% o-phosphoric acid) and bands 
excised. Samples were subjected to either an in-gel tryptic- or to an in- 
gel AspN digest and peptides were analyzed using nanoAcquity UPLC 
(Waters) with a nanoAcquity trapping (nanoAcquity Symmetry C18, 5 
μm, 180 μm × 20 mm) and analytical column (nanoAcquity BEH C18, 
1.7 μm, 75 μm × 200 mm), which was coupled to an LTQ Orbitrap Velos 
Pro (Thermo Fisher) using the Proxeon nanospray source. For data 
analysis, only peptides corresponding to semi-trypsin or semi-AspN di
gests were considered. 

2.7. Intracellular Tau ubiquitination, cleavage, and degradation analyses 

For intracellular Tau cleavage analyses, HEK293 cells were seeded at 
3.5 × 105 cells/well into six-well dishes and co-transfected the next day 
with pCDNA3_HA-Tau 2N4R-1-441 (WT, D65E, D421E or D314E) and 
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pCMV6-Entry_caspase-2-myc-DDK using Lipofectamine 3000 (Invi
trogen) according to manufacturer’s instructions. For reference samples, 
single transfections of pCDNA3_HA-Tau 2N4R-1-441, pCDNA3_HA-Tau 
2N4R-1-421, pCDNA3_HA-Tau 2N4R-66-421, pCDNA3_HA-Tau 2N4R- 
66-441 or pCDNA3_HA-Tau 2N4R-1-314 were performed. Cells were 
scraped off the plate 24 h later, pelleted and washed with ice-cold 1×
PBS (Gibco). Pellets were stored at − 80 ◦C until lysis. 

For Tau ubiquitination and degradation analyses, HEK293 cells were 
transfected with full-length tau or tau fragments, CHIP E3 ligase and 
ubiquitin. In brief, 3.5 × 105 HEK293 cells per well were seeded in a six- 
well dish (Thermo Scientific). Subsequently, cells were co-transfected 
using Lipofectamine 3000 (Invitrogen) according to manufacturer’s in
struction with the following plasmids: Either 1 μg pCDNA3_HA-Tau 
2N4R-1-441, or 1 μg pCDNA3_HA-Tau 2N4R-1-421, or 1 μg 
pCDNA3_HA-Tau 2N4R-66-421 were co-transfected with 1 μg 
pReceiver-M12_3xFlag-hUBB and 0.5 μg NanoBRET-CHIP plasmid. As a 
control, 1 μg 3xFlag-hUBB, 0.5 μg NanoBRET-CHIP and 1 μg pReceiver- 
M98-meGFP plasmid were co-transfected. For protein degradation an
alyses, cells were treated with 200 μg/ml Cycloheximide (Sigma- 
Aldrich) for 3 h and 6 h the next day or left untreated. Samples were 
collected in 1 ml ice-cold 1× PBS (Gibco), centrifuged at 300 ×g for 10 
min and pellets were stored at − 80 ◦C. 

2.8. Cell and tissue lysis, SDS-PAGE and Western blotting 

Cell pellets were lysed in 100 μl lysis buffer (150 mM NaCl, 20 mM 
Tris pH 7.5, 1 mM EDTA, 1 mM EGTA, 1% Triton-X100) supplemented 
with cOmplete Protease inhibitor and PhosSTOP phosphatase inhibitor 
cocktails (both Roche) for 10 min on ice followed by 10 min centrifu
gation at 12.000 ×g and 4 ◦C. Protein concentrations in the supernatants 
were measured using the BCA protein assay (BioRad). Aliquots corre
sponding to 50 μg total protein were mixed with Lämmli sample buffer, 
denatured for 10 min at 95 ◦C and separated by SDS-PAGE as described 
below. 

Mouse hippocampus samples were homogenized in Triton lysis 
buffer (150 mM NaCl, 20 mM Tris pH 7.5, 1 mM EDTA, 1 mM EGTA, 1% 
Triton-X100 and protease, phosphatase, demethylase (500 μM IOX1, 2 
μM Daminozide, 10 μM Paragyline Hydrochloride), deacetylase (10 μM 
Trichostatin A, 5 mM Nicotinamide), O-GlcNAcase (1 μM Thiamet-G) 
inhibitors) with a Dounce homogenizer (Carl Roth). The tubes were 
twice scraped over a hard surface with in-between incubation on ice for 
10 min. Samples were centrifuged for 20 min at 16000 ×g at 4 ◦C, the 
protein concentration in the supernatant was determined with a BCA 
assay (BioRad, cat. No. 5000112) and 25 μg total protein were boiled at 
95 ◦C for 5 min in sample buffer for SDS-PAGE. 

Samples were separated using pre-cast 12% gels with MES running 
buffer (caspase-2) or 10% gels with MOPS running buffer (Tau; all gels 
from the Bio-Rad Criterion system). Gels were immunoblotted onto 
PVDF membranes (Merck Millipore) using a semi-dry transfer apparatus 
(Bio-Rad Trans-Blot SD). Membranes were blocked in Odyssey blocking 
buffer (TBS, Li-Cor Biosciences) for 30 min at room temperature and 
incubated with primary antibodies over night at 4 ◦C: Tau12, mouse, 
1:500, (Biolegend, cat. no. 806501); HT7, mouse, 1:500, (Thermo 
Fisher, cat. no. MN1000); Tau-5, mouse, 1:1000, (Abcam, cat. no. 
ab80579); DAKO-Tau, 1:5000–1:10000, (Dako/Agilent, cat. no. A0024); 
Tau–C3, rabbit, 1:1000, (Sigma Aldrich, cat. no. 36–017); GAPDH, 
1:5000, (Cell Signaling Technology, cat. no. 2118); actin, mouse, 
1:1000–1:5000, (Sigma Aldrich, cat. no. A5441); DDK/Flag, 1:2000, 
(Sigma Aldrich, cat. no. F3165); Antibodies were diluted in 5% BSA in 
1× TBST (1× TBS, 0.05% Tween-20). The next day, membranes were 
washed three times with 1× TBST, and secondary antibody incubations 
(1:20000, IRDye Donkey anti-mouse/rabbit 800 and IRDye Donkey anti- 
mouse/rabbit 680) were done in blocking solution for one hour at RT. 
The membranes were then washed three times with 1× TBST, once with 
1× TBS and imaged on a Li-Cor Odyssey CLx scanner. 

2.9. Cell lysis and ELISA 

Transfected HEK T293 cells were lysed in 200 μl lysis buffer (150 mM 
NaCl, 20 mM Tris pH 7.5, 1 mM EDTA, 1 mM EGTA, 1% Triton-X100) 
supplemented with cOmplete Protease inhibitor and PhosSTOP phos
phatase inhibitor cocktails (both Roche) for 10 min on ice followed by 
10 min centrifugation at 12.000 ×g and 4 ◦C. Total Tau as well as 
ubiquitinylated Tau was determined using the V-PLEX Human Total Tau 
Kit (K151LAE, Meso Scale Discovery). For total Tau analysis, samples 
were diluted 1:900 and total Tau levels were determined following the 
manufacturer’s instructions. For ubiquitinylated Tau analysis, samples 
were diluted 1:300 and ubiquitinylated Tau was detected using the plate 
from the V-PLEX Human Total Tau Kit (K151LAE, Meso Scale Discovery) 
for capture of Tau, and an anti-ubiquitinylated Protein SULFO-TAG 
labeled antibody (R32AU, Meso Scale Discovery) at a final concentra
tion of 0.5 μg/ml for detection. Samples from cells without Tau trans
fection were used as negative controls. Plates were measured on a Meso 
Scale Quickplex platform. 

2.10. In vitro ubiquitination assays 

For in vitro ubiquitination assays, recombinant proteins and reagents 
were purchased from Boston Biochem (CHIP Ubiquitin Ligase Kit - Glow- 
Fold Substrate, Cat. # K-280). In vitro reactions were carried out ac
cording to the manufacturer’s instructions. Full-length Tau 2N4R was 
obtained from Boston Biochem (Tau 441 (2N4R), human recombinant 
cat. # SP-495), Tau fragments 1–421 and 66–421 were expressed as 
described above and a final concentration of 0.164 μM was used in the in 
vitro reactions. A total volume of 30 μl containing E1, E2, E3 enzyme, 
reaction buffer, Mg2+-ATP solution, HSP70/HSP40 Mix, and Tau sub
strate (according to Boston Biochem’s protocol) were used. Reactions 
were initiated by the addition of ubiquitin and incubated in a water bath 
at 37 ◦C. At indicated timepoints (0, 15, 30, 45, 60 and 90 min) an 
aliquot (5 μl) was removed, and the reaction was terminated by adding 5 
x SDS PAGE sample buffer supplemented with 100 mM DTT and boiling 
for 5 min at 95 ◦C. Samples were analyzed by SDS-PAGE on a 4–20% 
gradient precast gel (Bio-Rad, Criterion) followed by immunoblotting 
onto PVDF membranes using the Bio-Rad Trans-Blot Turbo Transfer 
System. Membranes were blocked with 5% milk in TBST (50 mM Tris- 
HCl (pH 7.6), 150 mM NaCl, 0.05% Tween 20). Blots were incubated 
overnight at 4 ◦C with primary Tau-antibody (Anti-Tau, Abcam cat. 
#64193, 1:2000). Blots were washed three times (each 5 min) with 
TBST and incubated for 1 h at room temperature with secondary anti
bodies (HRP-conjugated for chemiluminescence, anti-rabbit, Dianova/ 
Jackson ImmunoResearch, cat. # 111–035-144, 1:10000). Blots were 
washed three times with TBST. For chemiluminescence visualization, 
blots were incubated with Western blotting detection reagent (Super
Signal West Pico PLUS Chemiluminescent Substrate, ThermoFisher) and 
detected with a ChemiDoc Touch Imaging System (Bio-Rad). 

2.11. Mouse model 

Homozygous female and male MAPT knockout mice (strain 
#007251, Jackson Laboratories) were used in the study (Dawson et al., 
2001). All transgenic mice were obtained by and bred at the DZNE 
(Bonn, Germany). Mice were group-housed in colonies of up to five 
mice, separated by sex in individually ventilated cages under specific- 
pathogen-free conditions with unlimited access to food and water. The 
tap water was preprocessed in three steps to reduce the risk of bacterial 
and fungal growth: microfiltration, ultraviolet decontamination, and 
mild acidification to pH 5.5. The light and dark cycle was 12 h/12 h and 
the temperature was kept constant at 22 ◦C. Equal numbers of male and 
female mice were randomly assigned to the experimental groups. 
Behavioral experiments were carried out during the light cycle. All 
procedures were performed in accordance with an animal protocol 
approved by the DZNE and the government of North-Rhine-Westphalia. 
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At 10 months of age, mice were anesthetized with a double dose of 
ketamine/xylazine (0.26/0.02 mg/kg bodyweight) until surgical toler
ance was reached. Subsequently, mice were transcardially perfused with 
PBS pH 7.4, brains were removed, and the two hemispheres were 
separated along the midline. Immediately, from one hemisphere, the 
hippocampus was dissected in ice-cold PBS pH 7.4, snap-frozen in liquid 
nitrogen and stored at − 80 ◦C until further use. The other hemisphere 
was placed into 4% paraformaldehyde in PBS (PFA) for 24 h, and sub
sequently transferred to 1× PBS with 0.01% sodium azide for subse
quent immunohistochemical analyses. 

2.12. AAV injection 

Littermate mice were randomized and bilaterally injected with AAV- 
hSyn-Tau-1-441, AAV-hSyn-Tau-1-421, AAV-hSyn-Tau-66-421 or AAV- 
hSyn-tdTomato-WPRE (Addgene #51506). The constructs containing 
the three different Tau-fragments (Tau-1-441, Tau-1-421, Tau-66-421) 
were cloned into the pAAVSyn1-tdTomato vector (Addgene #104060) 
by replacing the tdTomato sequence and adding a WPRE element. 
Bilateral injections were delivered to the dorsal CA1 region of the hip
pocampus at two months of age. To this end, mice were anesthetized 
with ketamine/xylazine (0.13/0.01 mg/kg bodyweight) and transferred 
to a stereotactic frame upon surgical tolerance. A small incision was 
made along the midline to expose the bregma. Small holes were drilled 
at − 1.95 mm (AP), ±1.50 mm (ML) starting from bregma. The stereo
tactic frame was equipped with a micromanipulator (Luigs&Neumann) 
to carry a Hamilton syringe with a 27 G needle. The Hamilton syringe 
was connected to a micropump that was used to inject a volume of 0.7 μl 
virus at 0.1 μl/min per hemisphere at a depth of 1.15 mm (DV) from 
brain surface. After injecting the virus, the needle was left at the site of 
injection for 5 min to allow the virus to diffuse into the tissue before the 
needle was removed and the skin was closed with stitches. Mice received 
temgesic analgesia (0.5 mg/kg bodyweight) every 6–8 h for a period of 
up to three days. 

2.13. Immunohistochemical procedures 

Embedding, cutting and immunofluorescent staining of mouse brains 
was performed by Morphisto GmbH (Offenbach, Germany). Briefly, 
PFA- fixed brain hemispheres dehydrated in ethanol, infiltrated with 
xylol and paraffin at 58 ◦C and embedded in paraffin. Blocks were 
sectioned sagitally on a microtome, and 5 μm sections were mounted on 
slides. For immunohistochemistry, samples were deparaffinated with 
xylol, hydrated with ethanol and subjected to epitope retrieval with 10 
mM citrate buffer pH 6 (Morphisto) with 3 × 5 min cycles at 800 W in a 
microwave. Slides were washed with PBS and endogenous peroxidase 
was quenched with 0.6% H2O2 followed by another wash step in PBS 
and blocking with normal horse serum (ImmPress Kit, Vectorlabs). 

For NeuN histochemistry, an overnight incubation with primary 
antibody (NeuN, MAB377, Merck Millipore; 1:1000 dilution) in PBS 
with 2% normal horse serum and 1% BSA was performed at 4 ◦C. Slides 
were then washed in PBS, incubated for 30 min at room temperature 
with secondary antibody (anti-mouse ImmPress HRP reagent, ImmPress 
Kit, Vectorlabs), followed by washes with PBS and 50 mM Tris/HCl pH 
7.6. Slides were incubated for 5 min in DAB solution (50 mM Tris/HCl 
pH 7.6 with 0.01% H2O2 and 0.025% DAB (Sigma Aldrich)) at room 
temperature, washed with distilled water at 4 ◦C and counterstained 
with hematoxylin before the addition of CV mount medium (Leica 
Biosystems) and coverslips. 

For immunofluorescent detection of Tau, slides were incubated for 
15 min with primary antibody (HT7, MN1000, ThermoScientific; 1:1000 
dilution) in PBS with 2% normal horse serum and 1% BSA at 4 ◦C. Slides 
were then washed in TBST (Morphisto), incubated for 10 min at room 
temperature with secondary antibody (anti-mouse ImmPress HRP re
agent, ImmPress Kit, Vectorlabs), followed by washes with TBST. Next, 
slides were incubated for 10 min in Opal working solution (1:150 

dilution, Opal 520 Reagent Pack, cat. no. FP1487001KT, Perkin Elmer) 
at room temperature in the dark to generate fluorescent signal for total 
Tau. Slides were then washed with TBST and subjected to microwave 
treatment in 10 mM citrate buffer pH 6 (Morphisto) for 1–3 min at 800 
W (until boiling), followed by 15 min at 200 W. After cooling down, 
samples were washed in TBST and blocked for 10 min in normal horse 
serum at room temperature. The second incubation with primary anti
body (AT8, MN1020, ThermoScientific; 1:150 dilution) was performed 
in PBS with 2% normal horse serum and 1% BSA for 15 min at room 
temperature. 

Slides were then washed in TBST (Morphisto), incubated for 10 min 
at room temperature with secondary antibody (anti-mouse ImmPress 
HRP reagent, ImmPress Kit, Vectorlabs), followed by washes with TBST. 
Next, slides were incubated for 10 min in Opal working solution (1:150 
dilution, Opal 650 Reagent Pack, cat. no. FP1496001KT, Perkin Elmer) 
at room temperature in the dark to generate fluorescent signal for 
phosphorylated Tau. 

Samples were then washed in TBST and H2O, counterstained with 
DAPI in PBS and mounted with Prolong GOLD antifade mounting me
dium (P36934, Invitrogen) and stored in the dark at room temperature. 
Negative controls were performed by omitting the primary antibody. 

pT231-modified Tau was detected on 4 μm sections using a Leica 
Bond Rx system (Leica Biosystems) using the Leica Bond Polymer Refine 
Detection Kit according to manufacturer’s instructions. The pT231 Tau 
antibody (cat. no. ab151559, Abcam) was used at a dilution of 1:30,000 
in PBS with 1% donkey serum, and DAB-based detection was performed 
according to the kit instructions. CV Mount medium (Leica Biosystems) 
was used for mounting of slides. 

For RNAScope analysis, formalin-fixed, paraffin-embedded sections 
were processed on the Leica Bond RX system (Leica Biosystems) using 
the RNAscope 2.5 LSx Kit (ACD, USA) according to the manufacturer’s 
manual. A custom-made probe recognizing all Tau fragments used in the 
study was designed and generated by ACD and used for hybridization. In 
short, sections were baked and deparaffinized in the Bond RX, followed 
by target retrieval (15 min at 95 ◦C using Leica Epitope Retrieval Buffer 
2) and protease treatment (15 min at 40 ◦C). The probes were then 
hybridized for 2 h at 42 ◦C followed by RNAscope amplification fol
lowed by Fast Red chromogenic detection. 

For quantification of pT231 Tau and RNAScope staining, three hip
pocampal areas per animal were outlined and the covered area was 
quantified using the HALO software (Indica Labs). 

2.14. Morris water maze 

At 10 months of age, animals were tested for cognitive performance 
using the Morris water maze (MWM) (Morris, 1984; Vorhees and Wil
liams, 2006). Researchers performing the test and analyzing the data 
were blinded to the experimental groups. Animals were placed into a 
circular pool of opaque water at 20 ◦C, with a submerged platform in the 
northeastern quadrant. Fixed visual cues were placed around the pool, 
and the researchers were visually shielded from the pool by walls. 
During the learning phase, animals were tested in four trials per day 
with an inter-trial interval of 30 min on five consecutive days with 
alternating starting quadrants and a maximal duration of 60 s per trial. 
On day 6 (trial day), the platform was removed, and mice were left to 
swim for 60 s. Trials were filmed with a ceiling camera and data 
analyzed using EthoVision XT13 software. 

2.15. Immunoprecipitation 

Mouse brain lysate corresponding to 30 μg total protein were diluted 
to 200 μl in Triton lysis buffer (150 mM NaCl, 20 mM Tris pH 7.5, 1 mM 
EDTA, 1 mM EGTA, 1% Triton-X100, 1× cOmplete Protease inhibitors 
(Roche), 1× PhosStop Phosphatase inhibitors (Roche)). 10 μl sample 
were removed and stored at − 20 ◦C (input). For each sample, 20 μl anti- 
mouse Dynabeads (Invitrogen) were washed 3× with 200 μl PBS + 0.1% 

L. Reinhardt et al.                                                                                                                                                                                                                              



Neurobiology of Disease 182 (2023) 106126

5

BSA, followed by 30 min of incubation on a shaker at room temperature 
with 1 μg HT7 antibody (Thermo Fisher) in a total volume of 200 μl PBS 
+ 0.1% BSA. The beads were washed once with 200 μl Triton lysis buffer 
and mixed with the brain lysate. Samples were incubated over night at 
4 ◦C on a shaker, 10 μl post-immunoprecipitation supernatant was 
collected and the beads were washed twice with Triton lysis buffer. 10 μl 
Lämmli buffer was added, and all samples were denatured at 98 ◦C for 
10 min with subsequent separation on 4–20% gradient gels (Bio-Rad 
Criterion) followed by immunoblotting onto PVDF membranes using the 
Bio-Rad Trans-Blot Turbo Transfer System. Membranes were blocked for 
30 min at room temperature using fluorescent blot blocking buffer 
(Azure Biosystems) and incubated with primary antibodies over night at 
4 ◦C: DAKO-Tau, rabbit, 1:10000, (Dako/Agilent, cat. no. A0024); 
STUB/CHIP, rabbit, 1:2000 (Abcam, cat. no. ab134064). Antibodies 
were diluted fluorescent blot blocking buffer (Azure Biosystems). The 
next day, membranes were washed three times with 1× fluorescent blot 
washing buffer (Azure Biosystems), and secondary antibody incubations 
(1:10000, Azure Spectra 700 goat-anti-rabbit IgG, Azure Biosystems) 
were done in blocking solution for one hour at RT. The membranes were 
then washed three times with 1× fluorescent blot washing buffer (Azure 
Biosystems) and imaged on a ChemiDoc Touch Imaging System (Bio- 
Rad). 

2.16. Data analysis 

Immunoblotting data were analyzed using Image Studio Lite (Li-cor 
Biosciences) and statistical analysis was performed with GraphPad 
Prism 7 (GraphPad Software) using the test noted within the respective 
figure legend. 

3. Results 

3.1. Caspase-2 cleaves Tau at D65 and D421 

To gain an unbiased overview of the cleavage pattern of Tau 
generated by members of the caspase family, we first subjected recom
binant Tau protein to an in vitro enzymatic digest using all ten human 
caspases. As expected, we observed significant cleavage of Tau with 
caspases − 3 and − 7, generating fragments truncated at D421 that can 
be detected with the respective neoepitope antibody Tau-C3 (Fig. 1A). 
Surprisingly we found that also caspase-2 was able to cleave Tau at 
D421, and this digest generated two additional cleavage fragments of 
approximately 40 kDa. The smaller of these fragments was also detected 
with the antibody Tau-C3 and therefore likely terminates in D421 
(Fig. 1A, red arrow). 

To further map the caspase-2 cleavage sites in Tau, we next per
formed biochemical analyses with N- and C-terminal Tau antibodies as 
well as mass spectrometry. Upon caspase-2 digest, both Tau 1N4R and 
2N4R isoforms generated fragments with N-terminal truncation, since 
cleavage bands of 37–50 kDa in size were only detected with the C- 
terminal antibody DAKO-Tau, but not the N-terminal antibody Tau-12 
(Fig. 1B). Bands corresponding to full-length and caspase-2 cleaved 
Tau were furthermore excised from a Coomassie-stained gel (Suppl. 
Fig. S1) for mass spectrometry analysis. Here we found that an N-ter
minal peptide ranging from amino acids (aa) 2–23 was clearly detected 
in the full-length Tau control, but completely absent from the cleaved 
sample. Additionally, while the non-cleaved control contained an aa 
61–87 peptide, this was truncated to aa 66–87 specifically in the 
caspase-2 cleaved sample (Suppl. Fig. 1, Suppl. Table S2). These data 
thus indicate that Tau is cleaved by caspase-2 at aa 65, corresponding to 
the cleavage motif SETSD. Using CaspDB, an in silico cleavage site pre
diction tool for caspases (Kumar et al., 2014), we confirmed that this site 
may be a caspase recognition site. In fact, when the sequence of the 
longest isoform of Tau expressed in the CNS (2N4R) is taken into ac
count, D65 is the second most likely caspase cleavage site after D421, 
with a probability score of 0.953 (Kumar et al., 2014). 

We next investigated whether intracellular processing of Tau by 
caspase-2 follows the same pattern. To this end, we co-transfected Tau 
2N4R with the pro-form of caspase-2 into HEK293 cells. The over
expression of caspase-2 thereby leads to its activation, as it promotes the 
formation of active dimers followed by auto-proteolysis to generate the 
active subunits (Baliga et al., 2004). Again, caspase-2 generated Tau 
fragments were only detected with the C-terminal DAKO-Tau, but not 
the N-terminal Tau-12 antibody, and cleavage is prevented when a D65E 
mutation is introduced (Fig. 1C). The D65E mutant Tau co-expressed 
with caspase-2 furthermore exhibits an additional band on the Tau-12 
blot (Fig. 1C, black arrow), which runs slightly below the non-cleaved 
protein and may represent the Tau 1–421 fragment. Consistent with 
this observation, we observed a slight upwards shift of the D421E 
cleavage band on the DAKO-Tau blot (Fig. 1C, red arrow), indicating 
that the ~50 kDa cleavage fragment is truncated at both D65 and D421 
in WT Tau. We furthermore show that cleavage in our system does not 
involve the previously described site at D314 (Zhao et al., 2016), since a 
D314E mutant Tau construct did not abolish fragment generation 
(Fig. 1C). Taken together, we thus confirmed that caspase-2 cleaves Tau 
at D65 in vitro and in mammalian cells and is furthermore capable of 
processing the well-described caspase site at D421. 

3.2. Caspase-2 derived Tau fragments are aggregation-prone and present 
in human brain tissue 

Tau fragments are known to aggregate more readily than the full- 
length protein, and proteolytic cleavage has been associated with the 
formation of NFTs in AD (Quinn et al., 2018; Wang and Mandelkow, 
2016). To determine whether the fragments generated by caspase-2 are 
more aggregation prone than the full-length protein, we next analyzed 
the aggregation potential of the different Tau proteins in vitro. Using the 
amyloid fibril-binding dye Thioflavin T as a readout, we found that the 
double truncation of Tau at both the N- and C-termini accelerated the 
aggregation of the protein, with the first signal increase becoming 
apparent at the 6 h timepoint (Fig. 1D). Tau 1–421 only led to a signal 
increase starting at approximately 50 h of incubation, and the slope of 
the signal increase was dramatically reduced compared to Tau 66–421. 
The full-length Tau protein only led to very little Thioflavin T fluores
cence signal under these conditions after app. 60 h of incubation 
(Fig. 1D). 

To determine whether caspase-2 derived Tau fragments may be 
present in human brain tissue, we next re-analyzed mass spectrometry 
data of Tau immunopurified from human control and AD patient ento
rhinal cortex samples (Behrendt et al., 2019). In a control brain sample 
we identified both semi-tryptic and semi-AspN peptides initiating at 
aa66, suggesting that Tau cleavage at D65 had occurred (Table 1). The 
same semi-tryptic and semi-AspN peptides were identified in an AD 
patient brain from the same data set, however the confidence threshold 
for detection (Mascot score > 20) was not met in this second sample. 
Furthermore, and consistent with published reports (Basurto-Islas et al., 
2008; Behrendt et al., 2019; Guillozet-Bongaarts et al., 2005; Nicholls 
et al., 2017), peptides truncated at D421 were also present in our dataset 
in both control and AD patient brains (Table 1). Taken together these 
data thus indicate that Tau is cleaved at D65 in human brain tissue, in 
addition to the previously reported D421 cleavage. 

3.3. Tau fragments exhibit low steady-state protein levels in vivo 

To further investigate the effects of caspase-2-derived Tau fragments 
in vivo, we next expressed full-length human 2N4R Tau as well as Tau 
fragments in the hippocampus of MAPT ko mice using stereotactic in
jections of AAV constructs at two months of age. A group of mice with 
AAV-mediated expression of tdTomato was used as a control. Mice were 
then subjected to behavioral analyses at twelve months of age, 10 
months after the hippocampal injection of AAV, and brain tissues were 
harvested for further analyses. 
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Fig. 1. Caspase-2 cleaves Tau at D421 and D65, generating an aggregation-prone fragment. 
(A) Recombinant Tau 1N4R protein was subjected to digests with each of the 10 human caspase enzymes in vitro. Western blot analyses using the total Tau antibody 
Tau-5 as well as the D421 neoepitope antibody Tau-C3 demonstrate that caspases − 2, 3, 6, 7 and 8 can cleave Tau at D421. Caspase-2 cleavage further generates 
bands of approximately 40 kDa, one of which (red arrow) is recognized by both Tau-5 and Tau-C3 and should thus correspond to a Tau fragment terminating in D421. 
(B) Caspase-2 cleavage of both recombinant 1N4R and 2N4R Tau proteins generates fragments lacking the Tau N-terminus, which do not react with antibody Tau-12. 
(C) Co-transfection of 2N4R Tau and DDK-tagged caspase-2 in HEK293 cells generates fragments lacking the Tau N-terminus. Generation of the ~50 kDa fragment is 
prevented in D65E mutant Tau, accompanied by the appearance of a larger Tau-12 reactive band that may represent Tau 1–421 (black arrow). Cleavage of D421E 
Tau generates a slightly larger fragment detected by DAKO-Tau, likely representing Tau 66–441 (red arrow). No changes in Tau cleavage are observed upon co- 
expression of Tau D314E with caspase-2. The overexpression of caspase-2 leads to its autoactivation as demonstrated by the presence of active caspase-2 sub
units in transfected samples. (D) The recombinant Tau 66–421 fragment shows strongly accelerated aggregation with a significantly shorter lag time compared to Tau 
1–421 or full-length Tau. Tau aggregation was monitored using fluorescence of the amyloid fibril-reactive dye Thioflavin T as a readout. Representative graphs and 
images of n = 3 independent experiments are shown. 
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First, we used the Morris water maze (MWM) test to assess spatial 
learning and memory. Over a period of five days, mice were trained to 
locate a hidden platform in the northeastern quadrant of the maze. 
During this training period, no significant differences between groups 
were observed, and all animals learned to quickly navigate to the plat
form at the end of day five (Fig. 2A). The next day, the platform was 
removed and the time the animals spent in the different quadrants of the 
maze was scored. Mice expressing Tau 1–421 or Tau 66–421 fragments 
thereby behaved similar to the tdTomato expressing control group and 
spent similar amounts of time in the area that previously contained the 
platform compared to the other areas of the maze (Fig. 2B). For mice 
expressing full-length Tau 1–441, however, a significant reduction in the 
time spent in the platform area was observed compared to the other 
three experimental groups (Fig. 2B). These data indicate that the pres
ence of Tau fragments alone is not sufficient to induce cognitive deficits 
in our mouse model, while the overexpression of full-length Tau leads to 
impaired performance in the MWM test. 

To quantify transgene expression, we determined hippocampal Tau 
protein levels by Western blotting. We found that full-length Tau protein 
was expressed at significantly higher levels than both Tau 1–421 and 
Tau 66–421 (Fig. 3A), with some mice exhibiting barely detectable 
levels of Tau 66–421. In contrast, in situ hybridization analysis with a 
custom probe designed to detect all Tau fragments showed strong 
expression of all Tau constructs at the RNA level (Fig. 3B), suggesting 
that the decrease observed for Tau 1–421 and Tau 66–421 protein is 
likely post-transcriptional. 

Tau is subject to many PTMs, and hyperphosphorylation in particular 
is a hallmark of Tau-associated pathology (Ercan-Herbst et al., 2019; 
Wang and Mandelkow, 2016; Wesseling et al., 2020). Using Western 

blotting to assess the phosphorylation of Tau or Tau fragments in vivo we 
found that the relative phosphorylation of Tau 1–421 and Tau 66–421 at 
T181 is significantly reduced (Fig. 4A), while T231 phosphorylation is 
increased on both Tau fragments compared to full-length Tau 1–441 
(Fig. 4B). However, due to the strong reduction of total Tau in mice 
expressing Tau fragments, this does not translate into an accumulation 
of phospho-Tau: Absolute levels of pT231 Tau (normalized to GAPDH 
levels) in mice expressing Tau fragments do not significantly exceed 
those in Tau 1–441 expressing animals (Fig. 4C). 

We further complemented our analyses of Tau and phospho-Tau 
levels in the hippocampus of Tau-AAV-injected mice by immunohisto
chemistry. In agreement with Western blot data, we found the highest 
levels of human Tau protein (detected with antibody HT7) in animals 
expressing Tau 1–441 (Fig. 5A). Tau 1–421 protein was present at in
termediate levels, while only very few cells in the CA2 hippocampal area 
were immunoreactive for HT7 in mice expressing Tau 66–421 (Fig. 5A). 
The CA2 region was also the area with the strongest HT7 signal in Tau 
1–441 and Tau 1–421 expressing mice, suggesting that Tau levels in 
general were highest in this brain area in our model. The phospho-Tau 
antibody AT8, which recognizes an epitope associated with AD pathol
ogy (pS202/pT205), only showed minimal immunoreactivity in mice 
expressing full-length Tau or Tau fragments (Fig. 5A). In agreement with 
Western blot data, we observed strong immunoreactivity with a pT231 
Tau antibody in all three groups of mice expressing full-length Tau or 
Tau fragments (Fig. 5B). As expected, mice expressing the tdTomato 
alone did not show any pT231 Tau immunoreactivity. Quantification of 
the NeuN immunoreactive hippocampal area showed no difference be
tween the experimental groups (Fig. 5C), excluding the possibility that 
neuronal loss may influence the Tau and phospho-Tau quantification. 

Table 1 
List of peptides truncated at D65 or D421 identified by mass spectrometry on Tau immunopurified from control or AD patient human brain samples. Peptide sequences 
are numbered corresponding to the longest Tau isoform (Tau 2N4R, 441 aa). | indicates the junction of exon 2 to exon 4, indicating the peptide is derived from a 1 N 
isoform.  

Sample ID aa- residues peptide digestion enzyme MW (Da) Error (p.p.m.) Mascot score 

Ctrl 3 66–115 AKSTPTAE|AEEAGIGDTPSLE AspN 2072.97494 1.3 49 
Ctrl 3 66–126 AKSTPTAE|AEEAGIGDTPSLEDEAAGHVTQAR Trypsin 3208.51198 -1.01 55 
Ctrl 1 407–421 HLSNVSSTGSIDMVD Trypsin 1576.70391999999 0.49 51 
Ctrl 2 402–421 DTSPRHLSNVSSTGSIDMVD AspN 2132.96445 1.63 24 
Ctrl 2 407–421 HLSNVSSTGSIDMVD Trypsin 1576.70391999999 0.41 62 
Ctrl 3 407–421 HLSNVSSTGSIDMVD Trypsin 1576.70391999999 -2.61 36 
Ctrl 3 407–421 HLSNVSSTGSIDMVD Trypsin 1576.70391999999 -0.75 54 
AD 1 402–421 DTSPRHLSNVSSTGSIDMVD AspN 2132.96445 2.83 34 
AD 1 407–421 HLSNVSSTGSIDMVD Trypsin 1576.70391999999 1.03 63 
AD 3 407–421 HLSNVSSTGSIDMVD Trypsin 1576.70391999999 -0.21 52  

Fig. 2. Mice expressing caspase-2 derived Tau frag
ments do not exhibit cognitive deficits. 
(A) No significant learning deficits were identified in 
mice overexpressing full-length Tau or Tau fragments 
in the MWM training period. (B) Mice expressing full- 
length Tau, but not Tau fragments, performed worse 
in remembering the location of the platform area on 
the test day in the MWM. No deficits were observed 
for mice expressing Tau fragments compared to the 
tdTomato control group. Statistical significance was 
determined by one-way ANOVA (p < 0.01), with 
Holm-Sidak’s post-hoc comparisons test (**: p <
0.01), n = 6–10 animals per group.   
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Taken together, the data thus suggest that phosphorylation patterns 
are altered in mice expressing caspase-2 derived Tau fragments, how
ever we do not observe an accumulation of phospho-Tau species. 
Furthermore, the sustained presence of all Tau transcripts indicates that 
the protein levels of Tau fragments are likely reduced in a post- 
transcriptional manner compared to full-length Tau, precluding un
equivocal assignment of functional effects of Tau fragments in vivo. 

3.4. Caspase-2 generated Tau fragments are preferentially degraded after 
CHIP-mediated ubiquitination 

Tau is known to interact with the ubiquitin E3 ligase CHIP (Dickey 
et al., 2006; Petrucelli et al., 2004), and the loss of CHIP is linked to an 
accumulation of Tau truncated at D421 (Dickey et al., 2006; Ravalin 
et al., 2019). To investigate potential mechanisms that may be respon
sible for the low levels of caspase-2 derived Tau fragments, we next 
analyzed CHIP-mediated ubiquitination and degradation in vitro using a 
ubiquitination assay with recombinant Tau fragments or full-length Tau 
protein as substrates. We did not observe CHIP-induced poly
ubiquitination of full-length Tau (2N4R), while both Tau fragments 
generated by caspase-2 cleavage (1–421 and 66–421) were readily 
modified (Fig. 6A). To determine whether this increased ubiquitination 
could be reproduced intracellularly, we transfected the three different 
Tau constructs into HEK293 cells together with ubiquitin and CHIP. We 
then measured the levels of total and ubiquitinated Tau by ELISA. Also 
in this system, the ratio of ubiquitinated over total Tau was significantly 
higher for both Tau fragments compared to full-length Tau, with ubiq
uitination of Tau 66–421 exceeding the signal obtained from Tau 1–421 
(Fig. 6B). These data thus confirm the preferential CHIP-mediated 
ubiquitination of Tau fragments truncated at D421, which is further 
facilitated intracellularly by the additional truncation at D65. 

To assess the degradation kinetics of Tau fragments in more detail, 
we co-transfected Tau 1–441, Tau 1–421 and Tau 66–421 respectively 
into HEK293 cells together with ubiquitin and CHIP. Treatment with 
cycloheximide (CHX) to block de novo protein synthesis revealed that 
the levels of both Tau fragments declined significantly faster than the 

Fig. 3. Tau fragments exhibit lower steady-state protein levels in vivo compared 
to full-length Tau. 
(A) Western blot analysis of hippocampal lysates demonstrates significantly 
lower Tau protein levels in mice expressing Tau 1–421 and Tau 66–421 
compared to full-length Tau. n = 6 animals per group. Arrows indicate non- 
specific bands detected with HT7 antibody in all mice, including the tdTo
mato control group. (B) In situ hybridization demonstrates strong RNA 
expression levels for all three Tau constructs. n = 5 animals per group. Statis
tical significance was determined by one-way ANOVA: (A): p < 0.001; (B): p =
0.5655), with Tukey’s post-hoc comparisons test (***: p < 0.001; **: p < 0.01). 

Fig. 4. Phosphorylation patterns are altered 
on Tau fragments compared to the full- 
length protein expressed in vivo. 
(A) – (C) Western blot analyses of different 
disease-relevant Tau phosphorylation sites 
reveal altered phosphorylation patterns of 
Tau fragments compared to the full-length 
protein. n = 5–7 animals per group. Statis
tical significance was determined by one- 
way ANOVA: (A): p < 0.0001; (B): p <
0.0001; (C): p < 0.05), with Tukey’s post-hoc 
comparisons test (****: p < 0.0001; ***: p <
0.001; **: p < 0.01; *: p < 0.05).   
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full-length protein. After 6 h of CHX treatment, levels of both Tau 
fragments were significantly lower than Tau 1–441 levels, confirming 
that increased CHIP-mediated ubiquitination also leads to increased 
degradation of Tau fragments (Fig. 6C). CHIP-mediated degradation 
may also be responsible for the low Tau fragment levels observed in our 
in vivo model, since we observed a strong interaction of endogenous 
CHIP with Tau fragments, but not full-length Tau by co- 
immunoprecipitation from mouse hippocampal lysates (Fig. 6D). 
Taken together these findings suggest that both in vitro and in vivo, CHIP 
preferentially interacts with Tau fragments truncated at D421, which 
may mediate their preferential degradation and lead to the low steady- 
state protein levels observed in our mouse model. 

4. Discussion 

Here we report the discovery of a novel caspase-2 cleavage site on 
the Tau protein at D65, which is efficiently processed in vitro and in cell 

culture, and we present evidence for the presence of D65-cleaved Tau in 
human brain samples. We furthermore show that caspase-2 is also 
capable of cleaving Tau at D421, thus generating a fragment truncated 
at both the N- and C- terminus. Previous studies reported cleavage of Tau 
by caspase-2 at D314 (Liu et al., 2019; Zhao et al., 2016), which was not 
found as a major site in our experiments. However, the published data 
were generated using the 0N4R Tau isoform, which lacks the N-terminal 
inserts harboring D65 (Zhao et al., 2016), potentially explaining the 
differences to our work with the 2N4R isoform. Our in vitro and cell- 
based cleavage analysis of Tau by caspase-2 suggests that D421 and 
D65 are major cleavage sites for isoforms that contain the first N-ter
minal insert, which is also supported by in silico predictions (Kumar 
et al., 2014). 

Caspase-2 has been shown to mediate synaptic, cognitive, and motor 
deficits in mouse models of multiple neurodegenerative diseases, 
including AD and Huntington’s disease (HD) (Carroll et al., 2011; 
Pozueta et al., 2013). Increased protein levels of caspase-2 were found in 

Fig. 5. Decreased Tau immunoreactivity without 
neuronal loss is observed in mice expressing Tau 
fragments. 
(A) Analyses of total (HT7, green) and phospho- 
Tau (AT8, red) immunoreactivity in AAV-injected 
mouse hippocampi demonstrate low levels of total 
Tau protein in mice expressing Tau 66–421. HT7 
immunoreactivity was strongest in Tau 1–441 
expressing animals, Tau 1–421 yielded interme
diate levels. Phospho-Tau immunoreactivity (AT8) 
was low in all experimental groups. tdTomato- 
expressing mice are included as a negative con
trol. Scale bar: 1 mm, n = 4–5 animals per group, 
representative images are shown. (B) No differ
ence in pT231-Tau immunoreactive hippocampal 
area was observed in mice overexpressing full- 
length Tau or Tau fragments. n = 2–3 animals. 
Statistical significance was determined by one- 
way ANOVA (p = 0.8343). (C) No difference in 
NeuN immunoreactive hippocampal area was 
observed in mice overexpressing full-length Tau or 
Tau fragments compared to the tdTomato- 
expressing control group. n = 3–5 animals. Sta
tistical significance was determined by one-way 
ANOVA (p = 0.3190).   
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brain tissue from AD and HD patients as well as cognitively impaired 
individuals (Liu et al., 2020, 2019; Shimohama et al., 1999), while 
mRNA levels of the enzyme appear unchanged (Hlynialuk et al., 2022). 
The upregulation of caspase-2 thereby is not necessarily linked to 
apoptosis, since non-apoptotic functions have been described for mul
tiple caspases and neuronal caspase activity has been observed in the 
absence of acute cell death (Calignon et al., 2010; Ehrnhoefer et al., 
2019; Li et al., 2010; Spires-Jones et al., 2008; Unsain and Barker, 2015). 

Caspase-mediated Tau cleavage generates aggregation-prone frag
ments, however, their exact role in the pathogenesis of AD is contro
versial. On the one hand, the Tau D421 neoepitope is part of 
neurofibrillary tangles found in patient brain tissue (Jarero-Basulto 
et al., 2013; Rissman et al., 2004; Rohn, 2010) and a transgenic mouse 
model overexpressing the Tau 1–421 fragment exhibits severe neuro
logical phenotypes (Kim et al., 2016). Furthermore, an antibody against 
D421-cleaved Tau immunodepletes seeding-competent high-molecular 
weight protein fractions isolated from human AD brain, suggesting that 
caspase-cleaved Tau is an important component of pathological Tau 
aggregates (Nicholls et al., 2017). On the other hand, the expression of a 

cleavage-resistant version (D421N) of the endogenous mouse Tau in a 
knock-in model also causes severe neurodegenerative phenotypes 
including Tau hyperphosphorylation, synaptic deficits and impaired 
memory (Biundo et al., 2017), suggesting that D421 proteolysis may 
also be important for normal neuronal physiology. 

Studying the effects of AAV-mediated Tau expression on cognitive 
performance in vivo, only a slight deficit in the MWM was observed for 
mice expressing Tau 1–441. This is consistent with a previous study 
showing that the overexpression of human Tau in a murine tau knockout 
mouse leads to memory impairment (Goncalves et al., 2020), and human 
full-length Tau overexpression is also sufficient to induce neuro
degeneration in Drosophila (Jackson et al., 2002). At the same time, all 
comparisons for Tau 1–441 with Tau fragments in our study are 
confounded by the strong differences in steady-state protein levels we 
observed in vivo, precluding a detailed analysis of toxicity and cognitive 
impairment for caspase-2 derived Tau fragments in our model. While 
strong RNA expression was observed for all constructs, immunofluo
rescent staining and Western blot analyses showed >50% lower total 
Tau protein levels for both Tau fragments compared to Tau 1–441. 

Fig. 6. Caspase-2 generated Tau frag
ments preferentially bind CHIP and 
show increased ubiquitination and 
degradation. 
(A) Recombinant Tau 1–421 and 66–421 
fragments, but not full-length Tau are 
readily ubiquitinated by CHIP in vitro. 
Ubiquitinated samples show a time- 
dependent increase in high-molecular 
weight species on the gel detected with 
a total Tau antibody (Abcam ab64193). 
The sizes for monomeric proteins are 
indicated by arrows (black: 1–441, 
green: 1–421, red: 66–421). (B) Co- 
transfection of CHIP, Tau and ubiquitin 
in HEK293 cells leads to increased 
ubiquitinated/total Tau ratios measured 
by ELISA for both Tau fragments 
compared to full-length Tau. Statistical 
significance was determined by one-way 
ANOVA (p < 0.0001), with Tukey’s post- 
hoc comparisons test (****: p < 0.0001; 
***: p < 0.001). (C) HEK293 cells were 
co-transfected with ubiquitin, CHIP and 
Tau and treated with cycloheximide 
(CHX) for the indicated amounts of time 
to block de novo protein synthesis. Tau 
levels were measured by ELISA and 
normalized to total protein content of 
the respective lysate. 6 h of CHX treat
ment revealed significantly lower levels 
of Tau fragments compared to the full- 
length protein, indicative of accelerated 
degradation. Statistical significance was 
determined by two-way ANOVA (time: 
p < 0.0001; Tau fragment: p < 0.01), 
with Tukey’s post-hoc comparisons test 
(****: p < 0.0001; *: p < 0.05). (D) CHIP 
co-immunoprecipitates with Tau frag
ments, but not with full-length Tau in 
hippocampal lysates of AAV-injected 
mice. Representative Western blots of 
n = 3 independent experiments are 
shown.   
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Despite these low Tau protein fragment levels, we found that the 
ubiquitin E3 ligase CHIP preferentially co-immunoprecipitates with Tau 
1–421 and Tau 66–421, and no interaction was observed for Tau 1–441. 
Published data demonstrating that CHIP interacts with Tau and that 
caspase cleavage may unmask novel binding sites for CHIP in its sub
strates are in agreement with this finding (Dolan and Johnson, 2010; 
Grelle et al., 2006; Ravalin et al., 2019). Together with our in vitro data 
demonstrating preferential ubiquitination and faster clearance of Tau 
fragments in the presence of CHIP, this suggests that Tau fragments may 
also be subject to a faster turnover in vivo, which would lower steady 
state protein levels and prevent aggregation as well as any potential 
appearance of cognitive deficits. The C-terminal degron sequence 
exposed in caspase-cleaved Tau is one of multiple such motifs discovered 
in recent years, each recognized by a specific ubiquitin ligase (Timms 
and Koren, 2020). The regulation of degron efficiency through PTMs is 
also not unique to CHIP and may be a more general mechanism for 
tissue-specific, disease-specific or aging-related differential protein 
degradation (Timms and Koren, 2020). 

Previous studies have demonstrated that either knockdown or abla
tion of CHIP lead to the accumulation of hyperphosphorylated Tau in 
vivo (Dickey et al., 2006). However, the connection to Tau aggregation is 
less clear, since no aggregation of WT mouse or transgenic human Tau 
was observed in Tau P301L mice ablated for CHIP (Dickey et al., 2006). 
Despite the low total Tau protein levels, we observed a relative increase 
in pT231-modified Tau in mice expressing Tau 1–421 or Tau 66–421, 
and immunoreactivity with a pT231-Tau antibody was equal in brain 
sections from mice expressing full-length Tau or the two different Tau 
fragments. Since proteolytic cleavage is not necessary in our model, this 
suggests that either the fragments themselves undergo altered phos
phorylation or alternatively that phosphorylated Tau fragments are 
cleared less efficiently than their non- phosphorylated counterparts. 

Both CHIP and D421-cleaved Tau have been found in neuronal in
clusions in the brains of human patients with AD or other tauopathies 
(Jarero-Basulto et al., 2013; Petrucelli et al., 2004; Ravalin et al., 2019; 
Rissman et al., 2004). Recent evidence furthermore points towards a 
progressive dysfunction of CHIP in AD brain, which may promote the 
abnormal accumulation of Tau fragments (Ravalin et al., 2019). A better 
understanding of the pathological cascade leading to the accumulation 
of Tau and its fragments, and of the age- or pathology-related dysfunc
tion of clearance mechanisms may thus ultimately lead to the identifi
cation of tractable therapeutic targets for AD and other tauopathies. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.nbd.2023.106126. 
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